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- ABSTRACT - o -

A new approach for the assessment of a machined surface

is presented on the reasoning that the surface is formed by

the superposition of i) a thecoretical or basic profile which
<

results due to the operation_kinematics of the machine tool

-

system and ii) a random or fundamental roughness caused by
' i
the relative vibrations between the cutting edge and the,

t
workpiece. ) ' '
<, N

To determine the response of the machine tool system,

the equations of motion are formulated by considering the

. . S
machine tool as a two degree ~of-freedom system, being exdited
- o T

fl ~

is accounted for in the form of an ecquivalent white noise

spectral density of the cutting forces expeflenced by the
machine tool under specific cutting conditions. An analytical
expression for theeresponse of the tool 1s obtained from the
stationary solution of the probabilistic equations which de-

L3

scribe the mean sqguarce response of the system. Using the root

mean square value, RIS, as a mecasure of surface roughness
. , P N
amplitudes, an cxpression is derived to estimate the CLA-

>

value of the surface roughness of the machined component.

A series of tests was performed for a finish turning

operation in which the rané&m cutting forces and the torresponding

b
surface roughness of the workpicce were measured, recorded
. . L "

‘% by the randomly varying metalscutting forces. The excitatlddvld

~

?
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and analyzed. Résults indicate close agreement between the

CLA-values of the measured and ‘comouted surface roughnesses.
To establish direct relationships between the stochastic
characteristics of the ;i::fng forces and surface texture

produced, the recorded als were processed through a se-

v

quence of computer programs and various excursion parameters
such as mean crest excursion, root mean square crgst excursion,

]
etc., about preyscli}ted levels from the CLA-value were com-

~

puted. For the values of the probabilistic parameters of

the forces and surfaces which are of significance in finish

turning, the results indicate that the interFrelationships

.
3

could be approximated to.linear relationships. Fro@‘tpese relatio-

nsﬁips,it may be possible to estimate the quality of the surface

- \ : i - B

0

finish'from the cutting conditions employed.
Finally, it 1s proposed that a library of information . .

be established on the cutting force fluctuation characteris-

tics with the corresponding surface roughness parameters for
all cutting conditions and workpiece materials through ex-

haustive tests similar to the one presented i1n this ‘investigation.
/ »

A quantitative analysis of this informaticn will lead to a set

4 o~

- . A - 4
of graphs from:which it could be possible to estinate the

A »
quality of the surface from tHe cutting cond;tions for different

[

workpiece materials. ' !
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. " CHAPTER 1 . o .

: \>_' INTRODUCTION

¢

.

Vibrations arise in all metal cutting operations and are
undesirable especially from the viewpoints of surface finish
and dimensional accuracy of the manufactured component. The
formation of surfacc texture depends oﬂ the vibratory response -
of the tool which in turn depends on the naéure of the metal
cuttiég forces. : '

1.1 Review of Previous Work

A considerable amount of research has been published én
the analysis of the effect of vibrations on the machine tool
system as well as on the quality of the finished product.
Most of the researchers developed mathematical models of the
machine tool system under»self—excited and forced vibrationsf
and established stability criperia in terms of the rotational
frequency. These models [1-6] consider deterministic equations
of motion of the system with a harmonic cugting force excita-
tion. With such deterministic models it is only possible to
investigate phenomena liké chatter instability during a rough
machining operation, where maximum metal removal rate is of
prime importance. On the other hand, the éué}ity of surface
finish and dimensional accuracy are the major objectives in a

finish machining operation, which is characterized by low feed

rates and high cutting speeds. Therefore it is essential to

¢ ¢




gk

analyze the vibratidnéﬂof‘iﬁé system during finish machining,
N ’.:Aw,.um‘ B ‘

’ A .
which in turrn - depend on the stability o(\the spindle-work-

o

pPiece system. A
» ' %

Although very little research has been c rriedtout on

«

)

the stability of machine tool spindle systems uhder finish

'

machining conditions, there has been a good deal &f work

done on the stability of symmetrical and unsymmetrical rota-"

'\

ting shafts by a number of authors [7, 8, 9]. The iﬁforma—
tion available from these research works can be effecfively

“utilized in determining the stability and response of a .

\

machine tool spindle system under finishing operations. .
PR NN "

Presentation of a compléte surwiy of all such rgsearch pa)

would be. a major undertaking and hence, only those papers

which are considered extremely relevant to the/ present inves-

tigation are mentioned. Most of the authors are of the opin

K]

ion that the instability of transverse motion of symmetrical

¢

shafts can occur, in the absence of internal damping, only,“
at certain speeds of rotation, whereas instability can occur
in the case of unsymmetrical shafts for a whole range of

speeds. It was suggested by Kimball and Newkirk [10] that

the internal friction might be caused by elastic hysteresis

(e

~

which would act as a q§mping force rotating with the shaft..

{
\
ummarized the causes of vibrations

o]
in rotating shafts in a series of theoretical’ and experimental

Later, Robertson [11]

Y

investigations. 1In particular, he challenged the concept of the
¢ .

viscous law of internal friction, discarding it in favour

O

N °
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1

of a law by which\quping forces were a function of the changé
.

—
of strain. It may be noted that such a treatment of hyster-

etic forces gives a better explanation of known experimental =’

‘K
>

results. But neither Robertson's nor those involving
rotating.viscous damping 1is ?xact and such refinement of the
mathematical model 1s not aldﬁys essential. It may be worth-

while to consider the fotatin@ viscous damping of the spindle

under certain conditiong and ls utilized in the present

. . . D ~
investigation,

In all the above mentioned papers, self-induced wvibra-
: tions of the rotating shafts were studied and the stability
boundary is defined in terms of the ratio of external damping
of the system to the internal damping of thé rotating shaft. .
Over and above the causes of vibrations in a rotating shaft,
the dynamic analysis of the machine tool spindle gystem should
include the effect of egternal excitation due to the fluctu-

ation of the metal cutting forces during the finishing oper-

\al

.+ ation. C. Bagci [12] used matrix method to solve torsional,

couplea torsional and lateral vibrations of shafts. In this
apfroach, lumped mass parameter system is employed énd a
digiéal computer technique is developed to determine the
natural frequencies of the system.'

The ﬁrobabilisﬁic approach for analvzing the machine tdol
vibrations is very recent. In fact, it is’only after Bickei

[13]) and Field [14] had recognized the stochastic nature of

<

F

-
]

&




the metal cutting farces'that attention is now focussed oA such
approaches. A better understanding of the vibratory response
of the machine tool system could be obtained only if the cut-
ting force variations are represented stochastically in the
equations. of motion of £he syséem. However, the justifica-
tion for sfch an iqproved model will depend onn the degrée

of rageomness of:the cuéting forces which, in turn, depend

on the\type of machining operation such ?s rough turning{
finish ﬂurning, milling, grinding, etc. 'The results obtained

\

\v
by Bickel [13] show that the degree of randomness could be

‘as high a¥\30% of the steady state cutting force. For finish

turning and grindihgﬁoyeration a degree of randomness as
low as'lO%‘could produce a detrimentél efféct on the gurfaée
texture of the manufactured component. Peklenik and Kwiat-
kowski [15] attributed the following reasons for such ;andom
fluctuations of the cutting forces: ”
1) Non-homogenous propeéties of the workpiece
material, | ’

l
2) Randomness of workpiece input dimensions, and +v

‘3) Irregular machine structural properties. —
Although techniques éxist for determining the response of a
generalized system under randoﬁ exci&ipg forces, there has

geen no signifi¢ant attempt to utilize.these theories in the
field of machine too} dynamics. Caughey and Stumpf [16] intro-

duced techniques for obtaining the transient solution of a
J -

¢

I
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small eccfentri‘city might result in a torque in addition. Such

"and' the investigation of the dynamics qf the system is more

complicated than the method shown by these authors.

single deqree-of-freedom sysgtem when excited by random forcing
functions. A similar paper had been publishe\d by Hu

[17]. The approach of these investigators may be adopted to
> r ot ‘ ‘l’,";‘
solve the differential equationxof motion of a machine tool

system provided it can be modeled as a single deqree\—of-'

freedom system.

' Bhandari and Sherer '[18) solved both single and two

degree —of-freedom systems for random excitation using the
Fokker—Planck approach. 1In their two degfee -of~-freedom system
model, the forcing functions are arranged in such a way that
there was no coupling in the equatié;\_s of motion whereas in
most physical phenon‘\ena i“t is usually found that the forcing

functions are coupled. For erxample, a force applied to the

mass of ajsystem may not produce pure translatory motion. A

is the nature of the cutting forces on a machine tool system

Very. recently, Sankar and Osman [19] published a quali—"
(

tative .paper on the flexural stability of a machine tool spindle

9

under randomly fluctuating c¢utting forces. In their analysis,

they assumed that the torsional forces acting on the spindle

were constant and the components of the cutting force affected
only the flexural stability of the spindle. ' Thus, they were \

able to reduce the system to an equivalent single degree-of-

/
!

4




~freedom and then analyzed the stability using the Fokker-

Planck technique. - :

¥

To find the response of a machine tool during finishing \ .
operation it is necessary to consider thé spindle and work-
piece as’ an integral unit. The cutting forces actingﬂpn,a N
wo;kpieée will have an influence on the machine spindi;, thereby
introducing at least two degree -of-freedom system in the mathemati-
cal model. Such an"approach is presented in‘this investiga-

“tion. Roberts [20] reported a method of obtaining the response
og linear ‘vibratory system to random impulses. In his opinion
such a method can be_successfully utilized to fiﬁ? the responsg~
ofﬁ linear system for continuous excitation provided the time

interval between two impulses is sufficiently small.

Kwiatkowski and Bennett [21]“uséd\the correlation tech-

niguevto determine the machine tool regkeptance. This technique

]

asdescribed fulfills the requiremen

'I's ho- better in achieving realistic test results than the

of .a quick test but it

-frequency response ‘method, due to noise neutralization by time

averaging. Osman and Sankar [22] devefﬁped a short-time

¥

of the machine-tool-workpiece system under random cutting

/") '
acceptance test for machine tools g}ere the dyﬁamic response

forCes was utilized to determine the dynamic stiffness of the
LT

~

machine tool. . ) " \

) W

1.2 Limitations of Analytical Approach

To establish a valid stochastic model for a machining

¢ “
ar < - .
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v process like finish turning and grinding, it is nece

1

. ‘ ™
complete statistical characteristics of the cutting forces,

that cause the random vibrations of the components of the
machine tool, are available. Such stochastic representation
of the cutting fo;ces can be ébtained only through a number
of exhaustive tests under all possible cutting conditions.

From the analysis of the experimental records of the cutting

force signals, idealization could then be atteﬁpted to repre-

sent the ;andom cutting forces in the mathematical model as
stationary or non-stationary, Gaussian or non-Gaussian, broad
or narrow band process. ‘

Even if the machine tool system with its cutting forces ’
was represented by an acceptable mathematical model in terms
of a probabilistic differential équation, the determination
of the sclutions for the response process will depend upon
the degrees of freedom, egree of linearity and modes of

\)
b
H
i

vibration of the system. ?Further, the exact representation

e 3

of the stiffness, internal and external damping of the system :

in the mathematical model are difficult because such charac- e

teristics are influenced by ¢he principél modes of vibrations
and would require elaborate experimental investigations.
Hence, a comprehensive solution for such a model to give all
necessary responses will be difficult. ~ |

.o The vibratory responsec of a machine tool system is of T

interest for two reasons. First, it determinés the -functional

O
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n

o

}mchine tool such as stability and secondly, \
it contains information on the quality of surface texture of

pd

- N N AN
the machined Tompohent. The investigation reported here

deals on}y with the latter aspect of the problem. The rela-
t;bn between the vibratory reséonse of the tool tip and the
amplitude fluctuations of the surface produced is nét,exactlf
known because of the various qpknowd’quantities such as elagto-
plastic flow of ghe chip, interface temperature distributiong
the relevant therﬁodynamic process involved, etc. Therefore,'
to establish, pureiy through analytical reasoning, the char-
agteristics of the surface texture from thesknowledge of the
response of the machine tool systep, whi¢h in turn is dictated
by the random fluctuations of ﬁhe cutting forcés, is an: ) S
extremely complex problem. But, if through detaileg‘ékp&{if

. i ~
mentation‘pgbbabilistic data on the cutting force fluctuations .
were obtained for a wide range of cutting conditions an§ the
gtatisticél ¢haracteristics of the corresponding surface
texture were evaluated, then- it might be possible to establish
at ‘least some empirical relatijons between the cutting conditions
and thégexpected surfaceée texture. Such eﬁpirical relationships .
are breéente& {n this thesis for a finish turning operation.’
1.3 Scope of the Research Work |
F~‘ \@he pu}pose of this iQQestigation is to prégéﬁt a limited

> s \

analytical investigation and supplemeﬁﬁgry experhnental evidence .
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on the gtochastic,characteri;tics of the cutting forces in

finish turning and the parameters @escribing the resulting
- (\ surface roughness. With this information, it would be'

o

possible to relate directly the major probabilistdic para-
meters of the surface to the.corrédsponding cutting gdtce
descriptions or the cutting conditions that would produce such
cutting forces. The aim of such a procedure will be to make
available, evenghally, a library of iqformgtion on cutting
forces under all cuttingﬂconditions for different machining

- processes with paramétric description of the surfaces bro—

"duced from which empirical relations could result for esti-

AN

" .
mating the surface“texture directly from the given cutting
conditions during & particular machining cperation. In
other words, it would be'péssible to specify the controllable

: .. variables of the machine tool such as feed rates, speed for

3 \

‘ .
a particular material and the machining process (turning;

\

milling, gripding, etc.) to ‘obtain ihe required quality of
2 o

¥ ¢ -

the surface £inish. B ) o
In Chapter 2, the mechanism of the formation of the
surface texture is descriged. T%j?>§ﬁéritical review of
the éxistihé surface -description methods is presented and
an improved method.of surface texture description'if/fﬁgEosqd.

The mathematical .model of the macbine-toolrwérkpiece

system is formulated in Chapter 3, by taking into account

the foliowing features:

-~




-

-

a) randomness of the cutking forces,
b) axial éymmetry of the bearings,

c) absence of'any unbalance in the spindle, -

1 d) bearings exhibiting viscous damping properties,

and -’ .

.
’

e) viscous damping properties at the cutting zone.

The analytical expressions or the random response of the tool-
wo;ipiecé—svstem and snindle are obtained from the stationary
‘'solution of the probabilistic equations and are outlindd in
Chapter 3.°¢ QSing intefnation?liy_accepted par?meter RMS
(root mean square of surface irreqularities) as a measure of

surface texture, an expressi0n<is formulated to describe the

andom or fundamental roughness of the surface using the //\\\\

sponse characteristics of the system.

-

In Chapter 4, a procedure is described to assess a sur-

face texture from the cutting ‘conditions and the RMS-value.

of the teol-workpiece response. ;

o ' . Experimental investigations are presented in Chapter 5

for turning operation‘with specific cutting conditidns. The

.

cutting ¥orces and surface roughness profiles were measured

and recorded using commercially available laboratory equipment.
The viscous damping coefficient of the machine tool system
is then determined from the frequency response test.

. . The recorded signals were then processed and analyied

to determine the frequency spettrum, s§§ctral density and

peS— =

"
th
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probability density of the cutting forces and surface rough-

~

nesses as descrﬂggg\un Chapter 6. A computational procedure

for the gLA—valuc of the surface is also presented in this

chapter,. -

N -

| y :
Expeﬁimental inves%igations are nresented in.Chapter 7

for estimation of surface roughness parameters from the

t

‘cutting force fluctuation characteristics. From the results .

«0f the investigations, cérrelations are then established
between th; cutting force fluctuation characteristics and the
corresponding surface roughness parameters. For a lengthwise
correlation, the analog signals of the cutt;nq forces and
surface roughnesses were converted to a set 'of discrete data
points by a sequence of computer programs. These éata polints
are analyzed to, calculate the various statistical parameters
such' as mean crest excursion, RMS-value of crest excursioné,
average wave length of the profiléé, etc. With the help of
these parameters, relationships between the cutting force and
the surface roughness characteristics are established through
a set of plots.

Investigations GCortedbalso contain the effect of cut-
ting speéd and tool wear on the cutting force and surface ¢
roughnesg characteristics. Results show that the cutting speed
and tool wear do not havé any appreciable effect on these
characteristics as indicated in Chapter 8.

i

Fiﬁally, discussion of the results, conclusion and

recommendations for future work are presented in Chapter 9.
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. CHAPTER 2

SURFACE TEXTURE IN METAL MACHINING

2.1 - Formation of a Surface Texture in Metal Cutting

In‘any metal removal process, a surface profile 1is
produced on the workpiece after each cut. The texture thaé-
remains on the\Qorkpiece surface at the end of the final cut
is known as the surface texture of the manufactured component
The cutting conditions that are employed durjing this fin&iﬁcut

;\ogﬁiéki n and are

usually characterized by low feed rate, high cutting speed

"are of special nature for a finishin

and small depth of cut.

s

In the present'inﬁéstigat}on, the surface texture that
is formed during a finishing operation is of interest.
Sur face texture obtained by finish-machining consists of

two distinct components — . ’

a) a theoretical or basic roughness and i .
b) a randoﬁ or fundamentalfrouqhness'superimpé%edf; ‘
over the_thedretical roughness. j

Tﬁe theoretical royghness is formed due to the operation
kiﬁematics of the machiné, such as feed, tool geometfy, etc.
and is shown in Figure 2.1. The random roughness %s primarilx
caused by the relative vibration between the tool and the
workpiece which“in'turﬁ depends on the randomly glquuating
metal cuﬁting forces; The formation df the random roughness

LY
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Flgure 2.1 THE MECHANICS OF THE FORMATION OF A BASIC 'SURFA({B
PROFILE IN A TURNING OPERATION A
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can be explained in the following manner.
In any metal cutting operation, the metal near the cutﬁing
edge is deformed plastically until the chip is sheared at a

plane of maximum strain defined by the shear angle 4, as shown in

te

Figure 2.2. Due to the high value of the combined shear and

compressive stresses at the cutting edge, a micro—é}ack devel-

o;¥ and propogates in front of the cutting edge at a level -

gi\ n approximately by the cexpression (s - ) where < 1s the

uncut minimum depth of cut and s is the depth of cut. This

is also illustrated in Fiqure 2.2. According to Sokolowski (23] and
Lambert [24] the value of.e¢ depends on general conditions of
machining, primarily on the radius p of the cutting edge.

This.uncut depth ¢ is squeezed by the cutting edge undergoing

«

elastic and plastic deformations. Thus it can be written
5 £ = E_ *+ € (2.1)

\
4

1
wrere cp is the part due toc plastic deformation and o is

»

‘d§e to elastic deformation.
/ ‘ As the todl moves forward, the elastic deformation €a
of the uncut depth £ries to spring back to its original shape.
In the absencé of any vibrations of the tool, there will be
no texture formation on the surface of thesworkpiece. However,

»

. if the tool is vibrating; which is the case in all machining

operations, due to the regenerative cutting forces acting on ' -

the machine tool system, the elastic deformation €, Will not

T
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be allowed to regain fully its original shape bécause of the

- oscillation of the t6ol. The vibratory response of the tool,

which is basically random in character during finish machin?ng,
will be Iepioduced on thé]workpiece surface, along the direction
o£ cutting, forming a random roughness préfile. In the case

.0of turning operation, such random roughnessrformation is pro-
duced along the circumference of the workpiece thereby giving
rise to a transverse or circumferential roughness. Successive "i
sets of transverse roughnesses along the feed direction of

the tool give rise to the longitudinal.roughness of the>surface,
which is of interest in this investigation.

Now, to describe these roughnesses, as any other randdm<
t-

signal, certain statistical parameters are necessary. The more
N

commonly used parameters are the centre line average or CLA

N

N

N ’

value, the RMS-value, etc., In the following section a'feview

'of literature that used various stochastic parameters to de-

scribe a surface profile 1s presented.

22 Surface Texture as a Random Process

The micro-geometrical characteristics of machined sur- |
faces art so complex that their precisekdescriptiéh with a ‘
singie index like centre line average or CLA value is almost
impossible. For ﬁhis reason, the roughness standards that
are presently available and the definitions which are associ-
ated with them are not completely satisfactory. ‘From the

point of view of industrial applications, advances in surface

»
i
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texture assessment should leed te some universal method of
predieting the performances of all types of manufactured T
sur faces.

Fatigue strength, surface bearing capacity, wear resis-
tance, friction characteristics and surface lubricability are
‘examples of the many requirements that are directly affected
by the surface roughness of the manufactured component. The
need for a meaningful method of describirlg a machined surface
and establishment of relationship between manufactu;ing,pre—"
cesses and the necessary.functional properties of a sgrface,
therefore, seems evident. ‘ . s

Deterministic methods of describing surface rougheess o
fail because of the fact that surface fluctuatioeé are essen-
tially random in nature. This is why statisf:ic’\methods are
being developed to define the complex characteF ef a surface.
Pesante [25] suggested the amplitude density curve.for the
determination of the surface roughness typology, while
Peklenik [26], considering a surface profile as a stationary:
random process, introduced the correlation éunctions as-tﬁe
most‘comprehensive method for serface description. Nakamura
[27] and Onlshy [28] utilized the autocorrelatlon functloh
and dlsper51on spectra or the root-mean-square value for

| '.,

defining surface texture. Spragg and Whitehouse [29] empﬁa—
éized the use of average wave length of profile as a measure

of surface texture. Later, Peklenik [30] introduced the mean.

thlckness of. the profilé and autocorrelatlon of the slope. . '
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These two parameters were computed in terms of the average

number of crossings of the sample record per unit length.
The average profile thickness was defined as the ratio between
the length of the surface textu;e record ahove a preselected
amplitude level““am“ and the number of c¢rossings at this level.
The second parameter, the standard deviation of the slope,"

was computed by considering the sccond dcrivap%ye‘of the auto-

correlation corresponding to a zero lag value,

While the auto-correlation function discriminates between

1

periodic and random components of the profile, squesting'a
means of typological surface classification, 1t appears to
be too complex an undertaking for practical application. It

is also possible to have two distinctly different surfaces
¢ ,
possessing almost the same autocorrelation Vvalues and average

»

wavelengths. Furthermore, these methods do not provide a

means for the lehqthwise description of the extent-of crests

and valleys present in the surface profile. Description

along the length of the surface is importa;t because the
mechanical properties such as béarng strength and lubricability
depend to a grea£ extent on the lengthwise characteristics

of the surface typolé@y. Sankar.and Osman [31] employed the
theory of stochastic excursions to obtain probabilistic para-

meters describing crest widths and valley spacings about dif-

. =

ferent levels measured in terms of the basic CLA-value. It

‘o

2 N ‘ g o . <.
was broposed that such an approach would give a sufficient

« e o~ ¢

)




- measuring dynamometer. The method of Sankér and Nsman [31] is
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number of key surface roughness péfémeters for both height
and lengthwise characterizations, namely, the CLA- and RMS-

values for amplitude descriptions and the mean and variance

" for the intercept excursion descriptions. The method was

also computerized for practical applications.

In this thesis, the CLA- and RMS-values are employed to
describe the surface roughness“amplitudes. These character-
istics of the roughness amplitudes are analytically obtained
from the vibratory response of the tool. 1In order to deter-
mine the vibratory response of the tool the cquations of motios
of the machine-tool-workpiece system are solved to give the
résponse of the tool-workpiecé system which is then utilized
to derive an expression for the fundaéental surface roughness
of the workpiece. Although the vibratory response is also

v
responsible for the lengthwise formation of the sﬁéface it -
is difficult to derive the excursion parameters from this
response, becausetof the difficulty in measuring the actual
response of the{gool close to the tool-workpiece interface.

<) 2
On the other hand, the cutting forces that are responsible

for this'too} response can easily be measured with a force

utilized to cdmpute the cutting force excursion' parameters
as well as the surface roughness excursion parameters. The
purpose of this investigation would be to establish some
direct relatfbnships, if any exist; between the excursion

parameters of the cutting forces and the corresponding surface
‘ )

[y

¥
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'roughnesses. From such relationships it might then be pos-

13
v

siblle to estimate the surface roughness gquality directly from

thel cutting force characteristiés for any given cutting
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CHAPTER 3

DYNAMICAL ANALYSIS OF A MACHINE-TOOL-WORKPIECE SYSTEM
-

3.1 Description of the System

N

A machine-tool-workpicce system consists of a machine,
a tool with a cutting edge And a workpiece from which metal
is removed. For any metal removal process, a relative motion

between the cutting tool and the workpiece is essential. The

[ ]
workpiece material being softer than the cutting tool, metal
L §

there are twd groups of machine—tool—workpiece systems that
are classitied on the basis of the‘type of relative mgtion
between the tool and the workpiece. )

a) In the first roup, the workpiece is attached

-~

to the machine spindle and has a rotary motion,
S whereas the tool is fixed on the machine béd
and has a translatory motion, for example:
\ ——
¢ lathes, boring machines, etc.

b) In £he second group, the tool is attached to
the machinetspindle and has a rotarv motion,
whereas the workéiece is fixed on the machine
bed and has a translatory motion, examples
being Milling machines, drilling machinecs, etc.

As far as metal remoVal is céncerned, tthe two groups £

of machine-tool-workpiece systems are the same since both

involve relative motion between tool and wgrkpiece. In this

7

is removed from the workpiece in the form of chips. In general,

S
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thesis, machine-tool-workpiece systems belonging to the first

grodp are investigated. Fidure 3.1 describes the major compo-
nents of a lathe system.

\

3.2 Assumptions

Several assumptions are made redarding the'mathematical

\

model of the machine-tool-workpiece system. The workpiece

is considered to be rigidly attached to the machine spindle

and forms an integral part of the spindle. The bearings in
which .the spiné}e—workpiece‘uni£ rotates are taken to be
rigidly\mounted in the housing. The inner races of these
bearing aré considered to exhibit some viscous damping and
stiffness properties, and could bg represented by a viscous
damper and a linear spring in the mathematical ﬁ%ﬂel. In
;eality, during any metal cutting procdess, the contact fric-
tion between the teol face and the chip gives rise to Coulomb
type of friction damping. The dissipative forces of such
friction damping have non-linear variation with the relative
velocity of Fhe tool and workpiece. Because of the complexity
involved in evaluating this type of non-linear damping force,

previous ihvestigators [32] defineg an equivalent viscous

'damping and obtained respoﬁses that compared reasonably well

with the actual responses measured. Similarly, in the present

analysis, the friction damping between the tool faces and the
: 4 : (

chip 'is approximated by an equivalent viscous damping and is

represented by a dashpot between'the tool and the workpiece,

’

2

PN
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as shown in Figure 3.1. Further, the tool is assumed to be

rigidly~mounted on the toolpost.

| In addition to the ‘above assumptions, the spindle is

taken to be of constant cross-section in the analysis even

though in an actual machine, the épindle has varying cross-

sections as shown in Figure 3.2. Turther, it must be recognizéd

thét the cross-section of the workpiece changes after every

cut, In order to simplify the model, it is decided to. perform

the dynamical analysis using an equivalent uniform cross-

section for the spindle-workpiece unit: The complete spindle- )

workpiece unit is then replaced by a set of lumped masses

connected by massless shafts as illustrated in Figure 3.3.
During a turning operatioﬂ, in addition to the flexural‘

motion of the spindle-workpiece unit, there exists a torsional

motion due to the flexure-torsional action of the cutting

forces as described in\F‘igure 3.4. The effect of the torsional

action depends on the relative magnitude of the components R

of the cutting forces and the workpiece dimension. ;n a

roughing operation where maximum metal removal rate is of = -

primary concern, the cutting forces are relatively large and

hence, the torsional action of the cutting forces might be

expected to influence the stability such as chatter during

machining. On the other hand, surface roughness and workpiece

Ve
accuracy are of major importance in a finishing operation.

The cutting conditions employed for finishing induce cutting




\ . . . ;v. ~ . . \ . / ’ ° .«
“.  FIdNIdS 7T00L “INIHOVW FHL JO z‘mummomu v .z @anibra

1 B . .
7 . . / .
. :

. a A,

5 . .

o

N

. . .
N ! . '
N v ,
‘
D ”
. - T . .
] S ce |
= YOI IS OINS !
n—‘ lllll »1'"""" ”" —— — ——

ney —_————————— et e d e e e e e e — -
9
A

SOITIITIIIIIISS.

4

r~— 3

- A | | N =B " ) ) 1%
& . u l. . x




_27-

< l —>le d >
X1
, o l
P
ol
:X;“\‘\. ,-_—-__-——’3;:/ A 1
p, (1)
>4 - ‘!,.-\\
Al
o~ —
m -
:X.l\'*?-&:jﬂ—'/;% m‘
p, {t)

Figure 3.3 LOCATION OF LUMPED MASSES IN THE MODELING OF
THE SPINDLE-WORKPIECE-TOOL SYSTEM
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forces that are comparatively small in magnitude and have
little influence on the stability of the machine system.

Also, thjf;gtgxnal torque produced by the cutting forces is

negligible compared to the magnitude of the flexural forces.
5 .
\__ It may then be reasonable to neglect the torsional action of
T T the=cutting forces in the dynamic analysis of the machine-tool-

workpiece system under finish machining conditions.

3.3 The Mathematical Model

Exciting Forces: The vibratory behaviour of a machine tool

system depends on its“dydamic characteristics and on the type
of\external excitations which originate from the drive and

the machining process employed. For the finish@ng operation,
high precision machine tools are normally emploved and hence
disturbances arising from machine drive are negligible 'compared

to those contributed by the external cutting process.

Stiffness of the System: The mathematical model presented

in this investigation considered the cutting forces to be
random and introduces the-effect of the spindle stiffness on
the résponse of the tool-workpiece system. The spindle-
workpiece unit is taken to be statipali& and dynamiqelly

~ balanced and is considered to be running at a constant speed.
The system is assumed to exhibit some wviscous damping proper-

ties along with linear stiffness properties under the action

of the cutting forces. >

Damping: When the machine system'is subjected to dynamic

&

3
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cutting forces, it exhibits two tvpes of dissipating forces —
external and internal damping. The external damping is

caused by the environment of the spindle at the bearings

and the workpiece at the cutting zone, while the internal

damping is accounted for by the material of the spindle-workpiece

system aue to elastic hysteresis. Thege damping effects can
effectively be treated by introducing the concepnt of eguiva-
lent viscous damping. The external damping can represent the
effects of a stationary viscous environment, while the inter-
nal one can be thought of as being caused by a viscous medium
which rotates with thé spindle, the two dissipating media co-

existing but independent.

3.4 Eqguations of Motion of the System

On the basis of the approximations emploved for the stiff-

ness, damping and exciting for%es in the machine-tool-workpiece
system, fhe equations of motion of the system can be derived

|
and expressed in terms of|either a set of stationary or
rotating axes. Inythe present case, the eguations are written
in terms of a set of stationary axes. Since the internal daﬁ—
ping depends on the absolute velocity of the system, it is
necessary to transform the damping term with respect to a
stationary coordinate system.
. As sgown in Figure 3.3, the system consists of a spindle

of length "I" supported between two bearings and a workpiece

of lengt%\“a". The cutting forces acting between the tool

¢

\
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and the workpiece, produces a deflection "x" of the workpiece

o

and "y" of the spindle.

-
a9

Let 0XZ be the plane in which the flexural ﬁotion of
the workpiece takes place due to the cutting force andyx(Z,t): .
be the displacement of an arbitrary point on the workpiece.
To refer. this displacement relative to the rotational movement

of the spindle-workpiec? unit, letJU(Z,t) designaté the dis-

placement of the sam=2 point on the workpiece with respect to-
the rotating plane OUZ as shown in Fiqure 3.5. The displacement

"u" is then’ related to the displacement "x" by the transformation

)
' -

‘ u = x cosb (3.1

where 6 is}the angular displacement of the point considered

on the workpiece surface. Similarly, ifjy(z,t) is the dis-
placement of a point on the spindle with reference to the
stationary plane and Vv(2,t) is the corresponding displacement

°

in terms of the rotating axes, one can write

v = y cos§ . )‘« (3.2)

(

Let aij be the ihfluénce coefficient of the system, -.

"

which defines a deflection at a location "i" due to a unit
load at "j". Then the defiection "x" of the workpiece under
dynamic conditions will be the summation of the deflectionsn
due to inertial, damping énd stiffness fprces and the external

exciting forces. For the case of the workpiece, deflect39h~

¢

A ‘ .
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o

due to the inertia forces is gigpn by* the expression

o ’ f
N .. | s
‘ . —[mlxall'+.p?yalz], .,

! LS \ N
: o
where ™ and,m2 are the masses of the workpiece anpd sp%ndle
) v > i . :}
resnectively, ! :

X is the deflection of the ‘workpiece,
v is the deflection of the soindle, an?

@317 %95 are the influence coefficients.

As indicated previously, thefé/;;;\wa'types of damping forces
— internal and external. Since both of these dissipative
forces are considered to be viscous, they are proportional

. 8 .
to the velocity of the mass of the system and can be written as |
@ s

d d d ! d \
Ci EE{X cosf) , Ce E?‘X)' C. EE(Y cosf) and Ce 3€(y) i

C. represents the internal viscous damping
coefficient, and
C_ represents the external viscous damping
coefficient.
Hence, the deflection of the workpiece due to these damping

forces may be expressed as

. N \
| _— -

d ,° d
-[Ci EE(X cose)a11 + Ce‘EE(X)all +
c. 9 (y cos8)oa, + C. S(y)al,] . )
iagey e 12 * Ye @t ¥ %12l

¥




Using the beam theory the spring forces experienced by

the workpiece and the spindle under the action of cutting

° . forces can be written as : ‘ :

¢ <

Ad'x d“z
o EI —= and EI -
- dz* “dz"

-

2

respectively. Thus the deflection of the Qorkpiece due to g

. i o
these spring forces can he expressed as

h3

d’x d'y
] [EI v %11 * BT P 5]

- +

~

" where EI represents the rigidity of the equivalent spindle-
workpiece unit.

[N
N

The deflection of the workpiece due to the external cutting

f//r fofce P(t) is

P(t? ull:

W

Hence the total deflection "x" of the workpiece can be written
. \ :

as i . 2

%

o}
¢

. X = -mlxa11 - mzyglz - Ci‘3€(x cose)q11

' d a , .
g : Ce agix)all ci.ag(y Cose)ulz - ' . (3.3)

-4 _ gy @'x a x
. ) Ce a-E(Y)ulz EI 5?’011 EIEZ—"XQIZ + P(t)(l
i v ) 7/
R I

~

11

- §imilarly the deflection of the spindle "y" can be expréssed as
e

[ — o . ,

V.
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y = -myXoy) S my¥o,e = € Fgolx cosblay) -
’ ‘. .
e 4 - d_ wn - ¢ 9 .4 :
C, t,(x)azl c, It (y cos®)o,, = C. Ff (y)‘uz}‘. (3.4) .
d'x - a* ) '
) - EI ;3;_"021 EI -é—z'%(lzz + P(t)a21 .
For sméll values of the -angular displacement §, )
cos 6 = 1
. % “ : -
Hence, the equations (3.3) .and (3.4) ‘are rewritten ‘as
. ' \ e
x = mlm¥ayy ¢ mp¥ay, * Cyxagy * Cgxayy * GYey, \
Sia . : : ‘ (3.5)
. , )/ dh i
- N
+ Ce¥°‘l2 + EI il + EI\_-Xudz" 12 . P(t) ull] : .

.
]
L3 4 i

o= ~[mFayy m,zi"“zz * Cixag) * CeXayy * CiYay, L

4N 4z aty o (3.6,
+ Ceyazz + EIE;;:O.zl + EIE_:&22 - P(t) (1211' : h N
Further, / . , .
- ' ’ \ ' .
,‘ = C. " (3.7) . .
. | . ‘ C=C+ ce‘ o ' (3.7)
N < ,

swhere C is the coefficient of the total viscous damplng in

\

the system. The value of C 1s experlmenta.l.l* determlned gy (
‘meas\urlng the reSponse of the machine todl- system under trlﬁl

tests and 1is explalned in Chapte’x 5.

; >
Substltutlng &uatloﬁ (3 7) into eguations (3. 5) and :6)
) : N aa
one ’can wrlte - ) b o ,
L A ’ , -k
e \‘. p , " . .
.
~ 0 8 . M L] i |
- + /a
) 9 - ,
- . . »k . .
. !
\ PR \ W
iy Lo T © 9 e ¥
‘, ) e . ’1 i . ; . . - - . . 7
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. ye
<q .
¥ = mImpRagy + mpFay, + Cxapy % Cyag, ¢
a* 4"y (3-7)
X + - P(t
B ggv % T EI EZ¥ %12 (8) ap,]
y = —[mlxu21 * myfa,, + Cxa,, * Cya22 +
oy " o (3.9)
ax ay - o
EI 32 a,; * EI 32 Uyy P(t) a21]

' .
~

The values of the influenée coefficients aij depend on

the relative lengﬁhslof the spindle and the workpiece. 1In

=

the present investigation the ratio of the length of the
g - .(;
spindle/ﬁ9/fg; length of the workpiece is taken as 2 and the

ljgare computed using simple beam analysis as
\

value§/6f a .
ind{;ated below : "o A\

’

%1 % BET * %22 T gger © 2 oy, T 33Ey

and by Maxwell's reciprocal theorem
. ,

—

u =

12 . %21
‘ J
Now? fo; garmonic vibrations of the spind%g—workpiece unit,

one can write for the principal mode of vibration

< i - '
.

S x(z,t) = x(t) sin't% ’ (3.10)
° ¥ ' . 4 ¢
. m2
, y(z,t) = y(t) sin - « (3.11)
!;’ j . a
- . ﬁ; l ; -
- a ¥
1 »
L ) r . , ﬁ
. 4 * e
- A L t-.?:’

1
(]
K
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Substituting the values of the influence coefficients and

AY
the responses (3.10) and (3.11) into equations (3.8) and (3.9)
the equations of motion of the spindle-workpiece unit may
be expressed in the form v
mli + Cx + ll3EIx - 1981 y = P(t) (3.12)
3 3 .
A Z . 0
ny o+ C§ . 174EIy 19E1 x = 0 (3.13)
2° - 3 3
/ [A
Since a stationary random signal may be represented by a
steaéy state value with a randomly fluctuating component
superi%posed on it, tLe random cutting force P(t) is written
\ o, ,
in ‘the forﬁ “
|
\ P(t) = Po + p(t) - Te (3.14)

9 - s

yﬁére P is the steady state value of P(t) and p(t) is the
random pomponeat and is considered to be stationary and
Gaussian in distribugion. Since the spindle-workpiéce system
is linear the total response can be taken as the response
due‘to the random component of thefbutting forces supérimposéd .
on the response due to the steady state vélue of the cutting
fqrce.
‘The steally state respohse X of the workpiece -is evalua-

ted frogm elementary machanics, as

-7
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_are considered to be stationcry and Gaussian, which is jusp—

‘38A

<

where m . ks and w) are the mass, static stiffness and funda-
mental frequencv of the tog;:workpiece svstem respectively.
. @
The dynamic response of the tool-workpiece under the action

of the random part of the cutting forces is tc be'determined

from the solution of the following equations of motion

113EI 19EI A S

. »
mli + Cx + p X - —E?— y = p(t) S (3.15)
. B
W,y o+ Cy o+ l7;f1 y - L?%; x =0 * (3.16)

-

3.5 Response of the System

| To find the stochastic responses of the workpiece and

the spindle unit, it is necessary to solve th%?two probab-
,» N

ilistic equations (3.15) and (3.16). Since the cptting forces

»

‘ified in the results of the tests carried out and reported
ih'éhapter é. the mean square responses of'x and y are found
out, employing .the frequ?ncy response method asqdescribed
below. - ; .

. -

Equations (3.15) and. (3.16) are rewritten in the form " C



p

( i S 113};1 _ l9E]32 y = z(t) (3.17)
1 mll mll
. » » I‘
¥y +,§— y + 174§I - 19E§ x = 0 (3.18)
2 mzl m,Z
where z(t) = ple) - \
ml . ' s »

,
” . ;

~Taking the Laplace transform of the equations (3.17) and

‘(3.18){ and using the initial conditions ' o

\\\\\\\> x(0) = 0 = x(0) (3’19)'
N | y(0) = 0 = §(0) ‘
one can write
t . " |
s2x + s(%—) X + 113?I X - ;22% y = z(3) (3.20)
1 mll | mll . < - -
s?y + 8(%_) y + 17431 y - 19E§ x = 0 B ~ (3.21)
) 2 mzl mZZ ) ~ . : .
where s is the Laplace transform variable. Equations ¢
(3.20) dnhd (3.21) are rearranged as
\ [¢2 + 3(§—) +‘512§£]5 - [lgEI]y = z(s) (3.22)
1 m, 13 m,23 :
1 : 1°
. [_19EI] s [82 + S(xgné). + 1Z4EI]y = 0 5 . (3.23)
R mzl o ] mzl "
» .
The ‘solution of the above simuitaneous,equations,,using . //
’ .
L ]




e : . qg_3+

[82 * 113EI' Z(‘S)
_ My m, 1} :
y(s) = ) 1
. [-19 EL
N m, 1}
\ T\ ‘ 2
t ) <
where D, the determinant of the coefficients, is given-by
.o 2 , C, , L13EI o Pr_1q EI .
' ' le m 2 : W T
. D = l ) l 2
, ST 313 (a2 + Sz o 174?1]
’ . m2Z mzz ’

% .

3

From equations (3.24) and (3.25), one can writei

1
-
®

N Nx(a) = Lz v S
A 2 .
y(e) = 'L [ L13EL} ¢
D m.1?
2
et
. \
‘ )

174EI
mzl’

s)q




Equations (3.27) and (3.28)can now be written in the form

x(jw) = H; (Gw) z(Fw) | (3.29)
4 .
y(jw) = H,y(Jw) 2z (ju) / (3.39)
where, -
- . 1~ ..C 174EI
' Hy(Gu) = 5 (07 +d0g + === (3.31)
m,Z .

2 . ’\\ P
. 1 »
h Hy(Go) = & (2Eh) g - \ . (3.32)

m2139

‘ﬁl(jw) and Hz(jp) are known a; the complex frequency response

functions of the workpiece an? spindle system respectively. -

Suppose the spectral density §z(w)*o£ the random cutting forces

- is known. ‘Thenx the épectral Qensities 5, (w) and"sy(w) of "‘"”':“’Hi_,
the responses of the téol-workpiece and spindle systems are

given through the relations

Sx(wl = Hl(jw) Hi(jw) Sz(w) (3.33)
LSy(w) = Hz(jw) Hi(jw) Sz(w) (3.34)
where H{(jw) and H;(jm) are the complex conjugates of the ‘ 7N\

frequency response functions Hi(jw) ang Hz(jm) respectively.
To calculate the mean square responses E[x?] and E[y?]

it is necessary to know the autocorrelation functiops Rx(T).

and Ry(r) of the responses. RX(T) and Ry(T) are given by the

LA
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fl

' transform relatioﬁships .
1 *° . ‘ !
R (1) = == _i 5y (0) e” T qu (3.35)
| "R = = +? 5. (w) et g, " f3 36)
} _' y T T o Y w e V] ° -
: For T = d ; \\\\\\
“« ‘ —
1 '
Rx(O) = 33 -i Sx(w) dw - .
. : | : (3.37)
] = E[x?]
' 1 +eo
Ry(O) = 5= _i Sy(w) dw
- o . e {3.38)
= E[y?] ~

”,

Subétitutiné the values of Sx(m) and Sy(m) from equations (3.33)

and (3.34), equations (3.37) anc (3.38) become

<+~ 00
S | . .
E[x?] = 5T s IHl(uy)l2 Sz(w) dw Jr3.39)
r - 0
. 4.
L3 P e
: E[y?] = = J [H,(w|? 5 _(w) duw (3.40) |
. H Z
< - 21 - . .
Since the present investigation is carried out to find the gh’
{‘efféct of stochastic response of tool-workpiece system on the
¢ > -
formation of surface texture of the workpiece, the mean square P
.‘l -~
\ U i
-
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//} response E[xz] is of importance because it relates to the
‘ ¢ RMS vallue Of. the surface rox;ghness.
1 The evaluation of the integral iz !Hl(m)]2 Sz(w) dw ié
complex and depends mainly upbn the nature of the power spec-
tral density sz(m) of the cutting forces. The problem can’
be simplifiea if, for the purpose of'analysi;, an eguivalent
white noise density So i§ considered. Such equivalent white
noise densitly may be approximately obtained by averaging the
actual measyred spectral density over the entire frequency
. range of in£erest. ]

Replacing Sz(w) by So' a constant value for the frequency

range that is of concern, equation (3.39) simplified to i

-

+ »
’ 2 _ o - T2 - s e e e e
Elx?] ="5_ _i ]Hl(w)] dw . (3.41)
:D, +
Evaluation of £ lHl(m)l2 dw \
From equation (3.31)
Hl(jw) = % [s? + ﬁ s + 174211
2 m,23
2/
» N \ .
Expanding the determinant given in equation (3.26), it yields
. . 2
D = s* + (%_ +v§_)33 + [ﬁcm + 174EI + 113f1152 + L
3 .
1 2 172 %mzl mll _ .
| . ’ ., (3.42)
[ (174E13) + G(lIBEI3)18 + 19260(Ei? ]
mym, 7 m,m, 1 mym, 2 T
’.
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2 o
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4
Substituting the values of the determinant D ani)s, ‘eguation

(3.31) is éxnréssed in the form

-~
-

- 1
—jm’B3 - m282 + jm,Bl + B

H) (Go) = — - - : 0 (3.43)
mA4 —JwA3-wA2+3wA1+A0,
‘where AO, Al' AZ' A3C\A4' BO' Bl,‘B2 and 83 are all constants
. and their values are"
. v
2 fo -
S W 19260 (EI) \

. ' _ m,m }i ) ‘ » ' .
. o Al - C(174E13 +_113EI]) .
. mlmzl mlmzl .

A = 174E1 4 ic

2 3 m,m
A _mzl, 172
. 1 2 )
A4 = 1
I
B - 174EI-
0 m 13 \ -
. -2 .
_ <
Bl B n.‘_z- a4
P B2 =1 ) ‘ \g
- . - 383 = 0/ N ‘

2 : !

Applying:the metﬂga of residues given by James,Nichols and l

t




Phillips[33], integration of equation (3.41) is evaluated ds

]

o ‘ . Ba B§
2 O — — .
J lﬁl(w)J do = = [ny(g7) + nyA5 + ngd) + ny(x0)1 . (3.44)
oo : 5 0 : 4
where
' Ny = BAg - A4y °
) - 2 _ 9p" .
N2 By® = 2BgBy
! R
— 2
ng = By 2By By
» o — ; - . °
ng = Ay mAgAg
— . - - 2 - ’.u
ng = Aj{AjAy = AR - Agd, :
] : L]
. -

S 0 : . .
- Substituting the value of [|H;(w)|?dw in equation (3.41) one

f 2N

¢

g ‘can writg o e
o
S m BO2 n B§
2 _ a . —
o E[X ] - n [nl(A ) + 2A3 + njAI + n4 (A )]
0 B 5 . 4] > R 4

7

° -

The(ﬁMS-vélue, Oy s of E?e surface érofile depends on the

.o " RMS-value of the gool-w;rkpiece response. The RMS-value of

the Fool—yorkpieég response can be computed frsh the mean
square response E[x?}]. oﬁ the sysﬁeﬁ. |

= To éompute E[x?] from equation (3.45),thehconstant spectral

density, So’ of the cutting forces is to be known. Experiments

were carri®d out und®r different cutting conditions to measure
. -

spectral densities of the cutting forces from which S ‘is

. . calculated and they are described in Chapter 5.

° |

L)

(3.45)
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" CHAPTER 4 . )

. ASSESSMENT OF SURFACE TEXTURE FROM THE\EUTTING CONDITIONS

; AND FROM THE RESPONSE OF THE TOOL—WORKPIECE SYSTEM

-

4.1 Objective

It was élready established that the surface roughness

"of a machined component cq?sists of a theoieticél (basic)
profile with random fluctuations superimposed on it. Figure
4.1 descrihes the diagramatic renresentation of the theoretical
profilé; random roughness profilevand the resulting £otal
suf%ace profile gor a turning operation.t

o
The theoretical profile depeﬁds\on the kinematic condi-

" tions such as the feed and the todl nose radius. The CLA-
value of ;his profile can be computed using the method shown
by Osman and Sankar (34]. The fandqﬁ or the .fundamental
roughness profile is caused by the relative vibratory response
of the tool with respect to the workpiece. This.dynamib re—
sponse may be determined directly ﬁf-a complete knowledge of
the dynamic cgtting forces and the systéﬁ pdrameters as
expressed in.equation (3.45) are known.

_From the system reseonse, the random profile may be -

evaluated using physical arguments. !

c Expressions are derived An the following section to _° .
'.'p . o
obtain the total surface roydghness from the knowledge of ‘

pheoretical and random profi €S.

-" -
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. . p
4.2 Total Surface Broflle - . a el
\” M 3" .k P -
A X-The theoretlcal proflle Uy of\ a manufactured surface N -
. ., (RN ~ . ¢
. - ! -3
.can be expressed in the fomﬂ’“\> o '
" ‘v i S AN . : ' s
. . ' “ = ‘, ' Lt b
. “ S0 = £(xys) RN V8 B
Y e . . .
- ) where r is the tool nose radius and S is the feed/revolution
' > . ' . ?ﬂ ’ . e d
a - of the workpiece. . S T A -
. ‘;‘ . ) , o B . . “ . "«e
%f . . Also, thg fundamental\ random profile’Ui can be written ° .
| Lo N J . - ) » # i N /
\ . . . . .
N in a functional form as | . .
- ’ ‘l_ - ' [N ' 7' * .
4 . . T B .
S St . u, = flx) . .. ‘ (4.2)
| .o . % -asf‘ ~ .
! {. . I : - . ! .
where x is the response of the tool-workplece system due to =~ .=
- - the dynamlc action of metal cutting forces.
‘ N

. -~
¢ : :

" Thus, the 'total surface_profile W becomes, by super-

s imposition . }'.- - .. -y ' ' . )
| ! ' { ) . " . "
» ! . - ! - . N .
' ° » ) ﬂ . « AN L_\('
- : L /) = U vy g o
3 * - R ) ' - " ~
' ' \ = f(r,S)w £(x) . ' .- L (4.3)
€t i . . T o . i
- . ® ' s «, °
‘ K ' o : - R .
For two uncorrelatgd processes, Ul and Uz, one can write . \\\
1 . . i s ,)-‘ ‘ -
- - o . .
y L | E[U,U,) = E[Uzul].é 0 . .é
. A ; " o ‘ SR
This relatiohship ylelds’ . »
A ' : '

4

, E[(U+U,) (Up+U2) ] = E[U]] + E[uzl + - ElUy

N " ' ’
\ ¢ ¢ ] ¢ /
. . . : .
1 . . B ‘

‘ ' ‘
[}

%] + E[U 1] | ,(4.4)
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from which P ' ‘ .
» ‘\(-
. R E[w/2 = E[U12] +-E[u?_2]’ (4.5)
e ‘ o g
‘It is exglaineﬁfin-Chapter‘Z that the theoretical profile on .
* ' . ,
d surface is produced due to operation kinematics of the '
\ ' . ‘ - ) :
machine tool and the random profile is due to the tool-work-
~ ) , ‘ * ~ 2 i
pieéce response. Since-ogperation kinematics of{i;he machine .
. B . - - . i ‘ .
tool is independent of the reasons that cause vibrations |,
’ & . - ,
. ’ & " . .
between the, topl and workpieceé, the theoretical and the
3 . ¢ ( ' : . .
. I . ) .
random profiles are.consigered as two completely uncorrelated
processes. p
‘Hence, this means that =~ "
[ b ’ N A v . '
2 —_- ‘2 + 2 = R (4-6)'
5 * OTOt& . OTh Of ~ . I
\ 1 S0 : i |
where Srot’ 9Th and o, dre the RMS-valnues of the total, -
theoretical and fundamental profiles r,e_:.s'p‘ectively.~
A e _ e " . )
" If the tool nose }urvature is considered as a part of 8
. a \ ‘ '
. a parabola it may & shown ({34)] /
N " . °
P : .o, =82/ (125« . (4.7)
, . -y -~ Th
Y ! ~ “ <
. .r '
" and v ‘ .
- . . )
) X - -
r > )‘Th&S‘z‘/"(le@)r/ (4.8)
: { . T,
[} -
- ' ‘,' v" hY
' . , , X .
) o - v ‘ I
1 . N
. - ' -
‘ e & , . .o
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LAl

m\i}here A oh is the CLA-value of the theorical surface profile.

}

“~

By combining the abobe two eéuations one can write
O th./Mh ¥ 1.16 o (4.9)

L3

For a random profile with a Gaussian distribution, the ratio

~

between the RMS- and the CLA- values is given by the 'standard

form
E

0. /'?&-'=~1.25 (4.10)

o ~

It has been experimentally observed that, for any finish-
ing ope;atiﬁn, the surface foughness has stationary property
with a Gaussian probability distribution and hence, is the validity
of the félationship (4.16) bet#een the RMS- and CLA-values of
the total surface roughness in a finish turning operation.

It was already explained that in any metal cutting proc- ‘
C - *

ess the material at the cutting zone is elastically‘and plast-

tcally deformed and because of the:relastic and plastic defor- !

~a

mation, the relative vibratory response of the tool with respect
X .

to the workpiece is not fully repréduced on the workpiece
surface. Thus, it may then be possible to write the RMS-value
of roqghnéss from the 3MS-valué of thé response x as, \
e l N
(4.11)
J, s . . s S

X
~

o = k{E[kI]}%

-

-~

where E[le = fx2='vari?nce of x, and k is a factor that

depends on this elasto—plastic’deforﬁatioﬁ“property of the
Y N il

» 'workpiece material. In effect, this factor:-represents a reduc-

tion in the linear ‘transfer of the: tool oscillations onto the'

P * . 14
- »

D]
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workpiece as surface roughness formation. For material

like steel, the value of k varies between 0.8 to 0.9.-In

the present investigation it is taken to be 0.85. . .
. 4 B y . ﬁ Al
Now, substituting equations (4.9) and (4.10)

in equation (4.6) and rearranging, one can write

1

[0.86512 +)

20 Y (4.12) -

“Tot

or L

LI Y
g g
_ 1

P
i

[0.865'2 + 0.6400%);

Tot Th

.

~

It may be noted that the total and the B

th2oretical surface roughnesses in equation (4.13) &re‘

.

expfessed in. terms .of the CLA-values and the random profilgﬁh)
. ‘ . . -l 02 ¥

in terms of the RMS-value. The advantage of expressing the
total roughness in terms of the CLA-value lies in the fact ,

that the majority of commercially available surface rough- =~ . ¢

ness measuring equipments read the CLA-value directly. Co .
Further, no conversion from.c to } i's needed because equation

(4.11) gives the RMS-value of the random profile'expl}citly,
\ . k

and can be used directly in equation (4.13). By this

n \

4

method, the total roughness of ‘a manufactured surface can
be computed in terms of its CLA-value and then may be
compared with the corresponding CLA-values obtained by actual . ,
g g ;
y ' "

(}_
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.

m uremept 'in order to establish the reliability of the

analytfcal procedure proposed. For instruments that read v

~

directly' the RMS-value, cquation (4.6) may be réérranqed in

the form

1

>
o

1
= (o2 272 ‘ i
\f\\ ‘ Irot = [JTh + cf] i (4.14)

4

The relationship expressed by the equation(d.lZ)showg
thatAit is possible to estimaté the CLA~value of a surface
to be produced if the CLA-values of the theqretical and ran-
dom profiles are known. The CLA-value of the theorcticai
profile can be calculated from‘tke equation {4.R) for any given

cutting conditions. On the other hand, to obtain the CLA-

value of the random or fundamental profile it is necessary
that the tool-workpiece response which in turn depends on
the random cutting forces, be known. The relationsﬁip betwgen
the tool-workpiece fesponse and the random cutting forces 1is

illustrated by the equation (3.45)which indicates*that the

spectral density of the cutting forces is required to compute

“ l

the tool-workpiece pespoiise.

>

Machining tests were carried puf on a lathe with different
cutting cgnditions to measure the spectral densit? of thé
cut;ing forces. Such measurement procedure is described in
the fol;ou}ng chapter. To verify the computed surface rougﬁ—

ness with the actual, surface profiles obtained after each

‘test were also measured.

~J
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CHAPTER 5

MEASUREMENT OF CUTTING FORCES AND SURFACE ROUGHNESS,

AND DETERMINATION OF THE MACHINE TOOL DAMPING COEFFICIENT

»

5.1 Objective |} ) T

o

An analytical procedure for evaluating the surface rough-

s

ness guality may be based on the mean square response of the

- tool-workpiece system and has already beéﬁndescribed in
Chaptefs 3 and 4. To compute the mean square response it is
necessary that the spectral densities of the cutting fgrces

~—be completely known. For this purpose experiments were car-’
‘ ried out on a lathe for measuring the dynamic characteristics
of the cutting forces and were then analyzed to give the power

v N
* spectral density.: Further, the actual surface roughnesses

produced in the cutting)teStg were measured after each test
for comparison with the rouyghness values computed using the
technigue described in Chapter 4.

In order to investigate the effect of the variation of
the cutting speed on the quality of surface roughheé§) experi-
ments were carried ou£ at two distinct cutting speeds. A

) _frequency response test of the machine tool system was then
performed to obtain the eéuivalent viscous damping coefficient

-

that is necessary for gpmputing the response of the tool-work-

-

pi€éce system given in Chapter-3. For measuring thesdynamic

cutting forces accurately, a special dynamometer [(35] was

' —

” * . “

)

S

4
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developed. The essential features of this dynamometer are

described in the following section.

5.2 Dynamic Cutting Force Measurements
¥

5.2.1 Dynamometer : To measure the cutting forces accurately, a

a dynamometér which uses piezo-electric crystals was devel- ~
oped. These. crystals have the property of converting mechan-
ical streéses into electrical field, In the dynamomeggr used,
the crystals are so arranged that all the comnonents of
cutting forces can be measured- independent of the point of
application of the forceﬁ. This arrangment allows the
, cutting forces to be measured'accurately although their point
'of actién is located at the interface between the tool and

chip. Figure 5.1 describes the cross-section of the dy%?m6=

. . . £ ‘
meter illustrating the essential features such as base
plate, tool holder,bolts for preloading,piezo-electric cells

and the main frame. These parts are'designed in such a way

"
that the dynamometer Dcssesses a response 6ver a wide frequency .
range and élso, has_a high resolution making the'd%?amo- [
meter capable of measuring even the smallest variation in
;‘the cutting forces. The loading capacities are calculated
to be 500 pounds in both radial and feed directions, and 1000
-

pounds in the direction of the main cutting fgrce. Further, the

natyral frequencies in both feed and main cutting force. |
1 \
dir@ctions are found to be 10 KHz whereas along the radial direc-
. . @
tion, the natural frequency of the dynamometer was 13 Kliz.

) ~
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may be obtained at each

Calibration of the Dynamometer: The dynamometer must be

)

/
calibrated both under static and dynamit loads-before instal- *©
ling it for measduring any metal gutting forces. The static

-

calibration chart may beiused over the frequency range that

is of interest in a system such as a machine tool, if such 4
a dynamometer fs mounted Pn a }iq1d hase. However, when

mounted on the machine tobl table and when the machine tool

4s dynamicélly excited, the dynamic response of the dynamomgeter
will refleét QQS dynamiF characteristics of the machine and

it may behave as an acéelerometer monitoring the motion of

the machine tool structure. This action ef‘thq dynanometer

will give a distorted sigﬁal at those values of frequenciesgﬂ

in thé'vicinity of the machine's hatural freguencies, and .
consequently,~thg static calibration charts will not be

valid. -
To improve the accuracy of measurement over the entire
frequency range that is of interest, the dynamometerfﬁust be

calibrated under dvnamic loads. This will vield a dynamip

calibration chart from\which a corrected dynamomecter reading
[

requency. RS

n of the Dynamometer : The static cali-

5.2.2 Static Calibra

bration was performed with the dynamometer mounted on the g
lathe bed. A schematic of the set up is shown in FigureS5.2.
For a proper calibration of the dynamometer, it is essential

that the ciiybration Ioads that are applieéd on the dynamometer

i * U

-
[ - H - -
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be uniaxial so that the cross interierence between the three ,/
axial directions is minimized. This was achieved by employing
, @& special tool holder as illustrated in Figure 5.3. Charge
amplifiers were used for converting electrical charges pro-
duced, during calibration loading, by the piezo electric
quartz, of the dynamometer into a corresponding anéloq voltage.
A x-y-z compernisator was included for minimizing any»cross- ’
sensitivity that might occur between the three directions of
the force components. ¢

By slowly incrgasing the appiied 165& on the tool holder,
the voltage producg¢d was read on an oscilloscope for svecific -
settings on the chhrge amplifier. The electrical .charge ?
producegfby the dynamometer is calculated from the foilowing

o~
relationship:

{1 .
A

(5.1)

where 4 is'the charge in pico-Coulomb
v is the voltage reading on the oscillqscope,
and B is the gain setting on the charqge ampiifier.
Figure 5,4 presents the calibration curves obhtained, wheré the
ordihate represents the actuﬁl electricaﬁ’charqe produced,
and the abscissa renresents Eho magnitude 6f loads aprlied.

av

The magnitude of thé applied unidirectional loads was measured

-

‘using a Kistler,force transducer that was inserted between

‘the load and the tool holder. To ensure that any form of
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hysteresis loss is avoided,'thé/igaainq‘was incﬁé§sed;in

P

short steps up to a maximum and decreased

% - -
- . N

« Yo

similarly down to

zero. - The. loading and unldading curves were linear and were

coincident for the range 'of loads applied.

"

there was negligible: hysteresis loss invo

EY

Derformance of caiﬁ%ratlon.
£

This shows that 4

lved durlnq the ‘

Y

vecman e o Jo— e
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5. 2 3 Dynamlc “Calibration » The Durpose of dynamlc callbratlon

is to plot a chart from-which a corrected

5

may be obtained at aach freq)en%%-value o

frequéncy range that is of intq%e%t durin
of cuttlng fgrces This gan* be achieved

natural frequencxes of th%jtool dynamomet

tgree perpendlcqlar directions of the com

dyvnamometer reading
ver the entire - \

- - N /
g the measurement -

by determini the
A

er” svstem along the

nwonents of the .

.. resultant cutting force and bv-.finding the characteristics
' : [8 Ay : u

i

~of the dynamometdr in the .frequency range of the cutting

forces. &

“
?
i .

¢ s [N

R . . : ,
using the impulse load1?q~mephod. In thi

» om each of the‘three.faces of the tool.
4

curveg for the syqtem were obqervcd On an
L

" the natural frequnnc1os vere determlned t

13 KHz alonq the Eédlal dlrectlon and

13

KH? in the other two dlrections.
v o ©~ :

g To fxnd the eharacteristics of.-the d

LY

[

*

- | The, natural frequencies of the dynamometer were determined

s method ahgtcel.ball

" of 0.%25 inch diameter was dronned.from a certain height.

The frequendy response
osc1]1oscope and |
% he a?brox1ma€€ly a
anprox1mate1y 9 -'10

>

ynamometer im the

[
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frequency range of- the cutting forces measured, a dynamic

3 . ’ .- F -
load was then applied at the tool tip and kept 'constant by a

feed back loop controlllnq the Bruel and hjaer exciter, .

The s@hematic of the: set uotﬁs_shown in Figure 5.5. The fre~

.
=

quency:of the input dynamic load was varied from 20 lz to 8

KHz and the maanitude of the output force was observed on the

prmaebe v e

Prrow il Fereiiungoodbaghol raiuraro PRt T e T oo DA saved

osc1lloscope. A plot of+ the ratio of the 'input to output forces
at different freqlencies is shown in Figure 5.6. TES plot shows
that the ratio of input to output fortes is”almost unity up

to a frequencyv of 8 KHz. This indicates .that the static o .

-

. : N ‘ '
¢alibration of the dvnamometer is nat Mstorted unto a

.8 ) . 5
4 P L3

¢ . . N

frequency of 8 kiz.
] ) For finish turning-operation, .it is expected that the
v ' 7/ J

frequency. of the cuttinag . forces will not exceed 8 KHz. Byperi-

N . N . B X S
mental 1n¢estlgation carried out and described in chapter ¢, ,

justifies the validity of this statement. Hence, only, the

i static calibration chart of the dynamometer is needed for the

measurement of the cuytting fof¥ces during all the cutting ,tests,,
. F, ' *

# . 5.2.4 Cutting Force Measurements: The‘equiggmnt usgd for + . . “
. ./ ! . .
. @ » conducting tre cutting tests is divided into_two qroups}/%hen.\‘

first group consists of the dynamometer, the tool, the ‘workpiece
N N - -

o N . N

. and the Latheé on which tests were carried out. The sc¢cond

L group consxstq ecsentxally rof the eloctronte instrumentation

¥

. for measurlhg and rocordlnq the dynamic charncterlstlcs of the '

. . N ﬁ ¢

cutting forces. The general’ layout of the set up -is sho%n in

\ " -
.
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A : .
Figure 5.7(a). A pictorial view of ‘the test equipment is also

~

presented in Figure 5,7 (b).
b 4
A séries of finish machining tests was performed on a

10 H.P. Demoor lathe with different cutting conditions ob-

tained by varying the feed between 0.0017 and 0.008 in/rev

\

and{a:quth of cut of -810 inches for different tool nose

4444444 - PRTSRY avem »

radii.. The cutting forces were measured and rccorded_?m<\\

1 .
L

each ‘diffdrent feed on a magnetic tape. Recording O% the

7

-dynamic cutting force signals was done with a "Sanbormn" mag-

<

netic Tape Recorder. To minimize the loss of any higher Frd-

'q$encies of the cutting forcés, recording must be carried out
at ;hevh;ghest available speed. The maximum'sﬁoed'available
oﬁ the recorder is 60 inches w»er sccond and this speed was
used for reCQ{@ééthhe,cuttinq force siqﬁéls. ‘

, ‘\The—proce&ure ﬁ;;\ﬁepeatéd‘yith tools of three different
radii, namely,.l/€64 in., 1/32 in. %nd 364 1n. The méterihl
nsed in theé tests was ATST™ 1015 steel. . Fiqure 5.8illustrates

typical records of ‘dynamic cutting forces obtained during
b3

- . ' 2
the tests. This indicated that the c*ttinq~ﬁqgcog are essen-

t

- tially random, in nature and are present over a wide frequency
. \

-

range. . .- \ ; -

TN ! . .

5.2.5 Accuracy of the Cutting orce Measurements: Tn order to
= — ' y ,

obtain -an accurate reading of the dynamic variation of the
. . .

cuttind'fofcéqb the static force or the mean stcady state
I . B N

‘.'\ - ~ .
caomponent was measured scparately from the superimpaged ran-
B B A

L4

s
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-dofly fluctuating component. The steady state component of

/the force was measured by setting-the time constant/6f the
charge amplifiers to "long", which in effect changes the time °

constant of the measuring system.to a high value. To measure K

| the random fluctuations of the cutting forces that act over
4 .
‘ Rl the St?—‘a«d Yoae: ~St a&tlfl-?g!.!.?@m’:‘ﬂ% e hecharge., ?mﬂl LE1OLS. AMEXE T it it 1 Pl A n TR8 Bt

[

i AR TR S R SEaet B ‘
|

|

4

, stiitched to the "reset” position aﬁé then to the‘“operate"
mode. This has the ef}ect of shifting the output .signals
with respect to/ the static force as the datum to a zero- I |
.level. Then the time constantlswitch on the charqge spplifiers
Qas changed from "long" to "%hort“ position and thereby N

. incY*easing the sensitivity of the amrnlifier. 7 line‘iaqram AN

showing the effect of resettinag the charge amplifier to a
moré sensitive range is ovrésented in Figure 5.9.

5.3. Surface Roughness Measurements

~— N

5.3.1 M- and E- Systems: Several measuring methods have been
¢ J A

& i

Y N ' \
developed to characterize the prdfile.of a machined surface.
)

’

i All these methods are based on the asseSsmenyvof surface tex-—

. . - - . N
ture by measuring the deviation .of the measured surface profile #*

L] - . . \
from a defined reference profile. The most commonly used N
methdﬁs are the M-system or the mean line system and the E- {

system, or 'the cenvelope system. ' The principal concépts of |

v

these measuring technicgues are illustrated 4An Figure 5.10.
e : (4

! R . L
’ In the M-system, a reference line 1s $o pdsitioned that
Y

the sum of the squares of .the departures of the sidnals from

» e
- /> .
/-\‘\) !
‘7 . . »
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the r&ference line has a minimum value. .The jndices meaéurai\\‘“//

A

are expressed either in terms of root-mean sfluare‘value or

i
centre line average (CLA) value. In the E-system the refer-

ence line is\Qinned by the envelope produced bv a rolling

- circle on the surface. The radius of the rolling circle
: rmi i 7. 1 P, 1 ‘ " e
A THRART IR anth i w?.\»c) t? IR %rﬁii; H’T}SE&},}‘ x.Ezhne . *qg?—%zﬂzgzn{:r]f 'O:ﬁ?_gLnJPIQ‘:“&?TW}: S5 %}(ﬁft’:&?ﬁ@:x}zﬁ&ﬁh‘ﬁ? RO T PRI

7

face profile and the envelope referecnce prbfile and serves

és an\éxactly defined hiéh—pass filter. Unfortunately, until

now theré 1s no coﬁmer ial measuring device based on the prin-

ciple of thé é—systcm ecause of the difficulty in separatiyg »
the surface roughhess from the waviness and error of form.
On the other hand,.the reference profile ip the bksysteﬁ is

i -

created solely by the function of the electronic high-pass.

i)

+

filter incornporated in the'measuring dgvice.
. J

b ]

The me?i:ring equipment used in the present investigation
are Taylor Hokson Talysurf 4 and Talyvrond 51. Both Talysurf

4 and &ulyrond 51 use the principle of the M-system in their

design. , i
5.3.2 Surface Roughness in a Turning Operation: In a turning \

operation the surface textures that determine the finish are:

v

a) transverse or circumferential roughness along the cutting

-
direction and b) lonqitudina}‘roughnoss along the feed direction.
These two surface textures a;o,closely intc%-rblated because
the longitudinal surface finish is_formed by successive sets
of circumferential roughnesses. It has also been shown by
’ \ ' , .
\"'/ ®
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‘

Osman and Sankar [34] that the CLA-value in the longitudinal
direction is approximately 97% of the CLA-value in the trans-
verse direction. This meang that either of, the two surface

i B

. finishes can Be considered to represent the texture of the

nachined component. Normally, the longitudéhal roughness is

b .
easier to measure and ma-Y,..L,,,;q &R %53;1 pev,};,é}k,ﬁ’ﬂ. r? TAPERSENE R PR AR

R B LA A Ta AR TR IV AR R HRU FRact g MITHL R 2R S NI R {
' . . ) \\ .
Even though the longitudinal surface finish could repre- N :

the surface quality of the product.

sent reasonébly the effect of the cutting forces in turning,
. the accuracy of the results can ﬁe imoro?ed by evaluating the
‘surface profiles along the circumferential or along the cutting
» direction. With the circumferential characteriétics of a

3 - >
surface profile, more reliable relationships between the cut-

é»’

ting forces and the surface texture may be obtained.

Measurement of Longitudinal Roughness: The longitudinal sur—'é
. ) ‘ . »

b4 .
face roughness of the workpiece was measured and recorded after . *

N

each cufting test using Taylor-tiobson Talysurf 4 instrumentj
The set up used is illustrated in Figure 5.11. The Talysurf 4
makes use of a sharply pjﬁnfed stylus to trace thc.profile ‘
of the surface irrequla#&tics. A flat shoe on < rounded skid is

| A\
\ used for providing a datum from which deviations of surface

profiles are measurecd. The pick—up[carryinq the stylus and

/ L n" s
skid is traversed across the surface by means of a motorized
. ' N |
unit.; Using an inductive transducer the up and down movements

,of the stylus, relative to the skid or the shoe, are converted

~
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into corresponding changes in electric current. These changes

~

are amplified to control an "averaging" meter from which the
CLA-values of all irreguiari ies coming within a standardized
length of surface such as 1/mm., 2.5 mm., or 0.8wmm. can be

N\

read. The el%gtric curyent generated drives a graph recorder

‘to trace a record of the surface profile measured. Typical

1 "
records obtained during the tests and their CLA-values are

presented in Figure 5.12.°

Measurement of Transverse Roughness: Taylor Hobson Talyrond 51 TN

~

wasauseﬂ for measuring the surface roughness’ in the transverse
or circumferential directio? of the workpiece. The diagram-
matic representation of.théysep up'is indicated in Figure 5.13.
Talyrond 51 measuring degiée works on the principle that an
electrically opcggted éisplaceméntlindicatogicarried on an
optically aligned precision spigdle of extreﬁe accuracy 1is

rotated outside the surface to be measured.{ The workpiece

" itself remaiqs stationary on the worktable. The signal from

A S
the indicator is amplified and then applied to a polar coordin-

ate recorder giving radial ordinates of the profile. The

N
S

rotation of the chart on the recorder is synchronized with

;;;E\of the indibator spindle. Talyrond 51 is normally em-

1

ployed for measuring the out-of-roundness or the circumferen-
- o 3

° -

tial waviness of the profile of a turned component. With the
| o ~

‘halp ofa special filter, this device can also be used for

S

the @easurement*of circumferential roughness which is formed

v
- °
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‘ over the waviness of the part. »

- ™

In the present 1nvest1gatlon, the ramplitude fluctuatlons
in the transverse direction are of interest and“all the mea-
surements taken with the Talyrond were filtered to eliminate
the frequency of out-of-roundness of the component.. A typicél

record showing the amplitude fluctuations of the circumferen-

N v

[

tial roughness is preéented in Figqure 5.14.

The longitudinal and transverse surface roughness signals
. s ) . -
recorded during the experimentation were then analyzeéd to ob-

tain various stochastic parameters of the surface roughnesses *

/ J

and are described in Chapter 6. The measured CLA-values

N\

of the surfaces obtained from longitudinal roughness measure-

ments w1th the Talysurf 4 instrument compared .favourably 4129

*

those given by the computer analvs15 of the roughness proflle

‘} obtained using the Talyrand 51 instrument. R

R
A

Further, the CLA-value of the surfaces computed analytlcally

from the tool-=workpiece response given by the equation (3.45)

: wf
are compared with the measured CLA-values of the surface and

found to agrée within *10% of each other as 1s elaborated

in Chavpter 6. - «

5.4 Experimental Determination of the Damoing Coefficient

of the Machine-Téol-Workpiece System

+

5.4.1 General: The fréquency response of a linear system

may be émployed for the determination of the daﬁping coefficient

N "’J

of the, system. In the case of vibration of a machine-tool-

Q {
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workpiece system, the frequeﬁéy response can be obtained by
introducing a harmonic exciting fofce between the ol and

" workpiece thus siﬁﬁiatinéftﬁe dynamic cutting conditions.
In the particular case of turning, the response in the direc-
tion of}the main cutting force is of importance and therefore
it is-essential to excite the machine toéi system in this

particular direction to obtain the total vibrational charac-
3

teristics of the machine-tool-workpiece systen.
Fven though, in Chavter 3, the mathematical model of the

machine-tool-workpiece is a two degrees-of-freedom system for

computing the dynamic res®sonse of the tool=workpiece unit,

the machine tool is assumed to be a single deqgree-of-freedom

¢

system in order to evaluate the equivalent viscods damping

coefficient through an experimental investigation of the

T .problem. It is then assumed in the present investigation

o

\ that the wviscous damping factor obtained under the assumption
| - of a single degree-of-freedom for the machine tool system
| {
can reépresent approximately the uncoupled damping coefficient
-3

to be used in evaluating the response using equation (3.45)

Then, for a single déqree-of—freedom machine tool system

the differential equation of motion may be written as
. : . |
. ' o . 2 -
g + 2Cm1q twytq = P+ p(t) (5.2)

v
vhere q is the principal mode response amplitude of

the machine tool duegto the dynamic forces
4’7‘9 RN .

r is the equivalent Viscous damping factor, and
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wy is the first critical frequency.

o ! \ [}

The exciting function in equation (5.2).has been written

. . in terms of a sgeady state static component P and a, dynamical
! \ component p(t). Under purely dynamic consideration, ecquation K

(5.2) may be considered in the form

‘ | d+ 2000d + wpla = plt) ' (5.3)

The static stiffneé; K of the machine tool determines th
.‘;esistance of the system against the static component of the

cutting force PO. The damping factor"Q and the first un- }:

damped critical frequency Wy should be known if the éynamié

'response of the'machine~tool-workpiece is to he investigated.

m— e

The damping factor ¢ includes the internal damping due to 1
' |
hysteretic friction and the externall damping due to fluid

’ Cbﬁblings in the bearincjsg joints, guideways of the machine
~and in the cutting zone. - ‘ v
The jactual values of Ks, Wy, and r, may bg expgriméntally
o obtgined if the frequency response curve for the machine tool

. system is available. 1In this test procedure, the machine

4

| tool system is subjected to excitation of known amplitudé 3

—~—

and variable frequencvw in the direction of the primary cutting ~

force component and the response amplitudes X are measured

7

over the frequency range.. By ﬁoting the amplitude xo aQ,A

w3

w/w1<= 0 and the amplitude X corregﬁondinq to any arbitrary

?a

»




~and r can be obtéined

~

frequency ratio m/ml; the vadues of K, wy

from the following equations that are derivgé from basig.forced

vibration analysis of one degree;of—freedom linear mechanical

systems.
P ke oL
L - - o § 1«
Ko 3 1 : .
O v . .
| : (5.4)
’ K. |
- S, ¢ % v -
- LY Lul = (—m) fg .
%
and " s { b2 )
- 3 . X {l
’ 1 Xo - LW
2 = (D2 - {1)- E2)7) 0 (5.5
R : 2 P 6] - .
: 4(—) : 1; . -
N “1 G ‘ ’
b/

-

where m is the equivalent mass of the vibratory elements of

the machine tool system, for examplei spindle, chuck,‘workk
' . ) {,

piece, etc. . ' ' v ’ °

Equation (5.5) shows that|the value:of the damping factor ’

o

; can be calculated for any value of the exciting frequency

o

<o

w if the fundamental frequency of vibration &1,'the~re390nsé
amplitude X at the fréguency of interest and the response

. N v Q
N A .
amplitude XO at w = are known. To determine the response — |
; ~N\,

amplitudes at different exciting frequencies a frequency:.re-

-~

‘'sponse test is carried out on the machine tool as described

v

A\l » «

i
in thefbllowiﬁg.section.




X

'out on the machine-tool-workpiece system. Faiqure

. -
_8. . -
- . -

. RN

. - N

-

From the knowledge of c) the damping coefficiént C can )“‘
L I . ) g
: A, * ’ e
be directly computed. The value of C is then used|in equa< :

tion (3.45) to determine the tool-workpiece response under

1 Q . ! .
random cutting forces.

5.4.2 Experimental Fvaluation of 7 : To evaluate:

2.

he wvalue

.

of the damping factor 7, a frequency response test was carried

S(a)illus—‘

trates the schematic diagram of the set up used and a pictorigl

" view is presented in FigﬁreS.lSYb).'A certain preload was -

dpplied to the workviece by controlling the d.c.  level of the
excitor.” The freéuency of excitation was then g}adually

varied from'values well below and-above the first natural

T

. . | N .
frequency until. the response curve of the system was obtained.

. v . . e ) N
To obtain a reasonably accurate response curve it 15 essential

"

that the maqnltude of the ex01t1ng force remains at constant va ge
throughout the test. Normally, the magnitude of thelexc1t1ng
force tends to deérease,as~the f;equency of,exc1tatlon is'
increased. The excitor conéroljs provided with a feed back:

H . I ' . .
loop at the compress&r mode and tests were carried out with

the excitor control switched to thlS mode 1n order to ensure

that ‘the exc1t1nq force remalned constant throughout the experir

m¢n6. ST
. 4 - \ s

The frequency. response curve plotted bx the level Recorder

is presented in Figure 5.16.This figure ShOhS ‘the response

amplltudes obtdﬁned at different exciting frequencies and

Y
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. 235 Hz. .

' The values of X and X, are read from the frequéncy response

‘Discussion of Results $'In a system Jike machine tbol thefe‘j

indi®ates that damped natural frequency df the systém is at

Calculation of %he.daﬁping’factor %, and the damping coefficient C
The value of [ evaluated near the damped natural frequency is
o

‘taken to be thé damping factor of the machine tool system.

curve illustrated in Figure5.16. Substituting these values

in equation (5.5), the value ofot is calculated as 0.14.

The detailed calculatign procedure is presented in Appendix I.

Now, from the relationship

o -

me . o
rl

-

the vé}ue of the damping coefficient C Qan be determined.

‘It is calc&iated as >

o ‘ (- "

1

" ¢ = 275 1b.seT/in A

s

)

is normally -a large damping present because of the various

bearings, 5oinQS and guideways and the value of ¢ may be ex—

pectgd to be hlgher bhan 0. 14 as obtalned’}n this investiga- B |
tion. The reason that the damping factor ¢ obtained is of )

14w value is the difficulty of obtaining an adcurate response



| : {
| N .

N
PO - O

curve of the system. An accurate frequency response cuyrve

can be obtained only by exciting the machine spindle d}rec%ly.
. Since the machine - spindle was not accessiblé for applying
) “ ‘ i . . \}« ), ) - o
external ﬁprces in the present investigation, the frequency -

b4 - o
Xrequency ‘response curve thus obtained~§§Fresents only that

o

. N .

responsé\ias obtained by efciting the workpiece. Hence the
. . . . Y

@
.

! .

) ¥y of the tool-workpiece Sys%.em. , v .-

Further, even if the value of the damping coefficient. -
C is accurate it does notf change the tool workpé}ec’é response

I - . v
., as shown by the equation -(3.45) to any great extent. 1In the

-

« ¢ . . A
present investigation the tool—wgrkplece response is of import- .

ance since it primarily -affects the formation of surface tex- -
ture. Thus, a 1owe£".va-1ue of C w!i‘ll not affegt the evaluation

- of the surface texture. The value of C becomes pNarticularly ’

- - "

import§3E while determining the stability ' criteria for the

. Lo . . ] "‘ .
machine tool system W a unit.

—
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CHAPYTER 6 R

H v

> ¢ » \

'0 \ANALYSIS OF THE CUTTING FORCE AND
SURFACE TEXTURE SIGNALS\\
) {
Experimentaf investigations carried out to measure the

random cutting forces and surface roughness signals have )

/

already been described in the previous chapter. These signals .

were recorded to analyse their stochastic properties. For

'this‘purpose the frequency analysis, spectral density analysis

and probability density analys;s of the signals were performed
as described in this Chapter. s

To establish thé relationships that may exist between
stochéstic_ﬁarameters of the cutting force and surface roﬁghpess,
it is neéessary to analyse .these sigdéls obtéihed on a speci-
fic length (equal to the circumference) of the workpiece.
In thexpresent investigation, an analysis of both force and

¢

surface signals corresponding to one revolution of the work-

w

piece is performed.

6.1 Frequency AnaLysié

The purpose of frequency analysis is to find the dominant

frequencies of a signal that are identified by relatively

+ large amplitude values. In the present investigation, the ,

cutting force and the corresponding surface profile signals

were analyzed to determine the frequency zones at which the

~

sf@nals have significant amplitudes. A Briiel and Kjaer
< ) '

Il




=90~

*

Frequency Analyzer Type 2107 posséésinq a frequency range of

il

20 Hz to 20 KHz was used for this purpose. The |set up used

is described in Figure p.l(a), with a photogranh shown in Fig-"'

- ‘ure 6.1(p). The recorded signals from the cutting tests and

surface texture measurements repqrtedﬁﬁn Chapter 5 were fed ; 7PA

[

from the tape recorder to the frequency analyzer and the
results of the analysis are plotted with a level recorder.
Typical frequency spectrum for the cutting force and the

surface texture signals obtained are presented in Tigures, 6.2
//‘\\
e and 6.3. Results indicate that the dominant cutting force

—~

frequencies are present in the range 1 KHz to 3 KHz. The

-
)

occurrence of some large amplitudes at frequencies below 50 -
’ Hz in the spectrum are due to interaction of the cutting force

signals with the rotational frequency of the machine tool.

3
-

Further, the frequency componqnts oﬁfthe cutting force are
spread over a wide range. Hence by neglecting thg frequency
components below 50 Hz no appreciable error is introduced in
the analysis of the cutting fofée. The surface roughness
qfrequency spectrﬁm, on the other hand, does not show any sig-
nificant frequency compénents above 1 KHz. The presence of
lower frequency combonents in the shrface~siqnal indicates

that the tool-workpiece response induced by the random cutting
forces, is not fully reproduced on the workpiece surface,
due to the transfer characteristics between the tool and

workpiece. The complex thermodynamic process involved in W
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the cutting zone, damping in the machine tooH’system, etc.

act as a low pass filter between the tool and workpiece,

thus absorbing high frequency compnonents.

6.2 Spectral Density Analvsis

A spectral analysis of a signal provides information on

e
an analysis is particularly important when the signal processed

the power content of the signal at various frequencies. Such

is random‘in nature and consists 'of a wide range'of frequencies.
Spectral analysis, like frequency\analysis, also shows the
dominant fregquency bands of a signal. In other words, this
éhalysis might serve as a check for the results obtained from
frequency analysis. Further, to obtain the,tOol—workpiece'
response from the knowledge of the cuiting forces as described
in equation (3.45), it is essential that th;xspectral densities
of the cutting forces be known.

To measure the spectral densify of the cutting force
fluctuations and the surface roughness, the recorded signals
were fed through an automatic shock-random equalizer-analyzer
(Brﬁel and Kjaer type number 53798). The set up empléyed
is illustrated in Figure 6,4@Q alonq\with a photograph of
the layout of aii the instruments shown in Figure 6.4 (p).

The automatic equalizer-analyzer system used has a maximum
frequency co&eraqe from 20 Hz to 2 KHz, and features a very
fléxible arrangement of a number of filter channels. The

bandwidths of these filters vary'frbm 10 Hz to 50 Hz with

/

gt
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y increasing centre frequencies. The Bruel and Kjaer eqha%izer-

“analyzer instrument employed in the tests is calibrated in
e d

terms of g?/Hz. Before startimg the measurement, the level
. . et Y . N

recorder,Bruel and Kjaer 2305 ras calibrated with a Beat Fre- -
quency Oscillator, Briel and Kjaer 1022, in terms of g?/Hz.
The recorded signals were then fed through the egualizer-

analyzer and plots of spectral density curves were obtained.

?hg power spectral density values were computed from theée

plots using the following relationshin.

aB - dBr = 101og,, %-
" r

where D is the“spectral density of the signal,
' D is the spectral density reference level,
and
- ) (dB - dBr) }sfthe’distance in decibels of the frequency
response from the reference level.
fo measure spectral densify of tﬁe cutting forces abo;e 2 KHz

N

freguency levels, a -3d

B octave filter was emvloyed in con-
: .

junction with a frequency analyzer and the set up used is

illustrated in Fiqure 6.5.

Spectral density plots obtained for the cdtting force
. N N
¢ and surface ‘signals for different cutting tests performed
. ,
are presented in Figures 6.6, 6.7, 6.8 and 6.9. The cutting ' ) |

force spectral plots indicate, the bresence of high power
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spectrum over a wide frequency range. These plots also show

that theée are a number of frequencies below 50 Hz at which
spectral density plots have large values. The reason for

such high values of spectral density below 50 Hz mav be

/

attributed to the interaction between the cutting forces .

and ,the rotational frequencies of the system. The spectral
o g \
density curves also indicated that the frequency components’

of the cutting forces are spread over '

1

by neglectiﬁg the power spectrum of the cutting forées below -

a wide range. Hence

50 Hz it will not introduce anv anpreciable érror in finding
the tool-workpiece response. The surface soectral plots,

on éﬁe other hand, do not indicate any significant energy
content for freguency values above 1 KHz. This is again due
to the fact that the system characteristics Eetween'the tool
and thé workpiece act as a low pass filter, thuii;bsorbing
the hjlgher frequency components. ‘

6.3 Probability Density Analysis

Probability density analysis of the recorded signals of
the cutting forces and surface roughnesses is performed to .
obtain further information on the statistical nature of thg

précess involved. From the results of such analysis it may

L3

be possible to jusfify the assumptions of Gaussian distribution

for the cutting - forces and for the surface texture, the linear

mathematical model of the machine-tool-workpiece sﬁetem, etc.
. . §
~ "The random signals of the cutting forces and surface




i R4 .
5 - .
’ . .
. '
d .

o~

| ‘
roughnesses were analyzed to obtain®amplitude density charac-

|5 . R . . . . . . .
teristics using a quel and Kjaer Amplitude Distribution Ana-

i

lyzer ﬁgdel l61. A échematic of the set-up is shown in Figure
6.10(a) wvith the pictorial view in Figure 6.10(b). Tovverify
whether the' equivpment was correctly calibrated, a sinusoidai
signal whose probability denéipy is known was fed .through the
probability densit? analyzer. The probabilﬁty denéity thus
obtained is shown in Figure 6.11 which indicates that the cali—q
bration of the equipment is correct. N
The cutting force signals were analyzed and their probab-
ility density distribution is presented in Figure 6.12 mxi?ig—
ure 6.13. However, the'surface réughngss signals  taved for one
revolution of the workpiece were not of sufficigntilength for b
proéessing with this eguipment. The processing time of the
analyzer ' is such that it requires surface signals of longer
durations. This was achieved by joining the open ends of
the tape on which surface sigpéig were recorded to make a
closed loob; With such a looourunninq on the tape recorder,:

the analyzer could proéess the surface signals. Probability

den§i£y plot of the surface roughness signals obtained is

presented in Figure 6.14. The results of probability deﬁsity
analysis indicate that both the cutting forces aﬁd surface
roughnesses have Gaussian distribution. This justifies the
assumptionsfmade regarding the statistical nature of the cut-

ting forces and surface roughness in the_ analytical iniestigation
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P (x) .
TOOL NOSE RADIUS  1/32 in.
FEED = .006 in/rev.

CUTTING SPEED = 375 ft/min.
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of the system.

3
Since the surface textt‘lre is found to be Gaussian, it

is expected that the tool-workpiece response which is respon-
sible for the surfacé texture formation will be also Gaussian.
This shows ;:hat in a machine—tool-workpiece system the exciting
forces and the tool-workpiece response are Gaussian. Henc?
it i's consistent with the assumption of linear mathematical
rmodel of the machine~tool-workpiece system.

6.4 Computation of Total Surface Roughness

It is explained in Chapter 2 that a surface profile

during a finish turning operation can be considered to consist
of i) a basic or theoretical g;rofile and ii) a random or
fundamental profile superimposed on the theoretical profile.

* / The theore’tica‘l profile depeﬁds on the féed rate and

“tool nose radius and an expression is derived in equation (4.8)

which states

_ 2
M = ST /,018Y3) x
. where App  is the CLA value of the theoretical
profile, ¢
S is the feed rate, and
r . is the tool nose radius.

- Usin\g this equation, the theoretical roughness of the
* surface for d}fferent feeds and tool ‘nose radii were computed. |

- "Figurg 6.15 shidws.the CLA-values of the theoretical roughness

for different feeds and tool nose radii.
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To compute 0. of the random profile for applying in

equation (4.11), it is necessary to find the mean square
response E[x?] of the tool-workpiece system under the action
of the random cutting forces presented in equation (3.45),

By

() + N,Ay + NoAp + N,y (z—)]
4

Here the response E[x?] is exgre;sed in terms of constant
spectral density Sovof the éutting.forces whéreas the experi-
\\ mental spectral density plots shgw a spectral’densi;y.function_
vérying with frequency. In order to evaluate the ;gsponée of.
the tool-workpiece system, an equivalent constant spectral -
density SO may be evaluated from the proéédure described in _ 1
Figure 6.16 and substituted for the frequency range that is
of interest in this investigation. It can be shown that by
considering the excitation in terms of Eonstant spectral'
densit§ instead of the variable ;péctral density As obtained
for the cptti;g forces recorded, there will not be aﬁy appre-

ciable change in the response characteristics of the tool-

workpiece system. The principle of ‘determining S, is based

on.the estimation of a constant value of spectral dedsity,
;ﬁdrthat the areag below and above this line are equal as\
indicated in Figure 6.16.T$b1e 1 shows the values of the
equivalent spectral density So for the different cutting

conditions employed. I ' . -

~
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@

\ The values of the constants AO, Al, A3, A4, Bo' 83, Ny

. . . Ll
n-2. n3, n4 and n5 in equation (3.45) are evaluated with the

-

following information available from the cutting tests.

workpiece diameter 2 in '
ke / | o .
equivalent lengtlr of spindle 15 in
. ~ length of workpiece ; 8 in -
' ¢ ) . ,
mass of the spindle with all 0.36 1b sec?/in , |
. the mountings (m,) : . |
/ . U}' - > , ;
b mass of the workpiece with 0.18 1b sec?/in |
the chuck (m,) .
. R " 1 . /
’ 2 coefficient .of damping (C) - 275 1b sec/in
{ ‘ flexural rigidity of the ’ 3390 x 10° 1b in?
spindle-yorkpiece unit (EI) ' .
© The detailed calculation of the constants 1s§:zzkéined in
I3 ~ .‘
the Appendix II. The Gf’-valués are then calculated from N
equation(4.11), ’ d
- Figure .6t.l‘7 snows the calculated values of the fundamental
4 roughness Of for\digferent cutting conditions. Substituting
- ‘_\ .

thd values of m from FigureB.lS and O¢

from F\gqu/re 6.17 in

equatlon (4. 13) ', the total surface roughnesq is obtalned. .

'I‘he detailed calculat.;on is shown in Appendix II. Fiqure .18 ‘_ ' :
l _* shows a comparison between values of surface roughness from

the ‘tool-workpiece response obtained from the analytical pro-

cedure and the values measured éxperimentally with Talysurf 4

for different cutting conditions.
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. Figure 6.17 FUNDAMENTAL ROUGHNESS OF A SURFACE FOR DIFFERENT
*S ‘ FEEDS AND TOOL NOSE RADII e
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Figure 6.18 TOTAL SURFACE ROUGHNESS PROFILES-- EXPERIMENTALLY
MEASURED AND ANALYTICALLY COMPUTED
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The results of Figure ¢, 18 indicate that the analytlcally \

evaluated surface roughness values are approxlmately within 10%

o

,the experimentally measured values. ,:Hence it is reasonable to

state that the surface roughness of a workpiece to be produced
can be estimated beforehand from the knowledge of the tool- .

workpiece response and the cutting conditions.
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CHAPTER 7

ESTIMATION OF SURFACE ROUGHNESS PARAMETERS

FROM THE CUTTING FORCE FLUCTUATION CHARACTERISTICS

==7.1 Background

In Chapter 4, an analytical procedure is presented for
évaluating the response of the tool-workpiece system from the
knowledge of probabilistic parameters of the random cutting
forces and the system's physical paraméters. This too%-work-
piece response was then utilized for calculating the RMS- and
the CLA-values of the surface roughnéss of the workﬁiece.

Bﬁt RMS- and CLA-values describe only the amplitude charac-
teristics of the random surface profile. Such a descfiption
of the surface is ipguffic;ent when information on mechanical
properties, namely, the wear resistance, the pearing strength
and the lubricability of the surfaoe is required.

An assessment of mechanical properties requires a sur-
face chéracterization along its length, in adaition to the .

-~ ’ standard amplitude description. A lengthwise description of
a surface may bé expressed in terms of the c;est widths and
valley spacings of the profiie{ _An experimental determiia—
tion of these étochastic "éxcursioh" parameters from the vib-
ratory response of the tool-workpiece system is difficult,
because of the complexity in measuring the response Close

to the tool-workpiece interface. On the other hand, the
. y

a4

° B
.
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§ .

variation of the random cuttirg forces responsible for ex-

v
“ v

citing the tool-workpiece sYsteﬁ can bhe adequaéely measured '
with a dynamometer, as described in Chapter 5. With a know-

ledge of the cutting force fluctugtioné and the surface tex-

ture characteristics it may be possible to establish some
relationships between the probabilistic excursion parameters

of the cutting fogce and surface roughness. An estimate of

the surface texture and its mechanical pggperties can then

be directly obtained from the cuttiAg force characteristics,

which in turn dépend primarily on the cutting conditions em-
ployed. |

7.2 The Stochastic Excursions )

[N

. An excursion is defined to be an event such that a

random function Y(X) exceeds a certain fixed level Y = Y1

during an interval ). ‘A typical signal is shown in Figure

7.1, vhere the: interval ) is defined as the duration of the

~

excursions. ' The interval A between the excursions is similarly

defined. The interval ) is defined as thg crest excursion

©

and A as the’valley excursion. Now,the stochastic parameters
required to describe the texture may include the mean crest
excursion or MCL, the root mean square crest éxcursion or

RMSCE, the mean valley excursion or MVE, the root mean’sguare

7/

valley excursion or RMSVE and the average wavelength of tie

random profile or AWL. If the probability density distribu-
tions of the duration ) as well as thdt. of A are known, then

i

the excursion parameters MCE, RMSCE, etc. may be calculated
N T

: {
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. by taking the first\and the‘second moment of these probabil-
ity densities. )

It was mentioned that the mechanical properties such
as the lubricability, the bearing strengtn, the wear and cor-
rosion resistance depmend to a large extent on the texture
formation along thé length of the machined surface. Lubric-
ability of a surface depends on the cépacity of the surface
to hold lubricant in the valleys, and is evidenFly proportional

to the parameters MVE and RMSVE. The bearing strengtn of a

“ e~ )

surface depends on the number and the width of the crests.
Hence, i is dependent on MCE and RMSCE of the surface formed.
Similarly, the number of prossings ver unit length or the

AWL could be_related to the wear and corrosion resistance
property of the exposed metal surface. )

To describe accurately all the propertics of a surface
along its length, an infinite number of such oxcurs;on para-
meters may be recouired. However, for practical purposes,
only a few of these parameters might be sufficient. In the
present investiéation, only MCE, RMSCE and AWl are emploved
for characterizing.a surface along the length because of
their generaiity and @heir relat%on with some of the mechanical
properties mentioned earlier. Further, it may be shown that
MVE and RMSVE can be derived from MCE, RMSCE, and AWL [31].

Vs

7.3 The Crest and the Valley Excursions of a Surface Profile

The information required for the provrosed characteri-

| | _' \

-
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zation along the length of the surface are the following

probabilistic quantities:

-’

a) the average number of crossings "ANC".per unit -
length of the surface undulations about a pre-
selected level Y = Il along the yx-axis as
illustrated in Figure 7.k,

b) the prébability density pC(A) of the crest excur-
sions of the surface signal equal to or less than
a A-value that is specified, and -

¢) the probability density pV(A) of the valley ex-
cursions of the surfacé signal equal to-or less
than a A-value that is speciffed. -

The probabilities pc(X) gnd pV(A) mentioned in (b)

and (c) above are computed about the preselected level Y =

1
the CLA-value bhecause the CLA-value is universally used

ﬂi. It is reasonable to define the level Y. with reépect
t

in describing amplitude characteristics. This will enable
description of the surface amplitude fluctuations in terms
of the CLA-value.and the excursion parameters with respect

to ‘the CLA-value. 1In general, the level Y, may be defined

- 1

as

Yl = y[CLA-level]

where v is a_multiplicdtion'factor to determine the level

Yl proportional to the CLA-level at which the excursion

(7.1)




parameters are calculated.
For a random signal that is 'stationary with a zero
mean value and having a Gaussian distribution,the probability

density discribution p(Y) is written in'the form

p(Y) = 1 exp(-Y?/202%) - (7.2)
OV/E‘T? . )
'y .h
where -
C e = RIYP(O)] (7.3)

-

Here 0 is the variance of Y(X) and FE denotes the ensemble
average. This assumption is justified for most real proces-
ses and is especially true in.the case of cutting forées in
finish turning énd the surface'£e££ure produceq.

If, for a random signal, E(Y(X)] is not equal to zero,
the X-axis may be shifted to a new level along the Y-axis
such that the new mean value is zero.

— The mean slope n' (AMS) and the standard deviation o'

(RMSS) of the slope of the surface texture are defined re-

spectively as

n' E[Y'(X)], and t

(7.4)

(0*)?

1]

E{{Y'(X)]}*]
Q‘ .
where Y'(X) is the slope dY/dX of the function Y(X). The

L4

values of o0 and o' may be easily obtained for any_given

A

5
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random signal and are utilized later in the calculation of

ANC,P%(A)and Pv(A).

The average number of crossings ANC pe unit length

of a signal‘ébout the level Y = Yl is given by the\standardf
t -
) . . ! |

1
i

equatio% {31},

I ]

X - 1 ' - 2 2 I
ANC —_555 o' exp( Yl /20 )‘ 1 (7.5)
“ ’
Then the average wavelength of crossing AWL isx
AL = o (7.6)
ANC o)

- IS

The probability density of the durapibn of theasurface excur-
sions pc(k) anq the density of the interval between the ex- .
cursions pV(A) about the level Y = Yl can be evaluated using

a procedure developed by Tikhanov [36], later expandedaby Saﬁquand
Xistris [37], and utilized by Sankar and Osman[31] for a new

Il

approach to déscribe the quality of machined surfaces.

g

For
the purpose of clarification, the analytical metnod given by Sankar

and Osman [31] is summarized here. -

{ A
i

Let the crest excursion over the level Y1 be started

P - I

at the length coordinate X = X_ and continue: till X = X

o . 1° 5

Then - : |

it
=
>
o)
A
'
"

Y = Y(X)

and N
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P d \ I
S - ‘ o= S . o=y
SE | Y, = Y Xy Y xp) >0 (7.7)
- . ‘ X =X ’
o
) {
’ |
S ;
Similarly, .
Al 1 d ' = ' ‘ L | i
Y1 Y(Xl) and Yl < 0 at ? Xl ‘

< !

¥

An approximatg expression for the probability density pC(X)

may be written in terms of the random variables jYO, Yl' Yé, .

-,

[ ]
X)) as
T TR 4 ’
- ty? 7t [} [] 1
pc(x) = —— 1/ f Yoylpz(YO,Yl,YO,Yl)dYogyl (7.8)
NC(Yl) 0 0 .

B . -

y , ¢ . . ’\L\ e
nge,the probability densities p for the &ignal Y(X) are

.

’

given by the general forﬁ

2 N
y n : n Y.y, oo™
. — -3 "'k -n ._}__ A Ay B P
: 1,d=1 a
2 N
where D is the n-th order determinant ) . -8
< .
Ky, K oK S .
11 t12 0ttt Pin |, : :
:‘[ ' ) N [ . : .
D=.]/4 , SR (7.10), “
. . R \_- . D .\ B
. “"1 an IEEX] Kn;l ¢ ‘& -
and Dij is the algebraic cofégtor of ﬁhe‘Kij element of this
determinant. Further, K;; = K(X; ;X;) is the value.of the °
* o SN : T . ;
.o, o Y 5 . o
' v, A . -t
A} . \ ¥ -
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A
Sy

4

“correlation coefficient: for the random funéttion Y(X) at values
. . : ,

nxi and Xj‘ Using the;general form (7.9),. the probability density

EZ(Yg»Yl'Yéﬂyi) in aequation (7.8) can be Qritten for the values

. I

of the,funﬁpion Y (X) and its derivatives at positions &, and
, . ) . . I'.
X1 that are apart by tpe interval %, equal to the crest width,

The correlation coefficients in the determinant . (7.10)
s - NS
for the four random variables (Y;;YI,YA,Yi) may be expressed - a2
‘ : g i -
in terms of the following 'coefficients:

]

» [4

Q -
\ - AN EY(X )Y(X,)]
) k- oL :
52 - -
. _ * b ’ . v :
‘¢ < ) ’ E[Y(X)Y(X,)] .
R SR = o 1 . /2(7.11)
’ A & (_Jo'.' '
T R ROY ()]
- .and K2 = o ;‘ L *,
. ) ' R T A } -

-

Tﬁg determinaft P for the variables then takes the Sym-

metric form #~ L g .
1 K 0 Kl . ‘
' D .= 1 1 (7.12)
e 0 -k, 1 K, ® ' '
1 2 "
< AN ' c - ’ w
) . . Kl 0 K2 1 “

N - - ¢
~ * o .
<7 ' . ? AN
\ .
: . . .
By M T B . [
o ‘ v
«

It may be possible to consider the correlation coefficient

L

A ]

o’ K(})‘ﬁa be of the' Gaussian form . (valid for surface textures)
"o I -

é

-

b Y
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%(1) = exp(-alrz) , o (7.13)
' i @ .
nt o where a'is defined for the type of process Y(X) under consid-
eration. The selection of such a K(1) is guite valid in '
, problems&iﬂvqlving real and non-iarkovian processes. It
. follows then from equation (7.13) that
. , - } I
o ol o(2ul) . .
v - e L
. K, = -=/2a, 1 K{1) C(®.14) N5 e
1 ) : NEL IR
. _ _ 2 _
K, = (1 2“1‘ ) K(7)
o~ .. The Dij's in equation (7.12) may now be written in terms of :
K, Kl ané K?'
Using the qboYé results in Qguation (7.9), an expression
4 4 o ) ' ' L] Q ' .
for pZ(Yo,Yl,YAQYl) may be obtained. Substituting this result
; .
‘in equation (7.8 ) and arrying out the inteﬁ%%tion, the
probability density for the crest intercepts having a creste
width less than or equal to A about the level Yl may be
, obtained a$
' . ) b
+ * - 1\
M 0 az - .
~ =" - 2 u n «‘ ..
S . pc(k) = M(Y,,2) [ao + § T Gyle . (7.15) |
Foo - S -
" J'..." " — Yl ) - '
' where Yy =5 and the function | ‘ , .




. (2a,) e D .
M(T A = —E—— D exp [T (5 - 2
(1-K2) 13 D .
‘ . N
with ' . ‘
. M .
R : . o =~034 ‘ .
o '\‘\ ' \1 X D33
\_
The coefficients a are given by Sankar and Osmén {31}.

In the equation (7.15). for pc(i), the summation need be B
taken only over the first, six terms, say n=5, as an approx-
imation.

‘ The quantity p_(}) reg;;sents the probability density of )
the surface signal excursion having an intercept or crest L \'
. width less than or equal to a specified value A about the level
Yl. Then, by definition, )
MCE = E[A] = JSip_(X)d) X (7.16)
- "?r\. ’
and ‘
RMSCE = {E{(A-MCE)]}% - (7.1
. . ’ ' v . ¢
N .+ Once the pc(k) vs X curve is available for different

values of possible excursion intercepts, the parameters MCE

and RMSCE can ‘be computed using the mowént formulaeyg (7.16) and,

Cil7)' MCE. gives the mean crest intercepts at the level Y1 t

" PN
. -
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!
for the surface sample and RMSCE gives the standard fleviation

of the crest excursions from the mean spacing of the surface *
texture, ’
A computer program based on the equations described 1is

used for caleulating the profile excursion parameters MCE, i

RMSCE, and AWL. .

7.4 Computation of MCE, RMSCE, and AWL of the Cutting Forces

and the Surface Profile

—————

y . o
The analog signals of the cutting force and surface tex-

ture, obtained from the cutting test measurements, are recorded

»

on magnetic tapes and are converted to a set of discrete data -

points for the purpose of analysis, by a sequence of programs
"

-

|

running -on EAI 690 hybrid computer and CDC 6400 digital compu=-

ter. The acquisition program running on the hybrid computer ° 2
, samples, the incoming analog signals, digitizes and stores !

>

“ these in a format for transmittal to the digital computer. "
When the signals are ready for processing, the coqvérsion
program is loaded into the digital section of fhe hybrid

y+ computer. The gape recorder with the signals stored in the
magnetic tape was then connectgd to the analog/digital con- .
version channel. The hybrid computer then starts reading the
analog/digital channel and storés it in a memory buffer in the

digital section. ' When the memory buffer is full, the progrém

automatically enters the output phase where the contents of

L - []
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the memory buffer are transmitted over a specially designed
telephone data link to a disc file in the digital computer.
Data was transmitted in records of 18 data points at a rate

of 30 characters/second. &

These data point; were then analysed by a ‘
Akomputer program developed by Sankar and Osman ({31} to calcu=
late the various stochastic parameters. A flow chart of the
analysis program for computation of these excursion parameters
is given in Figure'7.2. Tables 2-5 (See Appendix III) show
the listing of the excursion parame£ers of the cutting force
and surface signals that were obtained from the cutting
tests performed during the investigation. It can then be con-
'cluded from the rgsults presenged in fhe tables that the
excursion propertigéﬁof the 'force and the surface signals do
not change significantly with an increas? in the feed rate or
in the tool nose radius. From the excursion analysis, the

plots between the different stochastic excursion parameters of

- the force and the surface signals are 'ohtained and are presen- \

ted in Figures, 7.3,7.4,7.5,7.6, and 7.7. They show a set of non-
linear relationships but could be approximated to almost linear
relationships as indicated by the broken lines in the figures.

From these plots the following proportionality relations are

derived as shown below:

4
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! &)

(&CE)F = kl(MCE)S J
(RMSCE)F = kZ(RMSCE)S . (7.18)
) (AWL) = k5 (AWL) ¢

where kl' k2 and k3 are certain constants of proportionality

and depend on the cutting conditions. From the plot§~between

a

the excursion parameters of the surface rithness and those

for the force fluctuations it may be possible to approximately

5 and k3-for the =

cutting conditions employed. Such information is presented

estimate the values of the constants kl' k

1; k2, and k3 are plotted against the
feed rate for a specified tools#Mose radius.

in Figure 7.8 where k

With these relationships between the cutting force
fluctuations aﬁd surface roughness it is now possible to se;ect
the necessary cutting conditions to-produce a desired surface
texture on a workpiece, py the following procedhre.

Suppose the parameters governing the gquality of the
surface texture to be manufactured are specified. It is then
necessdary to determine the cutting force characteristics that
would produce such surface texture, The inforﬁééion about .
the cutting force characteristics can be obtained from the
plots 7.3, 7.4, 7.5, 7.6 and 7.7 tnat relate the stochastic Cuttiing force
paraméters with the sﬁrface parameters., Knowing the cutting

force characteristics, the values of the constants k,, k, and

1" 7
kj can then be calculated using equation (7.18). With these
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values of kl' k2 and k3, the approximate cutting conditions
to be employed for the épecified sugface'texture‘may be
evaluated from the Figure 7.8.

7.5 Assessment of Surface koughness from the Cuttinqg Force

Fluctuation Characteristics ‘ ~

From the experimental results aqailéble it may wa be
possible to establish definite relationships between the
cutting force .fluctuations and the resulting surface roughness.

In Chépter 3, an analytical expression for the mean
square response Of the machine toél system was obtained from
the stationary solution of the probabilistic equations which
describe Fhe probability response of the system. The CLA- Y
value of the surface rdugﬁness thus obtained agreed closely

-

wi}h the actual measured values in the case of finish turnding.
It was shown that a éomplex profile of a machined surface can
not be fully described wigh a single parameter like CLA-value.
Furthermore, CLA- and RMS-values give only the ampljtude char-
actépistics of the surface profile. Further, the mechanical
pProperties such as gke be;ring éapacity, thg lubricability,
tpe wéar and corrosion resistance depend directly»o? the

!

values of MCE, RMSCE, AWL etc.x:;D
‘ ~
casure the tool-wogkpiece

Since it is difficult to

response close to the cutting zone, the possibility of deducing,
q ~ . .

[

the stochastic parameters MCE, RMSCE, and AWL of the surface

‘ & . .
roughness di;ectly from the corresponding values of the cutting

Q —
Y

i \i"
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4+ against each other and this is presented in Figure 7.4. This

. @n increasing CLA-value of the force and then becomes asymptotica- |
: A

f .
)
.
: ~ \ﬂ ' LT
. . -142- ! o ,
« "' ' ‘ .
v ¢ -
4 N . ~

force is explored in thlS section. Also, an attfmpt is made

¢ 53 )
on the possxhﬂllty of deducing the . CLA-value and varlance of ’ o

€~ oy A

‘the surface profile dlrectly fromgthe correspondlng cutting
force values. If dlrect emplrlcal relatlonshlps between these T

quantltlﬁs that describe the forces ané surfaces are esta- ~

-

blished, then the necessity of égiza?ting the CLA~value from
‘ ” 12 t v

”

the stochastic response of the tool-workpiece system does
~ e ; v
not arisge,

The CLA-valués of the forées computed by the analysis:
:iprogram are plotted against the measured CLA-values of the

'y ‘ v : '
“machined surfaces ts shown in Figure 7.3. They show that tie

lly constanty This means that fluctuations of the\cugﬁing forces

may continue_ to increase with variation in cutting conditions n |

= but the CLA-value of the surface would asymptofically approach

a maximum value and stay at this constant level. The reason
; . . ) B 4 x. ¢ . . )
for this may be attributed to the elastoplastic strain energy .

¢

consumed’ during the formagion of the chip and the damping

' present in the machine tool system. The variance of the cuttlng
force and -that of the sumfgce fluctuﬁgions are*also plotted
M
plot indicates a similar nonlinear relationship. From theSe.’
a ' \ .

plots it would then be possible to deduce’directly the CLA-value

A « .
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CHAPTER 8 L

THE EFFECT OF CUTTING SPEED AND TOOL WEAR

*ON THE CUTTING FORCE FLUCTUATIONS AND :

le. SURFACE ROUGHNESS FORMATION IN FINISH TURNING
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CHAPTER 8

" YHE EFFECT OF CUTTING SPEED AND TOOL WEAR

ON THE CUTTING FORCE FLUCTUATIONS AND

SURFACE ROUGHNESS FORMATION IN FINISH TURNING

8.1 Effect of Cutting Speed on Cutting Force Fluctuation

and Surface Roughness Formation in Finish Turning

The cutting speed in a finish turning operation is chosen
on the ba§is of the tool material and the workpiece material
to be méchined. Usually, a range for this cutting speed is
speéified at wﬁicﬁ'a surface finish of reasynable quality and
dimensional accufﬁcy is obtained with a minimum tool wear. -

nthe present investigation, a carbide tool was used to machine

a workpiece of AISI 1015 steel. For,this combination of tool
and workpiece 'material, it has been found experimentally that
a cutting speed of 300 - 400 ft/min. is to be used for a good
qguality finish,

To investigate the effect of the range of cutting speeds
on the surface rouéhness, metal cutting experiments were
_carried out at two different cutting speeds — 375 and 300 £t/
min, with similar feeds and tool nose radii. Surface rough-
ness parameters obtaihed with 375 ft/min. cutting speed are

shown in Fiqure 6.18 and Taple 2 to 5 (Appendix III).

Similar analysis was carried out on the cutting force and

\ surface roughness signals obtained with a 300 ft/min. cutting

speed. The CLA-values of the surfaces computed analytically

’ |

-
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‘from the cutting conditions and the tool-workpiece response are
found to agree within 8% of the corfesponding_CLA—values
calculated for cutting speed of 375 ft/min. The measured
CLA-values at 300 ft/min. cutﬁing speed were also found to
agree within 10% of those measured during tests at 375 ft/min.
This closeness of the CLA-values calculated at these two dif-
ferent speeds and their non-dependency on cutting speeds may
be seen’ clearly from Figure g, 1, It was also found that there
is negligible change in RMS-values of the cutting force and
surface signals obtained at these two differenﬁ cutting speeds.
In 9&apter 7, an analysis of the cutting foree and sur-
face signals obtained at the cutting speed of 375 ft/min. is -
caéried out to compute the excursionméarameters. \It was then
undertaken to investigate whether there .exists anymsighificant
variation in the excursion parameters of the cutting forces
and the surface roughness profiles obtained at cﬁtting speeds
of .375 and 300 ft/min. For _this purpose, the force and sur- .
face signals recorded for 300 ft/min. cutting speed tests vere
also analyzed with the analysis program described in Chapter 7.
Resultsushow that the excursion parameters of the cutting force
‘and éurﬁace signals obtained with a 300 ft/min; cutting speed
do not differ from those obtained for a 375 ft/min. cutting

speed. ’
1

Since the amplitude characteristics and the excursion

parameters of ESe cutting force and surface texture do not show
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any appreciable variation in the tests performed at two differ-

{ .
ent cutting speeds, it is then reasonable to state that the

cutting speed specified for a finishing operation do not

affect the cutting force fluctuations and surface roughness

-

characteristics.

8.2 The

Effect of-Tool Wear on the Cutting Force F&uctuations

and

the Formation of Surface Profiles in Finish Turning

In any-metal cutting process, the tool undergoes gradual

wearing after each cut., 1In a finishing Operatiifj a tool is

considered to be worn out when the CLA-v‘&ue of the surface

roughness of the machined component suddenly increases to

a relatively high value under the same cutting conditions,

Investigations were carried out to find the effect of
LN

.a limited tool wear, however small, during a finishing opera-

tiorr, on

the cutting force fluctuations and the surface roqgh;’

-~

ness characteristics. For this purpose, the finish machining

tests that" were performed and ¥eported in earlier chapters

were repeated a few times usind the same tool and the same

cutting conditions. The éutting force fluctuations and the

surface profile parameteng'obtained\for each test were‘;gﬁpared

with the
the tool
The

produced
e

results obtained from the initial cutting tei§s when -

used was a freshly ground one.

.cutting force fluctuations and the surface roughnesses -

LY ©

in each successive test, using toedls with increasing ’
\

- A

p . : . A
wear, were recorded and analyzed. Results indicate that there

1

<




~ -la8- . B
1] . )
is no appreciable change in the amplitude characteristics and
the excursion parameters of the cutting forte and surface

signals obtained each time. Hence, it can bg argued that a-
/

limited tool wear, that is acceptable for finish machining,

v

does not have any appreciable effect on the cutting force and

«

the surface profile stochastic descriptions.

e

Ly

3

-
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. A
CHAPTER 9
DISCUSSION OF RESULTS AND CONCLUSIONS = . €
In this thesis, the influencg of the random metal cutting

forces on the quality of the machined surfaces in finish P
turning is investigated in detail through an analytical ap-

proach and supporting expériﬁental observations. Direct T

elationships are estéblishéé for defimng stoéhastic'char;
A}

ter of the surface profile from a knowlédge of the cutting

force statistics.
<

It is attempted in this investigation tolshow that it
lis possible to\have a réasonably good estimate of the surface
texture from the dynamic response of the ;ool—workpiece system
and the cutting conditions used. The dynamic response of the
tool-workpiece system is responsible for the random or funda-
mental roughness_qnd is computed from the progabilis:}b egqua-
tions of motion of the machine-tool-workpiece system. On the’
- s

other hand, cutting conditions such as feed, tool nose radius
etc, affect the basic or theoretical roughness of the surface’

. {
and this roughness component can be calculated using the empir-

ical relationships given in Chapter 4. The total surface

rdﬂbhness so obtained describes the amplitude characteristics *

of the profile of the finished part. To describe a surface . 4

-along its length direction, the stochastic excursion parameters:

are employed. Experiments were carried out to support the ) |

o “~

’



| ,) validity of the mathematical model pfoposed and to establish
| X ) approximate relationships between the cutting force fluctua-
tion characteristics and the*surface texture produced.

9.1 Discussions of Results

From the analytical results and the corresponding exper-
imental investigation on the influence of the cutting forces
— - -—- - -“on the character of the machined surfaces in finish turning, °*
the followiné observations may be\made:
The cutting forces exhibit random fluctuations and the

deqgree of randomness ihcreases with tool nose radius and feed.

1
4

The dominant frequencxlcémponents of the cutting forces are
in the range of 600 té 3000 Hz with significant amplitudes
identified in the freéuency analysis diagram presented in
AFigure 6.2. The spectfal density analysis of the cutting
forces indicate a reasonably flat spectrum over the frequency
range measured with fluctuation present up to 200 Hz, Thé
spectral density varied from 1 g?/Hz to .l g?/Hz in the fre-
quency band of 50 to 200 Hz’ and from .1 ?2)Hz to .05 g?/Hz
between 200 to 3000 Hz. The probability density distribution
of the cutting forces show clearly a Gaussian character; The
surface texture measd}ed‘on the test specimen shows dominant
frequencies in the region 100 to 1000 Hz with the absencé of
any higher frequencies. ‘The maximum spectral density varia-

tion was noted as 10 g?/Hz to,0001 g?/Hz in the frequency

range of 100 to 1006 Hz. The amplitude density analysis of

Iy

. -
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-quality of the surface can be made analytically if a knowledge
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the surface roughness also shows a Gaussian distribution.
The fundamental or the random component of the surfaceé
roughness calculated from the equations of motion of the tool-

workpiece system gives an RMS-value of 70 to 75 pin at a

feed of .002 in/rev and different tool nose radii. This

RMS-value increased with increase in feed up to .006 i?égev .
and remained steady thereafter.

The CLA-values of the surface texture calculated from .
the fundamental roughness (given by the tool response) and

the theoretical roughness (given by the cutting conditions)

were found to be slightly higher than the CLA-values measured
directly on the wqupiece: The discrepancies between the
analyticai CLA-value and the experimental CLA-value were of
the order 4 tq'ﬁ pin for all feed rates and tool nose radii

employed. This indicates that a reasonable deduction of the

of the cutting forces were available.
- The plots.describing the excursion parameters of the cut—

tihg force fluctuations against the correSpondlng parameters

for the surface texture show apnrox1mately llmpar relatlonshlps.
For mean crest excursion the linearity can be extended to a
value of f40 uym MCE of the cutting forces or up to 250 um of

the surface undulatiqn for 1/32 in tool nose radius and .002
in/rev feed. These ;esults are not considerably altered by '

changes in feed and tool geometry. In the RMSCE plots such



)
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» ] [ )
¥ ] :
linear approximations were valid up to 60 um for cutting forces
or 140 um for surface téxture.

"

The cuttlnq forces in. a metal cutting operation are

M +

mainly governed by the workpiece material and the’cutting
conditions employed. It may be interesting to observe whether

a knowledge of the gquality of the surface to be produced

¢

could be obtained directly from the cutting conditions used. 3

This requires that the influence of the cutting conditions

on the cutting forces be evaluated. i{/

The cutting conditions in a turning operatloq are nor- B
mally specified in terms of feed rate, tool geome€¥y, cuttlng«’;
speed, etc. The cutting forces are expected to be consider- ”
ably affected by a variation in any one of these cutting

variables. “

L4

It was observed in the present investigation that the

-

characteristics of the cutting force fluctuations in finish I/N-

tirning do vary considerably with the feed and the tool geom-
etry. The variation in the cutting speed seemed to have
negligible'influence on the cutting force properties.

\
Results presented show that the CLA-values of the cutting

forces 1ncr@ase : increase in the "tool nose radius or

with an increase i§§§

excursion properties of the cutting force signals do not

. feed rate. On the other hand, the

N ¥

change significantly wifh an increase in feed rate or in tool

-
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ngse radius.. This indicates™that for a particular workpiece
material, the cutting conditions, namely, feed rate and tool

geometry, affect the amplitude fluctuations of the cutting; force =

‘but do not have appreciable influence on the excursion. properties.

Results obtained fgipkhe surface roughnesses, also,

show Fhat the stpchastic characterfstiés of a surface téxture

-

4

vary with iheafeed rate and the tool geometry. It is4found that

with'an ihcreasing feed rate, the CLA-values of the surface

-

roughnesses also increase, whereas the CLA-va&ﬁes decrease with p

an increasing tool nose radius.

It is now proposed that similar exhaustive investigation®
i 0 4

be carried out for different machining processes under various

-

cutting éongitions and workpiece materials. From these experi-

mental data, it may then be possible to establish a library of

information on the cutting force fluctuation charatteristics -
b

yd ~

and the corrgsponding surface roughness parameters for Specifieq

Y

cutiing cgyditions. A quantitative analysis of this information
will lead to a set of graphs as those preseﬁted in Figures;7.3\
- yoox “ .

to 7.8;whiph would yield approximately the expected guality

of the surface finish from the cutting comrditions employed.'

. convérsely, in order to obtain a surface finish of a specified i:)

quality, it ‘would then be possible to recommend, through

these libraries of plots, the appropriate cuttingxbonditions

to be employed for a'given machining process and a specific ’

orkpiece material. o i o

- R R -

.
t

v
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9,2 Conélusiqns - “ ) °

Y

&;_The fpllow1ng 5pec1f1c cqnclu51one/may be drawn from

r-- the experimental gesults for a flnlse/turnlng; ) 1" %
| . % . st * \\

,u

1) The cuttlng forces in a f(glsh turnlng openatlon

s

are basically random in nature, s

ii) The frequency range of the cuttlng forces is .
. ‘ R I NIt ST BRI S e RIS IR €8
h‘nlﬂhh . "‘n n) d'\hl!b” sa o.Jl(ddI ]{ Yl ; \l\3 }'12%1\“; o -.JJ-»I\“U’LH v H!L lxh l»gtx h. ﬂ ul ARG ¥ _.L 'le
, /‘ K o oel
Y ’ iii) The surface t@xgpre produced is also random and ' “"
) ] {its frequency range is much lower than that of the

. ‘cutting forces and is of the order 200 Mz u:&iEZ)A

» -
-

. ) ~Tbe probability distrig;tion of the cutting’force

and sﬁrface roughness aﬁplitudes show!that they |,
o ) : 5 ) . oy

. are Gaussian in nature. y .

. . .
o o e ‘ -

- . v) - The spectral analysis of the cutting forces in-
' dicate.that they are %f wide band nature. Hence,
v, ., - -the cutting forces may be represented as an

almost whigs noise type of exciéat;pﬁ in «the
o .

'mathematicalnmodel for the’tool-workpiece system

T asiproposed in~Chapter 4, ! r A

) . S vy, The results of excursion analy31s of the force and .

N

C o surfice signals 1nd1cate approximate linear
' 'y - N N )

. relationships between the'probabilistic parameters

. o ?f the surface roughness and the cuttjng force

AN W . ‘
#. fluctuations in a finish-turning operatjion. A .
e , g ‘ . . \ . ( a

. ¢ .
- . .
\ ! . LI . « ' ., i
- o . .
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' 9,3 Limitations of the Present Work and Recommendatlons
N n‘ N A
for Future Research . °

1 i

The basic purpose 6f this invéstigati&ﬁ is to understand - .- S
¥
the effect of cutting forces on the formation of surface tex-
» £
ture during a metal cutting operation. It is shown how the’

tool workp £e8 5\%5‘?}}&%"1 o }9‘4}{.&%}1:;5%}3@g@%ﬂﬁﬂdﬁ:&&xnhemdmnammmfm’*~’-'w‘_l~'1-ﬂmfmm

RiZ A RN AT U“\.H; SINAIIN T E I Add)

nature of metal cutting forces, influences the surface texture

of a workpiece. The tool-workpiece response is obtained from

the probabilistic equations of motion of. the machine-tool-work<

o, ‘plece system and is derived on the assumpt@on that the, random

. \ R b b

4 cutting forces are stationary with a Gaussian distribution. -
Such stochast}é/descriééion for the cutting forces is jusfified

only in theJ/case of finish turning or grindilg operation.
N S \ - .
But for rough turning processes and for milling, the 'cutting’

3 "3
forces may be expected to be non- statlonary and non-Gau551an.
v ’

. {
To apply the mathematical model developed here to all types /
of machining processes, it 1s necessary to solve .for.the N
response of the system under non-stationary, non-Gaussian ) - A\

) fércing functionA This will be. mathematically complex,
. ' k:
-y It may ak o be noticed that, 1n the analytical approach; < N
. “ . / .
?ifthe machfne=tool-workpiece is modelled as a two Q5greg ~of-

, / o d
freedom uncoupled-Fystem. Even though this might be an im- /// )

pes it

)

: /
provement over a single deqree—of;freedom system and dig-

» .0

tinguishes the flekurgl action of the cutting forces from the




-156-

torsional action, ‘it can be arqued that a more effective
/

mathematical model might be able to give accurate descriptionl

of the responses in all the principal modes of vibration. On

the contrary, the mathematical complexities introduced may not

justify the improvement in the results based on a multi degree -

of-freedom system: A further 1mprovement to the two degree -

- i l
R R LR LR RUTC Tk IR LEAT S T U

btz o0 i U S B S Sy S em proposed here may be in a better represent-

ation of the dlmen51ons and rigidities of the spindle~workpiece

unit and including the effect of tool mounting.

\

It is observed\ghat the accuracy on the estimate of a

J

surface "texture obtained. from the tool-workpiece response is

‘within 110%\of the experimentally measured surface roughness.

This accuracy could be improved if vthe transform pharactgris—
tics of the'system, especially at the Ebol—workbiece interface,

are exactly known., In‘order to achieve this, a complete under-
i3

standlng af the complex "thermodynamic process involved durlng

shearing metal and a knowledge of the actual elastoplastlc

L4

deformation process of the workpiece material are required.

This information is not available at: present. }
. <

A major approxxmatlon in the analytical investigation

*

presented ig the: concept of representing the spectral den51ty

of the cutting for :s by an equivalent constant‘whlte‘nOLSe-
spectral~5qnsity taat wohld”prdduce a similar response of

the system. Effectively, this is to say that the cutting

forces are taken as a wide band random process with a delta

HREIEENIT IR TN Ilf';';”u In‘ﬂhﬂl!i.)”l




correlation. "Although this can be interpreted as a llmltlng

case for the cutting forces, the response of the system under '

‘ .
the actual conditions can be evaluated using a similar pro-

-

cedure. It may be noted that the cutting tests results show

a w1de Band spectrum for the cutting forces.
!
There were a.few apprq ﬁm gk iy thauﬁlmxahmwhun'mmnmnwzn
ﬂu‘v“nh .,himri' I [ SV ST AT TAL T TR RIS IET ISU P PRTE 1 O \Ulf(?’d wa PP % t ﬁ‘t"?‘gﬂﬁlkﬁﬁwolﬂ ﬁ b! 4 8

) turning experiments conducted in the laboratory due -to equit :

ment limitations. Some approximations were also involved in

the comé}ter analysis, program for calculating the stochastic '

14

excursion paraméters of the cutting forces and the correspon-
[

<
x3

] . ding surface texture for the experimental data. Because of A

o the minor nature of these aoproximations, it is reason%ble

,to expect that the resuﬁts and caﬂblusxons reported 1n‘thl$ )
‘ . the51s are valid.. . . . o ’
A orobable aoollcatlon of the results of thxs 1nvest1-'

( r . S
'yatlon lies in the area of control of machine tools in con-
. \
Y tlnuops product1on. " If a continuous meieurement oﬁ/fge machined
. ' 4,
surface is obtalned through properly designed qenslnq devlces

and a correqpondlnq data on the‘avnamlc cutting forceq were | ' ' .
- .‘ [ \

c K also contxnuously vecorded it would-then'be possible to A

vary the cuttirig conditions to produce a deSlréd qurface finish
. IS . ]
¢ 3 o ‘ ‘ .
" employlnq the 1Pformat10n presented xn this th951¥

5

- An 1mportant future rescarch in this area is o establlsh .

directly through detailed gnalyt'cal and expdrimpntal studdiese
. % L] '

. the influence of the surface tex;ure descriptiors *to the mech-

PR .
rd . - ’ ‘ ’ RN
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B

anical.properties of the component.  Such an iﬁvestiqation

4 » 13 . i ‘ i . ‘ " !
will extend the applicability of the results presented in .
. .
] : @
this thesis to have an advanced knowledge of the functional-
e g ) * - :
integrity of the manufactured compphent; .
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! ' APPENDIX I e - : b

X : "!.. v
Equation (5.5) states _ - )
\ . * x : T ——s
‘ 1 . 0
¢? = —— ()P - {1 - (29)%)2)
. 4(:0—) ' -1 !
1 - s
T - . e : e M et S
where 4 is the equivalent viscous damplng ratio
W is the exciting frequency "
wy is the undamped natural frequency
' xo is response amplitude at the ratio z—- » 0
: 1
> .
and X i$ response amplitude at the exciting frequengcy .° ’
of w. R .2
- ? ' Q‘
.50, to calculate j,; the values of Wyr Wy X ang XO are required,
LS .“J - ’ ~
The undamped natural frequency w; can be evaluated from the
: = ) .
relationship 'shown in equation (5.4) »
. , :
~ 9 )
) — K .
s %
wy = ( = ) -
1 (14 '
A P
¥ f
' * hd ! b ’
where K is the static stiffness of the machine tool, and
] ine tool.
N\

°

response curve as illustrated in Figure 5,16 and found to be *

‘1‘4 X 105 1b8/ina . P s . . ﬂ"n ‘, “

! ’ ' ' J
. . . . -
. . .
' \ ’ . N ¢ " ' /-
‘ " v ) , 1 w
.
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v
m is approximated as 210 lbs, whichhincludes mass of the
spindle, chuck and workpiece, oo o,
Using the values of KS and m in the equftion (5.4) the
undamped natural _fr‘équency is found to be .
- .. »
— ' ™ T W= (LIX105) 12 ) T
E o s o (200 ) I S S
‘EL‘;:-N_ T I T ST ___-.A_J..x.‘:‘f,.“.l.*.. ,.A.‘-..‘_4,.._m.‘.u.-»__.w.“..BB‘G..: S T T Fepa k
. = 1430 rad/sec.
Now for amPexciting frequency of 200 Hz, the response X from ..
. ¢ ' : o -
i . ‘the Figure 5,16, is found to be 9 x°107° in and X, is 4x 10°° !
j in. Substituting the values of Wys W, X and XO in equation
| , %5.5) .
’ ’ . | S 2 2 ’
| 5= 1 ((Ax 10 ) oy 1- (2% 290, b
| 4(2m x 20042 - -5 1430
| , 1430 9% 10 ‘
? \ = 14
K Now, from the ,relations\mip N ‘ '
“ * 1 (\ ' .
- S ;
2 E ~ C '
c
) = —9__. ~ ¢ b
2 ' ~ :
My | W ‘
where ¢ is equivalent viscous damping ‘coefficient, and ) )
¢, is equivalent critigal viscous damping coefficient.
c i \ .
One can write . Y . . o ‘
. . & . . !
. C = 2mw1‘ s L . e
) “ =275 1b in/sec
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As explained in Chapter to “calculaté the RﬂS‘value

-

O¢ of surface, it is required .to evaluate the mean squére
N ~res§onse E(x?] of the tool-workpiece system which in turn
N ’ +UJ ¢ o ~
J|H(w)|? duw. )
. ¢

-~

‘needs the value of the integral

- N ' +o0 FN [N ’ .
~ Evaluation of /|H{{){%dw: T R
. VN -0

\

This integral is expressed in eqﬁétion (3.44; in which the
\ g \‘

-4*values_6f the coefficients A64 . etc., are calculated as

1

-shown below. o -
’ ~

2 : < v -
A, 19260(EI}° _ 37 4 q0° /sec* ' ’
6 ! .
mymyl L ' L P /
Nt = 174 C-EI , 113 C-EE- _ 1457, 1910  /sec?
3 13
. . mlmzz mlmzl
. " 2 * . ‘
‘ | A, = 174 ET , AC? , \113EI 11.5 x 10®  /sec?
3 2. m.2? mm, ‘mz® -
‘e , : L ° - v
) ~ ) = (-:—- §—— = ) 8 4
p v By my am, T 3.2 x 1o /sec /

=7 x 10 . /sec?

o]
[}

1.6 x 10?2 /sec’ .
2 e E *

— ' | . o

’<32=1 . | . .

o
L]
Slﬂ
L]




- 1 /‘ ,/‘."‘ ,
Substituting the values of the‘!oefficients in equation (3. 44) .

L 4

it is found that »
, - . ‘ - . . ! *
. +w o . . .
" o B 2dw = 41 x 10-t® 2
Sy (W) I W ‘ rad. sec:
-0 . ° A\

. . ¥
Now, the values of 0g can be calculated for different wvalues
»

of S, from equation (4.11). The following table shows the \

-

- . values of df obtained for different feeds and tool nose radius

£

of 1/32 in. . T/
) —— ' - - v |
Tool nose Feeds So ) "3 o
, radius in in {E{x2)} k f-
. in. in/rev | g%/CPS in. in. .
-6 -6 |, ‘
.0017 .09 81x10 . 73.2x10 \ |
2002 .12 | 86.2x10"° 77x10"° \
) -6 - -
1/32 .004 .18 112x10 .85 | 96.7x1Q°°
~.006 3,25 123x10™° 108.2x10""°
' - ‘ . -b
.008 .25 123x10”° 110.1x10
. N . \
< * l ) !“.
L ' . Table I \
Calculation of CLA-value ATot of the surface profile: ‘
e

Knowing the ¢ and‘oTh, the CLA-value ATot of the surface

can he determined from the equation (4.13) for different cut~-

2’
! i
.




.
13

' ting conditions. A sample calculation for a tool with 1/32"

.tool nose radius and ,0017 in/rev feed is shown éplod. k
" * * . V .
E To éﬁmpute ATop from the equation
! '_ 2 % 1'5
ATO& = [.865 ATh +- .640 of]

the values of An. and A are to be obtaihga from the Figures

6.15 and 6.17 for 1/32 in. tool nose radius and .0017 in/rev

N ’ ‘ -
feed. These values are found to be '

o.r= 73,2 x 107° in.

£
’ 107° ; )
R lTh - . 3: b3 ln. >
g : R . N
Substituting these values ig the above equation R Y.
' = . =5,2 e o ~6.:2.%
,ATot = [,865 x (3.0 x 10 ")° + .640 x (73.2 x 10 )*]

’ L
- N . 3

‘=257 x 10 in. - .
' s

Similarly, the values of lTot for other cutting conditions

are computed. e
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TABLES SHOWING CUTTING FORCE AND ‘
SURFPACE ROUGHNESS STOCHASTIC PARAMETERS : L/
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