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lletract:
fuperiments have been corrled out to deterflilne the physico! nature snd choroct)tistics of the unstobility of

n*n! cutting process for different pairs of work and tool moterials ond their Influence on cha.i.er formation' Alsa the

influerce of the characteristics of vorious porometers of the elostic system of mochine-too/s and conditions af machin'

lrg on chotre r hove been considere!, Experimenta! results enobled the discovery of the mzchanism of chatter formatioo

wd determinatlon of stsble cutting conditions'

lntroductlon :

The machining of metals is of ten accompanied

by a violent relative vibration between work and

tool which is called chatter' Ohatter is undesi-

rsble because of its adverse effects on surface

fioish, machining accuracy, life of tool and machine

parts, and workers health due to iatcnsive noise

created by chatter. Further more, chatter is also

responsible for reducing output because, if no

remeriy can be found, metal removal rates have

to be lowered until vibration'free performance

is obtained.

Unlike other forms of vibration phenomenon

occuring under practical conciitions such as free

vibrations ( induced by shock ) and forced vibra-

tions / iuduced by unbalanced effects' gear and

bearing errors' etc. ) either arising in the rnachine

itself or transmitted through the foundation from

otber machines; the physical causes of chatter

are still not fully understood (1 ).

Although this topic is enligntened by a good

number of rese arch works all over the world
a unique view on the physical causes of chatter
is stili absent. This is why, it is extremely difficult
to find any remedy short of reducing rnetal

removal rates with consequent lowering of output.

Results of preliminary experiment have shown

that, chatter unlike other Iorms of free vibration
is accompanied by a negative dannping force.

This is possible only if there is a generating or

driving {orce within the ciosed dynamic system

itself. Therc is not much controversy about the

above mentioned f act. But there exist rn&nY

contradictory views on the concrettness of the

driving force. The author of the present work,

backed by results of prelimiuary experimcnts con-

siders that, amongst them more appropriate are

those, which cooclude that, tlte cause of chatter

lies in the unstability of the machining process
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itaelf. Views elso differ as regards the soncrete
typc of unstability of the machiniag process res-
ponsiblc for the chatter formatton. Tailor F.ts.
considered that, element and segmeat chief forma-
tion ir responsible for claatter ( 2 ). But aecording
to others, since elernent aud sigment chip for-
mation occu! at extremely low cutting speede,
where chatter is absent, this cannor be ctlnsidered
to bo the right cause o f chatter. Steinberg I.C. (3),
Kudinov V.A. ( 4 ), Eliasberg M E. ( 5 ), and others
consider that, the unstability of the built up edge
induces chatter during metal cutting process.
But at the same time it is well known that, mosr
intensive chatter exists at relatively high cutting
speeds, where built up edge is also absent. Doi
and Kato affirmed that, metal cutting proc€ss is
alwal s accompanied by a iacking back of cutring
force in phase wirh respecr to chip thickness.
Tashlitsky N.I., Shou and HolLen confirrr,ed by
experimental results the above mentioned pheno-
menon and prepared tlrat, this may be the cause
of chatter. But the exper-iments of Smirh, 'lobias
S.A. {l), Albert, Iollec, Andrew and orhers have
affirmed that, the change of cuttiog f<irce ntsy
stay back aarl as well as exceed in phare the
change of chip thickness dependiug on the con-
ditions of chip forrnation.

Many arrthors placed .'regenerative force" on
the baeis of their theories [or explaining the
physical causes of chatter But experimental results
of the present work and rheoretical analysis made
by EliasberC ( 5 ), show that the vibrarional
marks on the maching surface can not be the cause
of chatter with sirnilar frequencies if the cutting
conditions are chang.d.

Eliasberg Iv{ E. considered that the cause of
chatter is the formation of a crack abnve the
tooi point, which he observed with the help of a
movie camera. But at rhe same time it has been
established by L'rladze T.N. (6), Talantov N.V.(7),
Trent, and others that, at higher cutting epeeds
where buiit.up edge vanishes there can oot be any
space botween the chip and tool, since the chip
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{ully adheres to the tool surface. As such, the
exceeding crack formation can not be accepted as

the physical cause of chatter.

By the research works of the Volgograd
Polytechnic Institute under the guidance of Prof.
Taioutov N.V. it has been earlier establishred rhat
while rnachining high ternperarure strenglh steel
and rnild caibon steel ( containing 0.45% C ) at
extrernely high cutting speed the process of plastic
deforrnation at the zone of chip {ormation is
unstable (8).

This type of unstability ieads to the so

termed "cyclic chip" formatiou, which is very
much sirnilar to segmeut chip formation on
external vier"r. Cyclic, because the Brocess of
unstability is performed indefinite cycles which
include two phases-phase of compression of the
approaching volume of fresh metal and phase of
shear in n tbin revolving zone of. chip f ormation
The frequency of the unsrability is determined
by the temperature-def ormation condrtions at

the zone of chip formatioa. With the incrcase
of cutting speed frequeocy of this unstabilrty
increase continuously. But the authors of these

worlis could not trace out the presence of this
unstability at lolyer cuitiog speeds, where chatter
exists, and hence couid not prove that, this is

the cause of chatter formation.

Aqother drawback of those works was the
absence of any corrclatjrn of this unstability with
the characteristics of the machine tool It has

been earlier c'stabiished by Kudinov V.A. (4),

tirat, metai cutting process is a part of the closed

dynamic system of the rnachine t<lol and hence

the study of the unstability of nretal cutting
process without any correlation with the charac-
teristics of machine tool, is incomplete and is

bound to be partial. But aever the less, these

experimental resolt gave a good impulse in the
lcay to the soiution of this complicated problem.

The above diccussions helped to deterrnine the
aims and objectivos of a research work (9), some
of which may be etated ao follows :
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:. ::: :'-1t ::1e physical cause of chatter'

: ::, jt:=;^uine the laws governing chatter

:&:..::, -;ry:l:h in turn should be connected

: ',.::* : La ra::eristics of both the metal cutting

i,.:rr,i Li.i :ie e ia::ic system ol the machise-tool'

_ :, 
l: ',ccrk out effective ways ol fighting

.l' ;,ilrr.rt'Js ::nC p:ocedure :

l:, c.L:ain tbe above mentioned aims the

: 'r'l;tg rvork materials were machined : FIigh

,f -: " !::ingih steel-AU-481, titanium elloys-ET'6'
- --l i USSR standard ), carban steele contnining

,::': :ad O,2O% of carbon. h{achining was carried

-: r:::r:g carbido tool$ of tire f ollowing trateriale l

-!-steu carbides- 927o WC + 8% Co, 94%WC+

', i :, ttingsten titanum carbidee'5%TiC+859/"WC

- - 
'; Co, and 15%TiC+79% WC+696Co', carbide

: : "-.f ur tungsten-79% TrC+L6%Ni+ 5%Mo'

f he carbide tips wereheld mechanically on

: :- hoiders having different values of rigidity
:: :'--s section). Rigidity could as well be ch:rnged

; ; :iiangirrg the overhang.

\fachining was ci-rrried out on 5 clifferent iathe

r:rdels (USSRl 1X{63 and IK 62 having different

,;lues of rigidity and degrtes of wesr of their

ia:ts. Rigidity of different parts of the machiue,

.ool holders for different values of its cross-

sectior and over hang and that of the work w-as

;stermined using standard rnethods'

Frequencies of the unotability of metal cutting

'irocess and chaiter were determined parallelly by

tliffereat methods : with the heip of oscrllo-grams

of cuLting load Fx, Fy, F", accordicg to the

pace of the vibration trace$ on the machining and

ancl .nrachine surfaces and according to the pace of

teetir on the outer surface of the chip (considering

cliip shrir:kage ). Ampiitude of vibration the

cutiirg lnad and tempefature was determined with

the help of dynamorneter YDM-600' amplifyer

auci a sensitive c;scillograph' For ampiifying the

-.ignal of temperature & special amplifier on tl,e
basis ,rf an integral micro circujt was used'
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Expreriments carried out by followiog the above

mentioned procedure enabled to record frequen-

cies of the unstabilitv of metal cutting process

upto 20 KHz and above to record oscillograms of

cutting load Fx, Fy, Fz, temperature 00 upto a

f requency of 2IlHz ( due to the limitatations of
rh€ apparatus useci ). Amplitude of the relative

motion of the work tool in the radial direction

during chatter was deiermined according to the

height of the waviness on the cutting surface.

Mechaaism of the unstability of chip forrnation

were studied sn miero section metallographic speci-

mens of chip roots, receive<i by inctantly etoppinv

the cutting process at different phases of the {u}l

cycle of unstability and as t"ell as on micro-secticn

rnetallo-graphic specirnens of chip' On such speci-

nrens with the irelp of metallographic microscopes

and micro-hardness measuring inetruments the

grain orientation, borders of different zones and

rnicro hardness weie lleasured and on their basis

the shear angle, length of different zones and

contact areas and also tlle time of each phase

of tho cyclc vrere tletermined. According to
the experirnentai results different curves ol fre'
quenc-r of unstatriltty of chip"forrnation and chatter

as a function <lf culting spel'd r'vere drarvn' It
was found that, at certain rdDges of culting
speetls there are parrallel exislence of two arid at

tirnes three and rnoie frequencies. In Fig. 5

eliarnpies of sucil cui vcs f ur lwo work rr aterials

titanium alloy and nrild carbcn st eel (containir;g

0.45%C, e.ie cited. Obseir,"aii'.irrs of thcse and

nriny other sifttilar curv$s enabled to affirsr the

presence of the {ollowirrg type of f requerr cy

versus cul.tirg speed curves, f -O (v1.

1.' Coritinuously rising curve$ iuns1.-tp(v) 36

a wide rat)ge of curring sPced.

2, Segrnents of straight lines parallel to the

axis of cutting speed. ln ciost cases two such

segrrents were observed. They are located with
respect to the continuously rising curves at higher

cutting speedr. As a rule their starting point lies
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on the continuou$ly rising curves or at a poi&t,
slightly beyond this curve ( towards higher C.S.).

3. Inciined, practically straight lines at certain
angles to the axis of cutting speed. They may
be termed as "tails" of the horizontal segrnents

and are generally located with respect to the
continuously rising curve at higher cutting speeds.

Experimental results show that, tlre amplitude
of vibrattlon of the cornponetts of cutting force*
Fx, Fy, Fz and the amplitude of vibratisn of
work tool at frequencies corresponding to the lst
and 2nd horizontal portions of the curve f :O(v)
have considerably high values (t0). It has been

Fie. 1 a

Fig. 1. Photogrephs of microsection metallographic
specimens of clip formed while machining tirar ium
alloy-8T-6 at differeut cutting speeds*
a) Cutting spced - 0.008 L,liSec ,

b1 Cuuing speed - 0.117 lr,{/Sec.

also established that, aa increase in the rigidity
of the spind[e and work systerir ieads to the
decrease of chatter frequerrcy, defined by 6rst
horizontal portion of the curve-f ..=O(u). Frequency
changes from 720 Hz to 250 IrJ,z. An iucrease
in the rigidity of the tool holder similaiiy leads
to an increase of the frequency of chatter along
the second horizor:t&l portion the curv,.. Frequency
changes froin 500 Hz to 3000 FIz.

Chatter along the Ist horizontal line are the
resonant vibrations of the spindle work system
aod the the frequency of chatter is determined
by the frequency of self vibration of this system.
Chatter along the 2nd horizontal liue are the
resonant vibrations of the tool holder, while fre-
quency of chatter is determined by the frequency
of seif vibration of the sarne.

In the case of vibrations aiong the continuously
rising curve funst*<D(v). arnplitude of vibration
of cutting forces Fx, Fy, Fz anC relative vi,bra-
tion of work tool in the rrdial direction are
very little, and there{ore, they may be termed
as vibrations rvithout the loss of stability of any
part of the machine tool. They are caused

exclusively due to the unstability of chip formarion.
In order to investigate whether the unstabiiity
of chip forrnation is a common phenomenon
in metal cutting process the following experimenrs
were carried out according to the above men-
tioned procedures. \York rnaterials of three
different groups titaniurn allcl' 8t.6, high tem-
perature strength steel IN-48i and carbon steel

containing 0 45o,'o C rrere rnacbir:e rvith dif ferent
tool materials uader cif f erent conditions of cut.

It was observed ti:at machining of titanium alloy
is accornpanied bv an unstability of chip forniatit-,n

Fig. 1 b

The above mentioned results
con6rmation of the follovving :

t4
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.r r - - { : -ri.iitions and in the whole range
' -; i:.:j, The frequencyof theunstabiiity

m i i :r., r-[rioDously rising curve, Fig-5' The
' :i..t::" :-etailographic specimens of the chips

; - ,l .:,]rc thatr the process of unstability is
' -i i : . :i rj e:inite cy cles and the chip consists of

n ' :: :e:nite shape and size and each tooth
r : : ls a j two zones-one rvhich is forined during
: r '.r:. cr shear. it shouid be noted that, the

' f ::. i e s:zes of the two zones will dcperid ou

' * s: ee j ai which the she ar plane revolves

- : ,;. :iie phase of shear, f rom the position

.. r.::e minirnum value of the shear angle to a

- !-:i;r with the maximurn value of the sarne

...:-r:lel (Fig.2) formed during thephase of
'ta: iecreases.

Fig. 2 a

?:g.2. Relstive sizes of the portions of chip tooth,

I:rmeC during the phase of shear-I, and the phase

:i compression-Il, for two work materia s-
a) for titaniurn alloy BT-6, C.S. :0 i7.M/Sec.
bt for mild carbon steel containing 0.45%C,

C.S. : 1.83 M/Sec.

It has been fouud that, speed of deflection

of the shear plane increases as heat generation
iuri,ng the process of plastic deformation at the
zone of chip f,rrmation increases and as the heat
Ceiivery from its generating areas and Debai

tenlperature of the work material decreases.

BUET, Dhoko

Fis. 2 b

For these reasons the above rnentioned speed

incresses as we proceed from carbon steel with
smaller value of the coefficient ef heat conduc-
tivity, through high terirperature strength steel,

towards titanium alleys having higher value of
coefficient. Size of that portion of the chip, which
is {ormed during the phaso of shear, changes
in the opposite dilecrion-decreases in the direction
from carbon steel towards titanium alloys (Fig-2).
-I'hese changes occur in the same direction rvith
the rise of cutting speed, and with charges of
other factors which facilitate hieher heat formation
and lower heat delivery from the zone of plastic
deformation.

lVhile machining titanium alloys the unstabi-
Iity of chip forrrration appears very distinctly at

ail cutting speeds and conditions (Fig. 1). On
the other hand, the unstability of chip f ormation
is very faint in the case of csrbon steel. More-
over, at lower cutting speeds this phenomenon
io very difficult to register. But especially carried

out experiments have proved that, unstability is

a comrnon phenomenon in the case even carbon
sreel icontaining 0,45% C) in the whole range of
cutting speeds. This can be quite clearly observed
on that side of the chip which was closer to the
tool nose during chip lormation. Let us numbcr
this side as I and the other as II (Fig"3a).
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Pqce of teeth
(Constont ) Side.l

Schei:rcrtic top v;er.r af chiF (rniid csrbcn steel). Side -ll

Fig. 3 Formation 
", .J,?'rll,n 

"" side r, of chip,
formed whrle machining mild carbon steel (0.4J%C)
at different ranges of cutting speeds where-
a) chatter aad intensive unstability of chip forma_

tion (u.c.f.) is absent,
b; chatter and u.c.f. exist parallelly,
c) intensive u c,f. exists alone.

A presenco of coatinuous small teeth, paced
equally, can always be observed on side I of tbe
chip (Fie-3). These teeth can be observcd at all
cutting speeds. The fact that, thege teeth are
the result of the unstability of metal cutting
process is confirrned by the following : 1. At
higher cutting speeds where uustability of chip
formation takes place through out the whole sec-
tion of ehip, pace of the teerh on side I of chip

Fig. 3 c

High ternpe rolure
strength steel..., 

M ild cqr bcn steet\
( c.45yp )

Cutting speed,
V, ( M/sec)

Influence of work material and cutting
spesd on the {requenoy of the unstability
of chip formation
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l1

f ltonium
\ lungsten

otloy 8T- 6

carbide ( 92olo WC " 89o Co)

l,lild corbon steel (0.45oloC J

tungsten corbide (92o/oWC + 69o Co)

1.0

(b)

tuttihg proc€ss

Freque'ncy,
f,Hz

2000

0a 0'3 0'{ 0.5 Cutting speed, V
{ M ,/sec }

(s)

ol f:BlVl
, '.'' Fig.5. Lows of cholter f or,'nqi;on

1.5 Cuttrng speed,V
( M/sic )

l-funst =frV)
?-lsl horitontol porlion

3 ?nC

etrupletely coincide with the pace of segrnenrs
s-:rough out th6 whole section of chip. 2. At
rJI cutting speeds pace of the changes of micro_
bard:.ess a€asur€d along various longitudinal
rrctions of the chip and ae well as that of grain
oricntation fully coincides with the pace of these
ttctb (on side I of chip).

Results of the above mentioned experiment
helped drawieg the following conclusiors : Un.
srrbility of chip formation is e phenornenon
common to all machining operatioas, and appears
rpecially while machining hardensble metals atall. cutting speeds.

Continuously risiug curves funsr. *O(V) for
four different materials are given in Fig-4. It
ir evideat from the locations of tho curves for
dilierent materials that, they are dictatsd by th"

BIIET, Dhaka

temperature-deforrnation laws of plastic deforma_
tion. Frorn tiranium alloys, through high tempe.
rature strength eteel aud mild steel (containing
A 45o/o, C; towards low carbon sreel ( containing
0 2%C) rhese curves are gradually drifted towards
higher cuttirg speeds.

Experirnental results of the research work
led to the disccvery of the general mechanism
of intensive chatter formation. It was earlier
stated rhat" the frequency of such chatter are
determirred by segmento of straight lines, parrallel
to the axis of cutring speed. Location of these
segmentB lor all casee are governed by general
ruies : they appear at approximately cutting
speeds, where the curve funst * O(V) coineides
with straight lines, defining the frequencies of
self vibrations of the spindle.worlr system for

du:'ing metol
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the 6rst horizontal. 'segment aud tool irolder for
the second horizontal 6egment, respectively, Fig
5. Thus, irrtensive chatter is the result of a

resonance effect duc to mutual action of vibra-
tions, caused by the unstability of chip formation
and self vibrations of parts of the machine tool
system, when the two frequencies are vsry close
to each other.

€onclurions :

On the basis of the experimental results the
following conclusiens can be drawn :

l. Machiuing of hardenable metals with carbide
tools is accompanied by an r.rnstability of chip
formation in a wide range of cutting speeds.

Froquency of the unstability is determined by
the temperature deformation laws of plasric
deformation and contiuuously rises with rise
of cutting speed.

Itrtensive chatter appears at certain ranges of
cutting speeds,' where vibration is caused with
the loss of stability of the spindle.work system
aud tool bit holder. Physical cause of charter
is the unstability of chip formation. Chaner
is the result of resonance eftect, which is
caused by rnutual action of vibratioas due to
unstability of chip formation and porenrially
possible vibrations wirh self frequency of
spindle-worlc system or tool bit holder, when
the two frequencies are closed to each othar.

Ranges of cutting speeds, where chatter exists
depend not only :_on the characteristics of the
elastic system of the maehine-tool but also on
the characteristics of tbe metal cutting process
itself. It is possible to partially or lully elimi.
nate chatter, verying the characteristics of
machine-tool and as well as the conditions
of cut.

References ..

1. Tobias S. A. .,Maclrine tool vibrations,,, John
Wiley & sons. Inc., New york. 1965, p.14-83.

Teilor F. V. ,,The art of metal cutting. pub_

]_ication o-f foreign science and technology,.,
Berlin, 19?2.

Steiuberg I.C. '.Removal ef chatter, appearing
during metal cutting process on lattre machin.s
{in R.ussian language )", Publication ef Machin.
Building, Moscow, 1976.

Kudinov V. A. ',Dynamics of machine-tool', gin
R-usaian ),_^P_ublication of Machine Buildiug,
Moscow, 1965.

trliasberg Iv{ E. ',Fundamentals of the theory
of chatter during metal cutting processes" lirr
Russian), Journal of Machine-Tool, No. l,
7952, p.3-4.

I.,olagze T. H. "Chip formation during meta!
cutting process', (in Russian), publicatron of
Machine Br.rilding, Moscow, 1980, 46?p.

Talantov T. V. '.Research of the contact proce-
sees, heat phenomenon and tool wear,,, (D.S.C.
thesis in Russian) Egevsk ( USSR), 1970, 4S5p.

Talontov T. V., Chereomushnikov N. p. and
others.,,lemperature-deformation nature of the
unstabiiity of metal cutting proce ss,' (irr
llussian ), Papers of 4th National Coafereaee
on "Heat physice of Techsological processes" ,
Toliatti ( USSR ), 1976, p 67-68.

Nurul Amin A,K.M. r,fnvestigation of the
mechaqism sf chatter formation anci its
influence on tool wear,'(Ph.D. thesig in Russian
Deparlmeot of Technolegy of Machine Buil_

!i1S_, p-eorgian Polytechnic Insritute, USSR,
1982,261p.

Tolaatov, N.V. Nurul Arnin A.K.M., Chereu-
mushnikov N.P.,,Ternperature Deformation
Bature of chatter during metal cuttin{l proceBS,,
( in Russian ), Papers of the Sth Al-soviet
Cenference-,,Therruophysrcs of Technological
Proc6ss", Volgograd, 1980, p.92.

.)

2,

4.

5.

6.

7.

9.

10

,f.

t8 l\hech Engg. Res. Bu//. Vol, 6, (1983), No, I


