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Abstract: To optimize cutting control parameters and provide scientific evidence for controlling cutting forces. cut-
ting force modeling and cutting control parameter optimization are researched with one tool adopted to orbital drill
holes in aluminum alloy 6061. Firstly, four cutting control parameters(tool rotation speed, tool revolution speed,
axial feeding pitch and tool revolution radius) and affecting cutting forces are identified after orbital drilling kine-
matics analysis. Secondly, hybrid level orthogonal experiment method is utilized in modeling experiment. By non-
linear regression analysis, two quadratic prediction models for axial and radial forces are established, where the
above four control parameters are used as input variables. Then, model accuracy and cutting control parameters are
analyzed. Upon axial and radial forces models, two optimal combinations of cutting control parameters are ob-
tained for processing a @13 mm hole, corresponding to the minimum axial force and the radial force respectively.
Finally, each optimal combination is applied in verification experiment. The verification experiment results of cut-
ting force are in good agreement with prediction model, which confirms accracy of the research method in practical
production.
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1 Introduction

With the widely use of titanium alloy, carbon
fiber reinforced plastics(CFRP) and aluminum al-
loy in aviation parts, highly efficient and precise
hole-making technology has become a research

hotspot ',

As a new hole-making technology,
orbital drilling has some advantages including
small axial force, minor tool wear, convenient
chip removal, high dimension accuracy, etc. And
compared with conventional drilling, it can
process various holes with one tool. Therefore,

orbital drilling has a broad application prospect in

Article ID:1005-1120(2014)05-0521-09

aviation assembly™?7,

As radial and axial cutting edges both partici-
pate in cutting, it is more difficult to control cut-
ting forces in orbital drilling than in conventional
drilling. Research on cutting forces and parame-
ter optimization of orbital drilling has great values
on machining accuracy enhancement and process-
ing quality improvement. By now, many scholars
have conducted various experimental and theoreti-
cal researches on cutting forces of orbital drilling.

On the aspect of theoretical modeling, Bayo-

umi,et al. analyzed the relation between cutting

Foundation items: Supported by the National Natural Science Foundation of China (50975141) ; the Aviation Science Fund
(20091652018,2010352005) ; the National Science and Technology Major Project of the Ministry of Science and Technolo-

gy of China ( 2012ZX04003031-4).

» Corresponding author: Shan Yicai, Associate Professor, E-mail:nj_syc@163. com.



522 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 31

parameters and tool rotation angle, then estab-
lished an analytic model of cutting forces. Fur-
ther, the effect of radial and axial engagements
and cutting speed on the cutting parameters was
investigated!, Qin Xuda, et al. simplified the
influence of cutting forces on axial cutting edge
into a z-direction single force, then presented a
novel analytical model of cutting force!’™. Under
certain time domain, Liu Changyi established cut-
ting force models with inputs as helical feeding,
spindle rotation speed, axial and radial cutting
depth and tool geometric parameterst®. As orbit-
al drilling process is effected by various factors
(impact load, tool wear, chip deformation, etc.
), large deviation is inevitable between theoretical
and measured cutting forces.

On the aspect of experimental studies, Ni
Wangyang analyzed orbital drilling kinetics, and
investigated the influence of revolution speed, ax-
ial feeding rate and revolution radius on cutting

forcest™.

Iyer et al. carried out contrast experi-
ments between orbital drilling and conventional
drilling on die steel AISI D2. The research con-
firmed the superiority of orbital drilling in the as-
pects of cutting forces, hole quality and tool

wear, ect!,

Denkena, et al. analyzed the im-
pact of axial and tangential feed on milling forces
through undeformed chip model**. Hiroyuki
Sasahara studied the effect of minimum quantity
lubrication on chip temperature, chip deforma-
tion, cutting temperature, cutting forces and
shape error, and finally pointed out that the cut-
ting force of orbital drilling was smaller than that

2] Wang Ben pointed out

of conventional drilling
that there was little difference between x-direc-
tion cutting force in orbital drilling and that in
conventional drilling, while z-direction cutting
force in orbital drilling was smaller than that in
conventional drilling'"*!. Though the influence of
cutting parameters on cutting forces has been an-
alyzed, prediction model of cutting force has not
been established in above references.

In China, Yuan Zhixing built up cutting
force models of x- and z-direction through orbital

drilling in die steel. These models neglected the

effect of revolution radius on cutting forces™*.

Wang Haiyan, et al. built a multi-objective opti-
mization model with two objectives including tool
life and material removal rate. Pareto genetic al-
gorithm was introduced to optimize cutting pa-
rameters'*,

If conventional cutting parameters are used
as inputs in establishing cutting force models of
orbital drilling, forces of axial and radial edges
need to be built respectively. We attempt to avoid
the complexity of modeling with two edges, and
chose four cutting control parameters as inputs.
To realize predicting and controlling cutting
forces during orbital drilling, we focus on estab-
lishing models of cutting forces when machining
different holes with one tool, and optimizing cut-

ting control parameters.

2  Kinematics Analysis of Orbital
Drilling

Fig. 1 shows the principle of orbital drill-
ing'®. During orbital drilling, tool practises
three movements simultaneously (rotation around
own axis, feed along axial direction, and revolu-
tion around hole axis). Several control parame-
ters should be considered as the following:

Hole diameter; D

Tool diameter: d

Axial feeding pitch: P

Tool rotation speed: n,

Tool revolution speed: n,

Tool revolution radius: e

Hole center line

1]
Tool center line \l | 1:Tool
~
ns
——TF 2:Helical path
n, %(P‘] /—
I L
L qt! 3:Workpiece
™

A L
'II”I}Z{IJLIII/M////M
Fig. 1 Schematic diagram of orbital drilling

Axial feeding pitch P represents the axial
feeding after tool finishes revolution for a round.
Hence, tool axial feed speed f, can be expressed

as
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fa=Px*n, @9)

Tool revolution radius e is the radial offset of

tool axis from hole axis. In revolution, tangential

feed speed f, of tool center point (TCP) is

fi=QCrxe) *xn, (2

As tool screw feed is composed of axial and
tangential feeds, screw feed speed f¢ of TCP is

fe=+(Pxn)"+ Qrxexn,)’ (3)

If tool tooth number is Z, the TCP cutting

amount per tooth 8¢ can be described as

_Je 7\/P*nw B 21w % e % n, 27
ac771,.*27 (ns*Z> _'_( n,* 2 ) o
(fD) P+ 07 4)

where ., and f., are tool feeding per tooth in axial

and tangential directions.

During orbital drilling, tool tangential cut-
ting amount per tooth §p is different from 8¢ . It is
expressed as

O =0c * (D/(D—d)) (5

As we all know, the cutting amount per
tooth is directly related to cutting forces. The
more cutting amount per tooth is, the bigger the
resistance to overcome in chip formation is.
Thus, Macro milling force is increased. From
Eqgs. (1—5), we know that cutting forces of or-
bital drilling can be determined by control param-
eters asn, » n, » P, es d, D and Z. As for a spe-
cial tool, the influence of tool geometric parame-

ters on cutting forces can be eliminated.

3 Experimental Design
3. 1 Experimental conditions

Orbital drilling experiment is conducted on
Mikron UCP710 high speed machining center, as
shown in Fig. 2. In the center, spindle power is
16 kW and spindle speed is 100—18 000 r/min.
The workpiece material is aluminum alloy 6061.
The workpiece size is 200 mm X 100 mm X 15
mm. The tool is H602411-10 from German
Walter company, which has 45° helix angle and
two teeth. Dry cutting and inverse milling are a-
dopted in the experiment. Cutting force measure-
ment system is composed of Kistler 9265B dy-

namic force measurement instrument, Kistler

Mikron UCP710
Data collection
Workpiece

Kistler 9265B

Fig. 2 Experimental setup for milling forces measurement

5019 charge amplifier, and computer data acquisi-

tion subsystem.
3.2 Experimental scheme

Under specific machine tool and cutting tool,
the main parameters affecting cutting forces are
tool rotation speed, axial feeding pitch, tool revo-
lution speed and tool revolution radius. For dif-
ferent materials and workpieces, a lot of experi-
ments should be done for analyzing the influence
of cutting parameters on cutting forces. To re-
duce experimental cost, orthogonal experiment
method is utilized in experimental design'. In
actual production, variation of n, leads to different
axial cutting depth. Oversized revolution radius
degrades machinability of orbital drilling. Hence,
there is no need to use too many levels in tool axi-
al feeding pitch and tool revolution radius. With
reference to the different hole diameters and the
hole processing security in aviation components,
experimental factors and levels are designed as
Table 1.

Table 1 Cutting control parameters and levels

Parameters Factor levels
ny/(re+ min ) 3 000 4 000 5 000 6 000
n,/(r e min ') 15.92 23.87 31.82
P/mm 1 2
e/mm 1 2

4 Model Establishment and Accura-
cy Analysis
4.1 Characteristic analysis on cutting forces in
orbital drilling

As influenced by radial and axial cutting ed-
ges in processing, the cutting force of orbital

drilling is obviously different from that in conven-
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L8] Fig. 3(a) shows the waveform

tional drilling
graph of milling force in x-direction, which is
composed by one low frequency signal and one
high frequency signal. The low frequency wave-
form is caused by tool revolution, while the high
frequency waveform is mainly determined by tool
rotation. The high frequency is also influenced by
high speed vibration and various disturbances.
Two types of waveform graph are shown in
Figs. 3(b,0).
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(c) High frequency waveform graph

Fig.3 Waveform graph of cutting force in x-direction

Cutting force measurement system can detect
three milling forces as F,, F, and F. simultane-
ously. In workpiece reference coordinate system,
the three forces compose the cutting resultant
force of orbital drilling. If tool coordinate system
is set as a reference, the cutting resultant force
can also be decomposed into tangential force F,,

radial force F,, and axial force F,. Here, F, is

the main factor affecting hole dimensional error
and shape precision. F, causes quality defects as
burr of metal material and delamination of CFRP.
F, is mainly used to calculate consumed power.
Therefore, the research on cutting force in tool
coordinate system is significant for improving ma-

191 According to Fig. 2, cutting

chining accuracy
component forces in tool coordinate system can be
calculated as
F.=F, « sin(Zrn,t) — F, « cos(2nn,t)
F,=F, «cos2mn,t) + F, » sin(2rn,) (6)
lr=r

To avoid calculation error caused by low fre-

quency signal, we utilize high frequency wave-
form to calculate measured value of cutting force.
Under signal stable stage, we select 100 adjacent
peaks and troughs. A bigger peak and a bigger
trough are selected respectively from each four
adjacent peaks and troughs. Then, the average
values of peak and trough are calculated respec-
tively. The bigger absolute average value is re-
garded as measured value of cutting force. We at-
tempt to study axial and radial forces for further
improving hole quality by controlling cutting
forces and optimizing cutting parameters in orbit-
al drilling. In experiment, various combinations
of four cutting control parameters are designed
and the values of F, and F, are measured. The

values are shown as Table 2.

Table 2 Cutting control parameters and cutting forces in ex-

periment

Test ng / n, / P/ E/ F./ F./

No. (remin ')(r+* min"') mm mm N N
1 3 000 15.92 1 1 51.16 59. 27
2 3 000 31.82 1 1 56.05 100.92
3 3 000 23. 87 2 2 124.51  119. 34
4 3 000 31.82 2 2 134.43  145.07
> 4 000 15.92 2 1 56.81 107.96
6 4 000 31.82 2 1 77.62  144.18
7 4 000 23.87 1 2 81.32 107.82
8 4 000 31. 82 1 2 85.96 112.58
9 5 000 15.92 1 1 55.55 78.51
10 5 000 31.82 1 1 63. 38 95. 57
11 5 000 23. 87 2 2 174.40 119.23
12 5 000 31.82 2 2 206.85  140. 82
13 6 000 15.92 2 1 38.77 89. 38
14 6 000 31.82 2 1 57.12  108.81
15 6 000 23. 87 1 2 53.20 97.41
16 6 000 31.82 1 2 60. 60 92. 29
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4.2 [Establishment of prediction model
According to Table 2, models of F, and F,

are built and the influence of cutting control pa-
rameters on cutting forces is studied. Since there
is different dimension and boundary in cutting
control parameters, the four parameters need to

be normalized, where linear function conversion

where x reflects the original value, y the conver-
ted value, x i, and x .. are the minimum and the
maximum of x.

After normalization process, the data con-
version is shown as Table 3.

After data normalization, prediction models
of F, and F, are established by four cutting con-

trol parameters. To overcome the shortcoming of

is used as
P . direct-vision method in distinguishing conditional
Vi :xm;,,( — Tiin i=1,2,3,4 2 error from accidental error , variance analysis is
Table 3 Results of data normalization
YIoooY2 Y3 Yo Y1 KFYr Y1 Kys Y1 Ryo Yo% ys Yo Xy Y3 Xy yiXyi Y ¥y ¥s¥ys yixy  Fu F,

0.000 0 0.0 O 0 0.000 00.00000.0000 0.0 0.0 0 0.000 0 0.00 0.0 0 0.073 70.000 0
0.0000 1.0 O 0 0.000 00.000 00.0000 0.0 0.0 0 0.000 0 1.00 0.0 0 0.102 80.485 4
0.00000.5 1 1 0.000 00.000 00.0000 0.5 0.5 1 0.000 0 0.25 1.0 1 0.510 10.700 1
0.0000 1.0 1 1 0.00000.00000.0000 1.0 1.0 1 0.000 0 1.00 1.0 1 0.569 11.000 0
0.33330.0 1 0 0.00000.33330.0000 0.0 0.0 0 0.111 1 0.00 1.0 0 0.107 30.567 5
0.33331.0 1 0 0.33330.33330.0000 1.0 0.0 0 0.111 1 1.00 1.0 0 0.23110.989 6
0.33330.5 0 1 0.166 70.00000.3333 0.0 0.5 0 0.111 1 0.25 0.0 1 0.253 20.5659
0.33331.0 0 1 0.33330.00000.3333 0.0 1.0 0 0.1111 1.00 0.0 1 0.280 80.621 3
0.66670.0 0 0 0.000 00.000 00.0000 0.0 0.0 0 0.444 4 0.00 0.0 0 0.099 80.224 2
0.66671.0 0 0 0.666 70.00000.0000 0.0 0.0 0 0.444 4 1.00 0.0 0 0.146 40.423 1
0.666 7 0.5 1 1 0.33330.66670.6667 0.5 0.5 1 0.444 4 0.25 1.0 1 0.806 90.698 8
0.66671.0 1 1 0.666 70.66670.6667 1.0 1.0 1 0.444 4 1.00 1.0 1 1.000 00.950 5
1.0000 0.0 1 0 0.000 01.00000.0000 0.0 0.0 0 1.000 0 0.00 1.0 0 0.000 00.350 9
1.0000 1.0 1 0 1.000 01.00000.0000 1.0 0.0 0 1.000 0 1.00 1.0 0 0.109 20.577 4
1.0000 0.5 0 1 0.50000.00001.0000 0.0 0.5 0 1.000 0 0.25 0.0 1 0.08590.444 5
1.0000 1.0 0 1 1.000 00.00001.0000 0.0 1.0 0 1.000 0 1.00 0.0 1 0.129 90.384 8
introduced in the research. The established mod- 2y +0.966 % x5 ¥ x5 —0.321 % x5 % 24 —
els are described as Eqgs. (8a,8b). 13.7 % x4 ¥ 2, — 6 % 107° 2% (92)

Fi=0.018 3+0.738 % y, +0.499 % y, +
0.398 % y; + 0,167 % y, —0.410 % y, * y, —
81 %y %y +0.124 % yy %y, +
179 %y, % y; — 0,059 6 % y, %y, —

(8a)

.078 34+0.547 % y, +0.019 9 % y, —

161 % y; —0.062 4% y, +0.019 3%y, *

vz +0.28 % y; % y; +0.209 % y, % y, +

0.095 1% y, ¥ y; +0.084 7% y, % y, +

0.535 % y3 * y, — 0. 757 % y; % y;

0
0
0.159 % y3 % y, —0.617 % y, % y,
0
0

(8b)
Next, reverse normalized processing is made
by Eqgs. (8a,8b), the relationships are calculated
P,e, and F, (or F,), multiple
quadratic regression models are gained as follows
F, = — 186 + 6.98% 10 2% 2, + 3.99 %z, +
48 % 23 +23. 4% x4, —7.38 % 107" % 2y % x, —
5.19% 10 % % 2, * x5 + 3. 65 % 10° % 1, *

between n, ,» n

w

F,=72.848.7%x107% %2, —1.89 % 2, — 180 *
x3 — 150 % 2, — 6.8 % 107° * 1, * x, +
1.57 %10 2 % x; % x5 +1.17 %1077 % x; *
xy+1.01 % 2, % x5 +0.895 % x, ¥ 2, +
90 % a3 ¥ 1, — 1.4 % 107° % 2? (9b)

where the four input values as x,,x,,2; and x,

correspond to ny.n, » P and e, respectively. Ac-

cording to the four input values in Table 2, fitted
values of F, and F, can be worked out through

Egs. (9a,9b).

The point is that (9a,9b) can only be used
when parameters meet certain demands
3 000 r/min << n, << 6 000 r/min
J15. 92 r/min < n, < 31. 82 r/min
\megPQme

Ilmm<e<{2 mm

(10>
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4.3 Accuracy analysis of prediction models

In variance analysis, F criterion is introduced

in significance testing. The results are shown in

Table 4.

Table 4 Adequacy of prediction models

Source of )
Force o Dy Ss MS F Fio.05 R? Adjusted R*
variation
Regression 11 1.2519
0.113 8
F, Error 4 0.005 6 81.16 5. 96 0.996 0.983
0.001 4
Total 15 1.257 5
Regression 11 1.099 4
0.099 9
F, Error 4 0.012 7 31.58 5.96 0. 989 0.957
0.003 2
Total 15 1.112 1

In Table 4, Dy is a degree of freedom, Sg is
sum of squares, MS is mean square, and R* is de-
termination coefficient.

Under given significant level « , regression
model is credible if F < F\ . os(p.n— p — 1).
From Table 4, the F values of the two models are
both less than F, ;. . Eqgs. (8a,9a) have high
significance when ¢=0. 05. R? of F, and F, models
are 0. 996 and 0. 989. The adjusted R* are 0. 983
and 0. 957. These indicate that the predicted val-
ues of F, and F, are consistent with experimental
values(as shown in Fig. 4). The analysis shows

that the models are fit for predicting cutting forc-

160 B Test value
140 I Predict value

120
100
80
60
40
20

0
1 23456 78 910111213141516
Test number
(@F,
250 mmm Test value
mmm Predict value

200

150 |

F/N

100

50

01 23456 78 910111213141516

Test number
(d) F,

Fig. 4 Comparison of predictive value with test value

es of orbital drilling in aluminium alloy 6061.

5 Effect of Cutting Control Parame-
ters on Cutting Forces

In regression model, when three input pa-
rameters are fixed at a certain level, the model
will become a single-factor model. When P and e
are both set as Imm, the relationship curves be-
tween F, (or F.) and n, are shown in Fig. 5,
where n, is set as 15. 92,23, 87,31. 82 r/min re-
spectively. With the increase of n, , F, and F, in-
crease at first but decrease finally. In the low-
speed stage, tool tooth friction is predominant.
The increase of n, causes the increase of F, and
F,. In high-speed stage, f.. and f., decrease with
the increase of n,. Consequently, F, and F, de-
crease accordingly. In this stage, tool feeding be-
comes the main factor to determine milling force.
Fig. 5(a) indicates that F, increases with the in-
crease of n, . Fig. 5(b) gives the relationship be-
tween n, and F.. Obviously, the three curves are
similar under three tool revolution speeds.

When P and e are both 1 mm and n, is set as
3 000,4 500,6 000 r/min, respectively, the rela-
tionship curves of F,(or F,) and n, are shown in
Fig. 6. F, and F, increase with the increase of n,, .
As can be seen from Eq. (4), the increase of n,
enlarges the values of f, and f., . Fig. 6(a) shows
that the influence of n, on F, is obvious when #n, is
low. But the influence becomes small with n, in-
creasing. In Fig. 6(b), the increase of n, has little
influence on F..

When n, is 15. 92 r/min,e is 1 mm., and n, is
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Fig.5 Effect of n, on F, and F,
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95 —e—n,=4500r/ min
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E 80
' T5F
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60 [
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z
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20 ‘./-A—"‘P_‘k_*/‘_—_‘
14 16 18 20 22 24 26 28 30 32 34
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) F,
Fig. 6 Effect of n, =15.92 r/min on F, and F,

3 000,4 500,6 000 r/min, the relation curves of
F.(or F,) and P are shown in Fig. 7. As for ra-
dial cutting edge, axial cutting depth £, increases
with P. And, f. of axial cutting edge also enlar-
ges. Consequently, F, increases significantly un-

der the special n, , which can be seen from Fig. 7

105
100
95
90
z 85t
e 801
75
70 + = n,=3 000 r/ min
65 —e—n,=4 500/ min
—— n,=6 000 r / min
60 i 1 1 1 1 1 1 )
1.0 1.2 14 16 18 20 22
P/mm
(@) F,
65F & & —eo o o o
60 -
55t —=n,=3 000 r/ min
——n,=4 500 r / min
50 1 ——n,= 6 000 r/ min
z, 45}
- 40+
<
351
30
25+t
20
15 1 1 1 1 1 1 )
1.0 12 14 1.6 18 20 22
P /mm
() F,

Fig. 7 Effect of P on F, and F,

(a). In low-stage, F, increases with the increase
of n, . But,F, decreases with the sharp increase of
n, . In low n, of Fig. 7(b), F, decreases with the
increase of P . The reason is that under selected
tool and certain revolution radius, the increase of
P amplifies cutting effect similar to conventional
drilling. But F, increases under high rotation
speed. The reason is that the sharp increase of n,
produces cutting effect more similar to milling. In
this case, n, has greater influence on F, than P.
We set the following parameters: P=1 mm,
n, =3 000,4 500,6 000 r/min. In Fig. 8(a), the
increase ofe enlarges f., under the special n, , and
further increases F,. In low n, , the fluence of the
tool-workpiece friction on cutting forces is pre-
dominant in orbital drilling, which leads to the
increase of F,. In high n, , the sharp decrease of
f.« and f., causes the decrease of F,. Under low n,
, the increase of e reduces F, as shown in Fig. 8
(b). The reason is that the tool-workpiece space
for chip removal is increased and the materials re-
moval cut by radial cutting edge is multiplied.
While in high n, , tool dynamic characteristic ex-
erts greater influence on cutting forces, where F,

increases accordingly.
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Fig. 8 Effect of ¢ on F,and F,

6 Optimization of Cutting Control

Parameters

To process a & 13 hole in aluminum alloy
6061, we choose tool H602411-10. If P=1 mm,
response surfaces of F, and F, based on prediction
models are shown in Fig. 9.

To achieve the minimum value of F,(or F,),
we need to optimize combination of n, , n, , and
P. The optimization method should satisfy the
given objective function

F,(x)=F,(n,sn,,P,e,) —> minF,(x) (11)
where i =a,r (Note: a means axial, r means ra-
diaD).

To achieve machining efficiency, the process-
ing time of the hole is set as 30 s. The constraints
of cutting control parameters are

3 000 r/min << n, << 6 000 r/min
15.92 r/min < n, << 31. 82 r/min
lmm<<P<2mm

n, X P=230s

As the objective function is multivariate non-

(12)

linear equation, it is uneasy to find a combination
of optimal cutting control parameters through an-
alytic method or experimental method. To solve

the problem., we combined penalty function

==
SO SO

=
=

100

F/N

Fig. 9 Response surface of milling forces based on pre-

diction model

method with prediction models to optimize cut-
ting control parameters.

After multiple iterative solutions of objective
functions, two optimum combinations are worked
out as

x; =Wl ,n, ,P")=(04189,25.3,1.2) ,

x, = .n, ,P") = (4 367.5,30,1)

Under two combinations as x, and x, , the-
oretical and experimental values of F, and F, are
obtained. The results are;

Theoretical values: F, = 103. 99 N, F, =
83.73 N.

Experimental values: F, = 108. 68 N, F, =
85.49 N,

The consistency between theoretical and ex-
perimental values indicates that the optimization
method is feasible and practicable in cutting con-
trol parameter optimization of orbital drilling. In
practical application, the optimization of F, can be
used to improve hole dimensional error and shape
precision. If burr at hole export needs to be
strictly controlled in special occasion, the optimi-

zation of F, can be selected.



No. 5 Shan Yicai, et al. Predictive Modeling and Parameter Optimization of Cutting Forces:-- 529

7 Conclusions

(1) Upon analyzing orbital drilling kinemat-
ics, main cutting control parameters are deter-
mined as n, , n, » P and e, which impose great
effect on cutting forces when processing with one
selected tool. Nonlinear regression analysis is in-
troduced in prediction models of F, and F,, in
which four milling control parameters are used as
inputs. By F criterion, the F values are 81. 16
and 31. 58, which show good significance of two
cutting force models. Meanwhile, the determina-
tion coefficients R* of 0. 996 and 0. 989 prove the
high fitting precision of the models.

(2) The influence of cutting control forces on
F, and F, has been studied based upon prediction
models. With the increase of n, , F, and F, in-
crease firstly and then decrease. The increase of
n, can increase F, and F,. When P and ¢ both in-
crease, I, increases accordingly, while F, increa-
ses first and then decreases.

(3) Under selected scope of cutting control
parameters, Matlab software is used to optimize
cutting control parameters with the optimization
goals as minimum F, and F,. Comparison be-
tween theoretical analysis and verification experi-
ment shows that the prediction errors of F, and
F, are both less than 5%, which proves the valid-
ity of the cutting force model during orbital drill-
ing. But how to realize the collaborative optimiza-
tion of F, and F, will be our major research direc-

tion in future.
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