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FUNDAMENTAL ISSUESIN SELF-EXCITED CHATTER IN GRINDING

The modelling of chatter in grinding is more complilan for metal cutting. This is because the numbe
of parameters that influence the onset of chattagrinding is daunting. Also, unlike metal cuttirtge growth
of chatter in grinding may take a significant tiared so growth rates are also important. Initiatly modelling
of grinding chatter was simply an extension of thiatady developed for metal cutting. However thés soon
found to be inadequate and the models were inaddaseomplexity to include improved grinding foroedels,
the contact stiffness of the wheel and regeneraticurface waves on both the work and wheel. Sephgions
to chatter in grinding were also proposed. Mosthhyt these included the use of varying speed agxdbile
grinding wheels. This position paper re-visits #imost universal assumption that grinding chaealways
regenerative. It is shown that a grinding force eldor oscillating conditions, that has been experitally
confirmed, indicates that both torsional vibrateomd non-regeneration need to be considered. Theeqaences
for current methods of chatter elimination are désed.

1. INTRODUCTION

Chatter in grinding is particularly unwanted as theface finish immediately shows
the presence of vibration. As a result the avoidasicchatter is of paramount importance
and has been the subject of considerable rese@ncéxtensive survey of the research into
chatter in grinding is given by Inasaét al [1] and need not be repeated in this paper.
However it needs to be stated that much of the mewent research into chatter in grinding
has aimed to develop more and more accurate modiblsse have rarely resulted in
methods of stopping chatter and because of thenptaxity they have often proved to be
a barrier to the discovery of novel solutions tattér problems. There remain many
possible areas of research into chatter in grindimgt do not immediately give any
expectation of providing improvements to chattefgrenance in grinding. As a result, with
chatter avoidance in view, a review of models tiate led to methods of avoiding chatter
will be presented. The implicit assumptions usedhi@se models will then be critically
assessed.
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1.1. HISTORICAL DEVELOPMENT OF CHATTER THEORY IN GRDING

It is informative to trace the development of thedry of chatter in grinding and even
to go one stage further back and start with chattenetal cutting as it shows how some
of the early work has been forgotten or considemedevant. The publication most often
referenced in the early days of investigating @rattas that of Arnold [2], who in 1945
devised some experiments to investigate chatteretal cutting. Unfortunately he chose an
unrealistic set up that involved turning with a ltdleat had an excessive overhang that
would not have been used by skilled machinists AggEendix A. This is a recurring danger
for researchers who have little practical experent appears that the current wisdom
of that time was that the variation of the cuttiiogce with surface speed was the cause
of chatter and a model of chatter with such a rgttorce was developed. This is described
in Appendix A as it will become significant later this paper.

It was soon found that, in practice, chatter wasallg the result of regeneration
of waves left on the machined surface. Hahn [3appto be the first to have used the term
regeneration but it was Tlusty and Spacek [4], viilgi developed a regenerative model
of chatter. This is summarised in Appendix B. Thibieory used a simple cutting force
model not dependent on spedtl£ RbJ, whereb is the width of cutp the depth of cut and
R is called the cutting force coefficient) and potedd what was important regarding the
machine response, viz., the maximum negative ins@heomponent of the chatter
receptance. Further developments by Tobias andcéisorkers [5-7] resulted in the
concept of stability lobes and Gurney and Tobiap gBduced an extremely useful
graphical method for determining stability boundariAt the same time the cutting force
model became more complex and included penetraffects as discussed by Ito [9].

Initially the modelling of chatter in grinding use@n extension of the models
developed for metal cutting. Thus, for exampleshia [10] had either the work machining
the grinding wheel or vice versa. In either case iietal cutting model of regenerative
chatter in turning was applied.

The major advance in the modelling of chatter imdjng was made by Snoeys and
Brown [11]. They developed a block diagram (Figfdr) the grinding process (and hence
the characteristic equation), that included bothrkwand wheel regenerative paths, the
machine dynamic response, the contact stiffnesswawve filtering - all of which are now
considered to be of fundamental importance to gmmdchatter. Further the stability
boundary was, as with metal cutting, predictedealbtermined by the location of the most
negative real part of the machine response, thes sssndeveloped for metal cutting by
Tlusty and Spacek [4].

To avoid confusion it is important to note thattire block diagram of Snoeys and
Brown [11] the relationship between the force anel depth of wear (i.e. cut) is in terms
of a cutting stiffness, for examg. If the simple cutting force model of Tlusty [4§ i

reconsideredF = RbY, thenF =k 6 so thatk, = Rb, the cutting force coefficient times the

width of cut. The results obtained using the blodiagram model and extensive
experimental results showed that, as had been\@dusexperimentally, precession of the
surface waves on the grinding wheel occurred. Thahe circumferential position of the
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waves moved slowly (0.1-0.2 rpm) around the pemph# was also noted that as the
amplitudes of the surface waves increased thereldwba some interference causing
filtering, i.e. the amplitude of the waves would &igenuated by the contact zone. It was
concluded,”...the finite length of contact is one of the masiportant features of the
proposed model leading to a significant reductidntlee upcome of instability in low
workspeed grinding work.”
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Fig. 1. Block diagram for chatter in grinding, affnoeys and Brown [11]

From the comprehensive nature of the model and degailed tabulation
of measurements of the parameters involved, ugieg tmodel Snoeys and Brown were
able to show that most grinding took place undesttalrle conditions and hence the growth
rate became importarit,.. a great deal of grinding work is performed undearstable work
conditions because most grinding wheel widths argdr than the 5mm critical wheel
width” A detailed study of the growth rate was added Hdyirsg for the complex roots
of the characteristic equation via a computer atigor. One addition to their approach was
the addition of ‘an overlap factor’ in the modehat provided for the partial work
regeneration, that occurs when roll grinding.

Thus Entwistle [12] concluded in his doctoral tisethat,“It is considered that by
about the year 1970 the fundamental parametersiogusnd influencing workpiece and
grinding wheel regenerative chatter had been ideatiand adequate analysis techniques
had been devised to model the essential dynamtbe afystem. Over the following decades
many further developments were achieved but norseradlited the fundamental
understandings that had been achievedHis is confirmed if current publications on
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grinding chatter are examined, particularly theieev paper of Inasaki [1]. However
Entwistle was about to propose that there was ntorehatter in grinding than had
previously been suggested. He was connected tose@aneh group, at the University
of Western Australia, that was involved in exteesresearch into torsional vibration in
rotating systems. For his doctoral work Entwistigestigated the possibility of torsional
vibration in grinding chatter as the grinding fokgeuld inevitably produce a torque on both
work and grinding wheel. It appeared that all poegi work had assumed that both the work
and wheel speeds were constant under chatter morgdilThe consequence of his work was
that measurements of grinding forces under osicijatonditions were attempted by Drew
et al [13], Qureshiet al [14],[15] and Qureshi [16] in order to validateetgrinding force
model used by Entwistle. It is appropriate to cdasithis grinding force model used for
modelling grinding chatter and the experimentaldfy it.

2. FORCES IN GRINDING UNDER OSCILLATING CONDITIONS

There appears to be little published work on theeexental investigation
of oscillating forces in grinding and their relatghip to varying chip thickness, work speed
or wheel speed. The extensive survey paper of knasal [1] has no reference to any such
measurements. Typically a force equation is assurottdn based on one proposed or
confirmed for steady state grinding, i.e. no vilmat Thus Entwistle [12],[17] started from
the equation used for predicting the grinding fanoder non-vibratory conditions presented
by Chiu and Malkin [18]. With the ploughing anddsfig forces omitted the tangential and
normal components are,

p = YnwdP angp =kp 1)
Vg
where: B is the tangential component of the cutting force.
P, is the normal/radial component of force.
u, Is the specific chip formation energy, energy yo&t volume.
V, Is the surface speed of the work.
g, Isthe un-deformed chip thickness of the work.
b is the width of cut, i.e. the width of the conthetween wheel and work.
V, isthe wheel surface speed.

9
k, Is a constant.

To be used in a model of chatter it needs to benasd that the oscillating force would
act in the same direction as the mean forcek i.@pplies to both the oscillating as well as
the steady case and henEe=kP. Also if the equation applies to the time varying

situation it may be differentiated to give,

dv
ﬁ = uchb V_W% + ﬂ dVW — 5W\£W g (2)
dit v, dt Vv, ot VZ odt
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It should be noted that, although equation (1) tadithe ploughing and sliding forces,
equation (2) will not be affected if the omittedrdes are constant under oscillating
conditions. It appears that the only attempts afioning if equation (2) is valid in practice
were made by a collaboration between the Nationaivéssity of Singapore and the
University of Western Australia. As a result of deping a torsional vibrator [19], Drew
and Stone were able to collaborate with Ong andrdari13] to experimentally determine
ucn for work speed variation alone, i.e. for thé,derm, by superposing an oscillation on the
work rotational speed. It was found that for theditons testedl, was 16.3 Jimf It is
of interest to note that the value obtained whegreghwas no oscillation present was
39.1 J/mm. The same authors also investigated oscillatimgcthip thickness on the work
by using an out of balance mass on the grindingelwvi@ome preliminary results were
published [14] and the full set of results may barfd in the Master’'s Thesis of Qureshi
[16]. The average value of;, for chip thickness variation was found to be I#rd. This
compares with the average value of 16.3 Jfioomd when the work speed was varied [13].
No attempt was made to investigate the effect ef wlriation of oscillating forces with
oscillating wheel speed. Thus the complete forcalehdas yet to be experimentally
verified but it has been established that, undeillasng conditions, the force varies with
both chip thickness and work rotational speed. [Hier suggests that torsional vibration
of the work may result in or modify chatter in gting. Entwistle [12] investigated the
effects of torsional vibration of both work and vwehand a summary of his findings follows.

3. CHATTER IN GRINDING INCLUDING TORSIONAL EFFECTS

Using the force model described above (equatioh E2fwistle [12] developed the
following equations of motion involving a singlewsttural mode and torsional modes for
both the work and wheel. The latter two were natsodered to be coupled. Displacements
in the directions of the three degrees of freedosnevassigned the symbals 6, and 4,
(refer to Fig. 2 which defines the coordinate sygte The time varying parameters in the
model are:

. u(t) is the displacement from the mean position of #&re of the work in the
mode direction.

. X,(t)is the displacement of the grinding wheel surfaoenfthe position
without vibration.

. X,(t) is the displacement of the work surface from theitpm without
vibration.

. g, (t)is the angular displacement of the work relativéhtposition if the work
rotational speed were constant.

. g,(t)is the angular displacement of the grinding whelgtive to the position if

the work rotational speed were constant.

P (t) is the contact force normal to the work surface.
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. P(t)is the contact force tangential to the work surface

X,, %, and the component ai in the direction ofx, are related by the geometric
compatibility constraint:

UCOSE+X,+%, =0 3)

Workpiece

Fig. 2. Notation used for forces and displacemantginding [12]

It should be noted that it was assumed that théacbietween the work and wheel
could be considered as a line, i.e. the effecs cdntact zone were not considered. Also to
keep the number of variables within limits the emttstiffness between the work and wheel
was not included. The significance of these assiomptvill be considered later.

The ratio of the volume of material worn from therkvand the grinding wheel during
a grinding operation is defined as the grindingorand was denoted . This parameter
is constant under only limited conditions but wasummed constant and applicable to
oscillating conditions.

In cylindrical grinding operations the work is teaged along the grinding wheel with
an in-feed being applied during the direction reakat the end of each stroke. When the
traverse during one revolution of the work equdle width of the grinding wheel, the
cutting zone does not overlap that of one revotugarlier. At smaller rates of traverse,
some overlap will occur. In the limiting case,ledlplunge grinding, no traverse is used.
This model will permit overlap factorsu() between zero, representing traverse or roll

grinding without any overlap, and one, which reprgs plunge grinding. The factpr can
also be used as an approximate model of wave atienicaused by the contact zone.
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If the rotational periods of the grinding wheel andrk are denoted by, andr,

respectively, a relationship can be found betwéengrinding ratio, overlap factor, work
surface profile and the grinding wheel surface ipgof

G:\7 et -7, ) = x(t)] (4)

The over-bars represent the mean or bulk valmesyre rotational periods and the
instantaneous surface speeds and work depth afeut

V, =V +using+g,R,, V=V +4R), o, =3, +m(t-1,)-x(t) (5.6,7)

where the over-dot represents differentiation wapect to time. It is important to note that
the using is only included in equation (5) and not (6). Tisghe velocity arising from the

oscillation of the structural mode. The effect be work is to increase the metal removed
and hence is significant. The effect on the whpekd was considered to not be significant.
The tangential component of the contact forc@(g, so that the component of the contact

force in the U’ direction is:
P, = -R/(k cosg +sing) (8)

The negative sign recognises that the componemhefcontact force actingn the
work will act in the opposite direction to the pos ‘U’ coordinate.

The well-known second order differential equatiaverning a spring-mass-viscous
damper system is applied to each of the threeesidgdjree of freedom sub-systems without
further elaboration. In the case of the structoratle in thed' direction, the equation is:

U+2{a)Nu+w,iu=% 9)

where w, =./k/m is the undamped natural frequency quc/(zdm_k) is the damping

ratio. k, ¢, andm are the stiffness, damping coefficient and modassnas shown in Fig. 2.
It proved convenient to define the natural freques@f the two torsional systems as
a proportion of the structural undamped naturalqdency, viz., «,, =F,«, and

w,, = F,a, , and the damping ratios of the work and wheeli¢doe degrees of freedom as
{, and ¢, respectively. The differential equations govegnthe oscillation of these two
torsional systems can then be written as:

6, +20,F, @0, +Flaf6, = (10)

w

. . -P
G424 F 8, + Fiafy = 1)

g
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wherel, and1  are the torsional system moments of inefiig,and R, are the radii of the

work and wheel and® is the tangential oscillating component of thecéoas described in

equation (2). The negative signs on the applieguirecognise that they act in the opposite
direction to the positived coordinate. Equations (2) and (3-11) formed théheraatical
model used by Entwistle [12]. His thesis contaihsotetical investigations of the main
parameters and where appropriate his results veenedfto agree with those presented in
earlier work. However, of greater interest is tghlight what are regarded as novel
findings. The solution to the equations was assutoedomprise an oscillation with an
exponential growth or decay. Thus for example isw@asumed thai(t) =U“**" and so

a positive value ofc would indicate chatter was present as the amgitofvibration
increases with time. The boundary of stabilitylsogound wheno =0.

A set of the solutions to the equations, that higtil some interesting features, is
shown in Fig. 3. These results include the effettthe transverse mode and the torsional
mode involving the grinding wheel. The results we@n-dimensionalised to be more
widely applicable. ThusW = /e, , T, =&z, and B=(bu,R,a,)/(kQ,R,) where Q, is
the mean grinding wheel rotational speed. Figlu3titates the complexity of the results and
needs some explanation. The colour scheme allowsfrgguency of vibration to be
included, dots and circles indicate (as best camdiermined within an algorithm) work
piece and wheel regeneration respectively. As & nwacessary to use log scales, negative
growth, i.e. decay is shown as a separate plad. ithportant to note that there are several
curves involving regeneration, each involving diéiet numbers of waves on the work
and/or wheel. These curves have different widthe/lath o is zero, i.e. at the boundary
of stability. As in earlier modelling [20] that us@ simple force model, the growth rates for
regenerative chatter start negative, become pesttiave a peak value and then reduce with
increasing width of cut. It is conventional to presthe results as a stability chart showing
the width of cut (i.e. the width of the wheel) &etstability boundary against rotational
speed. Fig. 4 shows the stability chart for the esamonditions as for Fig. 3 with width
against work speed, again using non-dimensionalpaters.

Fig. 4 shows stability boundaries (these samplatgiesuare actually continuous) for
any mode of self-excited vibration predicted by thedel with frequenciedy, below twice
the structural natural frequency. Since it is galigraccepted that regenerative chatter
occurs at frequencies/ >1, a sharp colour change has been used in the edldtgquency
legend atw =1. In this example, all unstable modes occur Withk»1. The curved ‘loops’
are work piece regeneration modes while the sttdiges of negative slope are wheel
regeneration modes. Clearly they interact undetaite parameter combinations. The
governing (least stable) mode is discussed below.

For all of the regenerative solutions resultingnirthe transverse mode, it was found
that the response characteristic that determinedttbility boundary was the most negative
real part of the machine response. However, whesiotmal effects were included it was
also predicted that torsional vibration of the waduld result in improved stability. Fig.5
shows a typical stability chart with both the tnagrse mode and the work torsional mode
active. It is evident that at low work speed thieefk of the torsional mode are to reduce
and even prevent chatter.



34

Rodney ENTWISTLE, Brian STONE

10

Arnold Wheel Mode

_\
Du
Y
T
1

Growth - gme
=]

_;
Du
&
T

10
10

@

Stability Boundary

1wt

Decay - ofm
il
k!
b

10 L Lol L Ll 1 ol L vl 1 el Lo
10° 10" 1’ 10 10° 10° 1t
Dimensionless YWidth of Cut - B

Fig. 3. Growth rates against non-dimensional wiftbut, after Entwistle [12]

m ]
=
Q -
S 3
E= ]
= ]
2 1
Liy)
o
o
=
=l
w -
= + 3
£ 8\\ ; ]
& Fg =15 \
10tk |
" Arnold Wheel Mode ]
] I 2 :
-3
10 1 i i i IR | 1 i i i IR | 1 i i i L1
10° 10t 10" 10"

Dimensionless Work Speed - 1T,

Fig. 4. Non-dimensional width at stability boundagainst non-dimensional work speed, after EntevidtP]



Fundamental Issues in Self-Excited Chatter in Gnigd 35

The results that have been described are all thealeAs it appeared that no
researcher had measured torsional vibration duhgtter, Entwistle [12] devised
an experiment aimed at determining if the torsiaferacteristics of the work system could
affect chatter. In his experiments he ensureddkdar as possible the only parameters that
were changed involved torsion of the work. His gestvolved plunge grinding and
measuring the transverse and torsional spectra@iteding for 1000 secs with a feed rate
of approximately 7.am/rev. The grinding wheel speed was 3870 rev/imomé of his
results are shown in Fig. 6 where the size of thmb®ls indicates the amplitude
of vibration. It is clear that torsion of the woalkfected chatter and needs to be considered
further. However there is another prediction shawrkigs. 3 and 4 that may have even
greater practical significance.

Dimensionless Width of Cut - B
al:
T

10' L L R TS | L L MR T | L L S S
10° 10 10
Dimensionless Work Speed - 1/T,

Fig. 5. Non-dimensional width at stability boundagainst non-dimensional work speed, after EntevidtP]

Figs. 3 and 4 show a solution that does not appelaave been considered previously.
This is labelled ‘Arnold Wheel Mode’ in both graphss will be shown later this is non-
regenerative (hence labelled Arnold) and may octuwidths smaller than those for
regenerative chatter. Further, and of great coneeithe prediction that the growth rate has
no peak but increases with increasing width. Thatofd [2] should appear again after so
many years is of interest. It appears that oncenetive chatter in metal cutting was
discovered and modelled it proved to be the fornshadtter that occurred most frequently.
As a result Arnold chatter was no longer considetiede significant and was largely
forgotten. Then as grinding was investigated, enattas only deemed to be important when
surface waves were found on the work and/or theeWlamd these were the result
of regeneration. Thus regenerative chatter wasrtbdel developed for grinding chatter.
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However Entwistle’s modelling showed that it wassgble, in theory, to have non-
regenerative chatter in grinding of the same foerAenold-type chatter in metal turning.
The likelihood of this being possible and signifitan practice needs to be considered.

a) Transverse amplitudes b) Torsional angidisu
=230} O +) (Y (Y |[g 230+ o o O
EBD ® ® O OO = )
S
3 t 180 Hz chatter 3
= O 260 Hz chatter =
b % 325 Hz chatter ¢
8 0o
(%] - " 1 Fan
5160 ORI {jj X ému- e X 0O x
f i
o B + 180 Hz chatter
u ] O 260 Hz chatter
@ z % 325 Hz chatter
= <
S gpl () S gp| 0
g Q0 & 4 |L\_|,.| g 90 X wt
40 160 210 262 296 40 160 210 262 296
Workpiece natural frequency [Hz] Workpieceunal frequency [Hz]

Fig. 6. Experimental results for various torsionatural frequencies, after Entwistle [12]

4. NON-REGENERATIVE CHATTER IN GRINDING

The possibility of non-regenerative chatter in dnig has been raised by the results
described above. The cause of such chatter woulkdebeariation of the grinding force with
speed. This could be the rotational speed of theelbr of the work. There is also the
possibility that as the transverse vibration ofiaclined structural mode may affect the
speed that non-regenerative chatter may arise tlosncause. Each of the possibilities
needs to be considered. Simple models are pres#retiighlight possible effects. These
models involve major assumptions that will be cdaestd later.

4.1. GRINDING WHEEL TORSION

A simple model of Arnold type, non-regenerative ttdrain metal cutting is given in
Appendix A. This type of chatter occurs when th#ing force varies inversely with surface
speed, i.e. there is a negative slope on the ‘udace speed graph. It follows from the
force model for grinding, that if a graph of foragainst wheel surface speed is drawn, with
all other variables constant, it will also haveegative slope since from equation (1).
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- Uchv_w 5wb and hence dPt - _uchV_W25Wb
Vy dv, Vg

R (12)

It is thus possible that non-regenerative chattery rarise where a wheel is not
torsionally rigid. For simplicity assume that onlgiriation of wheel speed occurs and the
other parameters remain constant. For small andglitoscillations, i.e. at the onset
of chatter, we may linearize the model as Arnold. #e have defined), as the angular

displacement of the grinding wheel relative toptsition if the work rotational speed was
constant. The oscillating component of the angudéacity of the wheel is therefore, and

the oscillating component of the surface speeé, . The oscillating force is then from
(12) given by,

U,V wOuwb

p=-tnt Dy

: V2 0B
and substituting in equation (11§, +2¢,F w6, + Faf6, :%%W%Rg

9 9
_ i} VwdubR | .
and rearranging g, +[2(g F,a, —ujeg +F’af6, =0 (13)
glg

As with metal cutting, grinding will become unstabVhen the effective damping becomes
negative. The limiting value is when

—2
VwSuby, R 2¢ ,F,aVl

so ZZgFng B Uchv _52 bllng — Othat him :%3;‘129
chV W&w

glg

This equation may be simplified by substitutingnfréthe previous definitions, so that

_20,FaQal, | 20, Qal, o fke/1,Qal, ¢ Qq
UV w 0w 21 KU Vudu 1K UV wOu Uy Vw0

Bim (14)

g

This result has not been found in any previougditee and the implications for
chatter in grinding are very significant. It is kmo that the levels of damping in systems
undergoing torsional vibration may be very smalltisat the limiting width may also be
small. At the boundary of stability the frequendyvibration, from equation (13), will be
F,a, = a,, i.e. the natural frequency of the torsional syst&tms will often be high and

there are many reports of unexplained high frequehatter in grinding.
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4.2. WORK TORSION

This is unlikely in practice, but if the work roi@t is reversed so that it is opposite to
that of the wheel then the equation of motion farkworsion (10), when the surface speed
Is varying, noting the change of sign on the riggmd side, becomes

g, +2¢,F,a0,+Flato, = RIRN _ UsVuR, Oub
w VgIW

and the surface speed is giveén=V., +6,R, so that

8, +20,Fuand, +Fiaff, = RO 6 R )

olw

and rearrangingd, +6,| 2¢,,F, —M R, [+ F k6, =M
Vgl,,

9w

The right hand side controls the mean values. Efiehand side can indicate negative
damping and instability will occur when

ZZWFW% - uchF\:NJ""him R/v =0

9w

and rearranging and substituting from the previefmitions

b, = 2SuFuidiVoly - 26,@Voly Gk /TuValy _GVo (15)

uchRf/B—W 2 lwkwucthZvB—W \V lwkwucthz\lB—W ucthz\ISW

As with the wheel torsion case the frequency welldh the torsional natural frequency.
The level of damping may be very small as thisfierothe case for torsion and so non-
regenerative chatter may occur for small widthsweleer, as noted above it is not good
practice to have work and wheel rotating in opoditections.

4.3. TRANSVERSE VIBRATION

As noted previously it is possible to have a chaingescillating force caused by the
velocity component of the structural vibration hettangential direction. For this case the
equation of motion is

2
rnd ugt) N Cdu(t)
dt dt

—uch\\/;véwb wherePR, =kP

g

+ku(t) =—P,cosp-Psing andPR =
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d2u(t) du(t) V. 3a.b . u. V. 3.b
m +cC +ku(t) = - w1 cogp+sing) = — e o 16
el Ch (k,cosp+sing) v (16)

where € =k cosg +sing. Assuming exponential growth with oscillation(t) = Ueeier g0
that

%ZUZ(JHQ)M(%‘”'“ V, (t) =V, +using

JW (t) — SW + 5We(a+|w) ,UJ e(a+|a))( -1y) Vg (t) :\79

Now if only vibration about the mean values is ¢desed

d(vwdvvj Vo gs 49 gy (17)
V g Vg

g

and the varying components of the relevant paraseie dv,, :(0'+icu)Ue(f”“")t sing and
for regeneration only on the watk, = g, e - g e “l) and §, =U cosg. So that
substituting in (17)

Vo0 | = Vi (1 foiae (orio)i-r, ) O orio)
d( v J v, e - e )cosgo+vg (o +iwUe %" sing

g

Finally substituting all the above in equation (16)

d2 (Ue' oHw)t ) ‘e d(Ue(cr+iw)t ) N k(Ue(g+iw)t) -
dt? d
- uchbg(\\//w U (e(‘”‘“’)t — plieln) )cos¢+ g—w (o+iwuer @t sin ¢)
g 9

and after some manipulation and simplification

mo+iw) +(oc+iwjc+k=
uchbg(
Vg

u,. bR wel Q, e (W oan (@ ow(o w
- cosyl- e cos—awr,, |+ie sin—a,r, ||[+—| —+i— |sing
ng a)n a)n a)n RN wn a)n

R,Q,, COSPL— 6™ cosuT,, +i/e ™™ sinadr,, )+ 0w o+ i w)sing)
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1+(i2+|22£ ﬁj (—+|—JZZ—

G wa

_UCht;_I?}vg%‘E{%lr 3{1 ,uea%r co{% wr, JH'LB PR r{—aﬂ j}+_[a+lﬁjsn’1§0}

Applying the dimensionless paramet&s bR,y DUAR oy ;W :i; s=2 and
kQR, KV T2}

T, =T

1+(S? +i2Ws-W? )+ (S+iw)2¢ =

—Be(Ticosqo(l—ueﬂ COWT, )+ 1 sin(WTW))+%(s+iw)sin¢j

w

Equating real and imaginary parts

1+(S*-W?)+ 275 = —B,{Ti cosghl— 167" codWT, ))+%’ Ssinqo} (18)

w

and ANS+20W = —BE(Ti cosge St sin(W1;v)+%Wsinqoj (19)

w

For the case 06=0 (the stability boundary) angd =0 (no overlap) equation (19) gives,

V,
2{ = —Baa—sm¢ and substitutingB = B Uon Ry _ _ZZR” thush,, :—_C—g_
R, KV, E0w Sing Uy, OwESINg

For b, to be positive it is required thatsing be negative. Further, for practical

values of the variables the predicted limiting Wwiddf cut will be large so this form
of non-regenerative chatter is unlikely to be abpgm, especially when compared with
regenerative chatter when there is overlap. Eguat{d8) and (19) were solved numerically
using a computer program in order to confirm thigy. 7 shows some typical results
of growth rate against width, both non-dimensisgedi When there is no overlgp=0 the

curve is a straight line for non-regenerative arator a small overlap = 001 the straight

line is modified and the regenerative curves féiedent numbers of waves start to appear.
For greater overlaps the regenerative curves bedhmedominant ones and the non-
regenerative curve disappears.

Following the normal practice, the damping in thedels described has been assumed
to be viscous. This historically has been assunemhilse the mathematics for any non-
steady state vibration becomes far more complelk nain-viscous damping. However the
assumption of viscous damping results in more gndigsipation at high frequencies than,
for example, hysteretic damping, which is not fremey dependent. For steady state
vibration the relationship between a viscous damgpefficient and a hysteretic coefficient
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is ac=h. If the three models presented above were to ustetetic damping by
substitutingc = h/ «., the predicted limiting widths for non-regeneratshatter become,

him =

Non-dimensional growth rate

-0.02

-0.04

-0.06

-0.08

-0.0

-0.12 4

0.04

0.02

-2
h Q ) .
b, = 9% _ for torsion alone of the grinding wheel
UchC()CVW5w
By, :hN—Vf_ for torsion alone of the work and
ucha')cRNdW
hv,

-——2 — for transverse alone whetg is the chatter frequency.

U @, SwE SN

—————— No overlapm =0

QOverlap m = 0.01

T T P o — T T T T T T T T T
’__,M 30 40 50 60 70 80 90 100 110 120

Non-dimensional width B

Fig. 7. Growth rates against width, both non-diniemalised

Thus high frequency chatter is the most likely fashmon-regenerative chatter to be
found in practice as it is predicted to have a ceddimiting width.

The models presented above have involved majomgssans in order to highlight
possible forms of non-regenerative chatter. Theomanission has been that of the contact
stiffness of the wheel on the work. This contaifretss is significant when it comes to the
prevention of chatter and is considered in the reedtion. In this section it has been
assumed that only one mode of vibration will bendigant, i.e. the various modes
of vibration will not be active at the same timé&isgrassumption will be discussed later.
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5. SUPPRESSION OF CHATTER IN GRINDING

A review of methods that have aimed at avoidingtien in grinding is given by

Inasakiet al. [1]. They discuss,
(1) Modification of grinding conditions.
(2) Increase in the dynamic stiffness of the meichasystem.

1. Increase in the static stiffness.

2. Decrease in the orientation factor.

3. Increase in the damping.

(3) Shifting the vector locus of the dynamic coamde to the positive real part.
(4) Disturbing regenerative effects.

The solutions in (1) and (2) above are generallyl Wweown but are not always
possible on the shop floor. Modifications to thechiae are generally impracticable in the
typical workplace. Also solution (4) is best knowhen attempts are made to continuously
vary the rotational speed of either the work or @hR1]. This may be effective for
regenerative chatter, as waves left on the suraceot reinforce the existing vibration as
a phase shift occurs. However, there are majorcdlffes with this approach not the least
that it is not a simple matter to introduce contasly varying speed. Also surface finish
and depth of cut vary with speed so that the effacé seen on the finished work. By far the
most effective and simple solution to preventingittdr has been the use of increased
flexibility. This is achieved by using ‘softer’ whks and also specially designed flexible
wheels.

The work of Snoeys and Brown [11], Entwistle[12flanany others has confirmed
that for regenerative chatter in grinding the maetgharacteristic that is significant is the
maximum negative inphase component of the chataptance. This was shown to be the

case for metal cutting (Appendix B). It is possitdaeduce this by the use of flexibility.

5.1 CONTACT STIFFNESS

As the grits in grinding wheels are held in a ngwdrbond material they deflect under
the influence of the grinding force. The deflectisncomplex but is often modelled as a
stiffnessk b between the wheel and work_(has units of force per unit contact area). To
minimise the maths it is helpful to consider thevedope of the stability boundary, i.e.
ignore the stability lobes as seen in Fig. 4. Fetaincutting see Appendix B

-1
2RGy(w)

B = (B.6)

where G;(«) is the in-phase (real) part of the machine respoftscan shown that the
maximum negative in-phase component of the respohaesingle mode system is given by
Gr(w) = —m/(c(2ﬁ+c)) and the contact stiffness is added in seriesisosththat,
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1 m
G = - 20
r(®) b clovmise (20)

and for regeneration on the work alone using theefonodel of equation (1 = ku,V,, /V,
Thus substituting in equation (B.6)

-V
b= £ andrearrangingh,, :@ 1, Vs (21)
2k1U V i— m m kc 2k1uchvw
D kb cloymk+c)

It is evident that the smaller the valuelQfthe greater the value &f,,, so that chatter
becomes less likely. A similar result may be olsdifior regeneration on the wheel. Thus
one of the simplest ways to avoid chatter is tosafe wheels. i.e. just change the grinding
wheel. However if this is not possible then theusoh proposed by Sextast al [22],[23]
is to use a ‘flexible’ grinding wheel.

5.2. FLEXIBLE GRINDING WHEELS

It is important to note that flexible grinding wheéhat prevent chatter must have the
radial flexibility as close to the rim of the whesd possible. Then there is another stiffness
ki in series with the contact stiffness so that

Galw)=+ - (22)
k kb cf2Vmk+c)
and hence it may be shown [24] that
1 V,
—+
h_ — kc 2k1uchvw (23)

i)

It is evident that the smaller the valuelgfthe greater the value &f,, so that chatter
becomes less likely. Initially Sexton [22] produceavheel with an outer rim, that included
a 3 mm layer of CBN grits. The rim was mounted abhber pads and the number used
allowed the value of the flexibility to be easilgjasted. The final responses for the machine
and wheel for both a conventional wheel and flexiwheel are shown in Fig. 8. It may be
seen that the original response is moved in thetip@sreal direction as predicted by
equation (22). However another mode of vibrationngoduced that involves the rim
vibrating on the mounts. This mode has a large ihegeeal part at 530Hz.



44 Rodney ENTWISTLE, Brian STONE

Cluadrature (nphase Cuadrature Inphase
a -4 0 g 4 g 12
I 1 1 I l l I
Flexibility Flexibility
200 Hz mMN 107 miM 1077
260 H
280 Hz eotz

260 Hz

{a) Conventional wheel __,ﬁ' 270Hz

270 Hz

{b) Flexible wheel

Fig. 8. Machine/wheel response: (a) conventiondl (@ flexible grinding wheel

Sexton found that he could not get chatter withfleisible wheel. The wheel became
rounder and rounder even after 12 hours of grindiing reason postulated for no chatter at
530Hz with the flexible wheel was that at high freqcy the contact zone attenuates the
amplitudes of regenerative surface waves. After ghecess of the development wheel
Sexton [23] investigated alternative means of mhiimng flexibility into the wheel. He
found that the foam metal Retimet could be usethashub material. This introduced the
desired flexibility and there was no associated enimgolving vibration of a rim, as there
was not one. It is surprising that such wheels hatebeen more extensively used as they
do not require any modification of the machine.

There is however one reported grinding operatioereht is predicted that a flexible
wheel would not improve chatter performance. Peand Stone [25],[26] modelled
centreless grinding with and without flexible wheeélhey showed that geometric instability
was simply low frequency chatter. They also shotied since surface waves on the work
would interact with the wheel, the regulating wheeld the support plate the use
of a flexible wheel would not be beneficial. Thases the question of whether flexible
wheels would improve the possible non-regenerativens of chatter considered in this
paper. The improvement obtained from flexible whkedlas been established for
regenerative chatter but it is not self-evidentt ttheey would work for non-regenerative
chatter in grinding.

6. CONCLUDING REMARKS

Several major questions have been raised in thgerpaSome result from the
assumptions that have been made and others froes tyfpchatter in grinding that do not
appear to have been considered previously.

1. All the models described have assumed that tisetoof chatter arises from very
small disturbances that grow. If these do not gtiloen chatter is prevented. Thus solutions
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to chatter that do not involve non-linearities haxeen described. Where experimental
evidence is available the predicted prevention &tter has been found to be successful
using these small amplitude models. The use of lin@ar models is relevant for the
conditions after chatter has commenced but may henmed amplitudes.

2. The grinding force model for oscillating condits, that has been used, has limited
experimental validation. It has been confirmeddscillating work speed and chip thickness
with freshly dressed wheels. There has been narowation of the model with respect to
oscillating wheel speed and the effective grindiago for oscillating conditions. Further
work is required.

3. The assumption of line contact is clearly questble as there is a cutting zone and
filtering is known to occur. Such filtering at highequency was proposed for explaining
why Sexton'’s flexible wheel did not chatter as suteof the higher frequency mode. If this
high frequency filtering is operative then regetigeachatter at high frequencies will be
limited. As a result high frequency non-regenegrtieould be predominant. This is
particularly the case for grinding wheel torsiochatter.

4. The three possible causes of non-regeneratiadechall depend on the grinding
force model being correct. Initial modelling oktfiorm that involves the transverse mode
has shown that non-regenerative and regeneratiyéaoaple’ when regeneration occurs. It
Is thus an area worthy of further research to ingate conditions when both may occur at
the same time.

5. The three forms of non-regenerative chatter tiaae been considered are not all
equally likely. However if regeneration on the whisdimited because of say filtering, then
torsional vibration of the wheel that may involvery limited damping can give rise to non-
regenerative chatter.

6. The predicted variation of growth rates with thicdhow significant differences
between regenerative and non-regenerative ch&egenerative chatter has small growth
rates that do not increase linearly with width, tather peak and fall away with increasing
width. The modelling of the possible non-regengeatihatter conditions considered in this
paper all indicate growth rates the continue taaase with width. It is thus possible that
non-regenerative chatter will appear more rapidiignt any regenerative chatter that is
present.

7. The effect of contact stiffness and flexible efsehas been shown to improve
regenerative chatter performance. It is not imnetllaapparent that they will have the
same effect on non-regenerative chatter. This niegtler investigation.

8. Single modes that are not coupled have beenltadd®eal machines are far more
complex and so modelling of real machines is ameextly complex task. However it is
considered that real improvements in chatter perémice may be achieved using solutions
that are predicted from simpler models.

Finally the greatest need is for more experimemtaik in the area of chatter in
grinding. There are great challenges because ofd#umting number of variables. The
possibility of work torsional vibration improvinggenerative chatter should be investigated
further and experimental measurements need to be ofahe torsional vibration present.
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APPENDIX A — ARNOLD (OR TYPE B) CHATTER FOR TURNING

Cutting
Force

Cutting Speed
(b)

Fig. A.1. Condition at the stability boundary intalecutting (with no regeneration)

At high rates of change of the surface speed thienguorce is assumed to vary with
speed in the manner shown in Fig. Al(b), i.e. teed reduces with increasing surface
speed. To illustrate the mechanism of Arnold chatesimple and approximate model
of the cutting force component in the tangentiakéclion may be assumed to be of the form,

F =bd(R, - 4V), whereb is the width of cutg the depth of cut (hend®is the area of the
undeformed chip cross-section)is the instantaneous surface speed of the woakivelto
the tool andR, and S are positive constants depending on numerousriastach as work
material, condition and the geometry of the cutiadge etc. The term in parentheses is the
straight line tangent to the cutting force curvewithe mean operating condition. Note that
with the coordinate directions chosen, a posita@ welocity increases the cutting speed
and hence reduces the cutting force.

If the tool moves up and down there is, for smaltial amplitudes, a negligible
change in depth of cut so thaixift) represents the displacement of the tool in thection
of the force the tangential cutting force is gi\®n

F =b3(R, - A (A1)
For a one degree-of-freedom the equation of masion
2
m@XW 4 O ity = F =-ba(R, - /zdx(t)) (A2)
dt dt
The constant force teridR, is ignored as it causes no oscillation and thexgoyu of
motion becomes,
d®x(t) dx(t ax(t
m dtg ) +C di)+kx(t) bos——= ()
and rearranging
2
LR O ) LU dx(t) +kx(t) =0 (A3)
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This is unstable when the coefficient of the vdlpderm becomes negative (i.e.
equivalent to negative damping). Thus unstableatitin occurs when

(c-bdB)<=0 or bgB>c (A4)

The onset of chatter depends on both the width depth of the cut, the original
damping in the toold) and the factoys in the assumed force equation.

APPENDIX B — STABILITY BOUNDARY FOR REGENERATIVE CATTER

The simplest model for the force in metal cuttirgs ithe force proportional to the
undeformed chip thicknesg)(so thatF = Rbo whereb is the width of cut an® is called
the cutting force coefficient. If it is assumeatiat the boundary of stability the vibration is
sinusoidal with a constant amplitude (Fig. B.1) Tésultant force, when all the components
are included, is from Fig. B.1 whedas the feed per revolution, given by

Fig. B.1. Condition at the stability boundary intalecutting
F = Rbd = RS - x(t) + x(t - 7)) (B.1)

The machine response that is of interest is tlagivel deflectionx(t), between the tool
and work in the chip thickness direction when thare equal and opposite oscillating
forces, i.e. without the mean forded, —Rl{x(t)—x(t —r)], in the cutting force direction.
This response is often called the chatter receptafidhe machine. This is a function of
frequency -G(a) - and can be represented by its real and imagipang G («.) and G («)

So that.
Gla) =Gy (a)+iG () (B.2)
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If the assumed vibration is to continue steaditalfgity boundary) then the oscillating
cutting force must act on the structure to maintainThus by definition the response is
given by

X(t) = G(w) oscnlatlng (w){Rd: ( )+ X( - T)B (83)
Rearranging and substituting f&{c.) from (B.2)
x(t) _ G r(2)+iG («) (B.4)

x(t—r) +G (W) +iG (w)

Tlusty [4] now notes that at the boundary of siabthe magnitude ok(t) and x(t - z) will
be the same so that,

Ix(t) :‘ Gy (@) +iG, (w) L JGE (w)+G(w) _ |
Xt-7) ‘F;Lt)+GR(W)+iG'(w)‘ \/(Rlb"'G ( )j2+G|2(a)) 1 (B.5)

Squaring both sides and rearranging

620 [ oy ele)]| = | 4 2 Jonledreite)

Rb R

S0 that% = -2G, (w) and we have that the width of cut at the stabbiityndary is given by

b=— 1 (B.6)

| I I T . |
ofs Wb =D = kW S LN
| I I I | | I

Fig. B.2. Non-dimensional plot of the real partlué response of a spring/mass system with damping
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Further, when cutting, the width of cut is positimad so the minimum value &f
(usually denoted ag,,) is determined by the maximum negative value Gfle) -
commonly termed the maximum negative in-phase compof the chatter receptance,
Grma(@). This is usually found to occur above the undampadral frequency as shown in

Fig. B.2. For the example shown it occurs at 1li@@$ the undamped natural frequency.



