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National Chiao Tung University, composed of Euler-Bernoulli beam equation representing tool shaft, and an excitation
Hsinchu, Taiwan, Republic of China force in form of Fourier series. An empirical cutting force was established and related
cutting force components were calculated. And the accumulated contribution of modes
and harmonics was evaluated. The solution for the proposed equation system allowed a
prediction of hole roundness which was consistent with experimental results for different
conditions. The solution also allowed an investigation into the waviness and lobes. The
results suggested that the bizarre phenomenon of lobes on hole is in reality waviness
described by Tlusty for milling. The rigorous mathematical nature of the proposed equa-

tion built solid foundation for former empirical observation of waviness and lobes on
work pieces[DOI: 10.1115/1.1765142

1 Introduction ezoelectric transducer. Deng et [dl5] used beam theory to inves-
tigate the hole straightness as affected by pilot bushing and inter-

Deep-hole drilling is one of the most important processes f?rgediate support misalignments

the production of a high-precision workpiece with high-quality " jeratyre investigation reveals that there are no rigorous theo-
holes. Its main areas of application are in the defense, aircraft angk 1 study the effect of the dynamic cutting force on machining
automobile industries. Since the ratio of hOle-depth to h0|%|e qua“ty especia”y when there is a participation of shaft dy_
diameter exceeds ten, a long tool shaft is needed which claimsrtgmics. The purpose of this study is to propose governing equa-
own dynamics when machining. This is also true in milling withions for the drilling process, the solution of which is able to give
long shaft milling tools. The dynamic cutting force excites thanswers to phenomena observed by empirical studies. The system
long shaft, inducing a vibration/deflection which causes inaccgoverning equations proposed were composed of the Euler-
racy such as hole tolerances, roundness error and even a syd@fnoulli beam equatio16-1§ and an excitation force ex-
problem known as chatter vibration. pressed in Fourier series. Solutions were found by introducing

The machining quality of deep-hole drilling has been studie@gmpirically calibrated excitation forces, and a comparison be-
for various machining conditiorfd—5]. Sakuma et al[6] carried {Ween solutions and experimental results was made. Finally, the
out experimental work and proposed simple formulas for the bdgw-frequency mechanism of lobe formation was discussed and it

nishing action of guide pads. They also discussed the influence 1S shown that the lobes in deep-hole drilling were in reality a

) e o . enomenon of waviness described by TIJ4t9] for high-speed
various machining conditions on the hole accuracies for a BT%illing. Lobes mechanisms in reaming and twist drilling were

(boring an_d trepanning assc_nciat)cmilling process. Sgkuma et a"also cross-referencef20—23. The proposed system equations
[7,8] considered the behavior of the BTA solid boring system gsqyided a solid theoretical ground for machining in which the
that of a four-edge cutting tool and postulated that the forming @fo|s have pronounced shaft dynamics.
a multi-corner hole is a certain kind of self-excited vibration.
Gessesse et al9] investigated the formation of spiraling or
helical multi-lobe holes produced by BTA machining. Chin an
Lin [10] discussed the stability of the drilling process by treating 2.1 The Construction of Excitation Force. Figure 1 shows
the tool shaft as a second order lumped mass system. Chde drill head of a BTA drilling too[24]. The cutting force system
drashekhar et a[11] proposed a three-dimensional model of theomprises forces from the cutting edge at point A and two bur-
BTA machining system including the interaction between the staishing pads at points B and C. The cutting force system is bal-
tionary workpiece and the rotating tool. Chandrashekhar et anced in radial direction, so the radial excitation fof¢g on tool
[12] used the helical grooves to predict the roundness error of th@n be expressed as:
drilled workpiece, but there were obvious discrepancies between f(t)y=fp+fg+fc (1)

theoretical and experimental results. Chin et 48,14] proposed . . . . .
a mathematical model to simulate chip flowing in Gundrill and Traditionally, the cutting force was determined in relation to the

monitored the pressure of the chip-carrying fluid by using a pﬁrea of the uncut chip, or to the cutting depth if the cutting width

was kept constant. This nonlinear force mechanism brings hardly
Contributed by the Manufacturing Engineering Division for publication in theany. physmal insight into the system when used directly as the
JOURNAL OF MANUFACTURING SCIENCE AND ENGINEERING. Manuscript received  €XCitation force on the tool shaft. Here a departure from the real

June 2003; Revised Jan. 2004. Associate Editor: Y. C. Shin. cutting force mechanism is chosen, in which the force is decom-

g System Construction
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Fig. 1 Cutting force system of BTA drilling [24]

posed into harmonic components. Matin and Rahfi#f) were

the first to treat the force as a Fourier series. Based on a similar T

Integrating Eqs(5)—(10) at the mid position between any two
cutting edges, the Fourier coefficiertga, amp, @mc, Bma, Pme
andb,,c are determined:
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idea, the cutting force on the cutting edge and the burnishing pads

in the longitudinal directionz axig can be represented by har-

monic functions as follows:

fA:% + El {[ @A COL M) + by SIN(MG) JiMet=Z0w1
=

@
fB:% + m2:1 {[amgcosm( 6+ ag)+by,gsinm(6
+ag)Jeimet=Zow) ®)
fo= a;c + E {[amccosm( 8+ ac)+bmcsinm( o
+ac)]emet=Zewy (4)

wherem is the harmonic numbe@gg,, agg, aocs @mar 8ma:
amc, bma, bmg andb,,c are Fourier coefficienty,= = 1= n/2
(in polar form), t is time, w is the angular speed of the toal, is
the wave speed in the workpiece ang= E/p [26].

Based on Eqs(2)—(4), the forcesf oy, fay, fgx, gy, fcx and
fcy can be expressed by harmonic functions as follows:

QoA

o= +E [amnacogme)elme(t-2cw] (5)

f/—\y:mil [bmasin(mg)elme=2/cw] (6)

fox= a§B+Z [amg COSM( 0+ ag)e™ (=25 (7)

fay= mi_l [BmgSiNM( 6+ ag)elMt=Zcw] (8)
Ll

fo=— +E [amccosm(6+ac)e™ " #w]  (9)

%

o= 21 [Dyne SINM( O+ ag)elMe(t=2cw)] (10)
“
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The constant terms of Eqe), (7), and(9) can be obtained by
settingm=0 in Egs.(11), (13) and(15) which yield:

(16)

agt3ac 360°+ 3ac
T2 e T

aa  fax ap— ac
2 - Z(” 2 ) (47
aos _ fex( ac (18)
2 2w\ 2
oc_foex( a8 (19)
2 2 2

Equationg1) and(2)—(4) describe the excitation fordgz,t) in
harmonic form.
Therefore, the radial excitation force is constructed as

Aoatapgtaoc

f(z,t)= 5

+ 2 {[amacosm(wt) +by,asinm(wt)
m=1

+amgCosm(wt+ ag) +by,gsinm(wt+ ag)
+amccosm(wt+ ac)+bycsinm(wt
+ac)Jemet o) (20)
where the Fourier coefficientg,, agg, @oc, 8ma:» ames @mcs
bma, bmg @andb,,c are determined by Eq$11)—(19).
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Intermediate support Table 1 The value of k,€ of nth mode

Spmdle\ Pilot bushing n=1 n=2 n=3 n=4 n=5
Cutting fluid \ / Workpi
AN piece

\\ ) Oil supply k,€ 3.9266 7.0686 10.2102 13.3518 16.4934

i -

1 E g O

' I ]

]

where the subscriptrf” is the mode numberg,, ¢, ¢35, andc,

are constants,, is an undetermined constant of théh mode. For

: . a fixed, simply supported beam, the beam characteristic is ex-
Fig. 2 BTA drilling stystem pressed af30]

tan(k,¢) —tanh(k,€)=0 (26)
) ) wherek,{ can be obtained by solving E6), and its values for
2.2 The Governing Equation for the Tool Shaft. The tool moden=1~5 are listed in Table 1.
shaft was studied by using the Euler-Bernoulli model. Based onsupstituting Eq(25) into Eq. (24) gives
Perng and Chii18], the governing equation for the tool shaft is

as follows: .
AR(z,U:E {d1(t)costikyz) + da(t)sinh(ky2) + q3(t) cos kn2)
El &4(AR)+ AaZ(AR)Jr'z Aa(AR) 2pA(AR)=0 -
AT TIEer CPRER= o +aysink,2) (27)
_\/ﬁ whereqq(t), g,(t), qs(t), andq,(t) are time variables.
AR=V(Ax)"+(Ay) The dynamic radial deflection can be obtained fr¢a):
The boundary condition of clamping sidspindle side in Fig.
2) of shaft was assumed to be fixed and that of the cutting angr,,t)= E {Zk a(t)cosf(k.ne)cosh(knz)
burnishing side was assumed to be simply suppdriéd 2kn € +sinh(2k,¢)
2.3 The Dynamic Radial Deflection. Equation(21) creates d7(t)sinh(k,€)sinh(k,z) ~ ge(t)cosk,t)cogk,z)
a homogenous solution, which is the transient state response of : — -
tool shaft dissipating with time. Its non-homogenous solution, Sinh(2ky ) =2knt 2kl +sIN(2kn )
which represents the steady state response, is responsible for de- g,(t)sin(k,€)sin(k,z)
scribing the drilling process. Therefore, the following system 2Kl —sin( 2K €) (28)
equation shall govern the kind of drilling process in which tool n n
shaft takes an essential part. where k¢ is shown in Table 1g¢(t) and g,(t) are listed in
Appendix A.
JHAR) P(AR) AAR) Equation(28) allows a precise determination of dynamic radial
El pr +pA 2 +j2wpA — @ pA(AR) deflection contributed by tool shaft vibration.

2.4 The Roundness Error for the Hole Profile. The hole

=H(zté(z=0) (22) roundness error is an index for hole quality, which can be exam-

The physical meaning of the left-hand side terms are: ined only by experiments in the past. Since E2§) describes the
dynamic radial deflection in response to the excitation force, it
I*(AR) . P(AR) ) shall be able to predict the roundness of hole for different machin-

El P . restoring force pA 2 . inertia force; ing conditions.
A hole profile with roundness error is shown in Fig[Z8] in
I(AR) which the roundness error is defined as follows:
j2wpA T damping force

5 ) .
w°pA(AR): centrifugal force. Roundness error

= Amax+|Amin |

In order to make the units of both sides consistent, the terms
the right side of Eq(22) are multiplied by a Dirac-delta function,

defined ag27]: . — y
' Amax
(23) 9 ! AN /—

Equation (22) governs the radiallatera) motion of the tool
shaft when excited by the radial excitation force modeled in E
(20). The solution of Eq(22) determines the shape or distortion of
the machined hole, which can be found by letting

o z=|

o(z=6)= 0 otherwise

AR(z) =2, $(2)q(t) (24)

where ¢(z) is a shape function obtained from the homogenot
equation and expressed by

¢n(z)=c, coshik,z) + ¢, sinh(k,z) + c5 cogk,z) + ¢, sin(k,z)
(25) Fig. 3 Hole profile [28]
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Table 2 Machining conditions primary tangential force 5, using MATHEMATICAS software.
This empirical force model was used in the proposed governing

Feed rate Tool diameter Rotational speed Shaft length equation
(mm/rev) (mm) (rpm) (mm) q '
0.05 18.91 215 1200 ) )
0.07 19.90 390 1600 4 Results and Discussion
0.10 24.11 585
26.40 855 4.1 Empirical Model for Primary Tangential Forces fy,.
Although the dominant part of forces takes place on the cutting
edge, burnishing forces on the pads C in Fig. 1) also contrib-
ute to the force system. Left, and f,, be forces in x- and
-direction in Fig. 1, the following balances hold:
Roundness errerA nat | Aminl (29) y g g
fiy=—fax— fexCOSB—fgySinB+f,coSy+feysin
A;=(R+AR;)—r—acosf;—b sin 6, R wx Tex 0SB~ gy SIN A+ Tcx COSY + Tey 7(31)
k . )
1 fiy=—fay—fgySinB+fg,cosB—fc,siny+fc, cos
r:EE (R+AR) ty Ay~ I'Bx B By B—Tcx YT ey Y
=31 (30) B=90°—ag (32)
y=ac—180°

sz: (R+AR;)cosé
a=— i)COS6;
k=, ' : Among these force$,,, f,, is the primary radial and tangen-
tial force on the cutting edge, whils,, fg,, fcy, fc, are forces

2 & ) on burnishing pads.
b= EZ (R+AR;)siné, It is generally true that the radial force and tangential force
= stand in a constant relationship. Griffith24] reported that the

AR; : dynamic radial deflection at tool rotation anglge. ratios of the primary tangential fordg,, to the forcesfg,, fgy,

r: the radius of the least square cir¢leSC). fcx andfcy were as follows:

A hax: the maximum distance between the outer radius and the )
radius of the least square cirdlthe maximum ofA;). fay: fox oy fox fey (33)

Apin - the minimum distance between the inner radius and the 1: 0.16 0.94 0.54 0.09

radius of the least square cirdithe minimum ofA;). ) i ] ) )
A, : profile deviation with reference to least square circl@,at  Besides, the relationships between the primary radial force,

k: number of the equi-spaced points on hole profile. fax, and the primary tangential forcé,, , were further reported
Theoretical prediction of roundness error can be made by oy Griffiths [24] as
taining dynamic radial deflectioAR; from Eq.(28) and calculat- fo—01Y at feed rate 0.05 mmirev 34
ing Egs.(29) and (30). AxT T AY ' ’ (34)
fax=0.23,, at feed rate 0.07 mm/rev, (35)
3 Experiments fax=0.29,, at feed rate 0.10 mmirev, (36)
The purpose of experiments is to compare the theoretical and/Vhile the exact proportions between the involved forces may
experimental roundness errors obtained under different drilliggry in different cases, they offer common advantage that not all

conditions as listed in Table 2. The experiments were performéte forces are independent unknowns. Making use of empirical
on a retrofitted machinéFig. 2 and Appendix B which can ac- root-mean-square data and the relationships H§8)—(36),
commodate BTA deep-hole drilling to examine the dynamic ethe primary tangential force,, can be formulated by using
fects of the long tool shaft on hole distortion. MATHEMATICAS as
The workpiece material was AlSI 1045 steel siz¢80x300 — —0.112.015;2.0000.02,— 0.09
mm, which was drilled to a depth of 280 mm and subsequently cut fay=1.5021 SN0 (37)
into ten equal piece®5 mm length. The roundness errors were Other force componenti,, fgy, fgy, fcx, andfcy stand in
measured along the length of drilled hole using a Mitutégé-2 empirical relationships wittf»,, hence the entire force system
type), which utilizes the least square circle meth@®C) to ex- can be established. With these forces the Fourier coefficegiats
press a hole profile. aog, 8ocs Amas 8mes @mcs Pma, bme andby,c in Egs.(11)—(19)
Experimental forces were also measured, for which the setupaied the excitation forcé(z,t) of Eq. (20) can be determined.
shown in Fig. 4. The forces sampled by data acquisition system
(microlink) were processed to establish an empirical model of 42 The Contribution of Number of Modes and
Harmonics. The shaft of BTA tool is a kind of solid continuum
beam. The solution of its governing equation contains infinite
numbers of harmonics and modes. Equati®®) allows an inves-

Computer [ERWVITNNEYIY tigation into the accumulated contribution of harmonics and mode
\\ % AN numbers to the dynamic radial deflection. Figure 5 showed such
= bAMARALIN contributions. It is seen that the major dynamic radial deflection is
Microlink\ contributed by the first moden&1) and the first harmonicng
=1).
Workpiece The numbers of modes appeared in the tool vibration do not
Strain Amplifer / make significant difference in creation of the radial deflection.

Tool Shaft . . .
i And the numbers of harmonics make slight difference but beyond

: m= 14 the difference becomes insignificant. The error percentage
\Eg Dynamometer of dynamic radial deflection is less than 0.1% for1~24 and
- m=1~25, or forn=1~4 andn=1~5. For cautious sake, in the
following simulationm=1~24 andn=1~4 were used in Eg.
Fig. 4 Experimental setup for measuring cutting force (28).
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12.00

VBE. i eimmecemedns
+ Feed rate=0.05 mm/rev
- i
;ﬁ- 1.0 20, Feed rate=0.07 mmirev
e O Pk D R A 10.00 — )
- -1 . O iy A Feed rate=0.10 mm/rev
-
. —_ 7 ———  Predicted value
E 1.7 \ g
E X = 8.00 - - - - - Experimental value
gres| . '- S E
a A | °
16 \ ..... 'é
5% ,I'III _____________ v "g 6.00 —
a7y A 3
[
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15
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Fig. 5 Accumulated contribution of number of modes (n) and 2.00

number of harmonics (m) to the dynamic radial deflection
(um). Tool diameter: 18.91 mm; feed rate: 0.05 mm /rev; tool
speed: 585 rpm; shaft length: 1600 mm; hole depth: 250 mm. Hole depth (mm)

Fig. 7 Influence of feed rates on the hole roundness error, tool

. . diameter: 18.91 mm,; rotational speed: 585 rpm; shaft length:
4.3 The Analysis of the Hole Roundness Error. Figure 6 1500 mm P P 9

shows a sample of the hole roundness error recorded by Mitutoyo.

The comparisons of values predicted by E2B) with experimen-

tal results are shown in Figs. 7—9. Figure 7 shows the influence of

feed rates on the hole roundness error. It is seen that the higherdi#@neters on the hole roundness error. It is shown that longer
feed rate, the greater the roundness error. This is because at higheifts and smaller tool diameters yield bigger roundness error.
feed rate the chip load becomes larger and the tool bears gredteis is because that longer shaft is less stiff, which leads to bigger
cutting force. The trend conforms to the results reported by Chadeflection. And the tool with smaller diameter is less rigid than the
drashekhar et aJ29]. Moreover, the roundness errors at entry argol with larger diameter.

higher but decrease with penetration depth. These may be due tFigures 7-9 show that the experimental and theoretical values
the unstable beginning of drilling process. Figure 8 shows ths the roundness error are in agreement in both trend and magni-
influence of tool speeds on the hole roundness error. It reveals thaie. The error percentage between both was less than 10%. This
the higher the rotational speeds the bigger the roundness erdicrepancy is reasonable since the tool shaft was clamped by
The reason for this is the shaft vibration and whips at highgsws, which is less ideal than the “built-in” boundary conditions
speedg1]. Figure 9 shows the influence of shaft lengths and toalsed in the equations.

4 + Rotational speed=390 1pm
<> Rotational speed=385 rpm
A Rotational speed=835 rpm

Predicted value

8.00 - - - - Experimental value

NO.
MAGN DivISIoN
()M

% 2000
FILTER 50

Roundness error(um)

- T == T ~ _i_— 1 -|.|_ - +,
200 T T T T T T T 1
0 25 50 7S 100 123 150 175 200 225 250
Sl Hole depth (mm)

Fig. 6 Hole roundness error: 7.1  um; tool diameter: 18.91 mm; Fig. 8 Influence of rotational speeds on the hole roundness
rotational speed: 585 rpm; shaft length: 1600 mm; feed rate: 0.1 error, tool diameter: 18.91 mm; feed rate: 0.1 mm /rev; shaft
mm; hole depth: 50 mm length: 1600 mm
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12.00 Gessesse et al9] found the following empirical relations

analyze tool oscillation in reaming which issued following nondi-

Predicted value . . -
mensionalized tool whirling frequendgyc/rev:

+ Tool diameter=18.91 mm, Shaft length=1200 mm WhileofSt/Udying helical multi-lobe holes in BTA drilling:
] ) n.=60f,/N.
20 Tool diameter=18.91 mm. Shaft length=1600 mm Multi-corner phenomenon was also observed in other hole-
1000 1 A Tool diameter=26.40 mm. Shaft length=1600 mm making processes. Bayly et #4R0] used a quasi-static model to

Experimental value

Backward whirling w{~kz.+1, k=0,12... (3%)

Forward whirling w{~kz.—1, k=1,2,.... (39)

Roundness error(un)

In their casez, is the number of teeth on reamer atd cor-
responds to the number of lobes. Bayly et al28] number of
lobes for reaming is equal to Sakuma et al.'s number of corners,
Eq. (38), for deep-hole drilling. The whirling phenomenon for
twist drill was experimentally observed and studieddg,23, but
no formula for number of corners was proposed.

Surprisingly, what Sakuma et dI7,8] and Gessesse et §B]
found for deep hole drilling, and Bayly et dl20] (indirectly)
found for reaming coincide with the theory given by Tlu$ig]
for cutting waves on workpiece:

I
0 25 50 75 100 125 150 175 200 225 230
Hole depth (mm)

p+(e/360)=f./Nz (40)
Fig. 9 Influence of shaft lengths and tool diameters on the
hole roundness error, rotational speed: 585 rpm; feed rate: 0.1 If there is no phase shift, the number of waviness is prac-
mm/rev tically the number of hole corners found by Sakuma ef&B| or

the number of lobes found by Gessesse €ft9d).or the number of
lobes found by Bayly et al[20]. Is the bizarre phenomenon
“multi-corner” or “lobes” produced by deep hole drilling merely

Ramakrishna Rapl] proposed an empirical equation contains, pronounced phenomenon of cutting wayesdulation$ on the

ing cutting speed\{. m/min) and feed § mm/rev), as follows:

hole wall?
Roundness errof um)=9.3134+ 0.055/,+ 0.000944/2 Equation(28) enables an investigation into the variation of dy-
namic radial deflection on hole wall during the first four cycles of
—235.%+1587.3? tool revolution at different shaft speeds, the results of which are

: : _shown in Figs. 1&)(b)(c) for a tool shaft length of 1600 mm and
A comparison of theoretical values between E2) (calcu tool diameter of 18.91 mm. In Fig. 18 the first cycle of cufat

lated according to Eq(29)) and Ramakrishna Rao’s results is -
listed in Table 3. Again, the Eq28) stands in good agreement%%%é?% 1m2alkr)eslr:hlr:?§ i?{rgflisﬁevr\:agfswasn?pﬁw r?ﬁggagr%hizg of
with the empirical equation from Ramakrishna Rao. complete waves and a residual phase of 0.5@6219, and in
Fig. 10(c), when at 855 rpm, there is only one wave and a residual
5 The Formation of the Multi-Corners phase of 0.7670156.269. Equation(28) gives the following re-
o ) . . lationships correlating the number of waves, the residual phase,
In deep-hole drilling the multi-corner hole is a bizarre phenomte tool natural frequency and the tool speed:
enon. Sakuma et a[7,8] found in experiments that the multi-

corner hole was generated by the chatter vibration of the machin- N,
ing system, which takes place at frequencigs n.N/60. They pt+u= N (41)
could propose an empirical equation for the number of hole

corners. where N; is the first natural frequency calculated Hy,
60f . =(30/m) X (knt/€)%X (VEIIpA) [30] and listed in Table 4K,¢
N =kz,*=1 (38) s the value of theith mode shown in Table)1Equation(41) is
exactly the same as that given by Tlugl@], except in Eq(41) it
wherek is an integer and, is the number of cutting edgdfor is the first tool natural frequendyt; while in [19] it is the chatter
BTA deep hole drill they took.=4). frequencyf.. This speaks for a fact that the mechanism of hole
lobes and workpiece waviness are the same. They are created
either by chatter vibration or by resonant vibration.
In Eq. (40) Tlusty [19] used a chatter frequency approximately
equal to one of the natural frequencies, but whether it is chatter

Ne=

Table 3 The mean roundness error as predicted by Eq. (28)
and by Ramakrishna Rao [1], tool diameter: 20 mm; shaft

length: 1600 mm frquency or natural frequency depends on the mechanisms actu-
ally involved.
Feed rat Mean roundness errggm) One basic difference between E@2) and the Tlusty’s system
eed rate

[19] is that Eq.(22) does not include the regenerative effect. This

(mm/rey Used equation 390rpm  585rpm 855 rpm means the multi-corners thus generated are of resonant nature, not
0.07 Eq.(29) 2.45 4.32 5.50 regenerative nature. A thorough study of chatter frequencies by
0.10 Ramaké'Shgg Rafl] %gi ggg ?-ﬂ Insperger et al.31] lead to identification of four different types of

' Ramakri(lk(ma) Raf] 353 291 729 chatter frequencies in milling process: Chatters of self-excited na-

ture have frequenciefly; (due to the secondary Hopf bifurcation
Ramakrishna Rao’s empirical equationfl] Roundness erronm)=9.3134 fpp (due to the Period Doubling bifurcatipand chatters of reso-

+0.055/, +0.000944/%— 235 %+ 1587.37 whereV, is the cutting speed in m/min Nant nature have frequenciégpe (due to the Tooth Pass Excita-
ands is the feed rate in mm/rev. tion effecy, fp (due to damped natural frequenciMany people,
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Fig. 10 Influence of various rotational speeds on the wave
phase, tool diameter: 18.91 mm; shaft length: 1600 mm; feed
rate: 0.10 mm /rev. (a) Rotational speed: 390 rpm. (b) Rotational
speed: 585 rpm. (c) Rotational speed: 855 rpm.
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Table 4 The natural frequencies N, of the BTA tool shaft in
mode n=1~4 with various tool diameters and shaft lengths.
(Formula from [30]).

Tool diameter Shaft length N, N, N3 N4
(mm) (mm) (rom)  (rpm (rpm (rpm
18.91 1200 2685.8 8703.8 18159.9 31054.4
1600 1510.8 48959 10214.9 17468.1
26.40 1200 3412.4 11058.5 23072.7 39455.8
1600 1919.5 6220.4 12978.4 22193.9

like Bayly et al.[21] didn’t call fpg chatter frequency but rather
tooth-passing frequency which is low and associated with lobed
holes.

The tooth-passing effect induced frequerfgyg are featured
by [31]

kz.Q) .
fTPE:W where ) is the tool speed.

This is the same as that found by Sakuma et al. and Gessesse
et al.

If the tool speeds become exactly an integer fraction of its
natural frequency, say, N=Ni/2,N4/3,N,/4,N,/5 . . .etc., there
is no residual phase but integer number of waves. The variations
of dynamic radial deflection can be calculated by E2B) and
plotted in Figs. 11a), (b), (c) and(d), in which all four cycles of
tool rotation coincide exactly. There is no phase difference be-
tween consecutive cuttings hence the waves are in whole form.
Figure 11a)(b)(c)(d) show two, three, four and five waves on hole
periphery produced by tool at speelds/2, N,/3, N1/4, N,/5 re-
spectively.

After mapping the dynamic radial deflections of Figs.
11(a)(b)(c)(d) onto the profile of hole, the mysterious lobes of
drilled hole appear, as can be seen in FiggajlB)(c)(d), which
show a hole of two, three, four and five lobes produced at tool
speedN,/2, N;/3, N;/4 andN,/5 respectively.

It is clear that the lobes, or multi-corners, are produced when
the tool speed coincide with an integer fraction of its fundamental
natural frequency. This explained the low-frequency feature ob-
served for multi-cornered hole.

6 Conclusions

Hole distortion and lobes are long time problems in drilling.
This work proposed a governing equation describing the drilling
with pronounced shaft dynamics. The equation comprises Euler-
Bernoulli beam equation representing the tool shaft and a radial
excitation force, which took the form of Fourier series and was
calibrated by an empirical cutting force equation. The solution of
the proposed equation is the dynamic lateral deflection of the tool
shaft, which turned out to give valuable knowledge about lobe
mechanism.

Investigation reveals that the first mode={1) and the limited
number of harmonic¢e.g.m=14) dominate the contributions to
the dynamic radial deflection. The dynamic radial deflection as
given by Eq.(28) stands in good agreement with the empirical
results from Ramakrishna Rao. Comparison between theoretical
and experimental results regarding the influence of feed rates, tool
speeds, tool diameters, tool shaft lengths on the hole roundness
error proved the validity of the proposed equation.

The multi-corner(lobe) formation can be explained by solution
of the proposed equation. A simulation using Eg8) gives a
relation correlating the number of lobes, the residual phase, first
natural frequency and the tool speed, which is exactly the same as
the equation proposed by Tlusty for the dynamic waviness in mill-
ing generated by chatter. It is thus proven that the multi-corners
(lobeg in drilling are in reality waviness generated by low-
frequency vibration.
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Fig. 11 Influence of rotational speeds on the wave phase, tool diameter: 18.91 mm; shaft length: 1600 mm; feed rate: 0.10
mm/rev. (a) Rotational speed: N,/2=755.4rpm. (b) Rotational speed: N;/3=503.6rpm. (c) Rotational speed:
=377.7 rpm. (d) Rotational speed: N,;/5=302.2 rpm.

Ni/4

cross-sectional area moment of inertia of tool
shaft, mnf
rotational speed of the tool, rpm

The proposed equation differs from the analysis using typical | =
mass-damping-stiffness model in that physical parameters includ-
ing Young’s moduluse, area moment of inertig cross-sectional N =

areaA, tool diameterd, rotational speedN, feed rates, material N, = first natural frequency, rpm

density p, hole depth z, and tool length were explicitly ad- R = radius of the tool, mm

dressed. Since the force model can be constructed and calibrated AR — gynamic radial deflectiorm

according to different real cutting force configurations, the pro- c, = speed of wave in the workpiece, m/sec
posed governing equation is useful for machining process in "(; = tool diameter. mm '
which the tool has significant shaft dynamics. f = radial excitati’on force, kgn/sed

fax, fay = primary radial and tangential force component at
A, kg-m/seé
= radial force components of the burnishing pads B
and C, kgm/seé
fgx, fcy = tangential force components of the burnishing
pads B and C, kgn/seé
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Nomenclature

fo, fry = drill head forces in x-, y-direction, kgn/seé
A = cross-sectional area of the tool shaft, fim fax, fay = cutting forces in x-, y-direction, kgn/seé
E = Young’s modulus of tool shaft, GPa f. = chatter frequency of the machining system, Hz
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Fig. 12 Influence of various rotational speeds on the hole profile, tool diameter: 18.91 mm,; shaft length: 1600 mm; feed rate: 0.1
mm/rev; hole depth: 1 mm. (a) Rotational speed: N,/2=755.4rpm. (b) Rotational speed: N/3=503.6 rpm. (c) Rotational speed:
N4./4=377.7 rpm. (d) Rotational speed: N;/5=302.2 rpm.
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f, = lateral natural frequency of the machining system, Material: JIS SNCM 21 Density: 7860 kg/ni

Hz
k, = undetermined constants oth modes
tool shaft length, mm

n. = the corner(lobe) number of hole profiles.
p = number of waviness on workpiece profile
s = feed rate, mm/rev
u = phase of the residual wave
Ax, Ay = cutting depth in the x and y directions, respec-
tively.
z = hole depth

z. = number of teeth of the cutter

Young’s modulusE: 206x 10° Pa

3. Cutting Fluid: Type: R32; Density; : 871 kg/n?

Absolute viscosityu: 0.383 kg/msec

4. Dynamometer: Model: 6423-3K S/N 140 from Lebow
Rated capacitycompression only 1360.8 kg(3000 Ib

Max. load (without zero shift: 50% overload(150% of rated

capacity

Signal sensors: 4 arm bonded strain gauge bridges

ag, ac = angles of the burnishing pads B and C from cut- References

ting edge, respectively, degree

e = phase shift
ep, = phase error of two cycles waves, degree
w = the angular speed of the toeh= 7N/30 (rad/sec)
0 = the rotational angle of the toof= wt
p = mass density of tool shaft, kgfm
Appendix A
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Appendix B
Experimental equipment:

1. Lathe San Shing SK26120 Heavy Duty Precision Lathe

BTA drilling system(Fig. 3

2. BTA drilling

(a) Tool head: SANDVIK 420.6 series

(b) Tool shaft: Type: SANDVIK 420.5-800-2
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