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Conclusive evidence is presented in this thesfs
that the pvnamic Cutting Force Coefficients, as measured
by the Double Modulation Method, do indeed represent the
transfer function of the cutting process’. Limits of
stabil}ty, computed from the measured DCFCs for various:
steels and the measured transfer function of a lathe, are
arrived at and compared with Fﬁe experimental b .~ obtained,
with these same steels, under sihilar cuttipg'conditions
on the same lathe.

A physical model to explain the DCFCs of Inner
Modulation is presented. Mathematical relations are derived
to correlate stable cutting forces with DCFCs of Inner Modu-
lation. Tests results of stable cutting forces are pre-
sented from which the DCFCs of Inner Modulation are obtained
using the above mentioned mathematical relations. A compar-
ison of the computed and experimen;hllytobtained DCFCs of

Inner Modulation is presented to show the validity of the

proposed model.
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NOMENCLATURE

A Complex cutting force coefficient of

P inner modulation for thrust force

B Complex cutting force coefficient of

‘P outer modulation for thrust force

A, Complex cutting force coefficient of :
inner modulation for main cutting force

B, Complex cutting force coefficient of

outer modulation for main cutting force

b Width of cut

b1im Limiting width of cut

Cc :Damping coefficient of cutting, process

G Damping coefficient of total machining
system

f Frequency

fp Static thrust force

fv Static main cutting force
Cutting foree )

Fp & Dvnamic thrust force

FV Dynamic main cutting forcee

F. Resultant cutting force duec to inner modu-

1 lation
Fq Resultant cutting force due to outer modu-
’ lation ’ .
' !

G(w) Real part of receptance - )
‘\ » A , ¥ P . .

Gmin finimum value of F(n), i

Im(K) Represent imaginary part of complex quantity
K

viii
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V-1
Stiffness of cutting process

Shear plane length

Represent reaj part of complex quantity K

Feed rate

Cutting speed

Flank. wear land width
Displacement

Am plitude of inner modulation
Amplitude of outer modulation

-

Shear plane angle ’

Phase angle between inner and outer modu-

lation

Frequency

e gt —
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Y CHAPTER 1
ﬁ -
INTRODUCT ION
Chatter, in machining, is a phenomenon which has
attracted the attention of many research workers for several
years. It is esséntially, a case of Self-Excited Vibrations

when the energy generated in the cutting process excites

_the machine, tool structure to undergo vibratory motion; the

’%
A7 N

motien itself leading to further vibratory energy being.
generated in the cutting process. |

In the past, if chatter occurred when machining,
the operator simply changed the cuttiné\conéitiOns to over-
come the problem. However with the advent of automation,
flexible or bthérﬁise, where very little or no human atten-
tion is available to supervise the operation, and with the
growing necessity of mathines having to operate at m§st
optimum conditions, the problem of chatter has attained
great significance. More specificallv, it is the neea to
develop the ability to correctly prediqtréhe cutting congi-
‘tions under which chatter éaq occur, knowing‘the'dynamic

characteristics of the machine tool and the material to be

2rated upon. The machiﬁe‘tobl could be thes set or pro-
rammed -to operate under the.requisifc oﬁtimuh conditions,
1'yet avoiding thosé canditions'hhich could lead;to unstable
'machining. o ' |

1.



A

&

Tlusty (1) identified the basic diagram of thg
process of Self-Excited Viﬁration ;s shown in Figure 1.

It is a closed loop system having two fundapental parts,
the cutting process and the Vvibratory system of the machine
tool and also the mutual directional orientation of the two
parts. It indicates that the vibration X bétween tool and
warkpiece influences the cutting process so as to cause a
variation P of the éuftipg force which acting on the vibra-
tory system of the machine, creates again vibfation X.

In thé past successful techniques have been estéb:
1ished'to measure the transfer function of the machine tool
system, ‘However it is only refently, owing to its comple- q-
Xity, that attempts have been njade to obtain the fransfer
fupction of the cutting proce#%fﬂﬁgh\}n order that the
above mentioned requirement, of being ableito accurately

predict the coqditidns under which chatter can occur, be

-
7

‘met the following is necessary. ™A Téliable and acturate

method to. easily measure the transfer functlﬁ‘\b£ the cutt-
ing process under all cuttlng conditions."

It is with this cnd in v1ew, that the objective of

‘this present work was defined. They can Bbﬂhroadly classi-

fied as follows: . o
1. Using the Double Modulation Method develoned by }\
Goel and Tlusty (2, 3 4), the Dvnamlc Cuft1ng Force Coeff1~

c1ents, Wthh represent the transfer functlon of the cuttlng

* .
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process, are measured for various steels and various cutting

conditions/ " The validity of these coefficients is then tested

by theoretically computing the limit of stability or b,. ' for

lim
a machine tool whose transfer function is known, from the

*

measured Dynamic Cutting Force Coefficients or DCFCs as
thev are known. The actualﬂblim on that machine tool is"
experimentally determined and compared with the computed
values,

2. In order that the measurement of the DCFCs be made
easilv and simply without the complex rigup that is used nov,
an attempt is made to idéntify a physical model that can
explain the DCFCs. Further to verify this model, the varia-

tion o¢ DCFCs with variation of cutting conditions is co-related

to stable cutting data obtained:under those' very same cutting

- conditions.

In the-past as described in detall in Chapter 2,
work has been concentrated in the area of obtaining the
transfer function of the ‘cutting process with various tests
instituted to check the accuracv and validitv of the measured
or computed data. Also, sincec well-established theories to
predict cutting stiffness under‘stabie cutting conditions
exist, many rosearch workers have attempted to studv the
dynamlc cutt:ng process by ecither cuttrng at low speeds or

using hlgh specd photographv. The aim of all these studies

have heen to form maﬁhemétical models to predict the dynamic

LY
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behaviour of certain parameter§ like shear plane angle,
shear plane length etc. so that the theories now available
to compute stable cutting forces could be used to compute
dynamic cutting forces and consequently, the Dvnamic Cutting
Forée Coeffi;ients. However, models constructed and veri-
fied when éuf%ing at low velocities are of doubtful authen-
city since the cutting speeds. in practice are extremely

high in comparison to the cutting speeds used in the experi-
- ments. Also, no atteﬁpts to prove the validity of these
models at higher cutting speeds have been made. The studiési.
made, ﬁsing high speed photography have only gone on to show
~how complex the dynamic cutting process reallv is.

The work presented in this thesis is therefore, a

_ first attempt to build a phvsical model to cxplain‘some of
the Dynamic Cutting Force Coefficients, mecasured using the’

14

double modulation mefhod.
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CHAPT ER 2
4 LIT ERATURE SURVEY 7?

e
P! Methods .or techniques developed to obtain the
transfer function of the cutting process can be broadly

classified into the following groups:

2.1.1 QUASI-EXPERIMENI AL METHODS

Under the category of this classification a number
of methods have been developed which are briefly described
in the following pages. ' |

Tobias and Fishwick (5) proposed that under dynamic
cuttfng the chip thickness, tﬁe rate of penetration (i.e.
variation of feed rate) and the cutting velocity undergo
cyclic variations simulitaneouslv. " As a result the dvnamic
cutting force can be expressed in the following form:

F = b(kyds + kydr R 1 2
wvhere Qs, dr-aﬁd~é§ arc variations in'the uncut chip thickness,
rate of penetration and rotational speed respectively. b is
the width of cut and F is the dyﬁémic cutting fofce.__

»>

The dynamic coefficients k, and k., were related to

3
steady state cutting coefficients KS and Kﬂ as follows:
K. = 2n[hsfk1) 2 2
2 . Q . . - . . » .® L] . . . . - .o ‘t - ‘-.'
I . 2.3,
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where KS was the coefficient, determined from the slope of
the Force—feed Relationship,‘KQ the coefficient determined
from the slope of the Force-speed Relationship of Stable
Cutting Experiments and kl being determined‘from dvnamic
cutting experiments.

KS and Kg were taken as constants about the mean
cutting condition. In general, the dependence of cutting
force on speed was neglected and equation 2.1 was reduced

to:
. F=b[k1(xi-xo) +jwk2xi] Coe e e e e e e 204

S

The deﬁendence of cutting forcé on speed could not be
neglected; howéver, if the modal diréction of the tool was
in the direction of the cutting speed. The imaginarv part
depends on- the velocity of tool o6scillation and has the
characteristics of a damping force whi¢h could assume
positive or negative values assisting in stabilizing or
de-stabilizing the cutting process.

Das and Tobias (6) developed a mathematical modélw
of a regenerative cutting process where the ¢ffect of iﬁnor
and outer modulation were studied independently. The term
inner modulation defines the waviness of the ‘surface being
cut or wave cutting and the term outcr modulation defines
the waviness of the surface cut in the previous pass or
wave removing. The analysis was based én the geometry of

the dynamic cutting process and the expressioms for steady

cutting forces were modified to account for the cyclic

-



variation of different cutting parameters. The argumehts
leading to the expressions for various components of the
dynamic_cutting«force are as follows:

The steady g{fte cutting force is ecxpressed by:

-

- fo=kobr v v v v oo oo LS
. . P -
£ - k. be (D_Cos ¢ - 1) 6
P c. - e e e e e e e 2,
D Sin ¢
where b = chip width
kC= the slope of F, and shear plane area

¢ = shear plane angle
2 - length of shear plane
D .= Universal Machinabiiity Index .
For wave cutting the instanfanooué shear plane
length is given by the equation:

. s + ds Sin wt .

s Sin ¢

to
~

For wave removing the instantancous shear plane
length is given by the equation:
ds(Sinwt +8,) \ 2

__E;;_;__ . ST .

where s is the nominal depth or feed rate and ds is the
variation in depth of cut due to tqol vibration and &¢ is
the phase angle between the shear plane. length variation
and the uncuk chip thickness.

Substitutien of equations 2.7 and .2.8 into equatioﬁs

2.5 and 2.6 gives the total static and dynamic parts of the
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‘b’

cutting force components along and perpendicular to the
instantaneous direction of cutting for inner and outer
modulation. Only the dynamic parts are considered and

they are as given below:

Fv = dFCO Sin(wt + 6Vi) e e e e e e e e e e e 209
Fp = dFto Sin(wt + 6pi) A X
F, = K, ds(Sinet + 6) . . . . . .. ... .. 2.11
Fp = Kztds(Sinwt + 60) A W4
where the terms dFCO; dFto’ Kﬁc’ and Kit are functions of

D, ¢, s, w, Vv, and kC.

This analysis is;.however, based on assumptions
which have been later proven as doubtful. The important
point of this work; however, is the indication of the
independent behaviour of the inner and outer modulations. It
was also shown tha£ by cémbining the fﬁdividual‘equations of
the, two modu&aﬁions, the total dynamic force could be com-
puted. BN

Nigm, Sadek, ‘and Tobias (7) further refined the
earlier model of Das and Tobias (6), the developmbnt Qeiné
based on dimensiohal analvsis of steadv state cutting data
which forms the.basis of the dynamic theory. This amounted
to the introduction of dimensionless groups characterizing
strain rafﬁ and temperaturc effects to derive explicitly

the dependance of the chip thickmess ratio in terms of cutting

parameters o the rake angle, s the feed rate, &nd v the cutt-
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.ing velocity. Though much better correlation of experi-

-

mental and coﬁphted results were achieved than before, the
method is extremely complex éspe&iaIIQ\where the theoretical
aspect of the work is concetned-

Peters and Vanherck (8) used the stabilitv equation
(2.13) proposed bv_Tlusty (1) to predict a limit width of

cut b.. .
lim
b . =h‘\~ __1____ . S . - - . - - . . - . - - - - 2.13
lim Zerin . .

" These authors proposed the use of the incremental cutting

-

stiffness Ki instead of ;hé dvhamic cutting coefficient r.
The values of ki were determined from static cutting experi-

ments. The ratio of incremental cutting force AF to the

s !

increment in chip thickness was determined separatelv «for
S
the main and thrust cutting forces. Thus, the valucs;af ‘

ki were determined fér various cutting conditions and hlim
predicted for a single degree gf frecedom structure whose
Gmin(minimum of the real part of the frcauency response .
curve) was known. The predicted and the experimentallv
determined values of hlim for Ehc given'rig showq@ a rea-
sonable cqrreSpondcncc.though similar exp;rimcnts pcrférmod
at Eindhoven (9) showed large discrepancies. 1In anv casc
this technique was inadequate to study the dvnamic cutting

process in detail.



2.2 EXPERIMENT AL MET HODS .

. Procedures devised under this category can be fur-

-

ther classified into two types.

+

2.2.1 ST TFFNESS METHO(S '

Kals (9) proposed that the cutting process adds
stiffness and?dampihg to the total machining svstem over
that qvailable from the machine.tool structure. Thus, he re-
presented the total machining system as shown in Figure 2.

In Figure 2, K and C represent stiffness and damp-
ing of the machine toodl structure and K_ and C., the correspon-
ding quantities due’to the cutting process. The analysis was
oriented to obtain K. and Cc-from the pulse responses of the
machine tool while idling and while cutting. In actual prac-

Gtice, a single degree of freedom svstem was used, whose com-
pliance in Mts modal direction was much higher than -that of
the machine tool. From the measurement of frequency and'
damping ratio-of the mcasured pulse reponscs, the values of
K. and C; were computed bv vectoriyl subtraction of stiffness

and damping values obtained fér the two cases. This method

is axtremely simple théugh only the inncr modulation behaviour

can be studied as the pulse response data can be taken for
only one revolution while the outer surface of the chip is

) N v v Cl] . . !
kept frece of any moduluation to eliminate the effect of regene-

, ration.: The values of KC and CC obtained bv this method in

.



fact represent the Real and Imaginary Components of the

Dynamic Cutting Force Coefficients for Inner Modulatijon.

—

The results of these investigations showed beyond doubt

that the cutting process exhibits damping which viries

significantly with the cutting speed and under cdrtain
/

conditions, where the ‘cutting process exhibits least sta-
i

bility, was shown ta be even neéE?TVQ. 7

7

The above method is in gener?ff/;he stiffness
method. Van Brussel and Vanherck (10) furthervdeveloped
the stiffness method by devising an experimental technique
to control the phase -shift bctween&inn?r'and outer modu-
lation. Thus, the effect of the two moduld?ions could be
stgdicg separately. The following force equations were

applied for both sides of the modulated chip:.

| QN

(R + 316 . o o oo L 2.1

. J(wt + 5 F €) = v jlwt+ €) . -
Foe o) X e (RO + }Io)h .. 2015

-

where
Index rcfefs to the inner modulatjion
- Index refers to the outer modulation o
§. and & arc phase shift of dvnamic cutting force

components with respect to inner and outer modulations

X4 and X respectively

e is the phase shift between the two modulations.

-

The cutting process stiffness was then experimentally



N\ .

determined using the stiffness method described earlier.

The cutting coefficientsfga, I., Ry and I were computed
from equation 2.14 and 2.&5, from the experimental data of
~cutting stiffness F/x for two separate values of phase shift
e. The cutting coefficients, thus obtainéd refer to {;Ex\\;

-
- ~.
~

modal direction of the test rig. In order to obtain the S—
Dvnamic Cutting Force Coefficients for the main cutting
force‘and the thrust force, the experiment was repeated
using two test rigs having a different modal direction.

Cutting coefficients were determined for different
cutting conditions of feed and speed and their effects on
various components of Dynamic Cutting Force Coefficients

were, established. The effects were found to be very similar

as observed bv Kals (9).

2.2.2 DYNAMOMET ER MET HODS \_g

The following can be clgssified under the cﬂtegory
of dynamometer mcghods.

Opitz and Werntze (11) devised an experimental
.technique'to measure the dvnamic cutting forFe coetficients
using a two component cuttiné foric éynumometer and a capa-
citive probe to measure tool displacement. The cutting was
performed while the tool was excited at a certain f;equency,
the tool representing a single degree svstem.

The signals of cutting force and qul d?splacement

~

were recorded in a process control computer and were further



processed digitally to obtain Dvnamic Coefficients, chip
thickness variatibn, phase difference between the cutting
force components and chip thickness and the phase shift
between inner and outer modulations. These authors gave
the values of Dvnamic Cutting Force Coefficients as a

ratio of cutting force component tp the chip thickness
variation together with the phase shift between these
quantities. Their experimental set-up did not allow any
control over the phase relation between inner and outer
modulation. .However it was reported that this phase shift
did not change éignificaﬁtly-for the period for which the
signals were recorded. Th&s phase shift was however,
measured by comparing signals of tool displacement at the
current revolution of the workpicce and that during the
previous revolution. The coordination of the tool displace-
ment signals for the two consecutive revolutions was made
possible by using a shaft encoder mounted at the end of the
lathe spindle to control the digitization process for each
revolution.

The tests were conducted for various cutting condi-
tions and the effect of the phase shift 'e' between inner
;nd outer modulation was also investigated. It was conc luded
that the main cutting force leads, slightly, the chip thick-

Vo

ness variation and was constant over the whole range of ‘¢

while considerable change was observed in the phasc shift of
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the thrust cutting force. A significant variation of the
Dynamic Cutting Force Coefficient was observed as the cutting
speed was varied. These cocf{ficients were found to have
little variation with variation of feed rate or excitation
frequency.

Goel and Tlusty (2,3,4) developed the double modu-
lation method which overcomes drawbacks encountered in all
other methods. It is a dvnamometer method and, since it
was utilized extensively in this work, is described more in

detail in the following chapters.

2.3 OTHER INVESTIGATIONS ON THE DYNAMIC CUTT ING PROCESS

Almost all the methods developed to quantifv the
transfer function of the cutting process have been explained
in the preceeding pages. However a number of workers have
tried to study the dynamic cutting process using high spoedr
photographv. This may have been attempted to basically
dcveiop theoretical models which can predict ccrtain‘cutting
parameters like shear angle variation etc., aéter which the
transfer function of the cutting process can be obtained by
using alrcady available static cutting data.

MacManus and Pearce (12) étﬁdicd the dynamic¢ behaviour
. of the effective shear angle and tool chip contact léngth dur-
ing wave removal using the high speed photographic techhique.

They found that the amplitude of the varyving shear angle was

¢

-
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frequengv Sensitive, i.e. increasé in frequencv led to
increa{; in the amplitude of variation of the shear angle.
The phéée anglé between the vary12§ shear angle and vary-
ing chip thickness was also frequency sensitive. It was
found to‘be, with increasing frequencxés, incréhsinglvﬁ
lagging at low frequencies and decreasingly leading at
high frequencies. \

The tool chip contact length was‘also studied. At
lower ffeauencies, less than 200 Hz,ﬁye cantact length was
seen tg!vary in phase with unctf/ghfﬁ thickness and its
peak to peak, amplitude prove& sensibly constant with a
condition of dynamically constant specific contact length
li.e.‘the fractional variation of contact lenéth was compa-
tible with that of the uncut chip thickness. At h1ghe}
fr;quencies; however, it was observed that a progressive
reduction in the peak to peak amplitude of contact length
occurrgd with increasing frequency, in spitg of cénstant
variation of uncut chip thickness implying that at higher

N

frequencies the ?pccific contact 1ength\§?s dvnamicglly
invarian?? A theoretical model was also proposed and under

the conditions reported, produced satisfactory correlation
between computed and meaSured results, thus offering the
. o Y
prospect of predictability. However:this work was not
extended to preédict the transfer function of the cutting
- ’ N

. Y
,process by the authors.
‘ . (v

-
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‘'Sarnicola and Boothroyd (13,1&) uhdertook a sgudy
of the dynamic respénse of the shear angle in wave remov-
ing (13) and later on in wave cﬁtging dnd regeneration (14).
In wave %¥emoving experiments they scribed striations perpen-
dicular to the cutting direction on the side of each spetimen
at known intervals, starting at the peak of each wave. The
variation of shear angle during wave removing was measured
from the digtSrtion of these striations, after a cut was
taken. Cutting forces were also measured and A theoretical

model was built which predicted‘féirly accurately the shear

plane angle and the dynamic force components“in wave remov-

ing.

In wave cutting and regeneration.experiments (14),

‘a photog}aphic technique was used and a model built to pre-

dict ‘the response of the shear angle only._ﬂReasdnably good
correlation.was achieved but no attempt to compute the

dynamic force components was undertaken. However in all these

_experiments the material used was 90/10 brass and the cutting

speeds used were extremely small in comparison to what is

?

normally‘encduptereduin practice.
It is of interest to.note heré, that these"authors
attempted to.evaluate the contcntionngnoéhér.resoarch ”
workérs“that.fluctpation§ in clearance aﬁg}e might have an
effect Qh ‘tool forces’during wave generating.  The range 6f
clearénce anﬁ{es‘é§periménted with was all in the positive ‘

range from +2 to +10 degrees and the conclusion drawn was

a
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that fluctuations in clearance angle E;% no effect at a;l
on the force components.

Stewart and Brown (15) studied regenerati;e chatter
using high speed photography and observed that the coeffi-
ciehtggf frict}dn u fluctuates dynamically as a function of

the instantaneous shear plane angle ¢35 instantaneous shear

plane length L and instantaneous rake angle al - A mathema-

si
tical model relating the above mentioned parameters was first
formulated using a thin shear plane model and assumiﬁg that
the reswltant forces on the shear plane and rake face are
equal, opposite and colinear. Force and moment equilibfiums

»

were considered in formulation of the equations. Expéri-
mental résu}ts ve;ffied the above formulated mathematical °
model. However the work does not extend to~compuf§ the
transfer fﬁhction of the cutting process.

‘Ramaswami, Van Brussel, and Vanherck (16) made a
studx of- the dynamic machiningfgharacte%istics of Frece
Machining Steel. They observed that the Dynamic Cutting
Force Cocfficients for Free Mécﬂining Steel, mcasured
using a Aynamomctcr methaod, ‘were smaller in all cases than
those,for Plain Carbon Steels. They computed the stability
limit using ihqsg measured DCFCs for the CIRP test rig and
later cxpcr{hentally‘vcrified the same and found good agree-
ment. They also*ébscrvéd a characteristic minimum for Free

Machining Steels as.in the case of other types of steels,

‘A&kA B -
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though the cutting speed at which this occurred for Free
Machining Steels was generally higher than the speed at
which a characteristic minimum occurred for Plain Carbon
Steels. They also observed no Built-Up-Edge formation
~when cutting Free Machining Steels even at. low speeds

(200 ft/min) but the existance of a characteristic mini-
mum stability limit around 300 ft/min, leading to thé con-
élusion that the contention of some research workers that

the characteristic minimum could be associated with forma-

tion of the Built-Up-Edge, to be incorrect.
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CHAPTER 3
THEORETICAL BACKGROUND, EXPERIMENTAL EQUIPMENT

AND TECHNIQUE

. NG
The material discussed in this chapter and pertain-

ing special}y to the measurement of the Dynamic Cutting Force
Coefficient is more extensively covered by Goel (2). However
all that is relevant to the scope of work of this thesis,
including modifications of thg experimental rig i5 covered
briefly in this chapter, ~
3.1 "THEORETICAL BACKGROUND OF THE MEASUREMENT OF

DYNAMIC CUTTING FORCE COEFFICIENTS

The. regenerative cutting process 1is analvsed on
the assumption that the inner and outer modqﬁations behave
independently and that theldynamic cutting forces are related
sepa}atoly to the two modulations.

Therefore we have for the individual components:

F.

bX.A . -~ . .. oL 0 000 s e s e s 3]
1 1

[J]

i72 ]
.
t3

and Fo bXOB e e e e e e e e

where the subscript i refers to the 'inner modulation or wave

cutting and the subscript o refers to the outer modulation
or wave removing and A and B are -the corresponding DCFCs.

The total force can then be written aéf

1
1

Fo=Fy- Fu=b(XA - XB) vw .%o ot 33

&
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In the present work, onlv two components of forces
were relevant as orthogonal cutting was adopted. The total
dvnamic force in the two directions can then be written as

F_ = b(X.A
& P .( 1p
_foY the thrust direction and

- XOBp) e e e e e e e e e e e e 3;4

FV = b()\i.»'\V - XoBv) e e e e e e e e e e e e 3:5
in the main cutting force direction.
Now considering only the thrust component repre-
sented by equation 3.4. To evaluate the coefficients Ap

and Bp, at least two equations with different phase shifts

between the two modulations XO and Xi are necessary.

Thus,
Fpl = b()\il.t\.p -nxopr) P S ¢
sz = b(XizAp - onBp) e e e e e e e e e 3.7
Solving of Ap and Bp’ we get:
F F
pl - p2
X X
A = ol o2 1 - » 3.8
p X. X., b Lo
il i2
xol X02
and ‘ .
. F F .
0 S o )
X. X
. il i2 1 3.9
‘p on X 501 b
iz Xq

)

By virtue of the design of the test rig it is

possible to know the exdct phase shift between the inner and
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outer modulations Xf and Xo.
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Furthermore, the phase shift

is maintained constant throughout the period of cutting.

Therefore, the following relations are valid:

i1 = od€l
X
ol :

and
Yi2o Jie?
X02

Substit&ting the above equations 3.8 and 3.9 reduce

-

FQI jel FDZ je2
€ Y‘——' €
A - il i2 1
p ejel - ech )

F F_ .
2L L2
X, X,

B = 1]_' :!'2 . ..].‘_

p AC-JCZ_ e-JSZ b

Similarily the cocefficients

nents of force can

be written as:

Frl ja1 Fva ez
\T_ & - "'&:_ c

A - oil 22

v oJel . olel

and

i T

po. il Y2 1
QLD S ..

p e e L & Jel b

-~

3.10

3.11

compo-

to:
for thdé vertical -
1 .
b

All the terms on the RHS of equations 3.12 to

except for the phase angles ¢l

and €2,

.14

(92

3.15

3.15,

are harmonicallv

varying quantities and have a rcal.and imaginarv componcnt.

Consequently, the dynamic coefficients Ap, Bp, Av and Bv
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~

have real and imaginary components.

3.2 EXPERIMENTAL EQUIPMENT

~

The equipment used can b& classified into two cate-
gories, owing to the nature of the conditions under which

the cutting was carried out.

3.2.1 DYNAMIC CUTTING

»

The set-up for the measurement of the dynamic
forces and disﬁlacements required to compute the Dvnamic
Cutting Férce Coefficients as per equations 3.12 to 3.15
are shown in Figure 3 and Figure 4.

The test rig consists of a singlc degrce of freedom
system on which a two component'cupting force tool dvnamo-
meter is mounted. The\dyn;mometcr is capable of measuring
the ;utting force components in the thrust force direction
and the main cutling force direction using pizeo-electric
force transdicers. The charge generated in the pizco-
electric crystals is fed into their respegtive charge ampli-
fiecrs to give voltage signals, corresponding td the forces.

-

The thrust force sdgnal then dergoes two' compen-

*

sations. The first is for cross sensitivity. It was found
that owing to the construction of the dvnamometer a dynamic
. :

force in the direction of the main cutting force resulted in

-
-
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a signal in the thrust force direction transducer. This
signal was proportional to the magnituder of the former and

180°

out of phase with it. To eliminate this cross sensi-
tivity signal, a pdarallel output was tapped from the main
cutting force sigpal, so as to not affect it, atenuated

to match the cross sensitivity signal in amplitude and then

added to it in the adding circuit shown in Ftgure 5. Since

.other and eli

the two signatl were 1802 out of phase, they cancelled each
m;Zated the cross sensitivity §igna1.
The construction of the dynamometer ensured that
‘there was no appreciable output signél in the main cutting

force direction transducer while the dynamometer was sub-

jected to a d&namic load purely in the thrust force direction.
With this arrangement all dvmamic cross sensitivities at the
operating frequencies were less than 2%. 2

The introduction of this compensation for cross-
scnsitivity was the onlv major addition to the experimental
Tig ;s desigﬁcd by Goel (2). This was directlvy the recsult
of the increase in the overhang of the cutting tool on the
dynamometer in thc&hori:ontal direction. This change in
design of the dynamomecter resultég-frqm the change insti-
tuted in the fced ditgction from longitudinal feced to cross
or radial feed.. The longitudinal feed dircction required

the manufacture of thin tubes resulting in not only tedious

work but also an extensive waste of workpiece material.
N i .
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The thrust force signal was then compensated %or
inertia force by subtracting from it the inertia force
signal obtained by an accelcrometer mounted in the direction
of the thrust force. This is done by feeding the two sig-
nals into ’an Inertia Force Compensation Circuit.. The tool
displacement 1s measured with the use of a capacitance
probe, the signal from which is fed into a Wavne-Kerr capa-
citance bridge. The bridge gives out a voltage signal
proportional to the displacement. The force signals and
the displacement signal are fed into the Hewlett-Packard 0
Fourier Analyser Systcm which consists of the following:

1. HPS}ésA Analog to digital conventer
2. HP5375A Control Unit

3. Hmléx Computer

4. HPS5460A Display Unit.

A‘ The system is also equipped with various 1/0
device§. The system takes in the data to carry out the
analysis as explained further on.

The cutting tool is excited by an electro-hydraulic
exciter, powered by a 3000 psi hydraulic power pack and con-
trolled bv 'a servo-valve drive amplificr. The frequency of
excitation is linked to the rotational speed of the lathe
spindle to control and maintain the phase shift between
inner and outer modﬁlation. This is achieved as follows:

The pulses generated by a digitizer mounted at the
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end of the lathe spindle are divided by a certain integer

in the frequency divider the number being set onAtho fre-
quencv divider by thumb wheel switches. This integer
number determine§ the actual frequency of excitation in
combination with the spindle speed and independentlv by

the phase shift ¢ between the iﬁner and outer modulation.
The divided pulses are then shaped into a sine wave by.
passing them through a pulse shaper aﬁd a low pass filter
which filters out the higher harmonics. The almost sinusoi-
dal signal from the low-pass filter is further amplified by

the servo-valve drive amplifier which controls the amplitude

of the exciting force of the electro-hydraulic exciter.

3.2.2 .+ STABLE CUTTING

K

The sct-up used'for measuring stable cutting data

is shown in figure 6. Since the experiments consisted of
. [

measuring the two components of cutting forces at various
cutting speeds the same dynamometer used for dvnamic mea-
surcments was uscd. The c;oss-scnsitivitv compensation had
to be re-adjusted for static loading conditions, the output
after attenuation being connected to a four channel pen type
recorder. '

.

Carbide inserts with various types of clearance
Y . :

angles were used in stable cutting experiments for rcasons

explained and discussed in Chapter 4.
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3.3 EXPERIMENTAL TECHNIQUES
Kx
These can also be classified into two categories. \\\\
3.3.1 DYNAMIC CUTTING ‘

The Analog to Digital converter has only two
channels; hence, experiments have to be repecated to analvse
the two force directions separately.

. The following parameters are then set on the AD
converter: '
1. Block size
2. Frequency resolution, total recdrd time, time
resolution and total frequency,; the above mentioned
parameters beiﬁg inter-related. |

The Fourier Analyser 'svstem is then key board
programmed to do the following steps:

1. Take in four sampies of force and displacement

signals.

2. Fourier Analyse all the above signals.

3. Print oﬁt the agnitudg of these signals at and

close to the operatjgﬁ frequency in - real and imaginary
form. “ |
4. Compute and ﬁring out the'ratio of force/displace-

ment for the four samples. Since the samples were all

taken at near identical conditions, their ratiws should
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fairlv equal. This is just to check the accuracy of
the recorded data.
The cutting conditions are then selected. TFhe

frequency divider is set to give the required frequency
and phase angle hetweén the two modulations. The rota-
tional speed may have to be siightly adjusted to élve the
correct frequency and the required phase shift, the adjiust-
ing norhqlly affecting the cutting spéed to the extent of
2 to 3%.. The hydraulic supply is pressufized and the servo-
valve amplifier set to givelfﬂé required amplitude of vibra-
tion. Cutting is commenced by-engaging the feed lever of
the lathe and the Fourier Analyser System commanded to record
thé signals. Once the recording of the signals is completed,
the cutting is stopped and other computations as explained

earlier are carried out. If the mcasurament is being carried

out in the thrust force direction the Inertia Compensation

01y nggs?

Ayt

may have to be checked and set.
This procedure is repeated for another phase shift v
between inner and outer modulations and the magnitudes of

.

force and displacement printed out on the teletvpe. This
data is then proéessed on the CbC 6400 computer to obtain
the Dynamic Cutting Force Cocfficients as per equations
3.12 to 3,15. Since four samples of data are taken for
cach phase angle, a minimum of sixteen valués'of DCFCs are,

i

computed if experiments are carried out for two phase angles

N



onlv. Normally, data was collected for a minimum of three
phase angles, the average value of the sixteen values
obtained for each pair of phase apgles being plotted to
check for dispersion and accuracy.

This procedure 1s repeated for different materials,
different cutting speeds and different tool wear conditions
as explained and discussed in Chapter 4.

4
3.3.2 STABLE CUTTING

.

7 The procedure here c¢onsists o} selecting the right
cutting conditions, the right cutting tool and recording
the two force signals simultaneously on the multi-channel
pen-type .recorder during cutting. The cross sensitivity
cgmpensation wili have to be checked and adjusted for static

loading before commencing the tests.
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CHAPTER 4

RESULTS AND DISCUSSIONS

The results and the discussions are presented in
this chépter in accordance with the two main objectives of
work outlined in Chapter 1.

4.1 VERIFICATION OF THE VALIDITY .OF THE MEASURED

DYNAMIC CUTTING FORCE COEFFICIENTS

Using the exberimental system describéd in Chapter
3, the Dynamic Cutting Fofce Coefficients were measured for
the steels given in Table 4.1. A
The cutting tool "and insert used are descr%bed
below.
INSERT - Sintercd Carbide (Kenametal Grade Kgﬁ)

TOOL - Rake angle a = 3°
Clearance angle y = 7°

The cytting conditions usecd for this objective are

those normally encountered in practice and are as given.

A

CUTTING SPEED - 50, 100, 200, 306, 400, 500, 600

v(ft/min) .

FEED RATE > 0.0051

g(in/rev) _

FREQYENCY’ - 200 . .

£ () S R
FLANK WEAR  +- 0 - 0.002 : ’

Vg (in)
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The flank wear used in these experiments was
controlled to simulate a sharp topl condition. This is
however, not encountered in practice for any length of
time, but was adopted for this section éf objectives for
the foliowing reasons:

a) Since the objective was to compare the theore-

“tically computed b1im from the measured .DCFCs to the actually
“obtained 3

~

on a certain machine tool, if b tests were

lim . X lim
conducté%.with_the same controlled condition of tool wear,
the tests would be comparable and valid.

' b) : It had been found earlier by Goel (2) and Tlusty,
Moriwaki- and Goel (4) that the DCFCs do .not change appre-
ciably with change-in frequency when‘cutting with an unworn
tool but change appreciably with chénge in frequency when
cuttiﬁg with a wo@§§3001' The DCFCs were measured at an
exéitation frequency of 200 Hz owing to the fact that the
best harmonic excitation signal was obtained on the rig at
tha; frequency. The b1im tests were conduc{ed on a lathe
which was later found to have a chatter frequency in the
range of 90 t; 130 Hz depending on the workpiecé size. To
accomodate this rather large varicty of frequencies without

affecting the validity of the results, these tests had to

be conducted with an unworn tool.. If tests had been con-

ducted with a worn tool, this variety of frequencies would’

have resulted in large differences of the actuélaDCFCs‘frqm

#

s
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the measured DCFCs, thus making any comparison illogical.

The measured DCFCs are shown in Figure 7 to
Figure 12. The relavent cutting conditions, etc. are
shown on the graphs.. The plotted points are tﬁe average
DCFC values obtained for diffe{ent seté of phase}differences,
three sets being the minimum. The scatter of these Qal&es
was found to be consistently small except at the very low
Rutting speed of 50 ft/min.

l The dynamic characteristics of the TdS SN 40-B
lathe was measured using the Impact Testing Technique.
Hammer blows were given to the workpiece at-the tailstock
end in the horizontal and vertical directions. The rela-
tive vibration Betweén the workpiece and the toolpost was
measured‘ip the horizontal direction only, by a displace-
ment transducer. The impact‘force signal, measured by an o
imbact transducer attached to the hammer, and the amplitude
signal were\both fed into the Fourier Ahalyéer System. The
Fourier Aﬁalyser was .programmed to Fdurler Analyse bogh the
signals and obtain the real and imaglnary components of ‘the
frcquency_response cufve of the Machine Tool System. A ten
times averaging was done. -The horizontal hammer blow g;ve
the direct,receétance and the vertical hammer bl&w gave the
CTOSS receptancé: Both %ﬁceptances as:plotted out by the
Fourier Analyser are shown on Figures 13 and 14.°

Using the values of the measured DCFCs and-the
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measured receptances of the lathe, the limit chip, or blim
as 1t is commonly known, was computed. The equations and -
the computer program used are described and listed in the
Appendix. The computed values for the three materials,
1020, 1045 and 4340 steels are plotted }n dashed lines in
Figures 15, 16, and 17.

Blim tests were then conducFed oﬁ-the TOS SN 40-B
lathe undef the same conditions of tool wear, feed rate and
speeds as used in the measurement of DCFCs. fhe tool used
had a 90° SECA and the rake angle was a = 3°. Workpiece
dimensions were kept as close as pbssible to the dimensions
of the workpiece which®was mounted on the lathe during the
measurement of the-frequency.resbonse. Cutting was carried
out at the tailstock end only. The measured values of
blim just before chatter occurred, are plotted in full lines
on Figures 15, 16, ‘E 17 for comparison.

It can be seen from these figures that extremelv
good correlation was obtained under most conditions. = The
computed values were lower than actual values at ve?& low
cutting speeds of around 50 ft/min. However at specds
normally used in general manufacturing the predicted values
almést coincided with actual values. It had been observed
‘eariler that at low cutting‘speeds the values of DCFCs

measured were. not very reliable owing to a larger extent of"-

scatter. 'This'could probably explain the discrepancy between
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the measured and computed b values at low speeds. At

lim
low cutting speeds the cutting process is highly irregular
and not smooth; thus; leading to errors in force measure-
ments:' ‘

- These tests clearly satisfy the first objective of
this work, that tﬁe Dynamic Cutting Force Coefficients as
measured by the Double Modulation Method does indeed repre-
sent the transfer function of the cutting process, accu-
rately, and could be used in conjunction with dynamic charac-
teristics of the machine tool to predict the 1limit of sta-

’

bility.

4.2 ~ CORRELATION OF THE DYNAMIC CUTTING FORCE
COEFFICIENT WITH STABLE CUTTING FORCES

The purposes of this objective, as explained in
Chapter 1 earlier, is to develop a suitable corrclation
between the Dynamic Cutting Force Coefficients and stable
cufting forces so thaé the DCFCs could then ‘be easil} com~
puted or arrived at from thermeasurep?nt of these stable
cutting forces. All the spegial instrumentation that goes
"into the measuement of the DCFCs could be then avoided. 1In
the process of achieving this, the dynamic cutting process
cduld be»analysed also. In this work, only two of the DCFG§

in each component of force are analysed. They are thé real

and imaginary components of the inner modulation for thé

-
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forces "in the main cutting force and thrust directions.
In Figure 18, block C rep}csents a tool with a cer-
tain-amount of flank wear in the process of wave cutting.
The motion of the tool is assumed to be harmonic. If this
process is carefully analysed, the foklowing becomes obvious.
When the tool is at point 'a', the wear land on the
tool is co-incident with the surfacevbeing cut. At this posi-
tion the tool can be pictﬁred to be cutting with a zero degrece
clearance angle. From point 'a' to point 'c' through point 'b',
?L)gﬂff‘\\lbecause of the nature of the slope, the cutting edge can be
pictﬁred to be cutting with a negative clearance angle, or in
other words, the lower edge of the flank wear would be inter-
, ferring with the surface just exposed by tle tool. The maxi-
mum interference would occur at point 'b' where the’'slope is
maximum the interférence inﬁreasing from point"a"to point
'b"and then reducing from point 'b' to pqini '¢'. At point
'¢' the condition of zero degree clearance would occur. Now
from point 'c' up to point 'e' through point 'd', the tool
can be pictured to be cutting with a + ve clearance angle,
the angle being maximum at point 'd', the point of grecatest
slope, and as before, the angle incrcasing from point ‘¢! to
point-'d' and decreasing from point 4 to point 'e'.

Block B shows the var}ation of thebcutting“force along
the leﬂgth of'thc cut.  This force variation is basically
owing to the change in chip thickness and is maximum when
chip'thickﬁess is maximum, i.e. at point 'c' and minimum

when chip thickness is minimum, i.e. at points ’a' and 'e’'.
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This variation in force is obviously in phase with tﬁg
vibration hmplitude and would therefore, constitute the

real part of the Dynamic Cutting Force Coefficient for inner
médulatign;

“
*

An exploratory investigation was’conducted to find

’
W

out;if changing clearance angles gave changing forces. A
sharp insert was used to simulate a positive clearance
angle. In the positive clearance angle regioq the variation
of the angle had no affect on the forces, as obtained by
Sarnicola and Boothroyd (14). A normal worn insert as shown
in Figure 19 was used to simulqte 0° clearance anglg and
inserts worn out as shown 'in Figure 20 were used to simulate
neéa;ive clearance angles. Initially tools were worn out
by actual cutting but later on since no appreciable differ-
ence was observed in these measurements and measu;cments.
made with artificiél&y worn tools, fhc latter was adopted.
The exploratory investigation revealed a difference in
both the main and thrust forces when cutting with toel tips
with the different types of clearance angles. It also
revealed that forces when cutting with negative clearance
5ngles was generally higher than when cutting withAO0 clear-
ance angles and forces when cutting with positive clearance
angles were generally lower than when‘cutting withhoo‘clear-
ahcé éngles.

Coming bdck to Figﬁre 18, block B, iftthe harmonic

3

A . .
force generated in phase with the vibration could be found
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equivalent to the force that would be gencrated in stable
cutting bv an insert with 0° clearance angle, then the
] var}ation of clearance angle would give rise to another
vibratory force 90° out of phase with the vibration. This
would then be the damping force and its generation is
explained below.

Observing block A and block C, at point ‘a', no
adddtional damping force would be generated as the clearance
angle is 0° at this point. However, bv the time the cutting

edge reaches point 'b!, the slope/;nd‘hence, the interfer-

-

ence is maximum, so the damping force is also maximum. At
point 'c': since the slope reduces to Oo, the damping force
also reduces to zero. From point 'c' to poin¢ 'e' through
point 'd’', tHe cutting edge cuts witha nositibe clearance,
thus causing the damping force to assume a level less than
the mean value or in other wbrds, a negative haturc. Thc,
assumption that the negative force from point 'c' up to
point 'e' is sinusoidal, is(obviously incorrect since
variation of clearance angles in the positive range have
been found to have no appreciable affect on the forces, but
it is maintained so for simplicity at.the present. .After
point 'e', the cycle repeats it;elf.

The reason to justify calling this variable force
component as the damping force is explaiﬁcd helow. When
the tool is penetrating into the material from point 'a’

to point 'c' (studving blocks A and C), this force assumes
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-given in Table 4.1.
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a magnitude which opposeé the velocity of the tool into the
material and is maximum at pbint 'b'Mwhen the Jélocity is‘
maximum. From point 'c' to point 'e' the tool pulls out
of the material oy has negative velocitv; the force gene-
rated is negative in nature, thus opposing the pulling out
of the tool. This reaches a negative maximum at point 'd’
when the tool has a maximum negative velocitv. Thus in
effect this force opposes the vibratory motion and acts in
phase with the velocity o%.the tool and hence, can be justi-
fi%PIy called a damping force or the imaginary component
of inner modulation. .
Based on this physicaixmodel and encouraging results
of the exploratory investigations, stable cutting tests were
conducted using cutting edges with various clearance angles
for three materials. Earlier the Dynamic Cutting Force
Coefficients had been measured for these materials at condi-
tions which were all similar to the conditions used for

measurements conducted for the first objective, except for

onc. The cutting tool edge used for the measurement of the

DCFCs had a flank wear land width of 0.003" to 0.005"

gencrated by actual cutting. The materials investigated
were 1045 steel, 4340 stcel and stainless steel 304, the
composition and properties of which is given below. Proper--

ties and chemical compositions of 1045 and 4340 steecl are
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CHEMICAL COMPOSITION &
WORKPIECE BRINELL  YIELD

MATERIAL  HARDNESS  STRENGTH  C Mn P S Si Ni Cr
NO.
(B.H.N.) (PSI)

$S304 149 42,000 .08 2.0 0.045 0.030 1.0 8-10.5 20

FiguresAZI to 23 show the measured stable cutting
forces in the two forCe directions for the materials mentioned
earlier. The poZ::s illustrated on the graph are the average
of three Br more reco;dings. The sqgttér in all cases was
found to.be small. The following relevant observations can
be made from the graphs. . |

At most cutting speeds and for all the three mate-
rials investigated the cutting forces were largest in the
case of the negative clearance angle. The force generated
with a 0° clearance angle cutting edge was next insdescend-
ing order and the sharp cutting odéc or the cutting edﬁe
with the positive clearance angle generated the lowest
cutting force. Tests were also conducted at certain cutting
speeds f8r all materials with cutting cdges with two values
of negatide clearance angles as illustrated in Figure ZO.,‘
An approximate linear relationship between the change of

cutting force and change in the magnitﬁde of the negative

"
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clearance angle was observed to exist.

There were, however, exceptions to the observation
of the magnitude of cutting forces for the three different
tvpes of clearance angles at certain cutting speeds. At
these speeds normally at 200 ft/min and 300 ft/min, thé
trend was reversed and it was found that the negative
clearance cutting edge generated a lesser- force than the
0° clearance angle cutting edge. For 4340 steel, Figure
22, at 200 ft/min, the cutting edge with the positive clear-
ance generated the largest cutting force. This observation
when applied back’to Figure 18, block A can explain negative‘
damping, which exists at- those cutting speeds. Thatkis, at
those particular cutting speeds the damping force instead®
of opposing the velocity of the tool, as explained earlier,
assisté it, resulting in- an increase in vibratory motion.

From the observations and discussions c¢ontained in
the chapter , Figure 24 can be formulated. Based on this
figure mathematicél relationships are derived to correlate
the stable cuftiné forces and the DCFCs. The figure is
‘explained below.

The cutting force, { or %p J(main cutting force or
thrust force) is represented on the Y-axis while the clear-
ance‘anglehig'rcpresented on the X-axis. Thé subscript to
the symbol f or af signifies the clearance angle of the cutt-

ing edge to which the force plotted above corresponds. The

. (A
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figure represents the most usual case, the .walue of Af—ve

or Af+ve mav in some cases be zero or asgumo va!ucs of

the opposite nature as alrecady discussed previously. p
Based on the discussions presented earlier, the

real part of the cutting force coefficient for 1nner

modulation is given by the equation:

f .2
- 0 T/in® . . . . . o 0 04
Re(A) b x s x 2240
where b = width of cut (in)
/
S =

fegihfate (in/rev) ) :
This aquation can be directly applied and the

results, are plotted on Figures 25 to 30. The derivation
of a formula to obtain the imaginarv component is a little
more complex. .
Change of forces generated during the c¢vcle when
the clearance angle changeshfrom‘oo to +ve is neglected
in this analysis since thev appear to be static in behaviour.
The observation Ehat their value does not vary with the
change in the clearance angle indicates that they act only
as a DC shift and are not harmonic in nnturé.' Theréforo,
only the Imaginary component of inner modul:ation generated

Q

when the clearance angle changes from O to negative, 15

considered. However, since the force is dependent on the
slope of the modulation and consequently, the maximum value
on the maximum slope, the value of the maximum slope has to

be determined.
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Assuming harmonic motion of the cutting tool in
generating the modulation, the amplitude at anv given

instant is given by the\equation:

9

X = ASin 2«3 . . . . ... oo 4,
W
where
X = amplitude (in)
A = Max amplitude (in)

x = distance along the modulation (in)

and w = wave length of the modulation (in) .
. .. dX _ 2n, Cos 2n
o max slope 1is ax - G‘A T X
The max slope is when Cos %1 x = 1
max slope 1is %%5 (radians) . . . . Y B

; I N A :
Now w = T Y% T TF e e e e e e e e e 4.4
whére

V = cutting speed (ft/min)

f = frequency (Hz) ™~ . .

Substituting equation A.5 in A.4

IO"Vﬁi (radians) . . . . . J-. o . . . 4.5

N

max slope =

Assuming, as mentioned earlicr, that the maximum
force gnerated in this part of thé cycle is linearly pro-
portional to the maximum slope, then

Af

Max Imaginary force = 3 X max slope
S X 7
e e .
GOOAf_3 Af
= . » - 4 L4 6




B N
The coefficient for this part of the cycle is

Co 1 1 1 - L2
Max Imaginary Force x I X§ X 5579 T/in S e A

Substituting 4.7 into 4.8, we get the imaginary

coefficient 0.37 Af_3 f

T/in? . . . . ... . 4.8
Equation 4.8 is divided by 2 to give the average
value as this harmonic force exists for only half the cycle,

.
glving 0.27 Af_ £
Im(A) = .
Vxb

Equation 4.9 can .be used to compute the imagi-

/ind . . .. . . . 4.9

o

nary part of the Dynamic tutting Force Coefficient for
Inner Modulation and the values ebtained are plotted on
Figures 25 to 30 - ‘ S
’ A study of these figures reveal an excellent
cqirelation in the case of both fhe real and imaginary
values*so far as the trends ar¢; concerned. The measured
real parts shdw’a greater degree Bf,variation than the
céomputed values. The magnitudes of the real parts are
fairly similar in the case of Stainless Steel 304 with the

differences varying from very small to large for the other

two materials at different dutting speeds.

- ~

The computed and measured values pf the imaginary

.component of "inmer modulation shaw.a much better correlation

-

eXcept when the values tend to be.negative.  This clearly

indicates that the present analvsis does not explain com-

-
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pletely the dynamic cutting process when the damping is
negative. However it should be ;oted herq that in spite
of the fundamental approach 3gopted and the "fact that this
is a first attempt to explain the DCFCs, the results ;re
encoﬁraging.

Stable cutting force measurements were also con-

€

L

duct?d with. cutting edges having clearance angles as explained‘
before but very largé flank wear land widths of about 0.010",
for 1045 steel oniy. The.DQFCs Eomputed‘fromithis data are
plotted on figure 25 and 26 in double déshgéflipes. ' The
imaginary‘componént of- the t%rust ccéfficiént,is extremely
large in coﬁparisdn fo the earlier'meaSufgment. All other
coeffiqieﬁts iqcréase to a lesser eﬁtent. . These results

are in agreement with Tlusty, Morwaki, and Goel (17).

<

-
: ¥
3



\of the machine tool system.

" ing speeds the“cuttlng process is irregular,

"1nfluence the dvnamlc cnttxng process.

A5,

CHAPTER 5
CONCLUSIONS

This chapter briefly compares the objectives

achieved to those that were laid out in Chapter 1. Future

areas of work that would find solutions to unanswered ques-

tions are also identified.

It was established conclusively that -the measured
Dynamic Cutting Force Coefficients do indeed represent the °

transfer function of the cuttlng process

establ;shed,

Further, it was
that the DCFCs could be coupled W1th the )

dynamic characterlstlcs of the machlne tool

syst \ to pre-
dict the limit of stability. This was donexhxugjﬂparing ‘

" ‘the experimentally obtained b to the b

lim : 1ii computed’

from the measured DCFCs and the direct and cross recebf%nces‘

k1

At most'speeds, speCiaily»in

[

the range that 1s normally used 1n practlce, the pred1cted

value and the experimentally obtained value vere, almost

c01nc1denta1. At lower speeds, large errors seemed to

exist. . Thls is probably: due to- the fact that at low cutt- ‘Z

Tade

“thus affectlng

ﬁhe'forcé.signal~and/cdnSequeﬁt1y, the- accuracy of the
_measured DCFCs.

+

wgrk remalns in’ thls area to verlfv thlS

’explanata.on at 1ow cutting Spceds or. 1t’ some other f*lctors

-
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A physical model to explain ﬁge Dynamic Cutting
Force,Coefficients of Inner Modulation is presenfed.
Mathematical expressions to compute these‘coefficipnts; \
based on the présented physical wmodel, are derived. The
Imaginary Coefficients computed from these mathematical
expressions, show a good degree of agréement with the
measured values except when the values bebome negnjve:

The Real Coefficients computed,'éhough hav{nglsimilar
magnitﬁdes as the measured values at certain éutting
speeds, show a far greater degree of stability than the
measured ones, which tend 'to change considerably with
change,of cutting speedg. These asbects h;ve to be‘fumther
inves%igated: However, if the fact, that a very funda-
mental approach was adopted, is considered, theﬁdegree‘of
accuracy, with whichlthe DCFCs havé been predicted from
stable cutting data, is good. ”

Work howéver, remains £o find similar correcla-
tions between stable cutting forces and the DCFCs of outer
modqlation..'Also §tudies‘have to be,con§uct9d'to.invgsti-
gate,fﬁe‘feaSOnSYWhy the magnitude of the forces change,
in thé manner, that they~do, with chdnge‘of clearance angles.
These gtudies may enaﬁlg_the attainment of thc‘stage'where
ihg bGFCs cbul& be arrived at from the basic\materiérﬁpf¢~
perties, The éaﬁabiliiy_tc‘then egéiiy piédict the limit:
of stébility for anyxma;hine tpbi, u;der:aﬁy cutting ¢6ndi-
tions +and f&; all.materials'wou}d be reééhed. C

. . . . L B -
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APPENDIX
LISTING OF COMPUTER PROGRAM TO CALCULATE
THE STABILITY LIMIT

The stability limit is calculated from the known
Dynamic Cutting Force Coefficients and the horizontal
direct and cross receptances of the lathe.

14

From the DEFCs the

Th t F e'F = b(-A_ X. + X ALl
rus orc b b( p X4 Bp 0) \
‘and the ’
'Maln Cutting Force FV = b(-AV Xi + Bv XO) . . A2
The inner modulation Xi is then related to the
forces by .
X; = 61(w) Py *6,(50) By wv o o oL L A3
where "

*

'Gl(jw) is the horizontal direct receptance
and Gz(jw) is the horizontal ¢ross receptance

Substituting equétions A.1 and A.2 in A.3 we get
' . 2 . - £
X; (1 + G%(Jg?bAp * Gy(ju)bA)), = go(cl(Jw)be + G, (30108 )
I ‘ ~ Y S
Now 1imit of stability is when li—! =1 . . A.S
) . 0
[b(6;(Ju)B, * G,(ju)B ] = J1#b(G; (Ju) Ay + Gp(JulA) |

-

-

- . . ‘o A"A 6

B4

Al
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o e T e —— -

A2

All the terms in equation A.6 are complfx. The

program listed multiplies all these numbers in complex
A

.form; squares the real and imaginary parts and adds them

on bth sides to forq a quadratic equation in b, the
limit of stability. The valubs of the DCFCs are those
obtained experimentally. The values of the receptances
are measured to the appropriate scale from Figures 13 and
14. Ten values of direct and cross receptances at inter-
vals-of half a cycle on either side of the freﬁuency_at
which the minimum value of real part occurs‘on‘tﬁe direct
receptance curve, are fed into the pidgram. This is, since
it is obvious by its'magnitude; that it is the domirating
mode. Limits of stability at each frequency interval is
calculated.

; A specimen output is also listed. This specimen
corresponds to 1045 steel at 600\ft/min.ﬂ_The DCFCs printed
on the output are taken from Figures 9 and 10. Since ten
sets of valués of both the direct and cross'reéeptances'are
givern in&o the program and the solution of the quadratic

equation gives two roots, ‘twenty. values of b are obtained.

lim
The lowest positive value is taken as the limit of stabiljty

which, in this case, is the circled value of 0.09608.

»
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