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Dynamic study of milling low depth channels
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Abstract. This paper presents a study of dynamic aspects of the milling
cutters used in particular case of low depth channels. A new calculation
method was developed, taking into account the high variations of cutting
forces during milling small depth channels with peripheral cutting tools. A
new formula was established for the minimal value of channel depth that
allows cutting process to be performed in conditions of dynamic stability.

1 Introduction

It is known that the mechanical and thermal stresses of a technological system for cutting
processes are influenced by many factors. Thus, in case of milling a very important factor is
the way chips are removed: peripheral milling or face milling.

Disk-cutters studied in this paper being provided with a single row of cutting edges on
the cylindrical surface will fit in the first category. Chips detached through peripheral
milling have variable thickness and their cross sections are defined by two cycloid curves
described by points in the edge of the cutter. Evidently, the variable thickness of the chip
causes the variation in time of components of total cutting force and milling torque [1].
Because from a practical point of view the most eloquent dynamic indicator in milling is
torque, M, this variable will be studied through this paper.
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Fig. 1. Down milling (left) and up milling (right).
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This study will also focus on small width disk-type milling cutters known as slitting
cutters. If this type of tool is used for the execution channels/grooves, milling method
recommended in the literature [1-3] it is "down milling" and if the cutter is designed for
parting operation (slitting), the optimum method is “up milling” (Fig. 1).

Whatever the method of milling, more teeth of the cutter are simultaneously in contact
with the workpiece, their number, z), depending on the depth channel milling, on tool
diameter (D;) and the total number of teeth (z). By periodically entering and leaving the
material by cutting edges results an oscillatory behaviour for cutting force and milling
torque.

Since in cutting tools catalogues [1] are only indicated maximal depths of cut for slitting
and considering that in case of peripheral milling narrow and small depth channels it would
be appropriate to indicate also the minimal depth of cut in order to improve dynamic
conditions, the aim of this paper is to determine those minimal values that avoid shock of
milling cutter teeth when entering in workpiece material.

2 Calculation and analysis of milling torque

Considering one moment in time of milling process with a slitting cutter with straight teeth
(o = 0°), axial cross sections (0-1, 0-2 etc.) of the chips removed by the three teeth (Fig. 2)
have rectangular shapes, their thickness being calculated as functions of feed per tooth (f.)
and contact angle (¢) by the following relations:

a = f.sing (M
a, = f, -sin(p—95) (2)
a, = f. -sin(p—20) 3)

Fig. 2. Up milling with three teeth engaged in cut.

Milling process being type “up milling”, the maximum value for milling torque is
recorded shortly before the exit from cutting of tooth number land can be determined as
follows:

D,
M :T(Bﬂl-kjl+B-a2-kvz+B'a3-k§3), (4)

fmax

where
B is processed width (channel width);
kg >k k, specific force corresponding to chip thickness g, , a, anda; .
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Ifk, , k, and kx3 are replaced in equation (4), defining them relative to specific force per

unitk is obtained:
1.1

B-D, -k

M, :%(Gl a ok tayay ok taya k) (5)
respectively,
B-D, -k
f Sp1 -z -z —z
Mlmax :T(al(1 : -{_aZ(1 : +a3(1 )) (6)

After in equation (6) are introduced relations (1), (2) and (3) final mathematical form
of the torque results as:

(1-2)
M _Bkava;

= ; [sin"™ ¢ +sin"?(p-8) +sin"(p-28)]  (7)

for the particular case when the maximum number of teeth of a disk-type milling cutter
with w=0° simultaneously engaged in cutting is z,=3.

[7342]

Generalizing the equation (7) for a number “i” of teeth simultaneously engaged in
cutting is obtained:

— BD/ .ksn ‘f‘z(l_Z)

tmax
2

{sin"™ p+sin"? (p—5) +...+sin" V[p—(z, - 1)5]} (8)

[7342]

According to equation (8), the maximum torque is obtained by adding “i” sinusoidal
functions at power (1-z). In table 1 are indicated approximate values for the exponent (1-z)
for various materials processed by milling [4]:

Table 1.Coefficient z for various materials

i Brass with ini
Workpiece| 45 | 79 | 15CN15 | 33MocC11 | S0vC11 | €35t Aluminium
material iron |g,=500 MPa alloys
(1-2) 0.88 | 0.79 0.74 0.84 0.80 0.81 0.66 0.66

Cutting tool suppliers present in their catalogues various disk-type milling cutters with
or without inserts that are used for slitting or peripheral slotting. Present paper refers only
to disk-cutters with maximum width of Smm and with maximum length of tooth cutting
edge also of 5 mm.

In order to obtain a more uniform load during processing with disk-type milling cutters
with straight teeth, a minimal condition must be satisfied [4, 5]: on the contact arc “p”
there must be at least two teeth. In the case of small depth channels there may be just one
tooth engaged in cutting at a time. In this case the torque will have a pulsating and cyclic

variation as in Fig.3 for down milling or as in Fig. 4 for up milling.
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Fig. 3.Torque variation during down milling with one tooth and two teeth engaged in cutting.
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Fig. 4.Torque variation during up milling with one tooth and two teeth engaged in cutting.

It is important to reveal that by indicating in tool catalogues only the maximum depth
of channel/groove processed with a slitting tool, stability issues are neglected in case of
small depth channels. Until now, there is only mentioned the maximum depth of the cut [6-
9].Therefore, some representative types of narrow disk-type milling cutters were selected
and minimal values for the depth of the channel #,,, were calculated for situations when at
least one tooth of the milling cutter is permanently in contact with the workpiece. As can be
observed in Table 2, 4,,, depends both on outer diameter Dy and on the number teeth z of

the tool.
Table 2.Calculated values of 4,,;,
Nr. D¢ hin Nr. D¢ hin
crt. [mm] ’ [mm] crt. [mm] ’ [mm]
1 80 7 15.06 6 125 11 9.922
2 80 8 11.715 7 160 13 9.163
3 100 9 11.618 8 160 14 7.922
4 100 10 9.549 9 200 17 6.753
5 125 10 11.936 10 200 18 6.030
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3 Conclusions

The present study was justified by the fact that disk-type milling cutters of small width,
with carbide inserts mechanically fixed, are provided with a number of teeth much lower
than those made of high speed steel for a given outer diameter of the tool and stability
problems might occur at low depth of processed channels/grooves.

In order to avoid shock over load of technological system during milling, an important
measure to be taken is to diminish the variation of the cutting force and torque. In this
respect, this paper provides for the specialists a method for calculating the maximum torque
when milling using disc-type cutters. According to the new calculation formula, the
maximum value of milling torque is obtained by summarizing a series of sinusoidal
functions, one for the torque of each tooth engaged in cutting.

For a better protection from dynamic shocks of the technological equipment during
milling narrow and small depth channels, it is strongly recommended to be indicated in the
documentation of cutting tools suppliers, the minimum cutting depth which ensures at least
one tooth permanently in contact with the workpiece.
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