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The development of a high-speed and high-precision vertical machining center had been
executed as a national project in Korea. In the machining center, the phenomenon of chatter
vibration was an important factor, and should be examined for developing it by a relevant
way. In a high-speed and high-precision vertical machining center, in order to observe and
predict the chatter vibration, firstly, modal testing was performed to obtain modal
parameters of the system. Secondly, in order to predict the cutting forces for end-milling
process under various cutting conditions, a simplified model was presented. Finally, the
chatter prediction for the vertical machining center was formulated as linear
differential-difference equations, and verified by the cutting tests. The method in this work
will provide an engineer who designs a machining center with a tool to predict the chatter
phenomenon.

© 2001 Academic Press

1. INTRODUCTION

In machining operation, the chatter may often limit the quantities of large feed and
workpiece-tool engagement. The chatter phenomenon is known to be generated by
a transient vibration existing between the tool and workpiece, and results in the pattern of
irregularities on the surface of workpiece [1]. The machine tool and the workpiece have
a structural system with very complicated dynamic characteristics, and in the simulation of
the behavior of a machine tool, numerous factors are required like a lot of parameters of the
cutting dynamics. Also, the self-induced chatter is generated by a lot of cutting operations
involving the overlapping cuts. Although the system might be basically stable, the forced
vibration resulting from the machining of the wavy surface from a previous stroke or the
rotation of workpiece and the tool could have an effect on the previous vibration, and
amplify it hugely.

In a high-speed and high-precision vertical machining center, the chatter vibration is
readily generated by the unbalanced masses of the rotating parts and the variations of
cutting forces. In order to predict the chatter characteristics of the vertical machining center,
it is necessary to identify the structural dynamic characteristics of the machine and the
cutting dynamics. In the work of Sridhar et al. [2], a general formulation of milling process
equation in machining center was shown.
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A coefficient of constant peripheral cutting resistance and the constants of the
cutting force ratio were used in machining with helical end mills [3]. Altintas et al. [4] and
Minis et al. [5] presented a constant specific cutting pressure and the cutting force ratio
in milling with straight end mills. Tarng [6] expressed the specific cutting pressure
with a tangential force and the ratio of the radial force to the tangential force as an
exponential function of the averaging chip thickness per revolution. Smith et al. [7]
introduced a constant cutting stiffness and considered the radial force to be proportional to
the tangential force.

In the last several decades, a number of studies and researches have been performed on
the chatter vibration of the machine tool. Also, many works have been conducted on the
prediction of the chatter phenomenon in milling. However, no one has studied the chatter
prediction of end milling. Kline et al. [8] just showed the way to predict the cutting force in
end milling. The purpose of this work is to represent how to predict the chatter in end
milling in a vertical machining center using a simplified model and the experiments. The
simplified model consists of two degrees of freedom, a direction of feed and the orthogonal
one to the feed.

A simplified model is built to predict the chatter phenomenon in the vertical machining
center. This model is based on Kline et al. [8] considering chip load, cutting geometry, and
the relationship between the cutting forces and the chip load. Specific cutting constants of
the model are obtained from averaging forces measured by the cutting tests. The
interactions between the dynamic characteristics and the cutting dynamics of the vertical
machining center make the primary and secondary feedback loops, and are used in the
equations of motion of the system to predict the chatter vibration [2, 4, 5, 7]. The chatter
prediction is formulated as linear differential-difference equations, and is verified by
experiments.

2. STRUCTURAL DYNAMICS OF THE VERTICAL MACHINING CENTER

The structural dynamics in the vertical machining center is assumed to be two orthogonal
modes, x—y axes, since a table with a workpiece has a much larger stiffness, compared with
spindle-tool system (x—y axes). This assumption is applied to ordinary milling machines. In
Figure 1, each axis defined for simplified model and end milling in a vertical machining
center is shown. A simplified model for chatter prediction in the vertical machining center
system is shown in Figure 2.

The equations of motion for the structural dynamics in a vertical machining center are
given as

miX 4+ biX + kix = F(t),
(1)
myj + byy + kyy = F\(¢).

Parameters m,, b, and k, are mass, damping and stiffness in the x direction, respectively,
and the x-axis is the feeding direction. Also, parameters m,, b, and k, are the mass, damping
and stiffness in the y direction orthogonal to the feeding direction, respectively. Each
parameter is an equivalent value, and modal analyses in the x and y directions are
conducted. The data are obtained from using LMS Cada-x software package. The reason to
assume that each viscous damping is linear like stiffness is for the damping value to be
generally known to be small in the spindle-tool system. The measured and calculated data
for each parameter will be shown in detail in Section 6. The equations of motion will be
solved, after F,(¢) and F(t) are defined from cutting dynamics in the next section.
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Figure 2. Schematic of a simplified model for structural dynamics in a vertical machining center.

3. THE CUTTING DYNAMICS OF THE VERTICAL MACHINING CENTER

A basic element for predicting the cutting force is how to define the chip load on the tool.
The most general expression for chip thickness is given as

t, = fsin f, 2)

where t., f and f are the instantaneous chip thickness, feed rate per tooth and angular
position of a flute of tool under cutting, respectively, as shown in Figure 3.

Total sum of the chip load of the end-mill at an arbitrary instant is obtained from adding
to each chip load on the shallow circular disks, and those disks are divided along the axis of
tool. Generally, in milling machining the ways to cut are down and up. In this work, only
the down cutting is considered, since the down cutting is of a more general type in the
vertical machining center. The cutting forces are composed of the tangential cutting force
which is proportional to the chip load and the radial cutting force which is proportional to
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Figure 3. Schematic of feed and angular position in end milling in a vertical machining center.

Axial depth of cut

Figure 4. Schematic of end-mill and cutting geometry.

the tangential cutting force as
AFn = KroDt, (3)
AFrad = KRAFtam (4)

where AF,,,, AF,., D, and t, are the tangential force on the current small disk, the radial
force on the small disk, the small cutting width and the chip load in equation (2),
respectively. Ko and Ky are constants from equation (8) and experiments [8], and it is
found that the specific cutting constant K, is varied by the chip thickness. In Figure 4,
end-mill and cutting geometry are shown.

The tangential force, AF,,, is rewritten as

AFtan = KTszSin ﬁ (5)

The specific cutting constant K4 in equation (5) is also varied by the cutting conditions,
which are the feed, the radial depth of cut and the axial depth of cut. When tool radius,
number of the flutes and helix angle are RAD, N ; and ay,, respectively, the instant angular
position f(i, k, t) is given from cutting geometry in the down cutting as

tan Apx
RAD’

B,k t)= —0(t)+]2\]7;(k—1)+<i—;>Dz>< (6)

where i, t, 0(t) and k are the address number of small axial circular disk, the operating time,
the rotating angle of the lowest part of the first flute at time ¢, and the number of flutes,
respectively. Among the calculated (i, k, t) values from equation (6), only the values within
the cutting range affect the cutting forces. The tangential and radial directions are divided
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into x and y components of global co-ordinates, and the total sums in each directional
cutting force are like

i Z { — AFa(i, k, t)sin [ (i, k, t)] + AF,,(i, k, t) cos [ f(i, k, t)]},

: 7
2 Z {AF,aais k, t)cos [ B(i, k, 1)] + AF (i k, ) sin [B(, k, 1)1}

i=1k=1

If the average cutting forces are defined in the cutting condition where the feed, the radial
and axial depths of cut for a given tool are fixed, a pair of K and K can be calculated from
the only one test, since the average cutting forces are functions of Kz and K.

The parameters K and K are functions of the feed, the radial and axial depths of cut,
and they are assumed to be calculated using the least-squares method by changing values of
the feed, the radial and axial depths of cut as

KT =dy + alRD + azAD + a3_f+ a4RDAD + aszD
+ ag fAD + a,RD* + agAD* + aof?, ®

+ bgfAD + b,RD? + bgAD?* + bof?,

where ag—aq and by-bg are constant coefficients, and RD, AD and f are the radial depth of
cut, the axial depth of cut and the feed, respectively.

4. DYNAMIC CUTTING STATE

In dynamic cutting state, a deflection behavior in the system results from the cutting
force. Then, this behavior affects the depth of cut, and results in the variation of the depth of
cut [2]. A block diagram of total chatter loop is shown in Figure 5.

The deflection in the feed direction, x(t) increases the depth of cut, and the deflection in
the y direction, y(t) decreases the depth of cut. Firstly, the case without regeneration is
considered. The equation for the primary feedback is given as

up(i, k, t) = x(t)sin [ f(i, k, t)] — y(¢)cos [ B(i, k, t)], ©)

where plus sign indicates that the depth of the cut increases and minus sign indicates that it
decreases in relative vibration.

The current chip thickness is affected by the remaining chip amount at a previous flute,
and this is the regeneration. The remaining amount at the (k — 1)th flute increases the chip
thickness of the kth flute, when the kth flute comes to the position after T's. This

Cutting commands

poprotent Cutting | Force[ Structural |Displacement
ics "l d i }——.
Cutting speed dynamics ynamics

Feed
Tool geometry

Figure 5. A block diagram of total chatter loop.
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phenomenon is the regeneration feedback, and can be written as

ug(i, k,t) = — px(t — T)sin[p(i, k, t)] + py(t — T)cos[ B, k, t)], (10

where T = 60/(nN,), n and p are the time lag between two flutes and the spindle speed
whose unit is revolutions per minute and an overlap factor respectively.

Total deviation of the chip thickness is the sum of the primary and regenerative
deviations, and the instantaneous chip thickness is the sum of the nominal chip thickness
and the total deviation like

u(i, k, t) = fsin § + up(i, k, t) + ug(i, k, t)

=fsinf + {x(¢)sin f — y(t)cos f} + {ux(t — T)sin f + py(t — T)cos i},

u(i, k, 1) = {sin[B(i, k, 0] cosLA(i, k, )]} {x(_t)y?t)“ i(;y_(tT_) ;)f } (1)
The cutting forces are rewritten as
F(0) = Z % — AFgsin[ B, k, ] + AFncos [ B,k 0)]}

i=1k=1
N. N

=) { — KgKrD_u(i,k,t)sin § + KD u(i, k, t) cos f} (12)
i=1k=1

= Z % { — KgKyD_sin[f(i,k,1)] + KD, cos [ f(i, k, )]} u(i, k, 1),
i=1k=1
N. Ny

F(t)= ) ) {4F,ucos[ B,k t)] + AF,,sin[ Bk, )]}

i=1k=1

= % % {KgrK D u(i,k,t)cos f + KrD_u(i, k, t)sin i} (13)
i=1k=1
N. N

=Y Y {KgKyD.cos[p(i,k,t)] + K¢D_sin[ (i, k, t)]}u(i, k, 1)
i=1k=1

and
{Fx(t)} s l; k; — Kgsin ff + cos ff] { (= T) +f}
=KD.|"" 7y, {sin B cosf}
i=1k=

= K¢D. Z Z

i=1k=1

X{x(t)—,uxt— )+f}
—y(O) +uy(t—T)

[ Kgsin? B + cos fsin f8 —KRcosﬁsinﬁ+coszﬁi| 14)
Kgcosfsinf + sin*f  Kgcos® + cos fsin 8

Equation (14) is substituted into equation (1). Finally, the equations of motion of the chatter
vibration in the vertical machining center are derived.
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Figure 6. Schematic of the tool entry and exit.

The next step is to analyze chatter vibration in the range where the cutting lengths are
from O to the tool diameter, and divide the range into a very large integer. The time interval
between the flutes is multiples of the integer of the small time. The velocity and displacement
of the next time step are determined from the finite difference or Newmark method, and the
cutting force is calculated from substituting them into equation (14). The relative virtual
positions in the x and y directions of the tool center to workpiece when moving with the
time are given as

X,(t) = /RDQRAD — RD) — ”Z{)f L (15)
Y, (t) = RAD — RD + y(t), (16)

where \/ RD(2RAD — RD) is the distance in the x direction from the tool center to
workpiece when cutting is started, (N, ft)/60 — x(¢) is the traveling of the workpiece, x(t) is
the relative vibration, and RAD-RD is the distance in the y direction from the tool center to
workpiece.

A schematic drawing is shown in Figure 6.

In a,, < cutting range < o,,, the angles of the tool entry and exit are written as

RAD

i () — o5~ <RAD —RD + y(t)>

(17)

_ s —1 XL(I)
Oex(t) =0 or sin (RAD)

5. EXPERIMENTAL DETERMINATION OF THE SPECIFIC CUTTING CONSTANTS

The purpose of the experiments is to measure the cutting forces under the various cutting
conditions in end-milling, and the measured values are used to obtain the specific cutting
constants as described in equation (8). A block diagram for the total procedure of the
experiments and the calculation of the specific cutting constants is shown in Figure 7.
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Figure 7. Schematic of a block diagram for the experiments and the calculation of the specific cutting constants.

TaBLE 1

Cutting conditions for tests

End mill Diameter: 16 mm, 2 edges

Radial depth of cut (mm) 2:0, 3-0, 40, 50, 6:0

Axial depth of cut (mm) 10-0, 13-0, 160

Feed (FEED, mm/min) 80-0, 100-0, 1200

Spindle speed (r.p.m.) 400-0, 600-0
TABLE 2

Conditions for simulations

Total number of tests 90
Increment of angle of cutter (deg) 1-0
Number of axial disk elements of cutter 10-0, 13:0, 16:0
Angles at which cutter exits cutting (deg) 00
Helix angle of cutter (deg) 30-0
Rake angle (w, deg) 00

The specific cutting constants were determined experimentally from the cutting tests of
the vertical machining center. Those tests were under various cutting conditions, and the
constants of equation (8) were calculated with a program built by the least-squares method.
The vertical machining center used in this paper was of type ACE-V35, which was being
manufactured by Daewoo Heavy Industries and the tool dynamometer KISTLER-9257B
was used to measure the cutting forces. The cutting conditions for the tests are given in
Table 1. For the simulations, FORTRAN commercial program was used under the
conditions listed in Table 2, and for each axial depth of cut, average cutting forces in the
x and y directions obtained from tests are shown in Tables 3 (a-c).

The coefficients of the specific cutting constants were obtained as in Table 4.
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Average cutting forces in the x and y directions from tests

TABLE 3

575

Radial depth of Feed Spindle speed Average x-cutting Average y-cutting
cut (mm) (mm/min) (r.p.m.) force (N) force (N)
(a) Axial depth of cut = 10 mm
500 4000 29056 36007
6000 20589 264-58
4000 31837 38607
20 1000 6000 22461 288:05
4000 468-54 48934
1200 6000 24938 30462
200 4000 344:25 494-69
6000 23121 34658
4000 39031 54320
30 100-0 6000 26049 39501
1200 4000 45537 606:84
6000 30092 44271
500 4000 36522 608-94
6000 25190 448-09
4000 42972 68894
40 100-0 6000 28078 509-30
1200 4000 48822 764-59
6000 32462 56845
500 4000 37502 72438
6000 25693 553-84
4000 44341 804-04
>0 1000 6000 28088 62698
4000 524:99 95552
1200 6000 33820 71769
%00 4000 36621 877-01
6000 24331 648-30
4000 43898 96497
6.0 1000 6000 27743 732:35
4000 52096 1067-12
1200 6000 332:39 84828
(b) Axial depth of cut = 13 mm
$00 4000 342:35 41339
6000 24789 326:53
4000 39469 462:56
20 100-0 6000 25571 34136
1200 4000 43647 509-84
6000 29394 374:85
500 4000 40953 58178
6000 27235 41761
4000 47409 63517
30 100-0 6000 31291 50175
4000 544-68 72107
1200 6000 35779 541-50
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TABLE 3
(Continued)
Radial depth of Feed Spindle speed Average x-cutting Average y-cutting
cut (mm) (mm/min) (r.p.m.) force (N) force (N)
500 4000 43674 73395
6000 28895 52170
4000 52740 82041
40 100-0 6000 34191 65811
4000 61594 946-51
1200 6000 39425 709-40
500 4000 45220 88357
6000 29608 63437
4000 55058 102788
>0 1000 6000 34787 81921
1200 4000 64325 113853
6000 40569 882-80
500 4000 46607 1069-63
6000 28762 74719
4000 56590 122780
6.0 100-0 6000 33378 97395
1200 4000 67478 140060
6000 39821 104599
(c) Axial depth of cut = 16 mm
500 4000 34473 42877
6000 27718 38382
4000 43987 54517
20 100:0 6000 30314 417-43
4000 48517 598-10
1200 6000 35532 45119
500 4000 4480 68717
6000 31569 51740
4000 52497 74582
30 100-0 6000 350-14 557-11
4000 58475 80155
1200 6000 42290 61803
%00 4000 49590 88544
6000 32377 64733
4000 59623 960-89
40 1000 6000 38177 71581
1200 4000 682-40 106817
6000 45345 809-14
%00 4000 521-85 107665
6000 33508 804-32
4000 641-44 118725
5.0 100-0 6000 40025 88059
1200 4000 73410 1323-59
6000 47522 100970
200 4000 51949 128161
6000 32377 93738
4000 634-51 138363
6.0 100-0 6000 391-85 103350
1200 4000 758-84 1589-07

600-0 472:55 120196




CHATTER PREDICTION OF END MILLING 577
TABLE 4

Coefficients of the specific cutting force by simulations

dao 0-107 x 101
a, — 0114 x 1013
a, —0232x 1012
as —0282x 1014
as 0-212 x 1014
a; as 0-611 x 1013
s — 0192 x 1013
a5 0-683 x 1014
as 0-268 x 1013
dg 0-890 x 107
bo 0-538
by — 33575
b, 2-247
bs — 331263
b, —0-112x 10*
b; bs — 0102 x 10°
be — 0357 %103
b 0-409 x 10*
bg 0-355 x 103
bo — 0208 x 10°
TABLE 5

The equivalent parameters by LMS

Equivalent mass Equivalent Equivalent

(kg) damping (kg/s) stiffness (N/m)
x direction 44-84 4368 0-1361 x 10°
y direction 36-36 3387 0-1320 x 10°

6. RESULTS OF NUMERICAL ANALYSIS

Using the built program, the dynamic displacements under the various cutting conditions
were calculated. Also, modal testing was performed to pick out the x and y directional
equivalent parameters of the used vertical machining center as equation (1). HP-
workstation with LMS modal software (single-degree-of-freedom method) was used to
obtain them. In Table 5, the equivalent parameters by LMS are shown.

In simulations, four different dynamic analyses were executed. The first is that the axial
depth of cut = 16 mm, main spindle speed = 600 r.p.m., the feed rate = 120 mm/min, and
the radial depths of cut are varied as 2, 4, 6 and 8§ mm. The results of the first analysis are
shown in Table 6. It is found that by increasing the radial depth of cut, the dynamic
displacements in the x and y directions increase. In Figure 8, the results for the radial depth
of cut =2 mm are shown. The results that the radial depths of cut are 4 and 6 mm are
shown in Figures 9 and 10. In Figure 8, although the dynamic displacements increase with
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TABLE 6

The results of the dynamic analysis for axial depth
of cut =16 mm, spindle speed = 600 r.p.m. and feed
rate = 120 mm/min (maximum displacement only)

Radial depth of cut

Displacement
(um) 2:0 mm 4-0 mm 6:0 mm 8-:0 mm
X 10-95 3523 94-51 4720
y 16-13 62-99 1727 7957

rd = 2 mm, ad = 16 mm, rpm = 600, feed = 120 mm/min

40 -

20 -

Disp. of x-direction (micron)

=20
_40 -

L L : [ ! P B [

0 1 2 3 4 5 6 7
Time (sec)

rd =2 mm, ad = 16 mm, rpm = 600, feed = 120 mm/min
40 -
20

Disp. of y-direction (micron)

L L . L ! . ! . ! .
0 1 2 3 4 5 6 7
Time (sec)

Figure 8. Dynamic displacement analysis of a vertical machining center for radial depth of cut = 2 mm, axial
depth of cut = 16 mm, spindle speed = 600 r.p.m. and feed = 120 mm/min.

the time, after a constant time the amplitude of vibration becomes stable. In case the radial
depths of cut are larger than 4 mm, dynamic displacements increase hugely after a transition
time.

The second analysis is that the radial depth of cut = 6 mm, the spindle speed =
600 r.p.m., the feed rate = 120 mm/min, and the axial depths of cut are varied as 10, 13 and
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rd = 4 mm, ad = 16 mm, rpm = 600, feed = 120 mm/min
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rd = 4 mm, ad = 16 mm, rpm = 600, feed = 120 mm/min

80
60
40
20

=20
—40
-60
-80

Disp. of y-direction (micron)
<)

(=]
—_
393

3 4 5 6 7
Time (sec)

Figure 9. Dynamic displacement analysis of a vertical machining center for radial depth of cut = 4 mm, axial
depth of cut = 16 mm, spindle speed = 600 r.p.m. and feed = 120 mm/min.

16 mm. The results are given in Table 7, and it is found that as the axial depth
of cut increases, the dynamic displacements in the x and y directions increase. In
Figure 11, the results for the axial depth of cut = 10 mm, and after going by a constant
time the amplitude of vibration becomes stable. In case the axial depths of cut are larger
than 13 mm as in Figure 12, the dynamic displacements increase hugely after a transition
time.

The third is that the axial depth of cut = 16 mm, the main spindle speed = 400 r.p.m.,
the feed rate = 120 mm/min, and the radial depths of cut are changed as 2, 4, 6, 8§ and
10 mm. The results are shown in Table 8. It is found that by increasing the radial depth of
cut, the dynamic displacements in the x and y directions increase, similarly to Table 6. In
Figure 13, the results for the radial depth of cut =2 mm are shown. The other results
that the radial depths of cut are 6, 8 and 10 mm are shown in Figures 14, 15 and 16
respectively. In Figures 13 and 14, although the dynamic displacements increase with the
time, after a constant time the amplitude of vibration becomes stable like in previous
simulations. In Figure 15 where the radial depth of cut is 8§ mm, the amplitude of vibration is
large, but it cannot be said that chatter is generated. In Figure 12 where the radial depth of
cut is 10 mm, dynamic displacements also increase hugely after a transition time as in
previous results.
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rd = 6 mm, ad = 16 mm, rpm = 600, feed = 120 mm/min
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Figure 10. Dynamic displacement analysis of a vertical machining center for radial depth of cut = 6 mm, axial
depth of cut = 16 mm, spindle speed = 600 r.p.m. and feed = 120 mm/min.

TABLE 7

The results of the dynamic analysis for radial depth of
cut = 6 mm, spindle speed = 600 r.p.m. and feed rate =
120 mm/min (maximum displacement only)

Axial depth of cut

Displacement

(um) 10-0 mm 13-0 mm 16:0 mm
X 879 29-21 94-51
y 24-03 5072 1727

The fourth analysis is that the radial depth of cut = 6 mm, the spindle speed = 600 r.p.m.,
the feed rate = 120 mm/min., and the axial depths of cut are varied as 10, 13, 16 and
19 mm. The results of the final analysis are given in Table 9. It is found that as the axial
depth of cut increases, the x and y dynamic displacements increase as in previous
simulations. In Figure 17, the results for the axial depth of cut = 13 mm are shown. After



CHATTER PREDICTION OF END MILLING 581

rd =6 mm, ad = 10 mm, rpm = 600, feed = 120 mm/min
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Figure 11. Dynamic displacement analysis of a vertical machining center for radial depth of cut = 6 mm, axial
depth of cut = 10 mm, spindle speed = 600 r.p.m. and feed = 120 mm/min.

a constant time the amplitude of vibration also becomes stable. In Figure 18 where the axial
depth of cut is 19 mm, the dynamic displacements also increase hugely after a transition
time.

7. CONCLUSIONS

In machine tool, it is very important to predict the chatter vibration since the chatter
affects the surface of a workpiece severely and the quality of the product becomes the worst.
Numerous studies and researches for the chatter phenomenon have been performed in the
last several decades. Especially, a number of works on the chatter have been done in
a high-speed and high-precision machine tool. The purpose of this work is to present how to
predict the chatter prediction of end milling in a vertical machining center using a simplified
model.

A high-speed and high-precision vertical machining center has been developed as
a national project in Korea in the last couple of years. Some results for the chatter of the
vertical machining center are as follows. Firstly, a simplified model was presented, and this
model has two degrees of freedom. The model was built, based on the chip load, the cutting
geometry, and the relationship between the cutting forces and the chip load. Secondly, to
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Figure 12. Dynamic displacement analysis of a vertical machining center for radial depth of cut = 6 mm, axial
depth of cut = 13 mm, spindle speed = 600 r.p.m. and feed = 120 mm/min.

TABLE 8

The results of the dynamic analysis for axial depth of
cut = 16 mm, spindle speed = 400 r.p.m. and feed rate =
120 mm/min (maximum displacement only)

Radial depth of cut

Displacement
(um) 2:0 mm 6:0 mm 8:0 mm 10-0 mm
X 10-18 15-60 19-11 519:0
y 12-49 3328 50-47 8539

measure the cutting forces of end-milling process, the cutting tests were performed for
various cutting conditions. All the tests were executed in the machining center
manufactured by Daewoo Heavy Industries. Thirdly, the modal testing was performed to
obtain equivalent modal parameters of the vertical machining center by using LMS
commercial program package. Fourthly, the cutting forces measured from cutting tests were
applied to the model to calculate the specific cutting constants used in the model. Finally,
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Figure 13. Dynamic displacement analysis of a vertical machining center for radial depth of cut = 2 mm, axial
depth of cut = 16 mm, spindle speed = 400 r.p.m. and feed = 120 mm/min.

Disp. of x-direction (micron)

Disp. of y-direction (micron)

40

20

-20

-40

40

20

-20

-40

rd =6 mm, ad = 16 mm, rpm =400, feed = 120 mm/min

! 1 ! | ! | ! 1 ! | ) | !
0 1 2 3 4 5 6 7
Time (sec)
rd =6 mm, ad = 16 mm, rpm =400, feed = 120 mm/min
) | 1 | ! | ! | ! | ! 1 !

4 5
Time (sec)

Figure 14. Dynamic displacement analysis of a vertical machining center for radial depth of cut = 6 mm, axial
depth of cut = 16 mm, spindle speed = 400 r.p.m. and feed = 120 mm/min.
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Figure 15. Dynamic displacement analysis of a vertical machining center for radial depth of cut = 8 mm, axial
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Figure 16. Dynamic displacement analysis of a vertical machining center for radial depth of cut = 10 mm, axial
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TABLE 9

The results of the dynamic analysis for radial depth of
cut = 6 mm, spindle speed = 400 r.p.m. and feed rate =
120 mm/min (maximum displacement only)

Axial depth of cut

Displacement
(nm) 100mm 13:0mm 160mm 190 mm
X 1322 1492 15-60 1623
y 3149 33-36 3328 34-90

rd =6 mm, ad = 13 mm, rpm =400, feed = 120 mm/min
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Figure 17. Dynamic displacement analysis of a vertical machining center for radial depth of cut = 6 mm, axial
depth of cut = 13 mm, spindle speed = 400 r.p.m. and feed = 120 mm/min.

the program to analyze the dynamic displacements under the specific cutting condition was
written. The dynamic displacements for the various cutting conditions were given in time
domain, and were verified by the experiments. It was found that the interactions between
the dynamic characteristics and the cutting dynamics of the vertical machining center made
the primary and the secondary feedback loops through the simulations.

By the method presented in this study, the chatter phenomenon was analyzed clearly for
a high-speed and high-precision vertical machining center. Especially, from the simulations
for the changes of the cutting conditions, it was predicted when the chatter was generated in
time domain. The method was used as a tool to analyze the chatter phenomenon in end
milling of machining center in Korea, and will be used in end milling in any kind of
a machining center.



586 S. K. KIM AND S.-Y. LEE

rd = 6 mm, ad = 19 mm, rpm =400, feed = 120 mm/min

40 b

20 |

Disp. of x-direction (micron)
=}

0 1 2 3 4 5 6 7
Time (sec)

rd = 6 mm, ad = 19 mm, rpm =400, feed = 120 mm/min

40

20 -

-20 +

_40 -

Disp. of y-direction (micron)
)

Time (sec)

Figure 18. Dynamic displacement analysis of a vertical machining center for radial depth of cut = 6 mm, axial
depth of cut = 19 mm, spindle speed = 400 r.p.m. and feed = 120 mm/min.
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