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Abstract

This paper deals with the prediction of cutting force and tool deflection and it’s applications in
the flexible ball end milling process. Machining accuracy is determined by the static stiffness of
tool system and the instantaneous cutting force. The static stiffness of tool system consists of the
stiffness of holder and the stiffness of ball end mill. The stiffness of holder was obtained from the
experimental result, and the stiffness of ball end mill with two flutes was theoretically analyzed
by the finite elements method. In cutting process, the instantaneous cutting force is dependent
upon the instantaneous feed and pick feed (radial depth of cut) which are varied by tool deflection.
For the calculation of cutting force and deflection of flexible ball end mill, iteration method is
used with the linear interpolation to the data of cutting force obtained from rigid ball end mill and
the data of tool deflection. In this paper, a method for enhancing machining accuracy is discussed.
And the selection of helix angle for minimizing machining error is also discussed.
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Fig. 2 The characteristics of cutting force in the rigid ball end milling
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Table 1 Cutting conditions
pick axial feed(f,: total
No feed depth mm/rev) | tool length
{(d:mm) (e:mm) (L:mm)

1 1 3 0.1 30

2 1 5 0.1 30

3 1 3 0.2 30

4 1 5 0.2 30

5 2 3 0.1 30

6 2 5 0.1 30

7 2 3 0.2 30

8 2 5 0.2 30

9 1 3 0.1 60
10 1 5 0.1 60
11 1 3 0.2 60
12 1 5 0.2 60
13 2 3 0.1 60
14 2 5 0.1 60
15 2 3 0.2 60
16 2 5 0.2 60

cutter=HSS, wokpiece=545C, normal rake angle
of face cutting edge=15 deg., helix angle=
21 deg., cutter diameter=16 mm, flute=2
piece, rotation speed=500 rpm, length of
end mill part=50 mm
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Fig. 6 Schematic diagram of experimental apparatus
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Table 2 Prediction and test results of cutting force (kgf)
X-direction Y-direction
cutting max. mean max. ' mean
con.

No. rigid flex. test | rigid flex test | rigid flex test | rigid flex. test
1 27.9 27.2 32 5.4 5.4 5.7 | 30.1 29.5 35 5.3 5.3 5.8
2 37.3 35.8 40 6.7 6.6 6.5 | 40.5 39.4 60 6.6 6.5 7.7
3 55.9 52.9 51 10.8 10.6 9.8 60.2 58.2 72 10.6 10.4 10.9
4 74.6 68.9 58 13.4 129 10.2 | 81.1 76.6 93 | 13.2 12.9 12.3
5 44.8 44.2 39 11.9 11.7 10.8 | 81.1 76.6 93 13.2 12.9 12.3
6 60.0 59.7 71 14.6 14.4 11.6 | 44.9 44.9 62 9.7 9.6 7.4
7 89.7 87.7 85 23.8 23.0 22.3 | 64.6 64.6 72 14.7 14.4 15.0
8 119.9 118.8 142 29.2 28.3 33.3 | 89.7 89.7 116 | 19.3 19.0 23.0
9 27.9 22.8 21 5.4 5.0 4.1 | 30.1 27.6 28 5.3 5.0 4.7

10 37.3 28,5 27 6.7 6.0 3.2 | 405 34.9 35 | 10.6 9.4 8.5

1 55.9 41.5 44 10.8 9.2 8.7 | 60.2 55.0 51 10.6 9.4 3.5

12 74.6 52.4 56 13.4 109 11.3 | 81.1 69.5 82 | 13.2 11.3 15.5

13 44.8 42.4 40 11.9 11.1 10.7 | 32.3 32.2 26 7.3 7.1 5.9

14 60.0 52.4 49 14.6 13.3 11.6 | 44.9 43.9 44 9.7 9.1 8.8

15 89.7 73.3 68 | 23.8 20.6 18.4 | 64.6 63.9 59 14.7 135 12.6

16 119.8 96.7 78 29.2 244 215 | 89.7 86.8 71 19.3 17.3 16.9

Table 3 Prediction and test results of tool deflection (m:)
X-direction Y -direction
cutt.
cond. max. mean max. mean

No. pred. test pred. test pred. test pred. test
1 22.0 25 4.7 5.1 60.0 71 11.4 J12.3
2 32.5 58 6.2 4.3 75.6 79 13.5 12.2
3 42 .4 52 9.3 9.9 117.8 130 22.5 24.3
4 61.8 79 12.2 25.4 147.2 159 26.6 31.5
5 46.3 54 13.1 13.9 73.2 80 18.3 18.1
6 65.0 91 16.3 23.7 94.9 101 22.4 26.8
7 91.6 101 25.7 21.8 146.5 130 36.2 34.9
8 129.1 171 32.1 48.5 189.7 141 44.3 32.5
9 132.4 126 28.9 25.6 159.2 139 35.2 24.1

10 166.7 147 34.9 51.4 200.6 195 35.2 24.1

11 241.5 260 53.6 51.5 317.5 340 54.8 58.2

12 308.3 302 63.4 94.4 399.7 360 65.4 95.1

13 246.2 201 64.5 57.9 185.7 234 41.0 45.8

14 306.1 341 77.8 97.0 251.5 283 52.8 65.2

15 425.5 398 119.9 138.9 368.4 356 78.6 92.6

16 565.6 473 142 .4 163.3 496.0 381 99.8 122.9
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Fig. 10 The relations between helix angle and mean deflection in X-direction at steady cutting
state . speed=500rpm, feed=0.2mm/rev, R= 8mm, down ball end milling, normal rake

angle of c.e. on ball part=15degree
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