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Abstract

The widespread use of high-speed machining in tedecades has led to a significant area of reseaynhissues that limit its

productivity. Regenerative chatter is a wielown machining problem that results in unstabléicg process, leads to the poor
surface quality, reduced material removal rate aagnage on the machine tool itself. The main requénet for the stability of system
dynamics is the information of tool tip frequenegponse functions (FRF’s).The present work consarcoupled model of spindle-
bearing system by using the angular contact baklirimg forces on stability of machining. Using Tirheeko beam element
formulation, the spindle unit is analyzed by inéhgdthe gyroscopic and centrifugal terms and tharlmg contact forces are arrived

from Hertzian contact theory. Then, the model sduer studying the effects of viscous dampingbtaio the tool point FRF for the

dynamic spindle.

Index Terms. Spindle dynamics, Stability, High speed effeceariag contact forces, Hertzian contact theory,itéin

element modeling.
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1. INTRODUCTION

In recent years there has been keen interest bufacarers
to increase Productivity and Surface quality oftgar using
High speed milling machines. This has direct impattcost
of machining and Quality. Dymamic rigidity is ond the

most critical characteristics of machine tools, eesally for
high precision and high performance machining @agilbns.
This technology is mainly limited by the performanaf the
spindle which has a significant influence on thechiming
accuracy. Self-excited vibrations of the tool resmlunstable
cutting process which leads to the chatter on tbegkwurface
and it reduces the productivity. At large rates noterial
removal, tool chatter creates the unavoidable Wiéty

between the cutting tool and the work piece; if ist
uncontrolled the chatter causes a rough surfadshfiand

dimensional inaccuracy of the work piece along with

unacceptable loud noise levels and acceleratedateat. The
chatter stability of the tool is dependent on thgainic

behavior of the spindle system, which is often egped as the
frequency response function (FRF) at the tool Lip.other

words, tool-tip FRF is a key variable in determioat of

stability limit [1]. The objective of the design gineer is to
predict the cutting performances of the spindleirdurthe

design stage by relying on engineering model ofglecess
and system dynamics. Early spindle research hasséac
mainly on static analysis, where as current reseds
extended to the dynamics for optimal design.

Over the last two decades, numerous approaches besre
addressed to elaborate the tool-tip FRF throughetivogl and

experiments. With introduction of receptance caupli
substructure analysis by Schmitz in early 2000esshauthors
[2-7] have illustrated the approach to predict thel point

FRFs. Erturk et al.[8] presented analytical modelsbtain the
tool-tip FRF. Faassen et al. [9] predicted chattability lobes
of high speed milling on the basis of experimeriBFs at
different spindle speeds. Abele and Fiedler [1®joduced a
sub-space-state-space-identification method to umeaand
calculate the dynamic behavior of spindle-tool syst during
high speed machining, consequently, stability loliegrams
were determined based on the identified FRFs. Zaghénd
Songmene [11] used operational modal analysis tinate

the machine tool dynamic parameters during highhimémy

operations, and the dynamic stability lobes werleutated

using the extracted modal parameters. The expetahen
method is used to identify speed-varying dynamicspindles
in the above works, which is direct and feasiblewidver, it is
time-consuming to repeat the modal tests for ewmindle
speed and prone to errors. With known details efghindle
geometry, drawbar force, bearing parameters arldaueetc.,
an alternative method to obtain the dynamic behlraab
spindle system is the finite element (FE) methodthWthe
accurate spindle model, the FRFs at the tool #psémulated
and then chatter stability lobes can be predic@&uen and
Wang [12] modeled the integrated spindle-bearirgjesy and
they also found that significant errors occurredoiedicting
stability lobes if the load and speed effects ore th
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shaft/bearing dynamics were neglected. Tian andoAJtL3]
considered the gyroscopic effects of the rotatipgpdie and
proposed a chatter model in milling systems. Troandl that
gyroscopic effects reduced the critical axial depthcut.
Similarly, Movahhedy and Mosaddegh [14] predictdua t
chatter in high speed milling including gyroscopiects on
the basis of FE spindle model. Gagnol et al. [1&}aedoped a
dynamic model of a high-speed spindle system arh th
proposed a dynamic stability lobe diagram by iraéigg the
speed-dependent FRFs of spindles into analytigatoseh of
Altintas and Budak [16]. Angular contact ball begs are
commonly used in high-speed spindles due to thaiv- |
friction properties and ability to withstand extafroads in
both radial and axial directions. Although the badlarings
appear to be a simple mechanism, their internamgéy is
quite complex and often display very complicatechlmear
dynamic behavior. It is obvious that the spindlechiaing
system supported by ball bearings present inteigstiability
characteristics and nonlinear responses. Severahtatudies
[17-21] illustrated the dynamics of high speed dfga under
different preload mechanisms and operating speeds.

Present paper describes a coupled model of spiedieng
system by considering the effects of ball bearimgtHcontact
forces on the spindle dynamics. The governing wdfigal
equations of motion of spindle system are emploged
numerical simulations are carried-out using Timoioebeam
element model.

2. MODELING OF SPINDLE-BEARING SYSTEM

The spindle system generally consists of spindlesimy
carrying spindle shaft over the front and rear ingg;, a tool
holder and tool as shown in Fig.1.

Fig-1: Schematic of end-mill spindle unit

The dynamic behavior of the spindle-tool unit caa weell
established through the modeling of the restricspihdle
rotating system as shown in Fig.2. The spindle bas
elements, seven nodes and total 28 degrees ofofreeBloth
the fifth and seventh nodes of the shaft are suppdry two

angular contact bearings. The x and y directionatirg
forces act on the tool tip. Tool is assumed to lugdly
connected to the tool holder which is fixed to $pindle shaft.

Rear bearinc # 7
________ _6
Front bearinio----- 5
k 4
- -1

Fig-2: Equivalent analysis model

The equations of motion for the spindle shaft duedtation
are given by [22-23]:

2
yyad —i{ksAG(GV - ezj - Pﬂ} - Q%AV =F,

dt?  ox X X
@
d’w 9 ow ow )
— - AG| — +0, |-P Q%pAW = F,
di> 0 {S [ax yj ax} PRV =T
) 2
d? do 2 ow
y y —
pl—~+QpJ dtz - El W kSAG(a—+6yj—MX
®3)
d%e de, 2% ov _
pl dtzz -QpJ— " ~Fl axzz - kSAG(a—X - ezj =M,
“4)

Here, v and w are the bending deformation in two
perpendicular directions of the spindle unpA is mass per
unit length of spindle shaft, ks is shear deforprafiactor, El

is flexural rigidity, AG is shear rigidity of thehaft material ,

pJ is polar modulus , Fx and Fy are the componefits o
external forces, Mx and My are the components afdverse
moments an@ is the speed of rotation of spindle shaft.

A rotating shaft with eight degrees of freedom pede finite
beam element with gyroscopic terms based on Timdshe
beam theory formulated by Nelson [24] is employedntodel
the rotating spindle. The element translational estdtional
mass matrices, the stiffness matrix and gyroscomtrix are
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obtained by applying Hamilton’s principle. The gavieg
equation in matrix form obtained using FE method is

[MXa} HCHa} +(K1-Q2MJ fa} =F )
Where the system element matrices are given by [18]
[M] = [MT] + [MR] ®)
[MT] = [MO] + dM1] +@2[M2] (")
[MR]=[NO] + ¢[N1] +@2[N2] (8)
[KI= [KO] + ¢{K1] ©
(€] =-QIG] + oM] + BIK] (10)

1281

- k. AGF 1)

The front and rear positions of the spindle shedtsupported

by the similar angular contact ball bearings. Witho
considering the axial forces and moment loadingsthef
spindle system, the angular contact ball bearings be
assumed as deep-groove ball bearings and the dgnami
problem of the angular contact ball bearing is masl®ne of
the two degrees of freedom. The local Hertz corftaces and
deflection relationships for a ball with the innand outer
races may be written as a following set of restpforces:

N
~CpXpy ~ _Zikbl(xmcosd)i + Y Sing; —8)* cosp;
i=

Fx1=
(12)
. Ny . 15 -
~Cr¥pn ~ LK (X COSP; + Yy SING; —3) ™7 sing;
Fyl: i=1
(13)
. Np : 15
~CpoXp2 = 2 Ko (Xpp COSD; +Yp SiNG; — )™ cosp,
Fx2= El

(14)

. Np . .
~Cro¥ 2 ~ LK (Xpp COSP; +yp, SiNg; -8)* sing,
Fy2= i=1
(15)

Here 6 refers to the initial clearance of the bearing$, isl
number of balls, xbl and ybl, xb2 and yb2 are the
displacements of mass elements distributed at ritret fand
rear bearing nodes along x and y directions resmbygt kbl
and cbl, kb2 and ch2 are the stiffness and damgiirfgpnt

and rear bearings respectively, and the

Qr 27T ,.
(q:|: i|t+(_j(|_1)
(R+1) N, (where i=1,2,...Nb)

angle
is the angular location of the ith ball. Here tbem: xbcogi+
ybsingi-& is accounted only when it is positive, otherwisks i
taken as zero and the bearing races are at lossntdict with
bearing balls. An idealized condition is consideiregresent
work with =-0.05 um (considering practical conditions, the
interference fit generally adopted to chatter peatd where
negative clearance is justified) and negligibleueabf bearing
damping, inner radius r=40 mm, outer radius R=60mm,
number of ball Nb=8, kbl=kb2=13.8409 N/m3/2. The
spindle FRF consisting of real and imaginary paas be
given expressed as:

[H(Jw)]=[R<?§(g))]+i[|m(w)]=[-[M] w2 +w[C]+([K]- Q2[Mc])]-1

Here, ReandIm are, respectively, the real and imaginary part
of the transfer function of the spindle tool tip.

3. RESULTS

The parameters of the finite element model of thiadie are
illustrated in Table 1. Except the element-1 (Siticcarbide
tool) and all other elements are taken as steehsilles and
shear modulus are considered for the problem mirodd from
tables.

Table-1: Parameters for finite element model of the spindle
[18].

Parameter Elements of the spindle

1 2 3 4 5 6
200 2(

Length(mm) 45 | 40 50 20

Outer 19 | 745 | 40 60 60 60
dia.(mm)

Inner 0 0 0 0 40 40
dia.(mm)

E (GPa) 450 210 210 219 21p 210

Parameter 45| 40 50 20 200 2D

Computer program is developed in MATLAB to analyhe
spindle system. The assembly matrices and statideswsation
approach to eliminate the rotational degrees ofdoen are
included in the program. Initially, by assuming thesarings to
be perfectly rigid, Campbell diagram is obtainedshewn in
Fig.3. Using undamped natural frequencies, thefioieits of
Rayleigh’s dampingt andp are obtained as 17.32 and 3.87e-6
respectively for 1% damping ratio.
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Fig-3: First three natural frequencies of spindle rotor

Here the viscous damping forces and centrifugékesing are
not accounted. The forward and backward whirl moakes
obvious due to the gyroscopic effect at three firatural
frequencies 1098.8 Hz, 4079.1 Hz and 7590.57 Hz
respectively. In order illustrate the centrifugaifening effect
and bearing dynamics, direct frequency responsetifum at
the tool tip hxx() is illustrated at different spindle speeds
(Q). Fig.4. depicts the FRF without considering Righés
damping for the spindle mounted on rigid bearinggwa
different speeds. The effect of centrifugal stiffen is
observed at higher speeds only as seen in Fig.5.
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Fig-4: Frequency response at 7000 rpm
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Fig-5: Frequency response at 15000 rpm

Unlike direct FRF, the cross FRF is a smooth cuwithout
showing backward (BW) and forward (FW) whirl modes
seen from the Fig.6. obtained at 15000 rpm.
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Fig-6: Cross frequency response at 15000 rpm

The effect of Rayleigh’'s (viscous) damping on tlel ttip
FRF is shown at 12000 rpm as shown in Fig.7. #eisn that

damping affects considerably the whirl modes.

107 hxx(ie}) with viscous damping. rigid bearings at 12000 rpm
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Fig-7: Effect of viscous damping at a speed 12000 rpm

For studying the bearing effect, the solution isagted as a
transient analysis problem first in time domain ahdn the

frequency

transformation (FFT) algorithm. The

spectrum is obtained from

fast

Fourier

reduced coupled

differential equations (14 in number) were solvedelxplicit
Runge Kutta solver time integration schmes. Figr@l Fig.9.
shows the time histories and FFT diagram at thetipmode.
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Fig-9: Frequency responses
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It is has been observed clearly from the frequaesponses
that the natural frequencies of the spindle hawentaffected
by the bearing contact forces.

CONCLUSIONS

In this work a coupled model of spindle bearingteys is
considered for illustration and it was analyzedngsfinite
element analysis by considering the effect of shear
deformation and rotary inertia of spindle shaft. vitas
observed that the Centrifugal and gyroscopic foroesthe
spindle rotor affect respectively the stiffness alagnping of
the system. The viscous damping was also accowaméddhe
bearings were treated first as a rigid supportsriBg forces
expressed as functions of corresponding nodal atisphents
using Hertz contact theory have also been inclunede final
model in order to investigate effect of the angutantact
bearings. The resulting FRF obtained by the spitdaring
model can be used in the existing analytical andharical
models for constructing the accurate stability labagrams
for the high speed machining process.
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