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Analysis of Chatter Stability in Facing
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Abstract: This study attempts to develop a chatter model for predicting chatter stability conditions in hard
turming. A linear model 1s developed by introducing non-uniform load distribution on a tool tip to account for
the flank wear effect. Stability analysis based on the root locus method and the harmonic balance method is
conducted to determine a critical stability parameter. To validate the model, a series of experiment is carried out
to determine the stability limits as well as certain characteristic parameters for facing and straight turning.
Chatter in hard turmng has the feature that the critical stability limits increase very rapidly when the cutting
speed is higher than 13 rev sec™ for all feed directions. The main contributions of the study are threefold. First,
chatter-free cutting conditions are predicted and can be used as a guideline for designing tools and machines.
Second, the characteristics of chatter in hard turming, which 1s observed for the first time, helps to broaden our
physical understanding of the mteractions between the tool and the workpiece in hard tuming. Third,
experimental stability limits for different flank wear can contribute to lead more reasonable ways to consider the
flank wear effect in chatter models of hard turning. Based on these contributions, the proposed linear chatter
model will support to improve the productivity in many manufacturing processes. In addition, the chatter

experimental data will be useful to develop other chatter models in hard turmng.
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INTRODUCTION

Chatter is a self-excited mechanical vibration during
machining processes. It causes adverse effects such as
the poor surface finish of the workpiece, reduced tool life
and eventually the loss of productivity (Tewani et al.,
1995). The limit of cutting parameters to avoid chatter can
be less conservative if chatter stability 13 predicted in
terms of cutting conditions. Therefore the prediction of
chatter 15 one of crucial factors for achieving high
productivity in machining operations.

The prevention of chatter is even more important in
hard turning than conventional mild turning. Recently
hard turning has been actively mvestigated since it has
the potential to replace more costly and less agile grinding
processes in finishing hardened materials of HRC 45-70.
Considering the surface quality demand n finishing and
the relatively brittle property of PCBN mserts, hard
turning is more sensitive to the occurrence of chatter.
Unfortunately, there have been few theoretical and
experimental mvestigations on chatter associated with
hard turming.

Flank wear is an important factor to consider in the
modeling of chatter for hard turning. The strong relation
between flank wear and cutting force has been reported

for hard turning (Wang and Liu, 1999; Chou and Evans,
1999). It was suggested that cutting force increases for
larger flank wear in machining hardened steels. As chatter
stability is clearly affected by flank wear in mild turning
(Fofana et al., 2003; Elbestawi ef af., 1991; Chiou and
Liang, 1998), flank tool wear 1s also suggested as one of
primary sources of chatter in hard turning (Davies, 1998).
In addition, Kishawy and Elbestawi (1999) showed tool
wear also affected machined surface quality during hard
turming. Therefore, 1t 18 necessary to introduce an
appropriate method to consider the flank wear effect in the
modeling of chatter for hard turning.

One of challenging aspects in the modeling of chatter
1s that there are nfimtely many roots of the characteristic
equation on the imaginary axis, which correspond to the
critical stability parameter. When the regenerative effect
1s considered as a main mechanism of chatter, a closed
loop characteristic equation has a time delay term, which
is a period of one revolution in the machining process.
Since the time delay results in infinitely many roots on the
imaginary axis, it has been a key 1ssue to determine critical
values of the stability parameter among mfinitely many
roots in stability analysis involving chatter problems. In
this study, critical stability parameters have been
determined explicitly by drawing root loci in terms of the

Corresponding Author:

8. Kebdani, Department of Mechanical Engineering, University of Sciences and Technology,

B.P. 1505 Oran E1 Menaouer, 31000, Algeria
2050



J. Applied Sci., 8 (11): 2050-2058, 2008

stiffness ratio with the presence of flank wear.
Furthermore, the effect of a time delay on chatter stability
1s also discussed.

In this study, linear chatter modeling procedures for
facing operations are described The characteristic
equation with non-uniform load distribution is derived to
consider the flank wear effect. Then the root locus method
for general wom tools, wlich explicitly decides the critical
stability parameter in stability analysis, is described.

LINEAR MODELING FOR CHATTER
IN FACING

In this study, a 1-DOF linear chatter model
comsidering the flank wear effect 1s developed. It is
assumed that the workpiece 13 rigid and the flexible tool 1s
able to vibrate only in the x direction as shown in Fig. 1.
The feed direction in facing operations is

mx(t)+ exX()+k,_x(t) = AF, (1) M

where, m is the mass of the tool, ¢ is the damping
coefficient, k,, is the structural stiffness and AF,(t) is the
amount of variation in the x-component of cutting force.

The variation of cutting force AF, in Eq. 1 is caused
by the wvariation of uncut chip thickness during
congecutive turns in the machining process, as shown in
Fig. 2.

Any irregular motion of a tool makes an undulated
swface during machining process and it leads the
deviation in uncut chip thickness from a nominal value at
the next revelution, which results in the variation of
cutting force. This phenomenon is called the regenerative
effect, which induces AF, for a sharp tool as the
following:

AE,(H) =k [x(D - x(1-T,)] @)

where, k_ is cutting stiffness, x(t) and x(t-T,) are deviations
from the equilibrium position of the tool edge at the
current turn and the previous turn, respectively and T, is
the period of a turn.

In the present study, non-uniform load distribution
on the flank wear area is introduced to consider the flank
wear effect in the chatter model. Two different approaches
have been used mainly to include the effect of flank wear
(Waldorf et al., 1998). Wu (1988) suggested a method to
represent the flank wear effect by employing contact
force, which 1s proportional to the displaced volume of the
workpiece beneath the tool. Based on the contact force
model, Elbestawi et al. (1991) predicted an increased
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Fig. 1. Schematic diagram of the tool-workpiece system
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Fig. 2: Schematic diagram of the regenerative effect in
facing

chatter-free region in numerical simulations for larger tool
flank wear. The same tendency that tool flank wear
stabilized chatter vibration was experimentally verified in
mild turming by Chiou and Liang (1998) and Clancy and
Shin (2002). However, it is difficult to extend the contact
force model to hard materials since the uncertainty in
estimating displaced volume increases. Another way to
consider the flank wear effect is based on the slip-line
model, which was originally proposed by Challen and
Oxley (1979). Cutting force mcluding ploughing force due
to the existence of flank was predicted by this method
(Black et al., 1993). Considering the slip-line field and the
presence of plastic flow of the workpiece under the tool
flank (Kobayashi and Thomsen, 1960, Thomsen et af.,
1962; Smithey ez al., 2001). Waldorf (1996) introduced
nonuniform stress distribution along the flank wear area
to estimate force on the worn area.

Furthermore, Stepan (1998) suggested a chatter model
with non-umform load distribution on the active face
between the workpiece and the tool. However, a chatter
model with non-uniform load distribution on the flank
wear area has not been attempted In this study, the
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Fig. 3: Schematic diagram of the tool tip with the flank
wear length of | and local coordmate z along flank
wear
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Fig. 4: Non-uniform load distribution along flank wear

method to integrate non-uniform load distribution on flank
wear has been employed for considering the flank wear
effect to avoid the uncertainty in estimating the displaced
volume of hard materials.

In the present study, non-uniform lead distribution
0(z,) 18 assumed 1 the local coordinate z along flank wear
as the following (Fig. 3):

o(z,)= ;{1 + cos[ﬂz;jns } 7,e-1,0] (3)

where, [ is the length of flank wear. The exponent ns is to
determine how much plastic deformation occurs and is
assumed to be inversely proportional to the flank wear
length [ as the following:

n, == “4)
)

where, ¢ is a positive constant. As shown in Fig. 4, this
load distribution has the maximum value at the beginning
of flank wear and becomes zero at the end of flank wear.
This form of load distribution has ability to reflect the
effects of the flank wear length as well as the degree of
plastic deformation of the workpiece under flank wear. As

a result, the effect of plastic deformation and flank wear
on chatter stability can be examined through this load
distribution.

Let us introduce h which is the duration to pass the
interface of length I between the tool and the workpiece
at the speed of

h-t (5)

Converting non-uniform load distribution of Eq. 2-5 into
the form in local time 0 yields

a(f) = 111{1 +cos [ﬂ}ﬁl}"s } , 6g[-h,0] (6)

When load distributions on a finite length of the tool as
well as the regenerative effect are considered, AFx(t) in
Eq. 2 becomes as the following:

AR, (=K, [ 7 o(T, +0)x(t +8)d6 ke o(B)x(t+ 0)d6

(7
where, ke 1s the cutting stiffness and Tp 1s the period of
the workpiece. Substituting the cutting force variation n

Eq. 7 into the differential Eq. 1 and dividing the both sides
by m yields

mx(t)+ 2eoncx(t) + o x(t)

k, -T,
- Emj jT G(T, + G)x(t + 6) (8)
0 — K ot [* oo+ )do

- o [ o(0)x(t+0)

where, w, = (km/m)" is the natural frequency of the
system and ¢ = ¢/(2m w,) is the damping ratio of the
system. The regenerative effect which reflects the
position difference between the previous tun and the
present turn yields two terms on the right side of Eq. 8
and the flank wear effect 13 considered by integrating load
distribution o(0) for each term. Performing the Laplace
transform of Eq. 8 with zero mitial conditions and
rearranging resulting terms yield the characteristic
equation for a worn tool with non-uniform load
distribution:

k
k

=6l [ o) o e ™)=0 ()

m

§, + 2C0. 8+ o) +
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When the value of ns is 1 and 7 is negligibly small, load
distribution o(8) becomes the Dirac delta function
corresponding to the load distribution of an ideal sharp
tool. The Dirac delta function &(68) has the following
filtering property. Suppose v > 0 and let f be integrable on
[0, o[ and continuous at y. Then

[ re080c- yiax = (1) 10

Therefore, the value of integral in Eq. 9 becomes unity so
that

[ ot@e"do= | 5(8)e"d6 =1 (1D

The characteristic equation for a sharp tool 18 derived
from Eq. 9 and 11 and 1s shown as

S, + 200, 8+ ® + 11? ol (l-e)=0 (12)

m

STABILITY ANALYSIS FOR WORN TOOLS

Determination of the critical stability parameter: The
system 1s stable if all of roots of the closed loop
characteristic equation have negative real values. If any
of roots have zero real values, the rest having negative
real values, then this represents the critical condition of
stability. Because the closed loop characteristic equation
with a time delay has infimitely many roots on the
imaginary axis, it has been a crucial issue in stability
analysis to derive the critical parameter among infinitely
many roots which determines the stability of the system.
In chatter stability problems that also include a time delay,
the stiffness ratio, ke/lkem is a commonly used parameter
when stability is decided for a given time delay.

There have been many attempts to obtain the critical
ke/km resolving the complexity in stability analyses
caused by the transcendental nature of the characteristic
equation for chatter problems. For example, Tlusty and
Polacek (1963) and Merritt (1965) developed fundamental
chatter theories that determined the chatter frequency and
the stiffness ratio for a time delay by simultaneously
solving two equations at s = jw, which were derived from
the characteristic equation. Nyquist stability criterion was
employed by Minis ef af. (1990) as an alternative
approach to derive the critical stability parameter. In
addition, the root locus method determined the critical
stiffness by finding the first pair of roots on the imaginary
axis while the others remained m the stable left hand
side of the complex plane (Olgac and Hosek, 1998). The

Routh-Hurwitz stability criterion also can be used for
time-delayed systems after transforming a transcendental
equation to a polynomial equation (Rekasius, 1980).

In the present study, critical parameters for chatter
stability are explicitly determined by drawing root loci in
terms of the stiffness ratio. Even though the methodology
is not new, this is the first attempt to expand the root
locus method m stability analyses to more general womn
tool cases. The condition of root loci to have the minimum
stiffness ratio as the critical parameter s derived after
finding poles and zeros and categorizing branches in the
root locus plot.

First of all, locations of roots with zero and infinite
values of the stiffness ratio, which correspond to poles
and zeros of the open loop system, are found analytically.

There are an mnfimte number of poles at 5 = -oofy
2nm/Tp(n=10,1, 2,...) as well as two finite poles at

s=—cm, + ,fgzmi - mi.

The closed loop system also has an infimte number of
zeros on the imaginary axis ats =+2nw/Tp(n=0,1,2,...).
Therefore, the gap between branches decreases as the
amount of time delay increases.

In addition to locations of poles and zeros of the
open loop system, it is necessary to know if any root of
the closed loop characteristic equation has a positive real
part, which induces chatter for given cutting conditions.
In this study, whether roots of the closed loop
characteristic equation have a positive sign is determined
analytically According to the results, there are two kinds
of branches in the root locus diagram following these
criteria:

* One always remams in the left-hand side of the
s-plane and ends at one of zeros on the imaginary
axis

E

(13a)

if fhc(e) cos[ ZTGJ do=0 for wm, > 2nm
B

P

(13b)

if fhc(e) cos[ Zl;nej do<0 form, < ?
B

b

¢ The other crosses the imaginary axis only once
from the left-hand side to the right-hand side of the
s-plane and ends at one of zeros on the imaginary
axis

E

®

if ID o{0) cos nmh do<0 for o > nm (14a)
-h T T

P
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if _[D (5] cos[znne} de>0 for ey < 2o (14b)
-k Tp T

P

Because roots have positive real parts, the second
type of branches 1s related to the mstability of the closed
loop system. Whether a branch has an unstable root or
net depends on the value of the zero of the branch as well
as the amount of a time delay and load distribution. Since
1n this study values of

jf'hc(e) cos[ ZIEG}

are always positive for a given load distribution, the
natural frequency, the amount of a time delay and the
order of a branch determine if it has unstable roots. If
wn>2n1/Tp, n = 0, 1, 2,..., then branches remain in the
stable left hand side of the s-plane. On the contrary, if
wn<2nm/Tp, n = 0, 1, 2,.., then branches approach to
zeros on the imaginary axis with positive real parts.

When a fair of branch reach the imaginary axis in the
root locus plot, the other branches being in the left hand
side of the s-plane, the value of the stiffness ratio at the
imaginary axis corresponds to the instability of the
system. If branches crossing the imaginary axis never
return to the left-hand side of the s-plane and it 1s
possible to find the mimmum value of the stiffness ratio
on the imaginary axis, then the minimum stiffness ratio is
the critical parameter to determine the stability of the
closed loop system. In the present study, branches remain
in the right hand side of the s-plane as the stiffness ratio
is increased to infinite once crossing the imaginary axis.
Therefore, the critical stiffness ratio 1s the mimmum value
of the stiffness ratio among infinitely many branch
crossings on the imaginary axis. Procedures to obtain the
minimum ke/km in the root locus of the closed loop
system are summarized as follows:

*  Foragiven value of a time delay, determine the value
of branch identifier n, which satisfies w n < 2nn/T p.

+  The n® branch of the root locus plot is drawn as the
gain ke/km changes from zero to mfinity.

*  The value of ke/kan on the imagmary axis 1s calculated
by an interpolation method.

¢ The above procedures are repeated for increasing #
until the mimmum value of ke/lkam on the imaginary
axis 13 found.

For instance, the minimum ke/km is found in the
root locus of the closed loop system when Tp = 0.1 sec,
wn =111 Hzand ¢ = 0.054. The condition of wn < 2nn/Tp
is satisfied when n is larger or equal to 12. The value of

the stiffness ratio on the imaginary axis is calculated for
an increased value of n starting from 12. Tn this case, the
branch of n =12 has the mimmum value of the stiffness
ratio on the mmagmary axis according to numerical
calculations. The frequency corresponding to the
minimum stiffness ratio is the chatter frequency and it is
larger than the natural frequency of the system.

Time delay effect on chatter stability: The effect of a time
delay Tp on the stability has been found for a worn tool.
If the real part of (ds/dTp) at s = jw 1s positive, then it
means the root crosses the imagnary axis from the left
side to the right side parallel to the real axis. Therefore, an
increase in the time delay makes the system unstable with
the positive real part of (ds/dTp) at s = jw. For a worn tool
with the flank wear length of [ and load distribution a(0),
the real part of (ds/dTp) at s = jw has the sign in
accordance with:

ds
S, Re| — =
g[{ {dTp =io H
_ ) ) . _
[ ‘ fﬂi} (LI, — L) +(280, + —=al,)
k, k, (15)
sgn 1 (2go, + k, @l )—(2w+ k, @)
® k. k,

k
(-’ + cof, + k° wilc)

L= [ ot@cos0d0 1, = [ ot®)cosodo  (16a)

I, = J.,Uh o(0)sinfdd [, = Jiuhﬁ(e)Sinede (16b)

Therefore, if the sign of Eq. 15 is positive, the high
cutting speed region has more aggressive cutting
conditions remaining chatter-free environment than the
low cutting speed region since the time delay 1s the
inverse of cutting speed.

Stability analysis for sharp tools: A stability analysis for
a sharp tool can be derived as a special case of a stability
analysis for a worn tool. When #s is equal to 1 and flank
wear length / 1s negligibly small in non-umform load
distribution ¢(0), load distribution becomes the Dirac
delta function &(0). This is the load distribution
corresponding to chatter stability models for a sharp
tool, which have been studied for several decades
(Merritt, 1965, Mims et al., 1990, Olgac and Hosek, 1996).
Characteristics of the root locus and the time delay
effect on stability for a sharp tool can be obtained by
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substituting 8(0) into 0(8) of above results. Tt turned out
that the locations of poles and zeros for a sharp tool case
are the same as those for a wom teol. In addition,
branches in the root locus plot of a sharp tool have
positive real parts for w n < 2nw/T p since the integrals in
Eq. 13 have the unity value.

Furthermore, 1f

kE
k

m

o —o, 1+ =)+ 20l = 0

the system becomes unstable as the time delay T 1s
increased.

PREDICTIONS OF CHATTER
STABILITY IN FACING

Theoretical predictions of chatter stability are
attempted with the linear modeling of chatter in facing of
hardened materials, which considers the flank wear effect
through non-uniform load distribution on a worn area of
tools. In order to achieve more realistic predictions, the
unique features of hard turning such as the cutting speed
effect volved with high temperature should be
considered in the predicting processes. In the present
study, the effect of the cutting speed 1s considered
through measuring the cutting stiffness at different
cutting speed values.

After conducting a series of experiments to measure
characteristic parameters required in the proposed
modeling of chatter, critical stiffness ratios are predicted
for a given range of cuting speed. In addition, a
converting relation between the stiffness ratio and the
width of cut is obtained reflecting the effect of cutting
speed. The flank wear effect is examined and discussed
based on resultant stability charts for different flank wear
values. A tangential stability line is proposed for more
practical use of stability charts especially mn the low
cutting speed range.
Measurements of  characteristic  parameters:
Characteristic parameters of the tool system are
determined by a series of experimental measurements.
Since 1t 1s assumed that the tool system 1s the only flexible
component in the model, the natural frequency, the
damping ratio, the structural stiffness and the cutting
stiffness of the tool system should be measured for the
theoretical prediction of chatter stability m machining
processes. Furthermore, the relation between the stiffness
ratio and the width of cut 1s obtained to plot the stability
chart in terms of the width of cut instead of the stiffness
ratio. Results of characteristic parameter measurements
are summarized in Table 1.

Table 1: Characteristic parameters of the tool system
Hollow bar
Length = 76.2 mm
Outer diameter =41.2 mm

Workpiece Inner diameter = 26.9 mm

Matural frequency 111 Hz

Damping ratio 0.054

Structural stiffness 5600 N/ mim

Cutting stiffness 985 N/mumn(at the width of cut = 0.508 mm

and the cutting speed = 14 ms)

&€/
q h\
/

X

Accelerometer

Hammer

Signal analyzer

bo —

\ Tool

—  Turret

Fig. 5: Schematic diagram of impact testing for measuring
the natural frequency w, and the damping ratio ¢

The natural frequency and the damping ratio of the
tool system are determined by impact testing. Attaching
an accelerometer on a side of the tool, frequency
responses are obtained by applying an impact with a
hammer at the opposite side of the tool system as shown
in Fig. 5. The peak at the lowest frequency is chosen as
the natural frequency of the tool system in the averaged
frequency response. The damping ratio 1s decided by
observing how fast the magmtude of the peak of the
natural frequency diminished along with frequency
variation. The main processes to obtain the damping ratio
of the tool system are finding two points corresponding
to 0.707 times the maximum magnitude of the peak and
then calculating frequency difference between these two
points. As aresult of impact testing, it turned out that the
natural frequency of the tool system 1s 111 Hz and the
damping ratio is 0.054.

The structural stiffness is obtained by simultanecus
measurements of displacement and static force applied at
the end of the workpiece through the tool. The workpiece
13 76.2 mm long and assumed as a rigid body. The
displacement of the tool system relative to the hollow bar
1s measured by a dial gage and static force exerted on the
tool tip is measured by a dynamometer as shown in Fig. 6.
The structural stiffness of the tool system 1s determined
as 5320 N/mm.

The cutting stiffness 1s found by measuring thrust
force for given cutting conditions in the cutting operation.
As seen n Fig. 7, the dynamometer connected to the tool
system of the machine measured thrust force as the
cutting process 1s performed at the end of the system of
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Dial guage
&
‘Worlkpiece
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Fig. 6 Schematic diagram of the experimental setup for
measuring the structural stiffness lc,

— 762 mm —

—i M— Width of cut

A

Cutting tool

Chuck A
|Feed direction
Dynamometer

Fig. 7. Schematic diagram of the experimental setup for
measuring the cutting stiffness k, in facing

76.2 mm long work piece. In the present study, thrust
force 1s assumed to be linearly proportional to uncut chip
thickness or the feed rate and the proportionality constant
18 the cutting stiffness. Thrust force is measured for three
different values of the width of cut in the range of the feed
rate from 0.0127 to 0.0508 mm rev ' and results are shown
mn Fig. 8. All facing operations are operated with slightly
worn tools, which have flank wear in the range from 40 to
60 um. The slope of the curves corresponding to the
cutting stiffness is increased slightly along with an
increase of the width of cut. Thrust force measurements
as a function of the feed rate for two different values of
cutting speed are represented in Fig. 9. Thrust force and
the cutting stiffness decrease for higher cutting speed.
These tendencies in force measurements are well matched
with existing experimental investigations on hard turning
(Chou and Evans, 1999). The cutting stiffness 1s
determined as 985 N/mm from those cutting force data
when the width of cut 13 0.508 mm and the cutting speed
is 14 rps.

The relation between the stiffness ratio and the
width of cut is obtained from cutting force data of
machining of hardened 52100 steels. In this study, the

250+

2004

150- /————./.

1004 r’—’.—‘—-’__/.

50+ —4— Width of cut = 0.254 mm
—- Width of cut = 0.508mm
—d— Width of cut = 0.762 mm

T L] T
0 0.01 0.02 003 0.04 0.05 0.06
Feed rate (mm rev )

Fig. 8 Thrust force versus the feed rate at the cutting
speed of 14 rev sec™

1209 —¢— Spindle speed = 14 rps
—— Spindle speed =6 1ps

1001

B0+

Thrust force (N)
o
(=]

40-
204
0 T T T 1
0.01256 0.02539 0.03821 0.05064
Feed rate (mm rev )

Fig. 9: Thrust force versus the feed rate at the width of
cut of 0.254 mm

stability chart 15 plotted in terms of the width of cut
instead of the stiffness ratio since the width of cut is a
more practical parameter in machining operations. Chiou
and Liang (1998) converted the stiffness ratio to the width
of cut by multiplying a constant, which 1s derived from
force measurements. Here, the converting relation is
obtained as a function of cutting speed to reflect the
dependence of the cutting stiffness on cutting speed,
which 1s clearly shown in Fig. 9. The converting relation
is derived as:

woe = (0.031Q + 2.6){;?} +(0.02Q2-03)

11

where, woc 1 the width of cut.
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Predictions of stability limit in facing: Based on the
stability analysis and parameter measurements in previous
sections, the stability chart 13 obtaned to predict
chatter-free cutting conditions. The mimimum stiffness
ratio ke/km 1s obtamed in the root locus for a given time
delay and the same procedures are repeated for the range
of cutting speed. Since the minimum ke/kan 1s the critical
stability parameter as shown in the stability analysis, the
region above the minimum stiffness ratio is called the
unstable region. The region below the minimum stiffness
ratio is called the stable region where there is no chatter
for a given cutting speed. Values of the width of cut
correspending to minimum stiffness ratios are obtained by
means of the converting relation derived from force
measurement data. For non-umform lead distribution,
the values of flank wear length / are 0.0254, 0.0762 and
0.127 mm and the value of ns are assumed as 0.5.

In order to show the dependency of the flank wear
effect on cutting speed, the area of the stable region 1s
calculated for 4 different speed divisions, respectively. As
shown in Fig. 10, the total area under the stability line is
increased as the length of flank wear is increased and the
stabilizing effect is most dominantly appeared in the
high-speed range (12 Q <15 rps).

The question of whether a stability line with more
conservatism can be used as an alternative to the original
stability line for more practical use of the stability chart is
now examined. Because a small change in cutting speed
causes a large variation in the predicted stability line in
the low cutting speed range and the length of flank wear
can change during machiming processes, it 13 necessary
to apply a conservative prediction for proper machining
operations. This stability line i1s called a tangential
stability line and it provides more conservative chatter
prediction in the stability chart. As seen in Fig. 11, the
tangential stability line shows the same tendency as is
shown by the original stability line for different values of
flank wear.

Therefore, the tangential stability line can be used as
an alternative stability line, reflecting the stabilizing effect
due to flank wear. Another conservative stability line can
be denived from stability charts for sharp tools. In stability
charts for sharp tools, the closed loop system 1s always
stable regardless of the amount of time delay when le/km
is less than 2g(¢tl1). This stability line is called an
absolute stability line. Tn addition, the prediction for a
sharp tool provides very similar stability limits compared
with the stability line for the worn tool with flank wear of
0.0254 mm. Therefore, the flank wear effect can be
negligible when the length of flank wear i1s less than
0.0254 mm.

698 Flank wear = 0.0254 mm
@ Flank wear = 0.0762 mm
5 40 Flank wear = 0.0127 mm
44
£
2 -
1 -
04 T T T 1
4 8 11 14
Spindle speed (mps)

Fig. 10: Area under the stability line for different values

of flank wear
501 B Flank wear = 0.0254 mm
4.54 B Flank wear = 0.0762 mm
1 O Flank wear = 0.127 mm
4.0+
3.5
3.04
o
ﬁ 2.5
2,01
1.5+
1.04
0.5
0 T T T |
4 8 11 14
Spindle speed (rps)

Fig. 11: Area under the tangential stability lines for
different values of flank wear

CONCLUSION

A new modeling of chatter for facing has been
developed considering the flank wear effect through
non-uniform load distribution on flank wear. Having a
more realistic load distribution reflecting the change of the
flank wear length as well as the degree of the plastic
deformation, a stability analysis has been carried out to
determine the critical stability parameter for worn tools.
The minimum stiffness ratio is the critical stability
parameter based on characteristics of branches m the root
locus found in stability analysis. It 1s shown that stability
is affected by a time delay, characteristic parameters and
the load distribution. Stability charts for sharp tools are
obtained as a special case of the present chatter model

Characteristic parameters of a tool system have been
measured for predicting stability limits in facing from the
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proposed model. Tn order to consider the cutting speed
effect, the values of the cutting stiffness are measured at
two cutting speeds while the range of flank wear 1s
between 40 and 60 pm. Theoretical predictions of stability
have been obtained from measured -characteristic
parameters. The minimum stiffness ratios are obtained for
a range of speed with the root locus method and then
stability charts in the width of cut are plotted employing
the converting relation. The stabilizing effect of flank wear
is clearly shown in tangential stability lines as well
original stability lines from theoretical predictions. The
absolute stability line 1s derived as the most conservative
stability guideline.
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