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Abstract

The purpose of this study is to establish a method of estimating, in real time, the machining error caused by vibrations of the
cutting point of an end mill. The vibration displacement at the shank of the end mill and the dynamic cutting force were measured
during cutting tests while spindle speed was increased from medium to high. It was found that the vibration displacement, which
was calculated by convolution of the dynamic cutting force and the impulse response of the tool system, showed a good agreement

with the measured vibration displacement in all spindle speed range.
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1. Introduction

In peripheral milling, which is often used in mold processing,
machining error due to tool deflection is a serious obstacle to
processing the precision machining parts. Therefore, a
compensation system that minimizes the machining error by
compensating for the deflection of the end mill at the cutting
point was proposed [1, 2].

The purpose of this study is to propose a means of
compensating for machining errors caused by the vibration of
an end mill at the cutting point. To this end, the machining
error was estimated from the dynamic cutting force using the
frequency-response function obtained from impact testing.

2. Experimental Apparatus

Cutting tests were carried out on a vertical machining center.

The experimental apparatus used in this study is shown in Fig.
1; cutting conditions are shown in Table 1. The dynamic
cutting force, Fx, normal to the feed direction, was measured
with a dynamometer, which is a piezoelectric quartz force
transducer. The vibration displacement at the ring fixed on the

Figure 1. Experimental apparatus

shank of the end mill was measured with a laser displacement
sensor. Laser displacement sensor was fixed on the spindle
head column through a bracket with soft support. The
dynamic cutting force and the vibration displacement were
measured while spindle speeds were increased from 1500 to
7450 rpm. The workpieces were made from free-cutting brass
plate, and were fixed on the table horizontally, as shown in Fig.
1. One pulse per revolution, was used for determining the
angular position of the cutting edge during end-milling
processes, and was generated by a position transducer and a
bump on the cylindrical surface of the spindle. Signals for the
cutting force, the vibration displacement and the rotation
pulse were transmitted to a personal computer through an
A/D converter. After each cutting test, the height of the
machined surface was measured with a contact displacement
sensor fixed on the spindle head through a bracket.

3. Experimental results

3.1. Cutting force and vibration displacement

Figure 2 shows the cutting force and the vibration
displacement of the tool at the ring. The spindle speed was
increased at a constant rate and the displacement of the tool
at the ring gradually increased while milling progressed.

3.2. Estimation of vibration displacement obtained from
dynamic cutting force and impulse response of tool system

Table 1 Cutting conditions

Material Brass(JIS C3713)
Tool Type Straight fluted
end-mill
Diameter mm 12
Number of 1
teeth
Spindle speed N rpm 1500-7450
Feed rate f mm/rev 0.05 0.1
Axial depth of cut mm 4 2
Radial depth of cut mm 3
Type of cut Down milling



http://www.euspen.eu/

Spindle speed
Ip!
D
=)
o
o
T

Cutting force
x
o

Displacement

-100 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80
Time sec

Figure 2. Experimental results

Experimental apparatus for impact test is shown in Fig. 3.

Figure 4 shows the frequency-response function of tool system.

Vibration displacement of the tool system was calculated from
the acceleration measured by the acceleration sensor
attached to the end mill immediately after the tool was struck
by an impact hammer. Two types of acceleration sensors, 0.2
grams “Accelerometer S” and 2.0 grams “Accelerometer L”,
were used. The frequency-response function of
“Accelerometer S” shows a good agreement with that of laser
displacement sensor. For impact testing, the frequency-
response function of the tool system, G(i®), was obtained by
incorporating the excitation force via a fast Fourier transform
(FFT) analyzer to a personal computer. The impulse response
of the tool system, g,(¢), was obtained via an inverse Fourier
transform of G,(i®). Consequently, the vibration displacement
of the tool system, x(z), was calculated by convolution of the
dynamic cutting force, f.(t), and the impulse response of the
tool system, g,(#), as follows:

x(#) = £:(2) * gl2) (1)
Here, the dynamic cutting force, f(?), is the value obtained by
removing the dynamic characteristics of the dynamometer by
the impact test of dynamometer.

3.3. Vibration displacement at cutting point and machining
error

Figure 5 schematically illustrates a cross-sectional view of the
down-cut process that shows the growth mechanism of
machining error by assuming the tool system has one degree
of freedom. It is assumed that the machined surface of the
workpiece is created by the cutting edge of the end mill at the
position, n, where the radial direction of the cutting edge is
normal to the feed direction. The details of the dynamic
cutting force and the vibration displacement at a spindle
speed of 4000 rpm are shown in Fig. 6. In bottom figure, the
black line is the experimental value. Using the equation (1),
the blue line shows the result which was estimated with the
accelerometer L and the red line shows the result which was
estimated with the accelerometer S. They have almost the
same trend. The rotational angle of the cutting edge between
the rotation mark and the position, n, is 319 degrees, as
shown in top figure. The blue line is in good agreement with
the black line at the position, n. Such results were shown in all
spindle speed range.

4. Conclusions

The vibration displacement, which was calculated by
convolution of the dynamic cutting force and the impulse
response of the tool system, showed a good agreement with
the measured vibration displacement at the moment when

the radial direction of the cutting edge is normal to the feed
direction in all spindle speed range.
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Figure 3. Impact test of tool system
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Figure 4. Frequency-response function of tool system
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Figure 5. Cross-sectional view of down-cut process
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Figure 6. Details of cutting force and displacement





