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A snjnv OF ECONOMIC MACHINING AND opmaztl&or‘

o D e it

-

3 The problem of economic machining has been recognized a8 one

of the ﬂbciaive factors affecting the selection of toola, tool :

' -

materiala, cutting speeds, depths of cub’%nd a number of other

. Vo
0

! ' ) ‘arameters;. Furthermore, the problem has béen attacked from varying

points of y;ew with varying degrees of success, k

»

. Two such methods are S;gsénted here. The first recoghizes f'

-—

the large number of variables that must be handledgand consequently

the loss of generality that must be tolerated. However, it is
. . /

faithful in its depiction of the economics of the machining

operation. . )

-

.

The second considers maximum profit as the criterion for the
. L
selection of the optimum machining conditions rather than the con-

ventional criteria of minimum cost or maximum production rate where

the marginal revenue equals the marginal cost.

LN

r * Finally, a technique. is presented for the optimization of the
\ o . .

mathematical model obtained from the above methods. The particular

) technique stated here’is geomettic programming; however, it is

conceded that there are others which have proved to be equally

successful.
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| ' ' CHAPTER I  © *

> .
f

, ' Vs
PURPOSE AND SCOPE OF INVESTIGATION

? T , 6 R ! - ) \
1.1 Introduction

A

In machining any component it is first.-necesgary to ‘satisfy

previously prescribed quality specifications sd’ph as Surface' finish, e
, ' accuracy and surface integrity‘ When t;nachining a part within the-

quality specifications, there usually exists 'a wide variety of speeds,

feeds, tool materials, and other machining conditions which can be

used for machining the component on a given ma?hipe. The objective

of the tt;ol engineer is then to selectwa seé of ’machining parameters - ~
- "which first satisfy the quality specificat'ions, and second, provifde

N

either minimum cost per piece or maximum production rgte, or some
=

©

, o) \
i combination of ‘both.

Hn@, the problem of eccmomic machining 181 not so simple;

7

complexities arise when faster speeds and higher feeds are require.?

. " to reduce achining times and hence reduce coste the implémentation’ -« ‘ E
' of either Teads to a short;et tool 1ife, which increases costs. It “
' . — .
i an ' | . ‘ I
" ' ‘ ? I S S,
E 2 _ : = \i ~ R ———

, -
v A e
. L - - r
v - A 2
N ’
l .
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is supposed that there is*some optimum set of conditions which will
NN _
lead to minimum cost. The problem of economic cutting conditions has

been previously investigated with varying degrees of generality and

usually from rather different viewpoints. . \

The advent of the electronic computer has furnished énqther
tool for the determination of .optimum machining cond‘itions and it is
widely used. The main advantages are the ;aase with which it can
handle a great range of data, and minimizing the poséibﬂity‘of human

error in reaching a solution. W

However, the fact remains that no optimization of machinability
parameters 1s possible unless the principles of metaf cutting are
thoroughly understood and exploited. The first steps in this
direction were taken in 1906 by Taylor when he pﬁblished "The Art of
Cutting Metgls." He was the first to investigate the tool life and
cutting spe 2 xrelationship, which is still of prime importance in any
discussion of machining of metals. Having said this, we' are ready to

proceéd further and lodk intb,g:he interaction of tool life and cutting

.8peed and how they affect other parameters involved.

1.2 Survey of factors affecting
economic machining 4

There is a multitude of variables which influence total

(o

‘ machining cost per part, such*as the price of the ‘work material,

value of machine, wage rate of the operator, number of machines per

\/

”
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operator, number of shifts and hours worked per year, tool cost and

usage, production rate, tolerances and finishes requited 33 the end
product, ete. 'Very basically, .these can all be tied to two things, !
feed and speed, as these t factors‘dete’rmine the rate at which you
utilize an ecénomic 1nput‘of men, material, tooling, and equipment.

"Fc;ed" may be herein defined as the rate at which the cutting tool is
pushed into the wo.rkpiece; usually expressed in inches per revolution

(IPR) or inches per minute (IPM). ''Speed"” is defined as the differ-

ential surface ~velocit:y between the cutting tool and workpiece,

regardless if either or both may be moving, expressed in surface feet v

per minute (SFPM). i

The cruk of the matter of machiﬂiniaecoﬁomics lies in the fact . '
that the faster you run an operatioﬁ‘, t‘;u; more efficiently you
utiliz the. value of the machine and operator, but the more ’quickly
you enin_d perishable cutting tools.. Conversely, you can obtain

"excellent" tool life by slowing down, but you may not then be

e ———— o ke . ar 2 o

utilizing the value of the machine and operator. Theoretically, at
least, there exists a cycle for any machining operation where the
"right" feeds and speeds will allow all*xariables acting together to

produce some best economic operating position within, of courme, the : B

limitations of end product quality and reliability. This is called
the "optimum" position. Generally, and in this discussion, the
optimum is defined as the poingwhere the total machining cost per .

part 18 a minimum. Some ciscumsfances, such as war or other emergency,

\

¢

.
Tt Mat T ob-gusn ML
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may demand optimum cycles set to give maximum production rate,
although cycles set to maximize production are not u#ullly the same

as cycles set to minimize unit cost.’ N

It will be noted that what is stated here is really nothing

new. F. W. Taylor advanced the idea of a "twenty-minute tool life,"

with similar economic thinking for single point turning, back around
the Fum of the century. How i{s it then; in the age of the si)aceman,
that’we fi;ld entire plants of machining operations with feeds and
speeds set to give "good" tool life, the length of which is proudly.
exhibited as being a full wo;rk shift, or in some cases an entire week
of shifts‘; It is conceded in some case-s tha’t existirig feeds and

speed could be optimum.

Part of the problem is that thg extens‘:lor; from sing’e poim;,ﬁ :
"laboratory" machining economics to multi-station, multi-tool,
prodt.xction machining gconomics may be presented as s mathematically
formidable. one. This contributes to a second diffiéulty, that of
communicating with practical voperating personngl :esponsibie for
setting feeds and speeds aqd keeping mac.hines running to "get out’

pr'oduc tion."

Management could make, a contribution by providing
appropriate accounting and performance records ‘for engineering cost

inforhation. The common cost control system, coupled with the usual

" difficylties of maintaining a supply of correctly-sharpened tools,

leads op" té'tingﬁ,personnel to ‘con;:lude that extra long perishable tool
i‘l N '
11fe, or perhaps buying on price alone, is the biggest contribution
' ' i N . N
‘ ¢
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that can be made to reduction of total unit cobt. Last, but

ce:i:'ainly not ieut. thet"e,luy be some llack of understanding about
L4
vhat physically happens insthe cutth\% operatioh when feeds and _

speeds are changed. The net systems effect of cost versus performance

features of all machining variables upon final total unit cost and

product quality are prime consideratlons.

. )
P . .
It is with the above thinking in mind that -t}h_.s work covers

three areas:’ '

1. The general effects of changing feed and speed upon physical

parameters direc;ly affecting economical and quality production.

2., A simplified derivation of the cost expression and method of

»

application in conjunction.with the Taylor plot.

3. An optimization techniqhe to obtain the cost optimum conditionms.

R a ¢
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\\ life that could be us®j as a standard. If the tod

ey CHAPTER II

¥ \S__k

ON TOOL LIFE AND CUTTING SPEED

- . a “

.,2.1 Taylor equation ‘ ¢

Y

The wbrk of F. W. ;aylor has come to be embodied in the well-
known tool life-cutting speed equation as follows:

T?V = c ‘ .. «

Taylor carried out investigations to determine an optimum tool

life is too. short

\\ the tool‘mﬁst be reconditioned too often; on the gt hand, whgn
\tool life 18 too’ logg, the cutting speed is apparent
X%using losses due to high ﬁachining time. The ratio of tool life
.békween'grinds and time for regrinding the tool should, .

A

Taylor's findings, be between 7 and 35. That 1s, the too

| X
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', The American Society of Mechanical Enginée recommends (Ref. 5, 19)
distinction between tool life‘ for lowest cost and/tool life for -
larg st‘production. As such, both will be analyé d. Figure 2.1
ind cate; the droﬁ and rise in tool 1ife as caused by an increase and
dectease in cutting speed. It will be seen that/ the exponent n has a
dominating effect on the tool life-cutting speed relatiomship. An
example is indicated By poin? A on the y = 0.5 /line, showing that the
cuiting speed must be reduced by 507 when it i? desired to increase

The changes will, however, be more dra#tic when the exponent

todl life by 300Z.

n/ie.smaller thén 0.5, which 1is true in most‘practical cages. It

will be observed that the exponent n is somegimes as small as 0.08 s
'and often only 0.15 for high-speed stee} toéls and 0.3 for carbide

tools. It will ;lso be seen from Figure 27& that the greater the

exponent n,’the legs the effect of a drop in cutting speed on tool,

life. This hqlds also fog‘the con;erse c%bé: the larger.the

exponent n, the less damaging is an increase in cutting speed for

tool life. &

!
Changes in tool life also play anlimportant role in vibration

in metal cutting, where the cutting Bpeﬂ 1’ar1es periodically between

.a maximum and a minimum. Since tool 1ife changes to a considerably
greater extent than cutting speed, it 14 evident that even a relatively
small variation in speed will cause a large variation in tool 1life,

often exceeding the limits and causing premature breakdown of the

cutting Fool. AT
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2.2 Tool life and wear criterion s .

\

¥ aud ) .
it becomes imperative to define

<

In a discussion of ‘tool 1ife
the t;rear criterion and what constitutes a tool failure or,. in other
woards, the end of tool life. Before the advent of carbide tools it
was considerably easier to determine tool life because the failure o
ttie- tool could readily be seen from the appearance of a burnished

ring on the workpiece when the tool was dull. Scilentifically,

however, the "Schlesinger Criterion" was used in the case of high-

'spee::i steel tools. A burnished ring usually cannot be observed on a

workpiece when machined with carbide tools, and hence this method is

v EE AT R SEEATIR IR mSTm e e e e R  m Ee E EERe S T T e e TR T T T T R

11-

f

useless nowa ~N The wear of carbide tools progressés, particularly

a}z the tool flank, in a step-like fashion, as illustrated in Figure

[

2.2. For a certain number of cuts the wear land does not,éhange, but

increases suddenly, followed by little wear increase until anothér
4

wear step occurs. This cascading effect repeats periodically until
the wear land has reached a dimension w jwhich is considered to be

acceptable as a maximum.

™

3

Hence, a tool life depequ on an assumed maximum of the wear
AN

of the gool and is therefore a matter of agreement and standardiza-

tion. This standardization, however, is not as easy as it @ appear

?

due to the difficulties associated with measuring the-wear.

It is usyal practice to measure the wear land on the flank of
the carbide tool (Figure 2.3) although the méasl,n'ing methods need

1nprovements. The wear land is not of uniform width but rather
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£ 3:8%3 :
< 0.024 .
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Figure 2.2.

(Ref.19)

5 10 15 20 25 30 35 40 45 50
Number of cuts made with tool

Wear progress on tool flank in steps.

o

Figure 2.3. Wear land on tool flank e and
displacement of cutting edge a.

(Ref.19)
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Fipure 2.4. Frratic width of wear land.

.. (Ref.19)
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. erratic, as sﬁetched 1anigure 2.4, Thué, the question arises as to

——

-

_ the generation and breakdoyn of(the built up edge.

i o A
|

v - 13

o

L - '

A‘ LY kw e ~ N
whether the maximum of the mean of the wear land should be taken as
N ot
the basis for tool life. Cratering at the tool face complicates the ’

situation considerably, particulariy when it is necessary to remove
the tool from the machine for such wear measurement.

@ ’

Progress has been made inm measuring tool wear by vari&ﬁg/a/’

:
H 4 .

researchers. Radioactive tools have been used and the wear pﬁrticleé -

. ! .
that travel with the chip or the cutting fluid have been counted with . .

a Geiger counter.

s

13

The radioactive method gives good results, but it is‘difficuli

to use and expensive. Generally, five actions affect tool wear:
. . : 9

1. plastic deformation;QZ. mechanical wear; 3. cracking .and flaking

due: to pulsation of the cutting force exceeding the fatigue limit of ©
< . . &
the tool; 4. thermal shock; 5. removal of particles associated with

\ \ :

In American practice, tool life data are usﬁaily based on-a -
wear land of 0.03 in. at the flank of the tooi in the case of carbide
7 \ ' . L N L
tools and of 0.06 in. for high-speed"tools, wheteby the maximum

width of wear land is taken, which is easier to meggpre than average.
) ;M',’ . ‘
N . ’

2.2 Machining variables

¢

There are several variables involved in machining, and quite

VL
-

-

. often several of these variables are ignored, but they should be

1
considered if applicable machining data are to be. derived and used.

A,

a

.
R Tt T - i o o e

&9




A

depth of cut, 4) size and type of machine, 5) power available.

quantities that specify the properties of the workpiecq material.

.

E
»

. ' . o - . 14

: o - \l\za
The rate\at which material can be machined’ is #fected by \
o 0 .

.1) material to'bilcut, 2) cp;ting tool used, 3) speed, feed, and

-

These five general variables are further affected by .

<y o ‘\ .

1) workpiece material type and physical chdracteristics

<

2) variations in cutting ,tool shape and geometry
3) cptting tool type and material ) ¢
° L d
4) variations in feed and depth of cut from 1light, to heavy and

-+ -
whether wut dry or with the aid of lubricant and/or co

. -

5) variations in épeep from the slowest to the &aatést, depending on

the machine used Y

.'6) rigidiéy of machine,. cutting tool, and workpiece ; g bx’h\&b

\
~ 1

7 specific requirements of cutting speed, tool lcfe, surface finish,

horsepover, residual stress, and heat effétts.-

< [ L 4 -

The Ger@ machinability doés not lend itself to a precise.

definition. In the context in ;hich most authorities use "mgchin:
abili&y," howeng;'it can be describ;d as the "ease" Qith which a
given material can be machined~in felation to a set of auperimposed.
magﬂining variables and the resulting cost of the operation and unit

7 , v

COQt. - 2 .

vﬁFurthermdfe, for a given set of machining conditions, the ease -

of machining varies with the workﬁiece materiai variables or those
o

‘
Namely, . ' -
. o ) 4 ‘




C

1) hardness

2) tensile proparty ‘%
—35 chemical composition

4) microstructure

5) degrée of coldwork

6) strain hardenability i % ;

-

7) configuration and dimensions of the workpiece, and -

'
*8) rigidity of the workpilece
e o

3 : i ' \

2.4 Tool selection -

In most manufacturing concerns, time is”the costliest

ingredient. To the cost per hour of direct laboyr wmust be added

capitalized cost per hour for the machine, cost per hour for indirect )

lhboﬁr, overhead, and otﬂer charges. Thé to;al can be .a very
impressive figure. If the time per piece can be reduced without
excessive tool cost, all the charges are reduced in proéortion.

Quite often it pays to accept shorter tool life, regarding tools as
expendagle, in order to-'reduce the other charges. Time for tool
- change and cost of regrin@iqg; where done, must be considered, but it
is possible to balance these ggainst speed to obtain remarkable

economies.

. Cutting speed is not, however, the whole coﬁsideration.— By

o

taking extremely light cuts and.feeds, verylhigh speeds with prolonged

tool life can be achieved.. What is needed is a high removal rate. An
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A
economic resources of cemented oxides.

available on average equipment.

¢ ) 16

ideal tool material would remove the same amount of stock per cutting

edge at any-<speed. . .

Megazine loaded tool holders for changing cutting edges
quickly and automatic devices for loading and unloading workpieces Q?
fastet will be required to tsye more advantage of the speed and
Also, more powerful machines
E!e needed. lHachine tools built for conventional toolioé cannot
realize‘the ootentials of oxides.

High speed macﬁining is only a relative term; in cutting folly
hardened (Roe&well_c 60 to 65) alloy steels, it would perhaps mean an
oofimum speed of 600/£o 700 sfpm. This is certainly within the range
of machine tools used in average shopg, These lower spindle speeds
are often adequate to obtain minimum cost cutting speeds for cemented
oxides also and wou{L call for very little horsepower in making
finishing cuts on hard alloys.

Again, there is ample horsepower

Thus it is not only possible to use

cemented oxides at low speeds, but on some materials now being

machined in ever-growing volume, lower speeds are the most efficient

~and economical.

Cemented- oxide tooling is fully reliable at low speeds.

v

Figure 2.5 shows what happens to oxides and carbides at very low

speeds. As the speed decreases below 50 sfpm, the three tool force

s
components on both carbides and oxides increase sharply. ¢ i

Iy

'3
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Figure 2.5. At very low\smro‘ﬂ*es\bui\d up
rapidly on the cutting edges of both cemented oxide \,
(0-30) and: carbide toals (350).
(Ref 20)
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\;“‘~\$2\\\\\\\ _-‘about 20 sfpm. This indicates the possibility that the bl up

’
®

e AR TS T Dy e L,

‘““edgeww11;¥increase the effective rake angle. Instability of force

[

carbide tool (350). These facts seem to support the claim that

- resulting in higﬁer number of pleces produced per hour, but the total

e e

\ - 18 }

A fairly sharp dip occurs in the cemented oxide curves at

measurements was noted from about 40 déwnlto 10 to 15 sfpm. This
ingtability and'éhe force lowering effect of the built up edge occur

at a lower speed with the cemented oxide tool (0-30) than with the

)

%
cemented oxides are more resistant to chip welding.e ) |

—
’

The most significant differenced?etween cemented oxiggs and $
carbides in their application is the makeup of the resulting costs to
machine a workpiece. In Figure 2.6, we can see that not only has the
minimum cost-cutting spéed moved from around 120 to over 500 fpm,
m;chiﬁfhg cost per plece dropped from about 70 cents to below 60
cent§. Of basic interest is the éhange in the slope of the total (Ref. 5)

% .
cost curve. Differences in speed from the minimum cost-cutting speed

when using carbide tools result in a rather rapid increase in the A

.

: 4 .
cost per piece. Using cemented oxide tools results in a total cost

per plece per curve which is flatter over a large range of cutting

-

speeds, particularly at speeds above the minimum cost-cutting speed.

This means that the accurac§ in determining the exact minimum cost- i
cutting speed when uaingwcgmented oxide tools 18 not nearly so

critical. Also, If the calculated cuéting speed cannot be maintained,

L4 - 4

only vyery small increug2s in cost per plece will result. It can be

»
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' .Figure 2.6. Piece costs for turning a cast iron pulley

with a %arblde’tool"
(Ref.20)
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seefh that speeds well in excess of the minimum cost-cutting speed

will result in only slight increase in cost and will giva much higher

production rates. The current interest in using cemented oxides at

‘what appear to be excessively high cutting speeds 1s .caused by the
ability of‘fhese tool materials to save mone§ under these conditions,

and not because they must be run at high speeds only and cannot be
1

run at low speeds.

. "
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* CHAPTER III

3

THE EdONOMICS OF THE BASIC TURNING OPERATION

’3\. 1 Introdugtion -

. It has been established tﬁat ‘the tool life is most densitive
to changes in the cuttifig speed, less sensitive to ‘changés in the
feed '\rates, and ;aasﬁ sensitive to changes in the depth of cut.
Faster spee_ds and higher feed rates are required to reduce machining -
timés and hence reduce costs, but .ithe implementati:m 5’{ elther leads
to shorter tool lifé, which increases costs. 1t is supposed'that

-
there is8 some optimum set of conditions which will lead to a minimum
cost. if this be true, there remai‘ns’the further point as to whether, -
the machine tool has sufficient power to méet the requirements of ‘

these optimum conditions.

Put qualitatively, this seems to be a simple problem; o
a qualitative solution, however, is beset with many difficulties,

the principles of which are:

22



_ deduced an expression for cost in the form

’

-

"The ‘mathematical manipulations involved.

The difficulty of obtaining sufficient relisble dats (this,
despite the amount of published information on metal cutting).
The formulation of any conclusion which could be fegatded as

general. -

The first-analyses of a more general nature in this field

seem to have been given by Witthoff, who considered the effect of

cutting speed and, to a less satisfactory extent, that of feed. He

\

T

k2 ks :
Cost = ky + — + —mm™ . e
fv cfv(l - -;l‘-)

o

23

It was not made sufficiently clear that c includes a term of the form

£2 since the symbol ¢ 18 derivable as follows:

The generalized tool life expressw is of the form

13

VTnfadb = const - . . . .

]

which for a given depth and feed, reduces to

N

A

vi' = consé/(fadb) =c. ' , ...

. Differentiating equation 1 with. Tespect to V and setting the result

equal to zero gives the cutting speed for minimum cost as.

—

A4

4



Vg—--—-—-—---——-——---c - ‘uoa
° g- DI | |

vhere £ is some constant.

Substitution of this value into the tool 1ife expression

vt = ¢ yielded the possibly unexpectéd result that the tool life for

minimum®cost was ; ' v

N

T-(—nl--nr, . ..5

i.e., the value c had disappeared and the answer to the economic
problem appearet.l'to be indepepdent of the feed, Witthoff suggested
that the general procedure should be to &%tg.rmine the tool 11ife for
minimum c;sst from equation 5 and theln to use tool 1life-cutting speed
curves to find Vo. This 1is evidently where the paraziox 138 explained,

for the question immediately arises: the tool/cutting speed curve

-~

for which feed?

Whitthof £ argues, with some conviction, that the 'fee\'d to be
selected should be the greatest consistent with the power avadilable, .
but since pover 1s a function of feed and cutting speed and, as _yét,
the gutting speed (for minimm cost) cannot be found until the feed
is known, the problem has evidently reached the vicious citcie stiage;‘
This difficulty has arisen because feed was not considered satis-
factorily in the first place and a problem :ln' two independent

variables was made to look as though only one variable was effectiw(e;

this cannot be so. n

\
< . '
" .

&

=
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Independently, Atalayn and Gilbert gave analyses of' the problem

- considering only cu‘tting speed as variable., Accordingly, they

arrived at the same forms of equations as Witthoff but they gave an
interpretation of the éonstant; viz., the ratio of the cost of
changing and r'egrindi'ng a tool to the cost of labour, and overheads
per unit time. As the analysis did not consider feed rate, there was
no need to consider methods for its selection, but the disappea"ranc;e
of the "constant" in the tool life equation was again noted and
Gilbert states: 'this means then 1that the tool 1life i‘s indebendgnt

‘ of the 1<_)a-ding time, the idle time, the size of partl being machined,
the tool shape, the sizg of cut, cutting f‘luid, etc . . ." This is
true and the implication of i1t will be discussed lafer; nevertheless
the reference to size of cut may have created the impression that

feed does not enter into the problem. :

5
.

\

X

Lickley and Chisholm considered the effect of speed and feed i .

-on cost but formulated no general expression. Their prime objective
seems to have been to compare laboratory tool life tests with shop
conditiona. They did not consider wear as a variable nor allow for
the préma_ture failure of a certain number of tools which occurs,
especially when using carbide as' a cufting medium. Some of the
discrepancy between their p\red.icted and ac£u31 results may well be,

attributable to omission of this latter consideration.

¢

[

st b s =
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3.2 The general costyexpresaion

For the purposes of the present snalysis the total cost/plece

C will be broken down»vinto the following parts: (Ref. 7)

1. 'Idle cost/piece, Ci /(

. ‘2. Cutting cost/piece, C.

3. Tool changing cost/piece, th . R
4, Tool regrinding cost/piece, Ctga |
5. Tool depreciation cost/piece, Cea
6. 'Prémature ‘failure cost/piece, CPf

With this definfition, it follows that

c. = C1+CC+th+Ctg+Ctd+Cpf .

Each of these terms will now be considered in tum, ‘

Idle cost/piece:
If £ be the idle time /piece, then the fdle cost/piece will be
R I

Ci = thi

where R, represents the general labour and gverhéad costs per minute.

This will include ope;ators' wages, maintenance pawer, depreciation

(excluding tool depreciation), and so on.

L]

Cutting cost/plece: : ‘ .

This will be directly related to the time actually taken to

machine each piece, i.e.,

' . = (cost/minute) (cutting time per piece)




e .
v

L4 - “

where L, D, f and V are in consistent lengt:il units,
(J\

" Tool changing cost/piece:

—

o

It is usua11§ accepted that the tool life relationship ia'g:lven by
. -8 ; - )
vTof d » - Const = X ' - LI 9

.

where T  1is the specific tool life for a glven amount of ,Wea‘r Wo.

This may be'r transformed to give

r~

Al/n

A.\1/n 1
T - - - ( 7 ) o« o o 10
o . Vl/nfa/ndb/n . v fudB S
where & = a/n and ‘
B = b/n } -

: . '
The costs of regrinding are affected by the amount of wear

that has taken place and, hence, if this 1s to be allowed for, some
functional relationship must be established or assumed between the

general tool life T and the general amount of wear W, The evidenc?_

available suggests that different relationships may hold for

. ’
different work materials and cutting conditions. In this paper, the

linear law will be considered, but evidently the same treatment will

7

apply to other more general laws. : e

.'I‘nus, for any other wear W other than thé standard wear W, we

a

may vwrite

Time for ‘veat L
Time for wvear "9 .
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- . dollars/regrind.

-

B

L4

or T = —— ‘ K Te w0 12

- )

- a'é-

Sdbetig:uting into gq\iati;m IQ we have a general expression
. ) w \ J

relating th€\piachining parameters to the amount of wear, viz.

[ . : o .
‘;: l . o . . -~ e
‘ '\wo‘? u (" ‘)l/n 1 : T )
. w , v £048 - | . .
, ; “,t v . 3 4
or D . ' -
. W &
) ‘ AW . . ' a ] RS
o.1/n> W - -t
T - ) . - * s o 13
T ° ;o |

, . - L :
If we now assume that the tool-changing time tc 48 independent

< o
of the, amount of wear (which seems reasonable) we may write down the

tool-changing cosz:/piece as SRR . .
~~ -
. cct = (cost/tool change)(number of tool changes/plece)
. B ;“' . ki ‘a ' -
¢ ¢ (o } B . .
' - re BIP (Lot L4 7"
C Ay . '

, A\/ E s .
There are certain costs associated with regrinding which are

quite independent of the amount of wear allowed, e.g., the general

-~

handling associated with removing the tor;I, inspgc;:im, lappingj

where ne’ceaa’ary.: and so on. Let these costs be denoted by R2

I3 f

’,
b .
4
»
"

& 2T (. ’ o : ! ‘
N » R 28
) . - N %
Y ° R . ‘ ¢ - .
T . ) '
~ (v} - . . s
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Fi.éure 3.1. Schematic representation of a tool with flank

W
1

H
3

irg" order to 'Sroduce a satisfactory clearance face is AB =

. wear of amount W,

)

rs

~ -

sian

-

-

Figure 3.1 shows the pro‘file of a tool with clearance-face

wejr of amount W inches. Theoretically, the amount to be ground off .

-y
ut

An practice an amount (W sin Y + A) must be ground off as;,«t’he vorn
-~ .r

face is not a defined line. Then, 1f R

i

3

be the cost of u’grinding per

\inch (meaé'pred in the direction of AB), the total cost per regrind 1is
. . N .

R; + Ry (W sin vy + A) -,(R2 + RSA) + RyW sin Y

™

&)

o

» lba

Hence, regrinding cost per piece (cost/regrind)(regrinds/piece) =

{(R2 + §3A) + R

3

W ein v}

{L'ﬂ

»

\

D, V.l/n
—)
x/wz

o

£24P

W

}

@

.',/1
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Tool depreciation cost per piece:
Let the initial cost of the tool be t, amd, i ml(!ll. we may
P N

assume that the tool has a finil value te when it is of no further

use for the patticular operation considered; in particular, t:f may

. often be zero, 1If the tool is reground r times before it is of no

uaé for the particular job, then the 1gss in value of the tool
(t:o -* tf) 18 spread over (1 + r) usages. The value of r is determined

from the amount ground off each time (W sin y + A) and the limit

“imposed wlﬁn further regrinding becomes impossible (A), ’i.e. ’

N

A “ L
T Wein y + A ' »
: I LaD, V.l/n £49%
C = { }{ ( ) } . . e+ o+ 16
' td 1+ A . ,fV )‘/wn W o
Wsiny + A o o ‘
- * ' ”
Premature failure cost per plece:

At this stage it would be pertinent to note’ that for brittle

”

tool material there is no guarantee that each tool will last the time
,predicted by tool life tests. Although this phenomenon is not

compleb&ly explicab]lel it seems reasonable to assume that if g tool is

-

allowed to wear more before being reground, its chances of reaching

the expected tool 1life will be reduced.

There are thus two alternatives:

}
{

(a) To accept,the gim of the costs 1-5 as the total cost, realizing
. g

e

-
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. / u
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v

that for brittle materials especially, it is unljkely to giw,;e a true
)

P

plcture except at small values of wear. j .

<>

(b) To attemﬁt to incorporate the notion of premature failures into

" the general iheory, aceepting that it must be based on certain

assumptions which are either only partially justified or whose j

Justifications may not be verifiable directly.
N ' . &
The first alternative leads to the expression for cost per
’ ’ 3

piece as
. . . . ’ B
. ‘yp LTD . LwD, V. 1/m £2°
% A R (ng) v,
‘0
“ » ) '
tO - tf I .
, . N )
{thc+R2+R3A+R3Wsinyfl1+ — e .0 17
Wsainy + A
. The q\econd alternative wi%l now be discussed, It is eviden‘t

from the foregoing discussion that, due to premature failure, the
cost will increase as the wear permit:'ted increases (provided that

this is taken over a consideratile number of pieces). This concept

[P—

may be incorporated into the cost equation if we assume that' this
co;t may be divided by the number of pieces. so as to give an average
cost per plece. Tﬁis average will be greater than that- for tools .
exhibiting no premature tocl failure. A further assumption wh‘ich

must be made, and about which there 18 no experimenéal evidence at

all, 18 that premature Qfailute is independent of the nun?er of times

a tool itu been reground, which asppears probable.

" -, ' \
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Ini¢ially there are N tools and if 100 u (per cent) of the

L
tools fall between each regrind, then at the first regrind there ars ,\j

s L]

only N(1-u) tools which have not failed; the uN tools which have

failed are regarded as now useless for the present operation. At the

;second regrind there will be only N(l—u)2 tools and, in general, at

i ~ v
i : . the rth regrind thdre will be N(l—u)r tools. After the rth regrind,
; . . the' tools remaining cannot be reground and therefore the number of
R -~
pleces machined which do not fail - - / .

= N{(1-u) + (1-ul)2‘+ (A-w)> + .. .+ Q-0 2
. . [ . ' b1

r
= W Q-0 lEas- 5 I

’

v e W B W ST s
~

A

. where £ = number of piecea:machined by any ona tool between regrinds.

Estimating the number of pieces prdduced by the tools which

-

‘

. - + fail prematurely is mot%\difficult since the numbér will'vary from
tool to tool. This difficulty was overcome in an indirect manner.

It was concluded that, on the average, each tool produced, before !

failure, 80 per cent of the c:yppnents produced, between regrinds,

{ 2 by a tool yhich did not fail, i.e., 0.8 2. ; |

‘ﬂéth these data we may proceed as follows: In the period
before the first regrind Nu tools fall, producing 0.8 3 Nu piecés
before failure., Between the first and second regrinds, there are

i “
‘ v initially N(1-u) tools, of which (100 u) per cent fail prematurely,

{.e., "WN(1-u); these produce 0.8 L Nﬁ(l-u) pleces before failure.
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Proceeding in this manner, we may again sum a geometric series to

s
- 0.8 NuR [14 (1-w) + (L-w? +. .

x

K

fn

.
=% o0.8nee (3

¥4
;Xchined by N tools

im Nl
3

. \

. \

\
=\ N&

[ 1-u)
1/ (1-u)

1- (1-wF

1-~ (l-u):

- (1- u)

- (1- U)

*

1{(1-u) + 0.8u)

(1 -0.2u)

Hence, adding equations 18 and 19,

<

.+ (1~

the total number of pieces

and th@ number of ﬁieces machined per tool

2 (1 - 0. 20)[

1 - (1- u) 1

- (1-u)

-

give th. total number of pieces machined by the tool vhich tail

19

. .20

4 This m@y be regarded as increasing the tool depreciation cost in the,

ratio

¢

S —— -
v
.

o

- totaz no. of pieces machined with no premature faflures

o

Lér + 1)

£(1-0,2u) [

1—(1-u§tl
u

4

-

-1 total no. of pieces actually machined

Y
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- ulr + 1) } 22
| (1-0.2u) [1-(1-u) ©)
Hence - ! ' - ' \ o
ctd+cpf - ctdo . : « o o 23

Adding the various costs we have for the totﬂ cost/plece, we get

. - /

L"D,LnD,V 1/n f£fd
G P Ry PR TR YT (}7wn) S
‘ . [¢]
t:¢:> - t:f
. ,{thc+R2+R3A+R3W sin y + s A )} x
: B Weiln v + A
culr + 1) . 24
(1-0.2u) [T~ (1-u) "] . '

3.3 TFactors affecting total cost/plece °

It is seen from equatioﬁ 23gthat the cost per piece is a
function of four variables, viz., W, d, f,‘ and V. * The effect of

these variables on Cp will now be discussed.

The effect of W: ' ,

It has been determined that the incidence of premature
failures is relate{! to-the amount of wear permitted before regrinding,
by the relationship u = wid.. Substituting for u in equation 24 “ ‘ \

y':lelds a functional relationship between C‘p" and W which is too

. . -
- L]

0 . . LN
+
. - a A
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" complex to permit a.general mathematical treatment, Howevér, foff’ use
. € i

in the present analysis, a specific set-up is consideyed, details of

which are as follows. |

Consider a turning operation for a nickel chrome steel 3 in.

diam., 6 in., long, tool matérial, cemented carbide. Tool life

;:V
relationship is -
163.8.8 W
1= (3245 A~ (vin in. per min.)
a7 e '
Cost ratios: 'R‘l = 0.05 $/min "
"Ry = 0.20 $/regrind
R, = 16.00 §/in.
1) Loading, min. ' 0.63
2) Approach, etc., min.. 0.05
3) Engage feed, min. ' 0.02

A 4) Remainder reduced to a time/piece, min.- 0.30

——

§ [

- Total idle time, min. . 1.00
Tool c?stsz * - to = 58, Tf = 0 .
Tool grinding data: A = 0.008 in. C 7

- Premature fallure data: u = 1600 W2'78 [ [

i

4 . ,
For given values of feed, depth of cut, and cutting speed, the

variation ‘of Cp is Yoverned by the third teﬁn in equation 24; as W

is increased, the quantity in braces increases, :alowly at first and

»
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then more rapidly while the otWer variable part, 1/W, evidently

1
\J _,decreases, The result is A curve, shown in !1;«:;'3.2. exhibiting a

" minimum cost at approximately 0.03 in. wear. Evidently, alteration N

of feed, depth, and speed would affedt the magnitudes throughout

" the range of wkar but the generq} shape of the curve would not be - &
]
affected since it is controlled by the' two quantities stated

previously, both of which are independent of f and'V.

o 7
s

A

) _ - . o
ﬁ4€<1he effect of f and V: (// - -

.

The foregoing paragraphs have indicated that there 1s an
optimum amount' of wear. to be permitted before regrinding. Assuming
that this value has been chosen, equation-24 may be'simplifiéd to

glve

LaiD Labd V ,1/n .0.B; ,
Ce Rty + Ry o= + T ('w“) £7d"B A ‘.
X/ o

-

where B i8 a constant equal to the term in braces in equation 24

“divided by W. ‘

pDifferentiating equation 25 with respect to f¢ind V in tum *
and equating to zero, we may establish the conditions (1f any)™ for
minimum cost, &

§

" a1 B ‘ ‘
oo 2 . L 7% "By (1/n - 2) ) e b L
*%2 Ry Ln D/fV° + T v ’ (1/n ) A

4

-
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COST PER PIECE, DOLLARS.

0'3
0.2
0.1
0 1 ‘ 1 | ’ . '
0 0.02 0.04 0.05 - 0.06 .
’ FLANK WEAR, INS. . . '

Figure 3.2 'Variation of cost/piece with amount Of ‘
flant wear permitted before regrinding.
(Ref.5) —
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. 1/o '
o 5 R, A n : . . g
- " v]‘/nfa - -—-]—.-——_ Y s & 26 -
. 8 dBBWo(l-n) l -
aC LD, L®D V 1/n uZB
S TR T R () d°B(a¥1) 0
£°v A/w:
i.e. . Alln

1/n_a 1 - ’

V f = —B_—'—‘— s s 8 27

. d"BW_(a-1) .

[3
It should be emphasized that both of these equations are'

independent of th"e physical dimensio;ns of the workpiece. Sinc%

equations 26 and 27 cannot be simultaneously true, it is evident that

there 1s no absolute minimum value of Cp considered a.;J a functfon of

f end V. It is known, however, that for a given value of f, there

is a value of V which will give minim;xmfcp and for a given value of

V, there is a value of f which will give minimum C_. It is also seen
| o of i

that as f id" increased, the value of V for minimum cost decreases

as wo'uld’ be expected.

Using the data given in the example and d = 0,05 in.,
equation 25 takes the numerical form '

4 ’ -/ 4.6 : l

2.83 vV _\7 ... 28

L f
G = 0:05+5wK"+ SRR S

P : fv 522
(Cp in doliars per plece). Figure 3.3 shows ciurves of cp against V

PR

for various values of feed from which it is -seen’ that; as f fncreaaes,
"y




‘o

U

TP M0 At ot e 2«

.

b

COST PER PIECE, DOLLARS.
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CUTTING SPEED, IPM.

2 2
Figure 3.3 Variation of cost/piece with speed. Numbers
against curves refed to feed rates in inches/revolution.

(Ref.5)
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not only does the value of V for minimum cost decrease, but also the

cost itself decreases, although not upectacul’htly._g

o ' .
Figure 3.3 18 useful for interpreting equation 28 but is not
the best representation of the effect of varying feed and cutting
speed since it gives no facile impression of how much éhange in

Cp"is effected by any given change in f or V. In Figure 3.4 is

I{x Figure 3.4\are shown cohstant cost loci for u= 1.1,
1+ .
1.2, 1.4, 1.6, 1.8, and 2.0 (i.e., 10, 20, 40, 60, 80 and 100
7' o
per cent above C")). These do give some indications of how

critical, or otherwise, is the selection of speeds and feeds and

incidentally show how the "valley" of the minimum cost rises toward

I'4
the lower feeds. . (

40

o
shown the locus of the points of minimum cest; thus foa.any given ‘
feed the c;xttin|g .speed for minimum cost can be read off easily. As

“ has been pointed out.l there is no absolute minimum of Cp as a -’
function of f and V, but in the range cove Figure 3.4 the
.lowest\Qgst is at £ = 0.05 ipr and V -/1400 ipm. If we call this
Cl;' then all combinatior‘xs of £ and V. which will giye costs, some
given éercentage above C;), n;ust satisfy an equétion of the form -
0.005 + 132 + §:26 Srw uey, Gi>1) : ' be e 29

o
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Figure 3.4 &*lnti(mshlp boLwem; cost/piece, feed, and ‘eutting
speed. Broken lines are loci of equal cost apd chain lines are loci
of constant power. ‘ C .
(Ref.21)
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The effect of~depth of cut may be considered ss foll®ws. e -

v A ]

Two questions need answering: '(a) Whether to take the depth in one

. N : . ,
cut or more; (b) for more than one cut whether to take the cuys in

' : : .
equal amounts or not. Considering the first question we have, using

~

9 “l,,
equation 25, the cost/piece using only one cut
i -

1

- LwD, LD,V ,1/4 _a,B
"C, ™ t, + R + ( Y+ £24FB .. . 30
o1 Rty R TE v e ,
" . [ , .

’
2

Remembering that, with two cuts, the time taken per "pigqe is doubled,
’ ' N T R

I

a2
 the cost per plece for two cuts is
.,

c = R

02 Lt + 2R +

1 fv ‘lfV }‘/w:

The'bo(mdary dividing the zones where these two desiderata represent

7

© the minimum ¢ost 1s given by e@[uatiug the right hand sides of

o equatiofs 30 and 31, {.e. w b |

.
r . , . oo
. : {
-

For the data of the»,lexample this reducé,s to

5 - o &
V 8 .6 . - " ]
(m)h £ 545 ( .. .33
" ’ , ? '
)
o
i ‘
T ke ” e ‘{4 e T

L1D 2Lnn(v)1/nia(%)8" L. .31,
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At §ﬁ{i éoint itl:hould be técognized that Figures 3.3 and 3.4

have given some 1nsigﬁ? into the complex cost relationships but

-

would idvolve a great deal of very tedious calculation work and

*n

grapﬁ Slotting. Thus, if some alteration whichlwill reduce the

s

amount of preparation is not forthcoming, the analysis remains of *

interest only from the viewpoiné of giving an insight into the problem.

-

However, any curve can bq‘replotted as a straight line if the

axes are subdivided %p the correct manner and in,Ehe present case it
. )

1s fortunate that most importaiit loci are poweg‘laws, which means

B S il S L T PR

that-commercially available biolpgarithmic p;per can be used.

Figure 3.5 shows mﬁch of the information ;?'Figure 3.4 réplotted on
logarithmic co-ordinates, Ihe locus jof minimum cost and the loci §f
constant horsepower are now straight 1}nei; the trajectories of

‘constant cost, however, are still curved, since equation 29 is not
: .

a puré power law, bzt as the curves recede from their turning
\

points they become
k

ffectively straight and of slope -1.

Returning now to the discussion on the depth of -cut and the

effect on the overall cdst, we find that if Qerwere to plot equation

311on the yogarithmic graph it would appear as line AB in the

figure. Fr ;;his 1t can be seen that the reglon covered by the
r - ’; -
previous discussion' 15 well inside the zone where one cut is more
1
3

economical. Thus the second question posed in the forg%o{hg need not

be considered here; the use, in practice, of roughing and finishing

T

cuts-1s largely a matter of securing dimensional accuracy. -

e oot pw i B i et Dt i 58 I T
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MAXIMUM PROFIT AS THE CRITERION IN THE DETERMINATION
OF THE OPTIMUM CUTTING CONDITIONS

4.1 Inti\‘oduétion T ~' 

The problem of economic cutting conditions has heen attacked
froﬁ dif’ﬁerent viewpointdl. Yet another approach has been forwarded
by.S. M. Wu and D. 5. Exrmer. They consider that the maximum profit

is an épprupriat.e criterion for the selection of the optimum
S
machining conditions rather than the conventional Triteria of

minimum cost or maximum production rate. Thus, another dimension

has been added t$" the problem, namely, that of maximum profit.

The basf{c mathematical model, which has been uysed in the

.analysis of machining econopics, is a unit-cost model, or an

4 \

analogous unit-time model if costs are neglected. In conjunction
with these models two criteria have been used in the determination
of the optimum cutting conditions - one is minimum cost and the@

other is maximum:)oduction rate. ,

,

7
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1f the operation 1s a "bottleneck" in a production sequence,

it might be necessary to operate at the cutting conditions for -

- N

maximum production rate. However, this is generally not the normal ﬁ

situation and cutting conditions are usually selected from the -
|
viewpoint of minimizing costs, under the assumption that operating at .

the minimum~cost conditions will tend to increase profits in the
. i )

long’run. It hasialso been recognized that between these two

i

criteria there is'E_a range of cutting coﬁﬁitig}‘ls from which an op timum

point d also Be~sglected, but it has not been indicated exactly

how this optimum pdsition should be chosen. A

-

A natural criterion for the selection of these optimum
cutting conditions is maximum profit, which is in reality the major
goal o’f“‘iﬁdustry. It was not until very recently that.Okushima and

Hitomi presented an analysis of the maximum-profit cutting speed
. .
(Vp). Unfortunately, their analysis 1s based on a simple linear

v

break-even chart which jinherently limits the necessary development of )

the maximum-profit concept, In addition, their explicit derivation
i

¥

of Vp is -considered ineffectual and unnecessary by many reseaxchers °
due to the fact that not dnly is their determination of Vp based

on particul\ar values of_ Taylor's exponent n, but also that they

» -

neglect the importance of exploiting the neighborhood of the

-

, ) [
theoretical maximum-profit cutting speed.
= » ’ 7
* This viewpoint employs the same basic model-as in prior

f [

analyses, bm’t the maximum-profit, cutting speed is determined by

.

[

|
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\ - application of a fundémenta,l econoz;xic principle that maximum profit

‘

occurs at the production rate where marginal revenue Equals mar’ﬁinai

v

cost. This marginal principle is based on the primary economic

relationships between a company's pfoduction rate, costs, revenues, e
and profits. Introduction of these basic ecopomic concepts and the

|
usge o/f maximum profit as the optimizing criterion broadens the
-.analysis fz_'on{ th partially—restrict:[ﬁe machining cost point of view

s
to a more general economic point of view. ¢

8. M. Wu and D. S. Ermer developed their argument under the

-~
\

. R e WAL

{ N
asgumption that the' empirical parameters 1{\ the tool-life\equation

are known, Brief summaries of the basic mathematical model and the °*
‘ ~

conventiondl determination of the minimum-cost and maxi um-production

cutting speeds are presented, and the basic marginal principle is S

~ .

M

explained. An application of this marginal principle to determine -
the optimum cutfing spéed is 1llustrated by a sﬁnple example where

/ o
the unit revenue is a constant. The analysis is expanded to include

" the case where demand is a décfeasing function, and to incorporate

‘ feed as a variable in ,éddition to-cuttiix’speéd. Finally, the

B 1 ~
demand cuftVes, feeds, and cost and time constants is considered. i o

. /

4.2 Basic model

sensitivi?f the profit response under various combinations of : <

¢

. The basic model , ‘whtch ‘describes the average unit-cost to

produce a vorkpiece by means of a simple, tougfi turning operation,

N

i{s the sum of four costs: (Ref. 13) , o




4. Handling cost = ¢t

- For a constant depth of cut

. . :, R !

! R _
I. Machining cost = cotm

where <, is the cost of operating ti‘h, dollars per ntnur.e.‘and t.

is the time to machine a workpiece, minutes per piece.
v t, T
2. Tool c:)st =T -

where ct' its the tool cost,‘#dollars per cutting edge, T is the tool
life, minutes per cutting edge, and ﬁm/T is the number of tool edges

sequired per workpiece.
. ‘n
3. Tool changing cos‘tf = \coth R

where t 9 the tool changing time, minutes per cutting edge.

where 't; is the handling time, minutes per plece.
» .

>

Hence, the unit cost (Cu) can be gxpressed as

v -
£ ) ’ :
Cu = cotm + T (cotc +'39t) + cotn | e ‘4.1 _
‘ i ' ‘ ‘

The machining time (_tm) is the time the tool is‘actually.cuttin‘g. ' :

. . IO
m 12 vf .
where ‘ . ’ w
‘D is the diameter of tfle workpiece, in, .
L is' the axialt,length of cut, in. . _ ~ o N
V 18 the cuttit{g speed, afpm . o

f is the feed, ipr.

o '

;o
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: : a ) o
| - ,
i ' , ‘V »
b . ’ 3 . 50
1 , . . ) ‘ \
& If the costs in equation 4.1 are disregarded, then the basic
model for the unit time (Tu) is : . .

. t

T = t +t —=+ ‘ oA b2

S m cT oY : ot

. ) * "

i R - v \ *
9 N .

and. the reciprocal of equation 4,2 is the production rate (Q), : -

-

ineo, Q = l/Tun - ) z ! -

LN
'
t t

e 8 AR T W ey -
P
(]
x

: 4.3 Determination of Vpyn and Vpax

: és | .

Using Taylor's tool 1ife equation

- ~ .
! . .
‘ VI = ¢ : : o
.: . o, ' "" - ” , ]
“ . : where C and n are empirical constants, the unit.cost can be
3 Co | . '
. expressed as ' . ‘ ' ’
1 ‘ ]
=<1 .. .
c_ 7T DL 0 - o .
" m DLV X
Cu 12 vf + 1/n (cotc f\ct) + coth
1 12 fc S )
I 3
Hence, the cnti::lng speed for tilnimum cost can be derived as
vn;in ; 1 v < €t.on 1 c" ;n | : » 4.3 ’ '
- - + — = - . .
R CCER NS D R (RN ” f ‘
| | -y
<, ' ,
where t = t + — - ‘ . o
e c ¢ .
€ o ' L .
1 ¢ - = A)
and the tool life for minimum cost is o . ‘ .
. v 4 ‘
A -
? 3 \ ‘ » \;
]

.
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Toin (5-1)¢t, , , 44 '
, :
Likewise, from)equation 4.2, the cutting speed and tool life for
maximum producfion Qre , & - '
. N \
{ -l ' (
v o= . ' . : « ¢ @ 405
e (E ) e® . -
N [ ( i
and B}
Toos G-t . . . 4.6
nax n . . B . Cl.
‘ Ct X \ !
Since L, =t + - and the ratio ct/c0 is always posit:gve,f/
¢ o " - d
f/V ax will always be grea’te‘ than vmin and, consequently, there is a
4
range of speeds defined' by vmax and vmin which can be seen in )
Figure &, 3« These results are applicable fot\a given feed, and A
under the assumption that the Taylor equation is_valid over the ' : Vs
. relevant cutting s;ieed's. ’
' lo.l; Marginal Rrincipl'e and maximun p'rofit . : ¢
) * ~ - ' T,
Suppose the relationship between the selling price of the
" company's pr';duct and the amount that can be sold is given by a’ f
) linear demand function as shown in Figure 4.1la, . v
A T ‘ . ( '
P - a - bw ! : ) . ' « ® e 407 -
. ] . - : »
/ N .
where : ’ . .
P is the selling price, dollars per ﬁinute ) . P
v W 18 the volume sold,” pieces per period x , -
) ‘
\k a,b are positive constants, - . - L L s ;
k LN . f .
) gy
3y |
'/ v

I
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Figure 4.la.. Selling price and total revenue
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(Ref.13) ' :
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volume, . N
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' Then the\total revenve resulting from any price-volume
o [ 2 )

/ combination is -the amount of pro&‘ét sold multiplied by the unit
selling price, and using the demand function given by equation 4.7,
the total revenue ?H) can be expressed in terns of volume alona,
o= P o= (a-bDW = ai = bW

’
d

This total revenue curve‘is also shown ,in Figure &4.1a, The- volune

.~

'(W') which will maximize the total revenue is:

dH It .' v
-dﬁ = a-ZbW = 0“\/) . OICJ408

i.e., -

W' = a/2B.

‘The derivative given by quuation 4.8 expresses the rate at which
revenue increases with increases i,nﬂvolume and 18 called the

"marginal revenue."

~

In genef;il, however, the maximum total revénue does not
z:esult ix} maximm profit since the total cbat of Production must be
included in the economic analysis in oxder to determine profit. The
to‘tal cost (E) of production can be sepérated into two elements,
fixed and variable, and for the simple case where the variable cost
‘is a linear function of the volume, the company's total cost functior;

¥ 1is ' :

E =~ F+gW

wy

~ ? {

N e a e R I g Y e




where 3 i —

E 18 the total cost at volume W

i F is. the fixed cost, independént ‘of W l -

G 18 a positive constant

ty

Thus the profit (I) is given by = . .
’ . > "
I « H-E'= (argW - bW-- F .. 4.9 |
v . and the volume (W ) which will maximize the prﬁt under these
% conditions can be determined by , ' i 4
:
i . ‘ : ‘ .
; - a : - AP
: & (a ‘ g)' -2 bW 0 <
; ' ——
i.e.,
- 22 ‘ W ' . . 410
max 2b . : -
4 -
These relationﬁsl‘ips are illustrated in Figure 4.1b.
From these results it can easily be shown that at wmaxl the
" marginal cost is edual to the marginal revenye. It can also be y
R . shown that tl}is is true 1f, the wvarisble cost is noplinear, Thérefore,
to maximize profit, increase production until the marginal revenue

! , 18 equal ,‘zo the marginal cost. - ¢
l

*Application of this marginal principle will indicate how the
f .
optimum cutting speed can theoretically be selected. * If the

4

revenue(s resulting from -increases in the rate of pro'duction were

_ known',:," the production rate could be increased by increasing the :

/ - i




Ve Y SS

03 . , 3
. Soma

cutting speed from vmi nl_qn;il the inctemenial or mafginal .change in
. . ' w;“' v

revenue is equal to the incremental change in cost, Then the

cutting speed (Vp) at which this occurs wil"l\ theoretically result in

maximun pgofit and will be the speed for an optimum economic¢ balance

between cost and pro:%uction rate, ¢

4,5 'Rough turning operation with .
a single point carbide tool S ®

1

'The marginal principle just stated csn\l:: best explained by

using a tabular and graphical approach to determine the maximm

Jprofit cutting speed (Vp). A rough turning operation with a single)
;p;)int carbide tool is used to reduce the diameter of a bearing
housing at a feed of 0.006 ipr. 'The nume‘ri.cal yalues for this
example are given in Table 1. Columns (B) and (C) in Tabie 1 give

the production ra%es and unit costs calcylated by equations 4.2 and

4.1 for a cutting speed range of 3b0-650 sfpm and increments of \/

25 sfpm, as given in colunm (A). The total cost per minute (Cyp)
at a given cutting speed is the product of the production rate and

N -
unit cost; e.g., the total cost per minute at 450 sfpm is (Ref. 13)

Cp = QC._ = (0.496 pcs/min)(30.296/pc) = $0.147/min -
v : -
. ¢ " ’
W

as 18 given in column (D). ' .

If the unit revenue (Ru) was a constant at $0.45, as indicated

.
by the horizontal line in Figure 4.2, the marginal revenue is also

o -

\ ~
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$0.45 and the total revenue (RT) as a function of the productgan rate
. )

is a non-decreasing straight line, also shown in Figure 4.2.

The total revenue per minute as a function of the cutting

speedg&s determined from the multiplication of the unit revenue

($/pc) and production rate (pcs/min) at each cutting speed, and the \
D .
res,ulgs are given in column (G). Columns (E) and (H) give the
, Yo ¢

2

marginal costs (CM) and the marginal revenues (RM), fespectively;

i.'e., the incrementél changes in the total cos£ and total revenue as
the cutting speed increases in“steps 'of 25 sfpm. The marginal cost
equals the margit@l revenue ((‘.M - RH - $0.007/min) at 0.511 pes/min

and thus the opMm cutting speed for maximum profit is 475 sfpm,
/

with a corresponding tool life of seven minutes. .

.

To 1llustrate, the.data in columns (A) to (I) in Table“l/ are
. / .
plotted in Figure 4.3. 'Ih: cutting speeds for minimum cost and ®

maximum production rate are 420 and 610 sfpm by equations 4.3 and
4.5, a cutting speed range of 190 sfpm. Accordingly, if this

7

operation were performed at a cutting speed of 420 sfpm, the tool
life for minimum cost by equation_4.4 would be 13 minutes », the average ,
- unit cost would be a minimum at approximately $0.295 per housing;

N ’
and the production rate would be approximagely 0.475 housings per :

<X

minute; whereas if V were increased to 610 sfpm, the tool life at the
maximum production rate by equation 4.6 would be twQ minutes, the
upit cest would be $0,.395 per housing, and the production rate would

be & maximum at approximately 0.55 hoqsi;\gs per minute, It is also

’ ¢

@
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shown in Figure 4.3 that the maximum profitqis obtained at the /
. A -

cutting speed corresponding to the Intersection of the marginal cost

‘and marginal revenue curves, or equivalently at the maximum dlstance

between the total cost and total revenue curves,

, " Some general trends can be obset&i if the unit revenue is.

-

heiﬂ constant at various levels, For instance, 1f the unit revenue ;
was a constant at $0.75 ins‘)e\ad of $0.%;5, then the maximum profit
'ocgurs at 500 sfpm, as shown in Figure 4,4, If the unit revenue.was .
a cons'tant‘at $1.00, the Vp is8.525 sfpm. In other words, as ;he .
level of the unit revenlxe 18 increased, the total cost cu;w;e doé; notl
cl;ang‘e, but the maximum profit cutting speed increases from 475 to

500 to 525 sfpm for unit zevenues at $0.45, $0.75, énd $1.00
respectively; and Vp‘ apprpachea Vmax as an upper limit. Alternatively,
as the level of the unit revenue decreases and_dpproaches the minimum
unlt cost, as iliustrated‘ in Figure 4.4 by the total reveflue curve

for a unit revenue of $0.30, the cut:ting speed for maximum profit

/

decreases and approaches vmin as a lower limit.

It is interesting to note that the range between vm:ln
i

varies according to the relative magnitude of the cost ratio (ct/co)

and V o'
max

¢
as compared with the tool changing time (tc). This is so because the ’

only difference in calculating Vm

and V is that V is a
in max max

+ furiction of ter whereas me is a function of t,o=t + Ct/cb'

Therefore, 1if the ctlco ratio 18 small compared with tﬁé’, the

difference between te and t. will be small, and the vmin - me ~

\
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range' will be narrov.
in the first case were changed to those 'shown in the second case of

the following, while all other conditions remain the same, the

.c't/co

range is only 50 sfpm ag compared with th€ previous range of 190

For instance, if the cost and time patameters

ratio (0.67) 1is two—thi{ds of t (1.0) and r.he v -V .

H ‘ N 62

H
'

min max

{

sfpm for the first case, where the ct/co ratio (2.75) is over five

?

times as large as t.

-

The values of €yt ©

Units

$/edge
$/min
min/edge

min/edge -

min/edge

sfpm

for 111us tratlion purposes.

accurately —these cost and time parameters should be explored. %~

_ curves based of a constant unit vevenue of $0.45 and the max:lmm

~

. profit occurs at 300 sfpm.

’

. ¢ {_
curve that there 1ia no significant difference in grofi‘t over this

The unit cost and production rate cugves for the conditions
e PO . o N
of Case 2 are shown in Figure 4.5, along with the corresponding total - .
«ost curve. Alsotghown in Figure 4.5 are the total revenue and profit
~
However, it can be seen from the profit .
- "
.
o ° -— - N .

)
CETER T SRR s S

(0.5).

t’

Case 1 “'Case 2

10.332 0.10 N

0.121 0.15 .

2,75 0.67 I
0.5 1.0 ‘ :

- © e

3.25 1.07 :
190 50 °

"The importance of be

-and t, given in the summary were chosen

able to determine '

i
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e |
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. unit revenue is a constantsand where it is a decreasing variable.

relatively nafrow range of 50 sfpm, and in such spécial-cases'any

speed. between vmin and vmax will be close to tge*optimum.

) ’

4,6 Effect of feed ‘

The importance of incorporating feed as a variable in the
{ N
basic model has been acknowledged in prior studies of machining *
economics. To include feed in the basic model the generalized tool

1ifé equation 18 used, and hence the total tmie cost is given by

) % (
' 1 m 4
--1 =-1
- C "DL n . \
0 pLV" £ .
.Fu : 12 vE T 1/n (Fotc +.ct) *coth v 4'?
12 K
- ) .
Based on this model, the unit cost 1s known to be minimlzed at ‘the
<« . , ~ . k
highest allowable feed (£,) with the corresponding cutting speed.
-
' k ‘ . . , - -
V - - . P T ) 4.10 -
. : 4
© , ~

Similarly, the maximum production rate will be ined at fa with

the corresponding cutting speed ~ .

- k ! ° )

:vw = m 1 n * b ‘ » o » 4.11

f‘8 [('—.- 1) tc] ’ . —\“' ’ '

’

It 18 .also true that the profit will be maxirmized at the highes¢

)’

allowable feed, which will be illustrated in the two cases where‘tﬁé

! - . ’ |
. ) ) \ ~

.
. (r
!

~

N\

ST TTTYTTTRETOTE T a0 VWL L 8 TR -,s.ramwmummmmm:ﬁf




—es

65

In addition, the effect of feed on the V -V raﬁge and on the
) min max

rate of change of the profit will also be coné?ﬁered.

1f it is assumed that the highest allowable feed for the

turning operation in the previous discussion is fa = 0.012 ipr and -

"that the Taylor equation for this feed is VTO'% = 500, then it cig

be shown by thé marginal principle that the maximum profit cutting
speed 1is 350 sfpm, With a corresponding tool life of six minutes, and: . .
4 ! v '

that the maximum profit is $0.145 per minute, which is almost twice

-

- that ‘at £ = 0.006 ipr., These results are shown in Figure 4.6, which

"

indicates the increase in total revenue at fa = 0.012 ipr as o ~{i:

compared with £ = 0,006 ipr in Figure 4.3. The total cost at Vp is.
. T

app{oximately the same at both feeds, and consequently the magnitude
ofy the maximum profit at f = 0,012 ipr is larger than at f = 0.006
ipr. This increase in.profit is obtained for any level of constantl
unit revé;ué, as illustrated b; a comparison of Figure 4.4, in which a
f = 0.006 ipr, and Figure 4.7 in which f -(6.012. For examplé, at
$0.75 per unit the maximum profit ;t fa = 0.012 ipr 18 $0.345 per

minute, as compared with $0.23 per minute at £ = 0.006 ipr.

o

4.7 Conclusions

As has been observed earlier that to consider the machining

-

Aoperatiod in isolation is~unrealistic and could lead to ﬁisle;ding

results. Most often one will be qa:rating at neither the minimum
/ AN ~

cost gpeed nor at the maximum production rate. Thus it would be

! ¢
. e . o e e PPN [ BT T TR
Ty = . B ¥ R I ST LU E AT X J W T ety o
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mote pertident to try and operate at the maximum profit conditions, -

{ o

This é:onditi_onn can be obtained by.operating at the production rate

. B
where marginal revenue equals the marginal cost. The maximum pr ‘i_t

s

/ ‘cutting speed will be in the so-called Hi-E range, 'i.e., the speeds

for minimum cost and maximym production rate. The highest allow:ble
° !
feed will .be the optimum feed for maximum profit. However, an

. v . R
accurate determination of the cost and time parameters and the tool

e life pérameters is important in order to determine the opérating.,

‘condi t¥ons. s "
w - R

e

o
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OPTIMIZING MACHINABILITY PARAMEV;;T -
? M
5.1 Introductiop., " T d'

A} -
' '

-

So far we have‘analysed the turning process in J@thilﬂgnd

obtainéd the mathematical modelp that best descriﬁe\it in all its‘

[ 4

< perspectives. The mathematical moggl so obtained can now be

. . ."‘ ' -
optimized with respect to various factors to obtain optimum v v

- .

* operating conditions. Since no optimization results will be more

accurate than that allowed by thé:accuracygbf iﬁb mathematical . o
. t: .

3

model, it is therefore of paramount 1mpo:ténce to have the m&del o’_

depict the physical process as faithfully as popsible. . !

N . {;ﬁ .
. . However, before we go on to the mechanics of optimization, S (

1

co :
it would be instructive to note the vari?us efforts which have been
. [

3ﬁade to simplify the spplicatﬁon‘of'chi analysis. Although.metal
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the' field of maéhiqdh’i.lity,\md his paper "The Art of Cutting\Metals"

exhibits the early efforts fn the field, 1In i:he same Transacti a
« /. . , »
slide rule, patented in 1904, for solving machinahiu,y problems,

.ap‘p‘eayed\ for the first time. Amomg the variables represented on *

this slide rule are \tdol /life, coolant, class of material, feed, and,

depthhof cut.. v
. ‘ »

"t v . o
—’\l X Cogtinuing assaults :;n the problem—solution r’élattonship have
. been made since these early efforts. A nomogreph CFigure 5.1)

published in ASME's Manual on Cutting of Metals (secpnd edition 1952)

deals with the relation bet\ween- cutting dpeed and other conditions.

A

Anoth,e‘r effort is illustrated in the dame manual with a seriee of -

7
ﬂicharts (v19 through v24) and t;te following Frmﬂa. Values, from t:he .
~ A -
°

charts are used in the formula, (Ref. 6) ' )

. 4 . . R . . . s )
V't = Vg xK x KfXKdXKnI.XKeaXKra' B . .
""\v . B ) 4
where = | .
SN

,Stf - desired cutting apeed with ‘suhscript t repteaenting desired

PR

tool life g L & .
) Vs/ - st'andard speed from a table . - : o
- fayctor for Brinell hardnee; number , ’ )
Rf = ‘factot%or feed A ’ o S ) o oo

K - factdr for depth of cut ,
. N . ‘ |

K = factor for tool li(e

i
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" 48 no question that the Beat fevite knom today f

Ay

K

nr

K
-ea

K

ra

i
\

[t

‘= factor for nose radius

]

= factor for entering angle

= factor! for side rake angle

b

An early success by Genera.hugg_tric \hl simplifying thec}/

solution of machinability problems is the analog tomputer developed

in the mid-1956's by Dr. W. W. Gilbert and his group at the

A

Company's Advanced Manufacturing Engineering Services in Schenectady.

e

Another.deve pment came in 1960 in ‘the form of a machinabif\it)y ,

slide rulq or "Hi—E" pocket calculator, developed jointly by R. G.
Brierly and E. Meller of Httallurgical Producta Department in
connection with the Carbolo'fiﬂ\i—l’. (high efficiency machining)

philosophy applied to production operations by T. E. Hayes.

A

/ ’

4

This aid

is still frequently used today in determining feed, gpeeds and depths

g

L4

/

of cut for dfficlent machinhng.

f

Y
g

a

Although the analog computer and Hi-E pocket calculator will

continue ‘?9 ubeful problem-solving tools for some time to come, tﬁere

o

abili~ty proble% is. the éigital comput®r.,’

" N

- |
This equipment is capable

or solving machin-

of handling a éregt magnitude of data; it:,‘minim:l.zé{é3 th& possibility

+ ! b ‘

-

human error in reaching a“solution, and it’is almoet untie'lievably(: '

oﬂ :




e

o
3

- 4.4The exact speed gelected will depend on w ethar the emphasisiis to be

+ ' ¢ - . - 3
. . , . : VU ow K}

) . A
Hi-E or highLefficiency machininé),
a

A

3 . s
Hi-E 1s a technique for deteﬁ'ﬁining proper cutting speed for )
either maximum production or minimum productiow’ COsl.h /’( ‘

N .

"When plece cost vs speed 1s plotted on the. same chart with

' pleces per unit time vs speed, the ré’sult is as shawn in Eigure 5.2,
T
The Hi-E raﬁg!e is . bounded on the left by the cutting speed ‘at which ) LI
minimurﬁ cost occurs (the lowest point on the cost curve) and on the j

right by the sgfeed at which the maximum production te{occurs (the
s ) rgteloccurs /il

B «

highest point on the produi:tion curve; the point b‘eybnd‘whigh '

~ . . .
. increasing toolichange time outweighs cutting speed (gai\'r/ls) .
\ A

The optimum cuttin% Speed will b‘}-a& d within the Hi-E range,

A .

v : . on cost or production rate. Any speed within the'ili—E range will be
* - .. h‘ R I‘ . .~ .
" ‘g’ compromise between the two factors, whereas amy speed Youtside the - K ‘
‘ ’ \ o |
"Hi~E range will sacrifice both cost and production; . AT
Ve “» 0, ' . _' .. ’

"The basic Hi-E eq'uat:ions,are as‘ follows: oo

‘ ‘p . . ln L] 1 ‘:
2 3 L,
v ’ e ' N
i ’ » t . . . ) A
= ‘- - - T . - .
Tc ( n 1 ) x ( M ) » . "“ , X . ‘ L [] 1]
4 ! ! ’ “* . PRI 4 } '\ ‘ * .
,“ . 3 . : \"V'- . . \- L . I‘. ._ ‘ J ’ R .
_ ‘where > . " ' o
. . . P . |
~ Tp = tool 1ife (in the’ culg for maximum production { N
‘ 4 , » v o, _
. T, = tool life (in the cut) for minimum part cost [ s N\
M ’ : . v L < “ &
. ‘ . ‘ e s ' 4 o .
1 \ ; . ! ' {;‘/ . )‘ » o Tt * \1
> -« % o . - N < " » }‘Cf“ . )
-~ ! . * ’ ] , s < . X
RN | . ‘71/- N l
A 2 ] . \_‘ - .
5 1 s . . { ¢ ( ' s i i
I - ° 1 T N . . ff
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\3\ . . '
\d 6 J e * .
}' e = glope of tool lifa.line ' = - i
) C ¢t = total,cost of cutﬁng edge, including cost to cha«e,f tool
W
¢ . and to regrind the c\}gting edge, and depreciation of brazed
- A A
k g ools or mect(gnical holders}g ) ’\" N
; °, T *\ ~ = ‘e
! M = mnachine labour and overhead rate - )
.g - ¢ TCT = tool change time "
v “y - &
e ,
4 ' . Since n = 0,250 for carbide tools and n = 0.125 for high speed.
i ' . v *
N e " : C
é . , 'st‘eil}ghen ‘ L .
v 3 \ . 2, T g
E \f'or canb{de, . N C_J N . .
‘ i -,‘ ~ " ! ) Y
. ' - (;I_\;,p, -3 - | ‘
4 for high' gpeed steel; * - )
. ' r - ' y
[ < - . §

'1 .
‘( ;‘ 15"-.' 7

and thel equations; for carb
. a

1fié can be written as follows:

’ o

.
4



) ¢ U . .
: ’ . @\ ' 5 ‘ . -
. v e - ' }\ 77 -
VL , . - . ) ) i\ . ) -
’ o -
L ' 5.3 gpgimization of machining vgriables ' . . U
. E/ by<3gometric pro grammLJ; ' N -
> [ ' o ' a B "
r ;‘ Various, researchers have proposed models that they derived
| . ’ . N - LY
k g “ . from varying viewpoints, However, the bagi¢ mathematical model which
f . . - 1
" . has .beeg,used in the analysis of the machining economics is a unit ' _ .

%"? . cost model or an analogous uni€ time or production rate model.

Profit (Okushima and Hitomi 1964;. Wu and Ermer 1966) and profit rate

L
"% ’ ) ¥ . - \ s . ) ¢
H

(Armarego and Russel 1966) models have also been proposed.

N [
-Optimal cutting conditions are usually determined on the‘bagis

. of the following two criteria as earlier statéd: a

' ' ‘ (a) the minimization of the unit cost .

- (b) the mirfgpization,of the unit time or the maximizatdon of the
- ' . production rate. '

foe oy The actual selection of one of these two criteria is

AN

! l’/ dependent upon the particular case being studied as well as upon the

4

¢ e

. dominant production and market conditions!

. - - N ~ ’

The problem of. the selection of optimal machining conditions S ;

~ 4 -ﬂ‘fﬁxthe basic tufning operations has beer analysed ﬁntilvrecentkz with

‘; _°  varying aghrees of generality by many ‘investigators. . , : +

Thus), a‘number of authors (GiTbegxt 1950; Shaw 1959; Brewer A '

) 3 ’ . oh
and Rueda 1963) studied the edg;omics‘of machinipg and considered the °
! ’ ' &' .
¢ influence of cutting speed, V, whereas other 1nveatig€¥ors (Witthoff
A . ' . [

P S . 1947, 1948, 1952{ Brewer 1958; Brown 196€,unrewer and Rueda 1964; »

¢ / : Cook 1966) lysed the effect of both éutting speed feed'rnte, 8. .
I v, Mga - P

.
. ’
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The aforementioned gnalyses were based on the minimization of u it

L4

colt.

L] g ~

Unit costhnd production rate were also optimized by the

. & ¢
determination of the optimal value of cutting speed for turning, J
i : nilling, drilling, reaming and tapping.

. L

./ Brewer (1958), Radford and Richardson (1970) considered the‘

. problem of optimizing unit cost in turning, taking into account t{le
/ L
\/

cutting power available f}om the machine tool a constraint, and -

{

A f

4 1 1
L Petropoulos (1971) studied the constrained problem of the selection

) \ ’ of optimyl machining conditions in face milling by using unit cost

~ . . X
- " - and production rate as optimizing criteria. and a graphical representa-

tion of the optimization conditions and the constraints impased 1in
P

‘ ' (4 L A 3
. . the log V - log s plane. . /s (\\.
PR ' \

.
o " Y
) Basically, in the above-mentioned analy}eh the op/timization,

1 L . g e s I~ .
f ’p ocedure, wherever cayried out, involved pa;tial diffeérentiation of

the unit cost o)‘ the production rate (both expressed as a function of

_9 and s) with respect to V or 8 and equating zero. This is not a

’ f./ / { realistic approach to the problem because both independent varigbles,
s . \ :
: . . .
° _‘F’ namely, cutting speed and feed rate, could not be treated simulta-
’ // ' ) Y ’ ' - -
. . neously. : ©. ) T
N ~ . L «

g _Brewer (1966)' suggested the use of Langrangian multipliers
) \ > la R . e
» 4 ~ i : .
. { - ; for the optimization of the conqt.'r’ained problem of unit cost ¥ with )

.

‘ mainly cutt{ng power as a constraifit, but did not proceed with an
1 o T et ‘ \
‘ . , ' 3,
* - 4 &nalytical optiwmizatiop procedure. . EAR ’ - T
‘ . &~ 3 . o ‘ _ . B -
) \'- . l ‘ ¢ o ) ’
11 \ A . ¢ , . oWt N .
. . [ S , .
- ~ ¢ /
\ o . '

.
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N .
N
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>~ for this optimization technique can be found in any work omn -

minimizing non-linear functioris, the objective functions, - subject to .

C -col; +-—-(ct +ct¥+c : ' . o o 5.1

A

79 ‘ |

’ [

Here the constrained problem of the ‘%uectiol; of optimal

bl

machining conditions in turning is successfully and easily treated by

. ‘ 1

the application of a relatively new nonplinear programming technique,

namely, geometric programming. The basic theory and formal propfsﬁ

)
[

i)
- s .
’ s
t,

2

x "
Operations Research. \

. 2, - .
Geome tric programming deals, in general, with the problem of

)

-

inequality,/gonstraints of a certain type and maximizing product
functions, the duil functions, subject to cer‘tain 11ne;r lco!i‘straints.

Tlle orig’inall minimization problem called primal program, is trans-

. Y
formed to a maximization problem, termed dual program, which greatly © ™
a - I
simplifies the numerical solution of the optimizatfon problem. =~ .°
5.4 The formulation of .the, primal o /1\ N . "

and dual programs ;

The basic model ;leséribing the cost to produce a workplece by
. ‘ .
a simple turning operation has, as stated earlier, been derived by ,

different researchers and each obtained a slightly different podel.
Por the purpose of the following discussion the model.adopted 1s as

follows ' (Ref. 22) : ﬁ ' _ ’

i




-

.

C,, = unit cost or cost per piece

u .
¢, = cost of operaking time
. & tool cost . . :

t = DL/318.5 vs time to machine a workplece ‘,
t = tool changing time
T = tool life Lo .

V = cutting speed

v

8 = feed rate
L = axial length of cukt' : .

D = diameter of the workpiece > [ ]

. s .
» 'ﬂ -

The extended Taylo}"s ‘tdol life equation which is used in the

xpression of unit cost takes the form

7 s L)
vIs" = ) . . ... 5.2
I ‘ ‘
! . T < )
where m, n, and A are empirical constants for a gtven machine tool,

] N . N
workpiece material cutting tool material combination, tool geometry,

L4 i
depth, of -cut and environment. .

It has bedly shown that equation 5.2 fits satIsfactorily to

e}cper-imentaf data over a faifly wide range of values of the machining

-

rate variables. Sub_stiﬁuting for T and tm in equation 5.1.

’

- .

We thus obtain

» a

C = ¢ ‘V-ls-l +c -V(]'/')Tl + K($/pc)- e « 3.3
' ol 02 N ..
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G 3

in which - ' . | | . . R
c DL = . : |
1 " 363 . - A ‘
o2 " ;;;f'jm‘%%,*&) ¥ . S
h \ , ( ‘ ) oA )
K = coth = constant . ' -
) ,
The consttaints: l
Loy 1

K. STy A
Practical considerftfons limit the possible range of cutting

speed and feed rate. The main restrictions are: "\-" .
‘ : ] ’ oo
. (a) The maximum cutting pqwer available

.3

(b) The surface roughness required

(c) The maxiﬁqum‘ cutting force permitted by the rigidity of the

machine tool amd accuxacy téquired'

. ' .

< (d), The\ maximum feed rate and rotational speed avallable from the

R makn&; ‘tool /

-

In_our investigation, we shall consider items (a) and (b)
. - [ 2 .

X

.  § “»
above as the dominant constraining ftmctj.‘cins. J . :

where ’ “y '

‘ ky-%.,. IR | .
] _ﬂ koylcos ) d . o o ,
% 5120 - | N . o

81
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ksl 1 and z are empirical constantel\(xienzle and Victor 1957),

k = side cutting edge angle, and d = depth of cut. .

Bhattacharyya .(1970) and Qlsen (1965) have, proﬁosed the
} ' ;
following model for-the surface ‘roughness:

\ S {52
N / Ra - CRV s‘(um) , o. . 0\505‘:
- for 23 < V < 230 n/ni¥f"Bnd & < 0.75 m/rev, where .
* . - l" N . - N !
CR’ 2.2 x 10

and R_ 1s the CLA vflud\of surface roughness in ym for 1045 SAE steel

and for a cemented carbide tool of ISO-P10 grade with nose radius of

1 mm. In formulating the surface roughness model it should be

\

remembered that there has been ample experimental evidence that the

depth of cut has little effect on surface roughness over the range

from 0.25 to 3.5 gm. ' N

o ~ ’\
\

The primal and dual problem: - .

— From the abbveﬁsis regarding the objective function g?en
‘by equation 5. 3, the sonstant term K is neglected and the constraining
. functions expressed by equations 5.4 and 5.5, the primal program can }

be formulated as follows by denoting V%E X 2? the. primal

3 +

1andsEx

~

@ variables: Ql L
~ .

| a‘,

a
.mn g] (X) - c 922 ‘a

ol-xl

v a

oll %12 021

! N

+c32:-1 x0T C N
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~

3

»

. gy D Ty
.

»

¢

. L - o ..‘ L . -
constraints, viz., satisfy » ;n!-hlity cpndltiou

¢

’ o

_aubject to the forced constraints : o

31(X) -

L R T L

and to the natural constraints

and x, < 0 ’ . i . .

<

xl 0 2 . . . . ‘ 1
. ) s N .
9 R P N

where ‘ " .

y CR \l } . \\J
‘n - ; . '

% 0 -
C ~

c - —L— «? : ~* ° N ]
2]. nd Pcm) N " ¢ r \ Cw

-

!
. - : s :

P and R J&ing the maximum value of the cutting power available
cm am . # . »

from the machine tool and the maximum liemissible CLA value of 2

surface roughness, respectively. The coefficients a1 Co25 S a4 '

.

Cyy 8T positive constants and the exponents 0y Bopp 8TE real' ' .
numbers . v \ o T : :
) . é/ . “ ' » . . ¢
The associated dual program wil #2ke the following ‘form
‘ c . ) c 8 8., 8,39 y
- ol ol , 02, 02 11 1% ©
. Max ¥ (&) () " .(573) (eqy) (cyy) #° e 5.8 .
, ol . o2 : T - 5
T . . ’ . N S Jt - L 1

602, 611.,¢lmd;62i béing aubject\ to linear = |
\ "\, S I
t e * '. ' & ‘

1 .
the dyal variables, 601‘.

v ] LI A " i
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| - Y %
' e o8
.
7 4 . ; ’ {} \
8 +6, = 1 0 R S
as well as two orthogonaliéy conditions .° 1 ‘ - ' oo |
: ‘ . _ \
%11 Sor ¥ %21 %2 t Mip1 S1a?t it S 2 0 - EENR
’ . L ! v ! 1 . 3 . 5-]:0 ’
- o012 So1 ¥ %22 02 * %1z S11 * 0212 %01 7 O — : -,
and. the non-négativity conditions ‘ > - R N § o
. ' . “
, ®
S01 > 0s 6oz>°'/611>°' ad 6y %0 _

ce the prgblem has been formulated, the usugl technique'mcan'
be appii

ed. jor difficnlty 1s encountered in ¥he formulation

one of the

this sort;

- 3
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. CONCLUSTONS
. ' b o - % . . .
L d ° . '
* °© (
The problem &f economic machining is analysed . from two ‘
B} . different Viex;rpoints in this report. / However, there are other ‘ '\‘
‘ methods which have beeh employed to arrive at the optimum cutting “ . S N
\‘ "

conditions with varying degrees of success.’ Furthermore, eacl_1 of

'thoag methods may be subjected to criticism on account of its

‘
P inherent merits and demeri::.\ AT . :

- The, two techniques presented here are in the author's opinion

' ‘ - ‘the most comprehensive and describe the process in the greatest
I . ox - depth, The optimization technique used is geometric programming, P \.-D
| - however, as has be(‘a’n mggtioned before-, other techniques could be . .
e . ‘ employed to obtain equall’y satisfactory resuits. Thi{, again,
.
N depends upon the mathematical model developed and the’ ty;:: of _ y “

¢ cqnstraints. a ' r . N
| r S
. - But after all has been said and done the fact ren%ina thht

the priorities of actus,l production at times.compel one to deviate ’ .
! - from the pptimum cutting conditions. Ptactical realities are, such

thnt 1f opt:imlm cufting conditions call for_ tool changes after '

| ~ ul
1 . . B,
three-quarters of a shift, to lower the speed and use one shift as

« . ! ] . . s R .
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'
[y
)
. I
K

.parts per hour to match production line schedules wouid probably be.

e

the optimum tool ]:ife may regylt in higher- overall efficiency. In

highly automated production lines such as automotive product;on, the

uge of production ratesd which will produce the requfred number of

the optimum machining cutting conditions. Similarly,’

the maximum pi.:oduction’rate would most likely be more desirable than\

any other oconsideration. '

N '

But ttie everlasting search for cheaper machining methods goes

on, and-for, this a better understanding of the too éhip interface

4

/d\qring maﬁﬂing is needed. The newer tools aﬁd the throw—away
3

carbide inserts have proved to be far better than conventional

"tooling apd the.search goes on.

However, in retrospect it can be summarised that there is an

optimum cutting speed in all machining operati/ons and 1f the

in tim®s of war -

.principles of economic machinihg were: faithflﬂlly applied the savings

(o

in costs would be phenomenéi o

f

e
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