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Abstract

Effect of drill parameters and the local crack on the dynamic characteristics of a drill during the drilling through process is
investigated in this study. A pre-twisted beam with a local crack is used to simulate the cracked drill. The release energy model
is employed to characterize the stiffness variation around the crack. A moving Winkler-type elastic foundation assumption is
used to approximate the time dependent work piece stiffness distribution on rotating drill during the drilling process. In this
article, a drill vibration model with time varied boundary condition is presented. The effects of cracks, rotational speed, pre-
twisted angle and thrust force on the vibration of drill are considered. A serious vibration is observed at the moment as the drill
touch the work piece in a drilling process. The simulated results also indicate that the local crack may aggravate the vibration.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Drilling is used widely in different manufactures. However, many parameters may affect the drilling
performance. So how to control these drilling parameters to provide the reliable and high quality drilling is
very important in much mass production. To improve the drilling performance and reliability the vibration
variation in the drilling process is studied. In this study, the effects of rotation speed, drill shape parameters,
thrust force and local crack on the drill vibration are considered.

The most common cause of drill failure is breakage. Drill breakage usually occurs because of excessive
drilling force and vibration in the drilling process [1]. Only a few studies have been conducted on dynamic
drilling process. Even if a given property leads to undesirable effects such as chatter and drill breakage, etc.,
few investigators have turned their attention to this problem; presumably because such effects are always
believed to be caused by the drill structure. Traditional drilling analysis has always focused on the drill itself,
such as Refs. [2-5]. The different pre-twisted beams have been used to model the drill in a number of papers
[2,3,6,7]. The effects of pre-twisted angle and rotation speed on the drilling vibration were analyzed.
The buckling load and natural frequency of a drill bit were also investigated, as Refs. [§-10].

Cyclic fatigue during operation frequently causes cracks to appear in a drill, [11-14], especially when drilling
composite, ceramic materials and micro holes. Cracks near the roots of the drill may change the local
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flexibility and introduce so-called irregular local structures. Local cracks might affect the system’s dynamic
behavior and also cause severe drill breakage. This study examines the effect of the crack depth on the
dynamic characteristics of a drill while drilling through a work piece. During the preceding two decades, a
number of studies [15-21] reported that cracks might change the vibration behavior of a structural system.

Mathematical models on complex drill bits to estimate the natural frequencies or cutting properties were
investigated by the previous researchers. The effects of complex geometry or the cutting chip on the cutting
and dynamic drill bit properties were examined. Even a small variation in the geometry or symmetry could
produce a very strong influence on the cutting and dynamic properties of a drill, as in Ref. [22]. Such models
can provide useful information for drill bit design. In this paper, the focus is a time dependent drilling process.
Hence, considering a drill with a moving boundary is unavoidable. Recently, a structural system with moving
masses, forces and boundaries was developed for these investigations, [23-27]. In actual engineering, the work
piece restricts the vibration of drill as this drill goes into this work piece is found. For the above reason, the
simple spring stiffness is employed to simulate the restriction for drill. Because of the cutting depth increasing
by time, the moving elastic foundation is also used to simulate the drilling process constraint. For this
simulation, it is aim to attempt to explain that the large vibration of the drill as this drill just drilling into a
work piece is found. From the numerical and experimental analysis results in this article, it is justified that the
assumption model can be employed to simulate the drilling process.

Before the drill tip touches the work piece no axial drilling load has considered. However, a time dependent
axial load introduced at the drill tip is employed to model the dynamic response of the drill during the drilling
through process. In the proposed model, the time dependent moving clastic foundation is also used to
characterize the interaction between the drill and the work piece at different drill depth. In other words, in
practical, the work piece restricts the vibration of drill as the drill goes into this work piece. To include this
constriction effect on the drill in drilling modeling, the uniform spring stiffness is employed in this study. The
proposed model is aim to explore the effect of axial stiffness variation on the dynamic response of a drill
during the drilling process. The moving elastic foundation is used to simulate the constraint on the drill during
the drilling process. In an actual drilling process, it is observed frequently that the drill is fractured at the
moment as the drill start to penetrate into a work piece. The variation of drilling force, especially the thrust
force, in the drilling process will dominate the drill dynamic characteristics. For the sake of convenience, the
time dependent thrust force Pluy(t—t*)—uy(z—t**)], axial force, is used to simulate the applied drilling force,
where u,() is the unit step function. The variation of drilling boundary condition during the drilling process is
considered in the equation of motion. Two moving Winkler-type elastic foundations are used to simulate the
time dependent boundary between the drill surface and the drilled work piece surfaces. The aim of this study is
to examine the time dependent transverse vibrations during the drilling process. The effect of a local crack on
the vibration of a drill during the drilling process was also studied.

2. Theory and formulations

According to Ref. [28], little difference was found between the complex and rectangular cross-sections on
dynamic drill characteristics and a pre-twisted beam with a rectangular cross-section is proposed to simulate a
drill. The drill, a cantilever pre-twisted beam, with rotational speed Q is illustrated in Fig. 1(a). The length of
the drill is L. The symbols ¢, and b are the thickness and breadth of the drill, respectively. The deflection
components v(r,¢) and u(r,) denote the transverse flexible deflections of the drill in the x and y directions.

The equation of motion, which is derived as Appendix A, for the drill body is given by

o o%u o'\ o[, ou . o o%u ov

R 7 SRRy ) i IRy ( Sl Sy SR R, JYs Mo 1
aﬂ( »o T “y6r2> ar<”az2ar+ “yatzar)Jr“azz W~ ru=0 M
0’ 0% 'u\ o (. v . u 0% ou 5
ﬁ(ﬂmwwf«ww)‘a(’mm“xy%)”W“"Qa‘“‘“—o @

where p = pbt,.



1102 B.-W. Huang et al. | Journal of Sound and Vibration 322 (2009) 1100-1116

(a)
: C e
’ T
(b)
N

wd D owm
%
P(t)

==

——

ke )

Fig. 1. A sketch of a drill in drilling process: (a) the schematic diagram of the body for micro drill and (b) the time dependent drilling

process model.

This drill is considered pre-twisted with a uniform twist angle of . The area moments of inertia at position r

can then be derived as
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The above notations I** and I"" are the principal mass moments of inertia. The corresponding boundary
conditions are

5(21‘) =0 or EIWZZ‘+EIW22=O (11)
5(%) =0 or EIxx% + EIW% =0 (12)
Su=0 or I, % + ixy% —% <E1yy% + EI,, %) =0 (13)
Sv=0 or ixx% + ixy% - % (Elxx% + EI,, 2%’) =0 (14)

The above boundary conditions are similar in author’s previous investigation [29]. For the solution
of above equation, the comparison functions must satisfy the boundary conditions and are displayed as
follows, [30,31]:

ug=vs=u,=v,=0 atr=0 (15)

W =v=u'"=v"=0 atr=1L (16)

N

where the symbol prime (') denotes the partial derivative with respect to r.

2.1. Drill body with a crack

A crack initiated on the drill body located at r = r¢ is considered. For simplicity, this open crack model,
as proposed in Refs. [33,34], is employed in this study to simulate the drill crack in the weakest direction
(the v transverse displacement is considered). Generally speaking, this assumption will not affect the
calculation of the natural frequencies and the corresponding mode shapes in u displacement. According to
the investigations in Refs. [32,33], elastic deformation energy in alterations in places in the crack caused by the
bending moment is the only important change in the case of slender beams. Therefore, the released energy in
this crack may be written in the form:

a1l — 2
ngb/o( E”)Kﬁda (17)

where a, p are the depth of the crack and the Poisson’s ratio of the drill. K; is the stress intensity factor under a
mode I load. In this case, the mode I stress intensity factor K; can be approximated using Eq. [17] as

K= % Vr(a/to)toF 1(a/to) (18)

0
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Adapting Eq. (17) gives
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alty
Ola/t) = /0 n(a/10)F(a/to)d(a15) 22)

Similarly, using Hamilton’s principle, the equations of motion can be derived for the cracked drill. This leads to
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In the v displacement, as r = r:
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2.2. Drilling through the work piece

An investigation of a drill with a crack in a drilling process is presented in this article. In the mathematical
sense, a time dependent boundary and thrust force can be employed to simulate this drilling process. Hence,
the moving boundary and time dependent thrust force are employed in this article. To make the moving
boundary more convenient, two moving Winkler-type elastic foundations [34] were used to simulate the time
dependent boundary, as shown in Fig. 1(b). From the above, the uniform distribution stiffness k. and k,, can
be modeled as these types of elastic foundations. Fig. 1(b) also shows the drilling process model. First of all, a
conservative compressive force, Pluy(t—t*)—uy(t—t**)], is applied at the free end of the drill as it drills through
the work piece. The work performed by this thrust force as the drill deforms is derived in

L 2 2 L 2 2
o= [ geuo=o| (%) (552 o= [ 3o | (52 + () Jor
(26)

where uy() is the unit step function. The exact drilling time is denoted as ¢* and #** is the time for the drilling
throughout the work piece. The moving boundary constraints are also considered. Without considering the
moving boundary effects introduced from the time varying drilling depth, the strain energy due to the
Winkler-type elastic foundations can be derived [34] as

U — t l 2 1 2
(=2 ; 2kxxu (r,H)+ 2kyyv (r,0)|dr 27

In this work, the unit step function uy(z—*) is employed to distinguish the effect of Winkler-type elastic
foundation in different drill periods, i.e. before the drill touch the work piece, during the drilling or after the
drill goes through the work piece. If the drilling time and moving boundary effects are considered, the above
strain energy is

1

L
Ur(t) =2 /O [Ekxxus(r—r*)us(t— Y (r, t)—i—%kyyus(r—r*)us(t— ) (r, z)} dr

L 1
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where
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(29)

(30)

As above, these time dependent thrust force and moving boundary constraints are considered in the above
equations. For the sake of convenience, the notation £(¢) is used to denote the drilling displacement. This non-

dimensionless drilling displacement is written as follows:
I x(t— tu(t — t*)
L

If the drill drills throughout a work piece, the above displacement is rewritten as

gon S x =Yt =) f x(t =)yt — )
(= 17 - 7

where f'is the drill feed velocity.
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Both the time dependent thrust force and boundary are investigated. Hence, the equation of motion for the

drill drilling throughout work piece can be rewritten as follows:
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where ¢,(r) are the comparison functions for Eqgs. (33)—(35) and p«(¢), g{t) are the corresponding weighting
coefficients, which are to be determined. These comparison functions are displayed as follows:

¢;(r) = (cosh Z;r — cos Air) —

and

cos A; + cosh 4;

sin 4; + sinh 4; (sinh A;r — sin 4;r)

coslircoshAr+1=0 for i=1,2,....,m

By applying Galerkin’s method, the equations of motion for the drill can be derived in matrix form as

p p
Mﬂ{é}+Q9Kﬂ{q}+HKL+{P%U—f?—P%U—¢”mKh+QﬁKL

p
= PO = ) = e = Ot — K], - [K]e}{ g } -

where
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=1 )
[K], = Héjr —E(I)i]“]
[K]c=[_[[g]ﬂl —[[211]
(K], = [2kxtg[f] 5 2k}5f)[]1<]5 1

These matrices are illustrated in detail as follows:
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Table 1
The difference in the first natural frequencies of the pre-twisted beams solved by different methods.
Pre-twisted angle (deg) Tekinalp and Ulsoy [4] Liao and Dang [6] Proposed
0 3.516 3.516 3.516
45 3.551 3.551 3.541
90 3.586 3.621 3.614
Non-dimensional frequency. L = 100cm, o = 0.5cm, b = 8cm.
Time (Second)
0 0.15 0.3 0.45
8 : ; T

Frequency

Fig. 2. Natural frequencies of a drill in drilling through a work piece (f = 0.002m/s, @ = 0.5, P =

0* 0.03 0.06
¢(1)

Driling depth (dimensionless)

1500 N, f = 31.416 rad/m).
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where
F=1 (58)

(1) = ’*f) (59)

() = r**L(’) (60)

3. Results and discussion

The vibrations of a drill while drilling through a work piece are investigated. In this article, the geometric
parameters of the drill are (¢/L) = 0.005, (b/L) = 0.01 and = 31.416 rad/m. According to Ref. [28], in the
drilling process the thrust load P =3000N, feeding speed f=0.002m/s, r*=0.0, Q=05 and
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Fig. 3. Natural frequencies of a drill in drilling through a work piece with or without a crack: (a) drilling into a work piece, (b) drilling
throughout a work piece. ------ without cracks y = 0.0, with a crack y = 0.2.
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Fig. 4. Natural frequencies of a drill in drilling process with different crack depths. ------ just drilling,
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Fig. 5. Time responses of a drill in the drilling process with or without a crack, exciting frequency & = 2.0: (a) without cracks y = 0.0 and

(b) with a crack y =0.3.
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kux =kyy=1x 10® N/m? were considered. As to our knowledge, there is no similar drilling process model was
proposed. The finite element solutions of pre-twisted beams were employed to solve the distribution of natural
frequencies of a drill in studies [4,6]. However, in this study, the exact mode shape functions of a straight beam
were considered as the comparison functions to solve the equations of motion. Therefore, the basic
assumption made in this modeling is that the flexibility of the pre-twisted beam is not different too much from
the straight beam. Table 1 lists the difference in the first natural frequency calculated by using the methods
proposed in the previous investigations [4,6] and the results simulated from the proposed model.
The good agreement between solved natural frequencies indicated that the proposed model is feasible to
analyze the dynamic responses of a drill during the drilling process with acceptable accuracy.

The effects of drill parameters and crack are the most important parameters on drilling vibration in drilling
process. Most studies investigated the drill structure, drilling chips and drilling force. Few investigations, [35],
paid attention to the dynamic properties in the drilling process, especially while drilling through a work piece
and with a crack. For the drilling process, this article presents the time dependent vibrations of a drill.

Amplitude (dB)

_50 1 1 I 1 1
1.5 2.5 3.5 4.5 5.5 6.5 7.5
Frequency
Fig. 6. Frequency response of a drill in drilling process. - -- undrilling, just drilling.

30

)
=
)
k=]
2
=
=
<

-30

-40

_50 1 1 1 1 1

1.5 25 3.5 4.5 5.5 6.5 75
Frequency
Fig. 7. Frequency response of a drill in drilling process with or without a crack. ------ just drilling without cracks y = 0.0, just

drilling with a crack y = 0.3.
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In actual engineering application, the lowest natural frequency is focused to considered, hence, it is also
considered to study in this article. The natural frequencies of the drill at different drilling depth when drilling
through a work piece are plotted in Fig. 2. In this drilling process, the drill goes into the work piece at time
t =1t*=0.15s. It was found that the natural frequencies of the drill are the same when it is not drilling.
The point at which the natural frequencies of the drill decrease suddenly is time ¢ = ¢* = 0.15s, drilling depth
&() =07 Because a great drilling force acts suddenly, the drill dynamic properties change in the drilling
process. In the actual drilling process, a drill that has little vibration prior to work contact can, and often does,
vibrate significantly at the instant of contact due to the periodic interactions of the drill periphery with the
work piece. This often offsets the hole from the axis of the drill and can have a significant effect on the
dynamic behavior and greatly reduce the maximum thrust force that the drill can withstand. After the drill
penetrates the work piece, drilling depth &()>07, the natural frequencies of the drill increase as the drilling
time increases. In an actual drilling process, the stiffness of the drill changes from weak to strong as the drilling
time increases. At the time ¢ = #** = 0.45s, the drill exactly goes throughout the work piece. The natural
frequencies of the drill increase suddenly at the time ¢ = r** = 0.45s are observed. Natural frequencies in
drilling process remain almost constant after the time 7> **,
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3.5

3.3

31

Frequency

29

2.7

; P ; ‘ .
2.5
01 012 014 016 018 02 022 024
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N
[e.]
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N
o

Frequency
N N
[N

6.8

6.6 I 1 | 1 I
0.4 0.42 0.44 0.46 0.48 0.5

Time (Second)

Fig. 8. The variation in natural frequencies when drilling at different spinning speeds: (a) drilling into a work piece and (b) drilling
throughout a work piece. ------ rotational speed Q = 0.25, rotational speed Q = 1.0.
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Fig. 3 illustrates the natural frequencies of a drill with or without a crack in a drilling process. The crack
effect when drilling into a work piece is shown in Fig. 3(a). It is found that the natural frequencies in drilling
into a work piece decrease in a drill with a crack. For the same reason, when drilling through a work piece, the
natural frequencies are also decreased if this drill has a crack, shown in Fig. 3(b). The variation in the lowest
natural frequency of a drill with different crack depths when the drill is undrilling or drilling into a work piece
are displayed in Fig. 4. The lowest natural frequency of the drill decreases as the crack depth is increased,
whether the drill is drilling into a work piece or not. It is interesting to know the vibration amplitude of a drill
with a crack in a drilling process. The dynamic time response in drilling process is illustrated in Fig. 5. A non-
dimensional vibration amplitude is employed to display this figure. A large amplitude response occurs at
t = t* = 0.15s, drilling depth &(f) = 0", displayed in Fig. 5(a), the time that the drill goes into the work piece.
After the drill is in the work piece, the amplitude response of the drill becomes depressed. Fig. 5(b) shows the
dynamic frequency response in a drill with a crack. The results indicate that the vibration amplitude of a drill
with a crack is much larger than that without a crack. This would lead to drill breakage.

The frequency response of a drill while undrilling or drilling is illustrated in Fig. 6. The amplitude peak is
shifted toward a lower frequency domain as the drill is exactly drilling into a work piece. This phenomenon

(a)
3.9

371

w
3

Frequency
w o w
S W

N
©
*

N
u

. N : . .
25
01 012 014 016 0.18 02 022 024

Time (Second)
(b)

N
™

N
e}

Frequency
NN
[T N

6.8} .y

6.6 : . :
0.4 042 044 046 048 0.5

Time (Second)

Fig. 9. The variation in natural frequencies in drilling with different thrust forces: (a) drilling into a work piece and (b) drilling throughout
a work piece. - - drilling force P = 1000 N, drilling force P = 2500 N.
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coincides with the previous results as shown in Fig. 2. Fig. 7 shows the frequency response of a drill with or
without a crack at time ¢ = t* = 0.15s. It was found that the amplitude peak shifts further toward a lower
frequency domain at time ¢ = ¢* = 0.15s if the drill has a crack. The variation in natural frequency when
drilling at different rotational speeds is plotted in Fig. 8. In the drilling process, the first natural frequencies of
the drill are depressed as the rotational speed increases. In other words, the dynamic characteristics of the drill
move from strong to weak if only the rotational speed is increased. With or without work piece interactions,
the natural frequencies of a drill are decreased as the rotational speed is increased. The results indicate that a
high rotation speed could markedly change the drill dynamics when drilling through a work piece. The thrust
force effect may affect the dynamic properties. This thrust force effect on the natural frequencies is shown in
Fig. 9. That the natural frequencies of the drill without drilling are independent of the thrust force is observed.
However, the dynamic characteristics of a drill will change significantly when drilling through a work piece.
The natural frequencies when drilling into a work piece are reduced as the thrust force increases. The effect of
the pre-twisted drill angle is considered. Fig. 10 displays the variations in natural frequencies when drilling
with different pre-twisted angles. The first natural frequency in the drilling process increases as the pre-twisted
angle increases.
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Fig. 10. The variation in natural frequencies in drilling with different pre-twisted angles: (a) drilling into a work piece and (b) drilling
throughout a work piece. ------ pre-twisted angle f = 7.8539rad/m, pre-twisted angle f = 31.4159 rad/m.
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4. Conclusions

A dynamic model for the drill in the time dependent drilling process is proposed. The effects of different
drilling parameters on the vibration of a drill during the drilling process are investigated. The effect of a local
crack on the drill vibration has also been discussed. The major conclusions drawn from the analysis and
numerical results obtained in this study are summarized as follows:

(1) A serious drill vibration is observed as the drill just start to drill in a work piece. The existence of a local
crack may aggravate the drill vibration seriously.

(2) The simulated results indicate that the natural frequencies of the drill are changed significantly during the
drilling process.

(3) The lowest natural frequency of a drill decreases with the increase of the drilling force. The results
simulated from the proposed dynamic model also indicate that the rotation speed and pre-twisted angle
may change the drilling vibration drastically.
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Appendix A

By employing Euler—Bernoulli beam theory, the equation of motion of a pre-twisted beam, a drill, can be
derived [29]. The displacement field at any point in the cross-section in a rotating coordinate system xyr can
be expressed as

Ou ov
Uy = u(r,1) (A.2)
Uy, =u(,1) (A.3)
As above, the strain energy can be also derived as
U= %/ o6 dv (A.4)
1 [t u\’ *udv v\’
== El,|— 2El,—~—+ El..| — A.
v 2/0 » (aﬂ) el gagE T <6r2> dr (A.5)
The velocity field at any point in the cross-section is displayed as
. %u %
F= X — Ve A.
Ur="Yor 200 (A.6)
U, = u_ 1Q — yQ (A.7)
ot
. ov
U, =a+uQ+xQ (A.8)

The kinetic energy of system is displayed as

T = / p(U, + Uy + U,)do (A.9)
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Substituting Egs. (A.6)—(A.8) into Eq. (A.9), the kinetic energy is

Ll /% ? . udv - *v 2 ou\ > o\ | /ou\?
7= [ |1, (Z4) 421,089 L7 (20 Ou ov\"| (ou
/0 » <6t6r> T s T <axar> Hls (az> +(az> (az)

2 2

Ou ov = 0“u
20,2 1 2y ou OV 027 o[ CH
+ puQ (u” + v°) 2,uQatu+ ZyQatu Q°I,.xx <6t6r> xx|dr (A.10)
The Hamilton’s principle is employed in this work. It is
5]
/ o(T—-U)dt=0 (A.11)
14

Substituting Egs. (A.5) and (A.10) into the above equation and performing the necessary integrations by parts,
the equation of motion and associated boundary conditions can be derived. The equation of motion for the
drill body is given by

Gl G v\ o[, u . v G dv
B, S EL, 2 0) — L (Tt 4 Ty o) 4 it - 2405 — 0P = A2
6r2< ozt “y6r2) ar<”az2ar+ }azzar)Jr“azz My =0 A1y

0’ 0% Pu\ o[/, v . du 0% ou
s\ Elozz Y ElLy = | — - ( Iwamzm T Lo aaas — 2uQ— — u Qo = Al
6r2( A ’y6r2> 6r(”6126r+ ’}6t26r)+uat2+ Heg v =0 (A3

The corresponding boundary conditions are

5(%) =0 or EIWZ%’ + Elxy% =0 (A.14)
5(%) =0 or EIxx%+EIxy§TZ=O (A.15)
Su=0 or iyy% + ixy% —% <EIW% + Elxy%> =0 (A.16)
Sp=0 or I_Xx%-i-l_xy%—%(Elxxg—i-EIxyzzTZ) =0 (A.17)
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