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MONITORING OF CUTTING PROCESSIN END MILLING OF HARD
AND BRITTLE MATERIALS

Glass materials have been widely used in opticalpoments in recent years. The purpose of this sialyto
develop an effective method for real-time detectibthe state of cutting tools used in end millofdhard brittle
materials. Cutting tests were performed to identidgyameters that are useful in monitoring micrd teear in
glass milling. A specific component of the cuttifogce was found to be related to the progressicoalfwear.
Furthermore, using fast Fourier transform (FFT)lgsig, the peak amplitudes of the cutting forceseneund
to occur at a specific frequency.

1. INTRODUCTION

The demand for miniaturization is increasing in gnaneas, such as the medical and
electronics fields. Microfabrication techniques mr@ispensable to the manufacture of small
parts for use in tablet-type devices, cellular @syrand similar small electronics. In recent
years, microfabrication using small-diameter endlsmhas been used widely in the
manufacture of optical components and semicondsichsr high-speed machining using
small-diameter end mills has increasingly beentpupractical use. Because of the large
effect of the cutting edge on the machining acograads important to be able to detect the
state of a small-diameter end mill in real timewdoer, because the extent of the tool wear
of a small-diameter end mill is typically very smai is difficult to detect the state of the
tool. Many researchers have tried to clarify thehamism of micro-milling [1],[2],[3],[4].

Glass materials have been widely used in opticalpmments in recent years because
they are chemically stable and are well suitedufs in optical devices. Examples of glass
optical components are the lab-on-chips and mictal analysis systems (LTAS). A flow
path that is configured in the grooves and holesorsned on the glass substrate by
sandblasting and chemical etching. However, thehatst currently used for forming the
flow path are limited in accuracy and in the cresstional shape that can be machined
because the control of the machining in the dep#rcton is difficult using these methods.
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On the other hand, machining is considered an tffeeenethod of forming the flow path
because the degree of freedom associated withnteihod is greater than with other
methods used in the processing of three-dimensimgbes. However, glass materials are
difficult to machine because they are hard andlérihaterials. In addition, final fracture
can easily occur once-cracking occur. Thereforasggimaterials must be machined using
ductile-mode cutting to prevent brittle cracks [&], In ductile-mode cutting of glass, the
cutting thickness per cutter must be very smalkeréfore, the feed rate must be very low.
As a result, heavy wear of cutting tools is typiaalglass milling. The actual cutting
distance increases as the feed rate decreases$) adtelerates the progression of tool wear.
Consequently, it is important to monitor the sttéhe cutting tool and the tool wear during
glass milling.

The purpose of this study was to develop an effeatnethod for real-time detection
of the state of cutting tools used in end millirfhard brittle materials. To this end, cutting
tests were performed to identify parameters thatuseful in monitoring micro tool wear
in glass milling.

2. EXPERIMENTAL PROCEDURE

The experimental apparatus used in this study asvshin Fig. 1. Cutting tests were
performed using a vertical machining centre. Th#imgi tool was mounted on a brushless
motor spindle to control the spindle speed elealisc The spindle unit was mounted on the
head of a machining centre. The milling tools wei@mm diameter square-end mills made
of cemented carbide.

Each end mill was mounted in such a way that tllecteon of the end mill would
be 1um or less, as measured using a dial gaugecuktieg conditions are listed in Table 1.
In the cutting tests, the groove on the workpie@s iormed by a milling cutter moving
horizontally. The cutting conditions were deterngingn preliminary cutting tests.
The workpiece to be machined had a microgroove 20pndepth from the surface.
The workpiece was made of crown glass plate 1mrthickness. The workpieces were
attached in such a way that the inclination of weekpiece was 1um or less, as measured
using a dial gauge.
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Fig. 1. Experimental apparatus
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Fig. 2. State of milling
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Fig. 3. State of flank wear (f=1Hf/min)

The cutting tests were performed with water on themping device, which has
a water pool as shown in Fig. 2. The cutting forEgs Fy, and Fz were measured with
a dynamometer, as shown in Fig. 1. The dynamomeésr a piezoelectric quartz force
transducer affixed to a table. The machined surtddbe glass material and the tool wear
of the milling tool were observed using a digitaicro-scope. The cross-sectional shape
of the groove was observed using a laser-type sooqpe with a resolution of 0.05um.

The cutting forces measurements were transmittedgersonal computer via an A/D
converter board every 50us.

3. EXPERIMENTAL RESULTS

3.1. FLANK WEAR OF END MILL

Figure 3 shows the tool wear observed. The flankracreased with the cutting time.
The maximum flank wear VBmax was measured as showtinis figure. Scratches caused
by abrasive wear were formed on the flank wearasaf The scratch appeared to increase
in depth with the cutting time.
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Figure 4 shows the relationship between the cuttimg and the maximum width
of the flank wear. The tool life was defined as time when the maximum width of the
flank wear reached 50um. The maximum width of thaek wear VBmax increased with
the cutting time at all feed rates considered.

Table. 1. Cutting conditions

Workpiece Glass Crown glass
Type Cemented Carbide tool
P Square-end mill
Tool Diameter mm 0.3
Number of cutters 2
Overhang mm 13
Spindle speed N min’ 20000
Feed rate f um/min 100,150,200
Axial Depth of cut  um 20
Cutting fluid Water
60 T T T T T T
I om
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<« 30} ) -
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Fig. 4. Maximum width of flank wear

o

The influence of the feed rate on the flank weas wenall for cutting times up to 10
minutes. However, the maximum width of the flankawet a feed rate of 200um/min
increased after 10 minutes.

3.2. CUTTING FORCE

Figure 5 shows the illustration in end milling dags material using a square-end mill.
Figure 6 shows the measured values of the cuttingef components. The cutting force
components were sampled rates considered. Thend&of the feed rate on the flank wear
was small for cutting times up to 10 minutes. Hoarethe maximum width of the flank
wear at a feed rate of 200pm/min increased afteridites. for 2.5 s at 50us intervals. The
amplitude of the Fy cutting force component hardhyanged over time, whereas the
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amplitudes of the Fx and Fz cutting force componeateased over time. This tendency
was particularly remarkable for the Fx componemngzquently, the Fx component of the
cutting force is considered to be more closely edated with the tool wear than the other
components because it is expected that the cuttirae will increase as the tool wear
progresses.

Feed direction

—

Fy

Fz

Fig. 5. Direction of cutting force
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Fig. 6. Cutting forcef€150um/min)

Figure 7 shows the measured cutting force compsnimtone rotation of the end
mill. The phases of the cutting force componentsakd Fy are almost the same, whereas
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the phase of the cutting force component Fz shifta quarter rotations with respect to the
other two components’ phases.
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Fig. 7. Cutting force components for one rotatirl 60um/min)

Figure 8 shows the relationship between the cuttimge and the maximum value
of the cutting force. The maximum value is the agervalue determined from the sampled
data. The maximum value of the cutting force inhedicection increases gradually with the
cutting time. However, the maximum value of thetiogt force component Fz varies
particularly widely. It is thought that the cuttifigrce increases with the progression of tool
wear. Therefore, it is thought that the cuttingceocomponent Fx is most closely correlated
with the tool wear. However, the amplitude of thdtiag force is very small, and small
vibrations of the machine tools are consideredaieha significant influence.
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3.3. FFT ANALYSIS

Figure 9 shows the spectra of the cutting force mmments in each direction. The
spectra of the cutting forces were calculated Isy Fourier transform (FFT) analysis after
the cutting tests. The peak of each spectrum iastéocat a frequency of approximately

670Hz. The frequency is considered to be approxiypaqual to twice the rotational speed
of the spindle because the end mill has two cutters
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Fig. 9. Spectra of cutting force components irhadicection {(=150pum/min, 1.3min)

Figure 10 shows the spectrum of the cutting fommmonent Fx. As Fig. 8 shows, the
cutting force component Fx is correlated with thel twvear. The amplitude of the spectrum
at a frequency of approximately 670Hz increaseb thié cutting time.
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Fig. 10. Spectrum of cutting force components fE2%0um/min)
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3.4. STATE OF MACHINED SURFACE

Figure 11 shows the state of the machined surfabe. bottom of the groove is
machined in ductile-mode cutting without brittleacks, whereas the edge of the groove is
machined with brittle cracks. However, the edgéhef groove becomes machined without
brittle cracks as the cutting time increases. Thacal cutting thickness in the milling
of glass material using a worn tool is known totbeker than that in milling using an
unworn tool.The rake angle becomes negative with increasingwear. Therefore, it is
thought that as the cutting time increases, the eddghe groove can be machined without
brittle cracks because of the compressive forcenemachined surface.

A slope was observed at both ends of the bottorth@fgroove as the cutting time
increased. This slope is considered to be duedaother peripheral side of the end mill
being worn. Therefore, as Fig. 10 shows, the pedidevof the spectrum at a frequency
of 670Hz increases with the cutting time.

1.3 min 4 min
“«—>
100pm

13.3 min 24 min

Fig. 11. State of machined surfa¢el(50pum/min)

Figure 12 shows the cross-sectional shape of ih@vgr The depth at both ends of the
groove was found to decrease as the cutting timeased. A small slope was observed at
both ends of the bottom of the groove as the atiime increased, as shown in Fig. 11.
The outer peripheral side of the end mill was fotmte worn.

The results showed that the cutting force compofRanivas more closely correlated
with the tool wear than the Fy and Fx componentstiermore, the peaks of the cutting
force spectra were found by FFT analysis to octur faequency of approximately 670Hz.
This frequency is approximately equal to twice tb&tional speed of the spindle because
the end mill has two cutters.
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1,3 min

4 min

13.3 min

24 min

Fig. 12. Cross-sectional shape of groded 50pum/min)

Consequently, in the initial stage of machining feak value of the cutting force
spectrum at a frequency of approximately 670Hzmslsowing to the eccentricity of the
end mill. However, in the end stage of machinirftg peak value of the spectrum at

a frequency of approximately 670Hz is larger beeail® eccentricity of the end mill is
removed owing to the tool wear.
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4. CONCLUSIONS

. The cutting force was found to increase with insie@ tool wear. The cutting force

component Fx is more closely correlated with toebaw

. The edge of the groove is initially machined wittittte cracks, but as the cutting time

increases, the edge of the groove is machined wtithiaitle cracks.
The amplitude of the cutting force is very smalbddmecause small vibrations of the
machine tools have a significant influence.
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