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REVIEW OF TOOL-LIFE TESTING AND TOOL
LIFE EQUATIONS

The first comprehensive report dealing with the tool-life testing

(1)*
and tool-life equations was presented by F. W. Taylor in 1906 '

. In

(2)
1930, T. G. Digges published a general tool-life equation, using cemented

carbide as the tool material. His paper gives complete information on

ninety-seven tests.

(3)
The contemporary authorities in tool-life testing are 0. W. Boston

(4) i

and W. W. Gilbert- , both of whom followed the general pattern of Taylor s

(5)
approach. B. N. Colding's ' paper presented a different approach to find

a new tool-life equation. He has introduced the concept of "chip equivalent"

as one of the new variables involved in machining. The idea of a "response

(12)
surface" has been used most recently by Professor S. M. Wu ' of The

University of Wisconsin in tool-life testing and in finding a tool-life

equation. The work of these authors will be reviewed briefly. Other

contributors to this field of tool-life testing and tool-life equation

studies include Dronenberg, Semko, Siekman, French, Bayonne, Digge, and

Woxen. Contributions have also been made from other countries like Russia,

but their approach has followed Taylor's principle and hence, will not

be discussed here.

*Numbers in parenthesis refer to the references in bibliography.



F. W. Taylor

The paper presented at the New York meeting (December, 1906) of

ASME, on "The Art of Cutting Metals," by F. W. Taylor was one of the

first comprehensive reports dealing with the subject of metal cutting.

Taylor's results were based on experimental data collected over a period

of twenty-six years (1880-1906). From 30,000 to 50,000 recorded experi-

ments were made, and 800,000 pounds of steel and iron were cut. The

basic principle of tool-life testing and the fundamental tool-life

equations used today were suggested by F. W. Taylor. The efforts he

made were unprecedented and his influence is still felt in many phases

of metal cutting.

In dealing with tool-life testing, Taylor listed twelve variables.

1. Quality of the metal to be cut.

2. Diameter of the work.

3. Depth of cut.

4. Feed.

5. Elasticity of work and tool.

6. Shape or contour of the cutting edge together with its clearance

and lip angles.

7. Chemical composition and heat treatment of the tool.

8. Cooling medium.

9. Tool-life.

10. Cutting force.

11. Possible speeds and feeds in the lathe.

12. Power of the lathe.

In 1895, Taylor's famous tool-life equation VT
n
= C, was determined

(V designated cutting speed, T designated tool-life, and n and c were constants).



Taylor found n by finding tool-life at twenty minutes. The general tool-

life equation, VT f dp = K*, was also proposed. Taylor argued that the

smaller the nose radius, the thicker is the chip and the smaller is the

cutting speed. Trying to include nose radius, r, in the equation, he found

a very complex equation.

Constant (1 -
V = w ..o -«.... xx

7(32r)
2 2 12

s 5 + 32 r
, 48 .. 2__ nA r Q.8(32r)
("3Tr d)

15
+ °- 06 y 32r +

6(32r)+4C(

The equation was so complicated that it was rarely mentioned in other papers.

Hence, never used.

The important fact was the attempt that Taylor made to summarize his

results into a mathematical equation, but quoting his own words, "By far

the most difficult and illusive portion of this work has been the mathemati-

cal side."

One of the great contributions by Taylor was his method of research.

He emphasized the "One-Variable-at-a-Time" method to determine the effect

of the individual variables. For the last sixty years this has been the

most dominating research method in the field of metal cutting.

F. W. Taylor was the first investigator to study the effect of cooling

the tool with a heavy stream of water. He gave the concept of a closed

cyclic system for the flow of water supersaturated with soda to prevent

the machines from rusting. By using about three gallons of water per minute

for a large roughing tool (say two inches by two and one-half inches) he

found a gain in cutting speed of 40% for H.S.S. tools.

Taylor's recommendation regarding the point of application of the jet

of water is worth observing. To quote his own words,

*Refer to Nomenclature.
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"We, therefore, arranged for a strong water jet to be thrown, be-

tween the clearance flank of the tool and the flank of the forging, and

made a series of experiments to determine the cooling effect of water with

various feeds and depths of cut. So confident were we of the truth of

this theory that we did not deem it worth while to experiment with throwing

streams of water in any other way until months afterward, when upon throw-

ing a stream of water upon the chip directly at the point where it is being

removed from the forging by the tool, we found a material increase in the

cutting speed, and thus our first experiments rendered valueless."*

At the present time, experiments have shown that Taylor's former

approach was correct. W. E. Lauterback has shown a 107 percent increase

in tool-life when the cutting oil is directed up in the clearance crevice

instead of directing down on tool chip.
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'Paragraph 608, "The Art of Cutting Metals," by F. W. Taylor.
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Works of Poliakoff, Smith, and Jinaya, Ripper and Burley, Herber,

Smith and Leight; and Smith and Hey in 1910's after Taylor in the field

of metal cutting and the application of cutting fluid in tool-life testing

can be seen from Table I. The method of tests were either direct measure-

ments or indirect methods of measurement of tool wear.

In 1930, French, Bayonne and Digge ' in combination, studied the

effect of lard oil and water on the cutting speed of H.S.S. tools.

Mathematically, their results are given as:

For dry tests: VT
0,100

= 485

For tests with lard oil: VT
0,115

= 567

For tests with water: VT
°« 131 = 585

The form of the equations suggest that they have adopted Taylor's

basic equation VT = C. Author feels that such a type of equation does not

have much practical value.

T. G. Digges

T. G. Digges was, perhaps, the first one to study the general tool-

life equation using carbide tools. Following F. W. Taylor's general approach,

Digges found for a tool-life of 90 minutes, after ninety-seven tests, that,

V f
* 58

d
0,2

= K= 12 (2.1)

By keeping the feed and depth of cut constant, he first established a

relationship between V and T by plotting the data which was shown in

Table 2.1 on a log-log coordinates. He found n = •? and C = 255 in VT =C.

He then ran a series of tests with constant depth of cut (d = 0.1075")

while varying feeds from 0.031 to 0.098 inches per revolution. The re-

sults, based on a tool-life of 90 minutes, are given in Table 2-1. From

there, he found,

V f
0,58

= 16.6
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During the second series of tests, he kept the feed constant at 0.031

inches per revolution, but varied depths of cut from 0.125 to 0.5625 inches.

The results, based again on a tool-life of 90 minutes, showed that

2
Vd ' = 90.

By combining the relationship of V, f and d and setting T = 90 minutes,

Digges proposed the general tool-life equation (2-1). Using this equation,

Digges made the cutting - speed - feed - depth chart (Figure 2-1), for a 90

minute tool-life. It should be noted, however, that the relationship of

Vf and Vd is based on the assumption that n = ? .

To use the chart (Figure 2-1), one would find the intersection of the

desired feed and depth coordinates. This point of intersection will give

the approximate cutting speed V for a tool-life of 90 minutes. The cutting

speed for a tool-life within the range of 1 to 200 minutes may be obtained

by recalculating the relationship of V, f, and d.

A brief comment on Digges' paper is as follows:

a. It is well known that the composition of the material cut is an

important variable in any tool-life test. This fact has been completely

ignored by Digges. Not only the six figures used by Digges had different

chemical composition but they also had different heat treatments and different

(2)
mechanical properties. This can be seen from his report published in 1930.

b. From Table 2-1, the actual speed, V and the calculated speed, V,

were compared.
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y v v-v

90 93 -3

110 108 +2

120 119 +1

130 132 -2

140 139 +1

160 164 -4

Hence, ) (V - V) = -5. If the estimate of 'n' is the best estimation,

) (V - V) should be zero.

c. Estimation of the exponential constants m and p was entirely based

upon the value of n. If n were not accurate, then m and p would not be

accurate.

0. W. BOSTON AND W. W. GILBERT

Boston's approach in studying tool-life testing and the tool-life equation

was basically similar to that of Taylor's. However, Boston made one change.

Taylor gave a rating to the tool according to the value of cutting speed re-

quired to cause complete tool failure in twenty minutes. Boston pointed out

that almost any change in tool, material, cutting fluid and machining variables

(n..e feed and depth of cut), might cause a change in the value of 'n,' the ex-

ponential constant in the tool-life equation VT = C. Therefore, the rating

based on the cutting speed for a twenty-minute tool-life would not correspond

with the similar rating based on some other cutting speed, such as a sixty-

minute tool-life. Taylor assumed that the slope n, of all the tool-life lines

1

8'for H.S.S. tools turning steels was equal to q\ Boston from his twenty-five

years of research, concluded that n might cover a range from ;r to tjv. Thus

a large number of lines of different slopes may pass through the point of
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cutting speed for a twnety-minute tool-life and have different values

for speed for another tool-life. Boston recommended that a number of

tests should be run at different speeds to give corresponding values of

tool-life. This is the common practice in tool-life testing now-a-days.

As for the criterion of tool-life, Boston used complete tool failure

as the basis for indicating tool-life of H.S.S. tools. According to

him, flank wear was the best way for evaluating cemented carbide tool

failures. This eventually led to the generally accepted criterion of 0.030"

flank wear for carbide tool-life testing. He also proposed a general tool-

life equation for H.S.S. tools.

„ -0.77 . 0.37 _ .

V
90

f d = k

where

K = 1.2 for dry cutting.

W. W. Gilbert, a close associate of Boston at the University of Michigan,

now working with General Electric Company, also proposed a general tool-life

equation, using Boston's data. The equation is:

VT
0.125

f
0.61

d
0.36 = K K *

tm mc

Using this equation, Gilbert devised tool-life monographs. These monographs

formed the basis for the design of the machinability computer which was used

to provide operating information about metal cutting for the solution of pro-

duction problems.

B. N. COLDING

In studying machine economics, B. N. Colding started doubting that

the Taylor's equation VT = C was really the fundamental one in the field

of metal cutting. Colding proposed a three-dimensional tool-life equation

by deriving an approximate relationship between tool-life, cutting speed,

*explained in the nomenclature.
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feed, depth of cut, nose radius and side cutting edge angle, taking into

account the variation of the exponent, 'n'.

a. "Chip Equivalent.

"

The three-dimensional tool-life equation was derived by using a new

variable called "Chip Equivalent," q. This term was suggested by R. Woxen

in 1931, and defined by,

The chip equivalent, q, is a physical quantity which, together with

cutting speed, V, and material properties, determines the temperature in

the cutting edge.

From Figure 3, it can be seen that,

. _ d - r (1 - sin a) (90 - a) „ , f

cos a 180 2

and A = d.f.
o

Woxen showed by the use of the tool-work thermocouple method and tool-life

data:

1. That the same temperature was obtained, if feed, depth of cut, nose

radius, and side cutting edge angle were combined so that the values

of the chip equivalent were equal, the cutting speed being constant.

2. For a constant value of chip equivalent the temperature rises with

increased cutting speed.

3. For the same cutting speed the temperature rises with a dminished

chip equivalent.

4. A generalized tool-life equivalent may be written,

v = (1) C 3
+ %v V V 1 + C qw l

T = An arbitrary tool-life.

T*= A certain tool-life; e.g., 60 minute.
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But, this was never derived and it drew much criticism against

its validity from R. C. Brewer*,

b. "Dimensional Analysis."

Colding proposed a new general tool-life equation through the dimen-

sional analysis technique by using the chip equivalent, q, and the cutting

speed, V, as two independent variables. The physical quantities regarded

as essential for the analysis are contained in Table 3.

TABLE 3

Physical Quantity Symbo 1 Dimension

Tool-life ... T (T)

Cutting speed V (LT"
1

)

Chip equivalent q (IT
1
)

Thermal conductivity k (MLT~
3
9
-1

)

Volume specific heat P
c

-1 -2 -1
(M L

L
T

c
9

l
)

Thermal diffusivity K
P
c

(L
2

T"
1

)

An application of the principles of dimensional analysis to the quan-

tities T, V, q, and K yielded the equation,

KT q
2

= cp (V T q) (2-2)

2
By plotting the actual data on log-log graph paper (e.g., KT q versus

(VT q)^- holding T and K constant), a straight line relationship was found,

Hence, function (2-2) could be written as,

2 &
(KT q*) = U (VT q2 (2-3)

Where U is a dimensionless constant and B is the slope corresponding to a

^Lecturer in Production Engineering, Imperial College of Science &
Technology, University of London, England.
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A = L. A d.f,
o q -

q _ d.f,

FIGURE 3-1

DEFINITION OF CHIP EQUIVALENT
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certain tool-life T. From (2-3) the corresponding cutting speed V„

could be written as,

V
T
= (a/* T^- 1

q
2PT-l (2.4)

where

5l 2

®T " U ' ^T ~ B

If T - 1, then

V
2
= (Q )

P * q
2p

l
_1

= C (2-5)

Note that V. was 'the constant C in Taylor's equation VT = C. Therefore,

VT
n
= (Q^ 1

q
2p

l
_1

(2-6)

or VT
n
+ A q

m

where A = (Q,)^l and m = 2(3.-1 are constants valid for the particular com-

bination of tool-work, and tool angles considered.

Variation of the exponent n was obtained by introducing equation (2-4)

into (2-6)

T
n = A £>

"^ T
1"^ q^T+l (2-7)

Choosing a particular value of T, e.g., T = 60 minutes,

V" = B q
(rn" X)

(2-8)
e n

where A = log 60, 1 = 2p6Q
-1

°

B

A
jj

60^60

Rewritting (2-8), we get:

n i- [log Bq(m- !)
]

(2-9)

o

Determination of constants S, B, m, and 1 was done from the graphs on

the basis of two accurately determined tool-life relations, e.g., q=l, q=3,or

q = 10 and q = 15.
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Log T

^.Log V

Ci C,

Log V
(a)

. Log q

q
l

q2

(b)

A
n

Log B/A,

>»Log q

(c)

FIGURE 3-2

PRINCIPLES TO DETERMINE A LIMITED TOOL-LIFE EQUATION

FOR ARBITRARY q ON BASIS OF TWO EXPERIMENTAL CURVES



18

In Figure 3-2 (a), a schematic representation of two tool-life cir-

cuits for q = q, and q = q„ gave the slopes n. , and n„, and the constants

C. and Cp. In Figure 3-2 (b), V. and V, were plotted against q, yielding

the values of m, 1, and A. Therefore, Equation (2-6) was determined, except

for the variation of n with q. By plotting the values of n. and n„ from

Figure 3-2 (a) versus q, and q2 t
as was done in Figure 3-2 (c), equations

(2-8) and (2-9) were established.

Equation (2-6), (2-8), and (2-9) constituted a general, approximate

tool-life equation for V, T, and q. Colding suggested that these general

equations had advantages over other equations, much as VT Fa = K, be-

cause the latter equation takes into consideration the variation of the

exponent n, while the general equations be proposed depended solely on

the chip equivalent.

The contribution Colding made in deriving his general tool-life equation

deserves close attention because (1) he put five variables in one equation

which was a new attempt to form a tool-life equation, and (ii) his equation

was independent of the exponent n.

S. M. Wu

S. M. Wu, was perhaps, the first to adopt the concept of a response

or dependent variables as a surface to the theory of metal (12) cutting.

This paper, presented at the Production Engineering Conference, Cincinnati,

Ohio, May 7-9, 1963, of the American Society of Mechanical Engineers, was

a portion of his Ph.D. Thesis. At the time of writting this thesis, the

author did not see any published paper which has given an equation for tool-

life like the one given by S. M. Wu. Ahtour believes, that by using the

equation proposed by S. M. Wu, the tool-life can be most conveniently and

accurately calculated for any combination of the machining variables (speed,

feed, depth of cut).
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Dr. S. M. Wu assumed the functional relationship VT
n

f™ d = K and

proposed a tool-life equation which has been verified by twelve tests.

The tool-life predicting equation is:

Y = 4.231 - 0.846 Xj = 0.164 x
2

= 0.009 x
3

where

_ 2(lnV - In 700)
X

l
" (In 700 - Ln 330)

X

_ 2(ln f - ln 0.022)
2 ' (ln 0.022 - ln 0.010)

l

- 2(ln d - ln 0.100)
X
3 ' (ln 0.100 - ln 0.049)

L

Since the predicting equation is a first-order linear equation, the

response surfaces are constant tool-life planes (Figure 4).

3
The experiment was a 2 factorial design with an added center point

repeated four times. To give a brief comment on S. M. Wu's paper:

1. The tool-life criteria was assumed to be 0.030 inches of flank wear

without any proof. This criteria is a matter of slight controversy

today. He found flank wear to increase linearly with respect to time

which disproves the idea forwarded by Bickel (29).

2. It has been concluded that the effects of depth of cut on tool-life

is almost negligible and the effect of feed is also relatively small

as compared with the effect of the cutting speed.

3. The tool-life testing was done under the dry condition.
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»

PRESENT KNOWLEDGE OF CUTTING FLUIDS

The improvement in tool-life by the application of cutting fluid

to a machining operation was shown by F. W. Taylor in his paper pre-

sented at the 1906 Conference of ASME. His cutting fluid was a stream

of water supersaturated with soda to prevent the machine from rusting.

He found a gain in cutting speed of 40% for H.S.S. tools.

In 1930's, French, Bayone and Digges in combination, studied the

effect of lard oil and water on the cutting speed of H.S.S. tools. Mathe-

matically, their results are:

For dry tests: VT
°-100 _ 485

For tests with lard oil: VT
* 115

= 547

For tests with water : VT
0,131

= 585

Currently, Author feels, that the research on cutting fluids has been

mainly directed towards the evaluation of the effects of the different

chemical compounds present in them. Author, at the time of writting this

thesis, did not find any published literature, which has given a quantitative

approach to study the effect of the application of cutting fluid on tool-

life.

( 13)
Works of investigators like L. H. Sudholz , K. E. Bisshopp, E. F.

(14) (15)
Lype, and S. Raynor ; M. E. Merchant ; W. E. Lauterback and E. A.

Ratzel '; S. J. Beaubien*
17)

; F. J. Daasch, S. L. Eisler, W. D. McHenry,

and R. K. Paton ; D. Kccecioglu and A. Sorensen, Jr. are worth men-

tioning.

L. H. Sudholz, after performing Almen and Falex tests could not conclude

anything definitely and recommended that tests should be performed by

employing actual metal cutting observations. However, from the results
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of threading tests on a laboratory test lathe, he found that the maximum

tool-life is effected when the total sulphur content is approximately 1.7%

and maximum tool-life is obtained when the active sulphur content is ap-

proximately 0.9%. He also performed tapping and drilling tests. But

finally he concluded that accurate evaluations of cutting fluids can be

conducted only in metal cutting equipment. In another of his works, he

recommends a radioactive tracer method to study the performance of cutting

-. . ,
(21)

fluids

(14)
Bishop, Lype, and Raynor, in their paper have attempted to prove

that a hydrodynamic film cannot exist at the point of cutting tool. Though

the conclusion is obviously valid, still M.C.Shaw does not believe in the

argument cited.

Past research in the field of metal cutting has revealed certain

basic facts that have a direct bearing on the action of a cutting fluid.

In the process of chip formation, heat is developed from two sources:

1. The energy used up in deforming the metal.

2. The energy used up in overcoming friction between the chip and tool,

The basic process of chip formation is shown in Figure 5.

(15)
According to Merchant , the two basic functions which any cutting

fluid must perform well are:

1. To remove heat from the cutting tool, workpiece and chips (i.e.,

to cool).

2. To reduce the friction between the flowing chip and the cutting

tool, thus reducing the heat generated in cutting and in addition providing

other benefits

.
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( 15)
In his paper he has evaluated the reduction in friction due

to the application of cutting fluids and compared it with the reduction

in shear strength. Lauterback and E. A. Ratzel concluded that the

cutting oil penetrates between the tool and workpiece and between the

tool and chip through the clearnace crevice and not from the rake crevice,

for very low cutting speeds. Cutting fluid does not provide hydrodynamic

lubrication at higher cutting speeds. Beaubien, in his experiment , has

tried to study the effect of fluid properties on surface finish and tool

forces. He concluded that for single contact cutting, cooling due to the

application of fluid seems to have a slight negative effect on surface

finish. Also, no significant effect of cooling on the magnitude of the

resultant tool force has been found.

Daasch, Eisler, McFtenry and Paton used mathematical statistics to

evaluate the relative performance of the emulsifiable iols and three com-

pounded mineral oils by the use of radioactive tools. By using the technique

of analysis of variance, a significant difference was found in the rate of

tool wear between the mineral oils and the emulsifiable oils; however, there

was no significant difference noted between the oils within either group.

A parallel study of tangential and feed forces proved insensitive for the

conditions of their tests. They also found a significant difference between

the tools. This difference could not be explained as all tools were ori-

ginally from the same piece and were prepared to the same specification.

( l f\)

In contrast with Daasch is criterion on q tool wear for evaluating

(22)
cutting luids, H. W. Husa and W. L. Bulkley of Standard Oil Company,

suggested strongly that the most reliable technique requires the evaluation

of wear rate, cutting temperature and surface finish. If this is not pos-

sible, at least wear rate and surface finish or wear rate and temperature

should be used.
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25

(19)
Dimitri Kececioglu and Arthur Sorensen found from their

experimental analysis that flood cooling is sent best to mist cooling

in improving tool-life at speeds below 590 fpm. At certain combinations

of feeds and speeds, dry cutting gave better machinability factors than

either mist a flood cooling.
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TOOL-LIFE AND IT'S IMPORTANCE

The importance of tool-life is obvious from the amount of past re-

search. Only a few have attempted to put a quantitative approach in their

research to analyze the tool-life. Work of Dr. S. M. Wu in arriving at a

tool-life predicting equation through response surface metodology is a

significant step in the science of metal cutting. However, he did not

take cutting fluids into consideration. The importance of the direct cool-

ing action of a cutting fluid in increasing tool-life and so saving money

for the users cannot be over emphasized. The present work is carried out

to predict the tool-life under the application of different cutting fluids.

Although, this sounds very simple, no one has found such predicting equations.

The past research on tool-life has mainly been concentrated in studying the

effect of the different chemical composition of the fluids on tool-life.

Before attempting to study the tool-life, an attempt was made to see

the behavior of cutting and feeding forces developed in turning mild steel

under the application of cutting fluids. After several runs under different

cutting conditions, no significant difference was observed in the magnitude

of these forces for different fluids. The forces are recorded with the

help of a lathe dynamometer and a two-channel Sanborn recorder. The results

can be seen from Figure 7. This result is in agreement with the work of

F. J. Daasch

For a number of years, it has been common practice to select the proper

cutting fluid for a particular operation on the basis of experience with

the same or similar materials. Since there are many types and brands avail-

able, and in some cases no past experience to draw upon the user generally

has been unable to make the best selection. This has been further complicated

by the lack of a standard method to evaluate cutting fluids. The writer

feels that some form of a functional approach to determine the tool-life
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FIGURE 6

MACHINE SET-UP FOR RECORDING TOOL FORCES WITH A

TWO-CHANNEL SANBORN RECORDER AND A LATHE DYNAMOMETER

"



28

mmm i

:;: ::;: ;;:: ;:;j mi

Figure 7

VARIATION IN CUTTING FORCE AND FEED FORCE UNDER DIFFERENT CUTTING
COMPOUND
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different machining conditions should be supplied with a cutting

fluid for the common materials that are used day-to-day. Keeping this

in mind, the present work is carried out to study the effects of different

machining variables on tool-life under the application of cutting fluids

and no fluid and to determine the tool-life predicting equations.
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DESIGN OF THE EXPERIMENT

The statistical technique of analysis of variance was choosen as the

statistical method of the features of the analysis of variance is that the

variability of the components in an experiment is measured ii terms of

sums of squares of deviation about the general mean or average. These com-

ponents of total variability may be calssified under two main catagories:

1. Those ascribable to cause variations. These include the effects

of different factors or combinations of factors,

2. That due to random variations, or variations between observations

due to non-assignable or uncontrollable factors. This residual

variance may then be used to test the significance of the effects

of several factors on the experimental data.

Thus, analysis of variance is a powerful technique to use when variations

in data may come from several variables. The results of the analysis with

inform the investigator which variables have pronounced effects on the data.

The greater the residual variance the greater the other variances must prove

to be significant.

Snedecor's Variance Ratio or F-test, will reveal if non-equal variances

are significantly different or are different only because of random or

uncontrollable variations in the data, and that due to sampling error.

To test for a significant difference in variances, the hypothesis is

made that there is no significant differences in the variances. This rull

hypothesis is tested by means of tables of percentage points of the F dis-

tribution. These tables show (for a given ratio of variances and given

degrees of freedom) the probability of error if the hypothesis is rejected.
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Selection of Factors

Though the factors that affect the machining conditions are numerous

it was considered appropriate to limit the controlling factors to cutting

speed, rate of feed, and the different varieties of cutting fluids. It

should be emphasized that apart from these three factors, there are many others

which have a direct bearing on the values of the tool-life. To name a few,

depth of cut, change of tool angles, machining at different temperatures,

etc., could all be expected to create dissimilar machining conditions and

thereby, after the magnitude of the tool-life. However, building a statistical

model to accomodate all these different factors would complicate the experi-

mental design. Further, controlling all these factors at different levels

according to the design requirements is often impracticable in many instances.

Therefore, it was decided to consider for this experiment, only three of the

more important factors, which have decisive influence on the tool-life. The

three factors considered are:

1. The cutting speed in feet per minute.

2. The rate of feed in inches per revolution.

3. Different cutting fluids.

The experimental data measured was the tool-life in minutes. Here

again it may be suggested that many other forms of experimental data could

be gathered to supplement the tool-life, as the test criteria. For example,

the surface finish, tool temperature, the chip thickness and type and others

may be investigated as dependent variables. In this project, however, the

variable of interest was the tool-life and hence effort was made to measure

and analyze only this factor.
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Selection of the Levels of Factors

Rate of Feed

The magnitude and span of the levels of feed were influenced by running

trial tests on the test material prior to the actual experiment. Before

choosing the rates of feed, it was decided to observe a particular value for

the depth of cut. It was observed in these trial tests that a depth of cut

5
of 0.3125 (r-/ of an inch) could produce a significant tool wear above which

it was difficult to measure the data. It was, therefore, proposed to fix

• 5
the depth of cut at j, inch and to maintain this constant throughout the

experiment, along with other constant factors.

5
The necessity of accepting a depth of cut of —, inch, it became apparent

that a feed rate of over 0.020 ipr resulted in excessive tool wear and found

to be extremely rapid and gave rise to land and crater wear and welding action

of the chip to the tool. The tool wear observed at high feed rates was so

high that total destriction of the tool became a problem. Hence, it was

concluded that the maximum level of feed should be 0.020 ipr. According

to the availability of the feeds on the lathe it was decided to fix the

levels ipr respectively, and these are designated as F. , Fp, F^t and F.

respectively.

Cutting Speed

Persisting with the trial tests, it became clear that at speeds exceed-

ing 100 rpm (115 sfpm), excessive heat generation, welding of the chip on to

the tool and the machine load bearing capacity became a cause of concern.

Hence, the upper limit of cutting speed was fixed at 100 rpm or 116 sfpm and

then the four levels of speed selected as follows:'

Sj = 36 rpm (38 sfpm)

Sp = 58 rpm (61 sfpm)

5
3
= 91 rpm (95 sfpm)

5
4
= 110 rpm (115 sfpm)
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Cutting Fluid

The main objective of this project is to study the behavior of tool-

life while machining with and without cutting fluids. In practice, machin-

ing is done usually with some type of cutting fluids. For a manufacturer,

cost is the main criteria for using a cutting fluid. There should be some

way that the user of a cutting fluid can know the benefits he can derive

from it in advance. Bearing this in mind, two tool-life predicting equations

have been suggested for two different cutting fluids. The selection of cut-

ting fluids was done on the basis of their practical use. Two fluids were

choosen for this project which were most widely used in industry. The

cutting media are designated as follows:

C, : Cutting oil, sulphurized, fatty, mineral. Type A, Grade B.

Supplied by J. W. Kelley Company, Cleveland.

C
2

: Soluble oil, Supprala

Supplied by Standard Oil Company, Concentration. 1:10

C
3

: Dry

Advantages Pertaining to Factorial Models

For the study of the variations brought about by deliberate changes in

the experimental conditions, a generally useful technique is provided by the

factorial experiment. The general intention of an experiment similar to the

one used is to appraise the effects of one or more factors on the experimental

outcome of the proposed study. A considerable advantage is gained if the

experiment is so designed that the effect of changing any one variable can

be assessed independently of the others. One way of achieveing this objective

is to decide over a set of values or levels, for each of the factors to be

studied, and to carry out one or more trials of the process with each of the

possible combinations of the levels of the factors. A further interesting
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property of a factorial design is that it is possible to study the interact-

ing nature of the variables. By interaction is meant the failure of the

levels of one factor to retain the same order and magnitude of performance

(within random sampling errors) throughout all levels of another factor.

Thus, if the effect of one factor is dependent on the level of another factor,

then the two factors are said to interact. It is imperative to note that

in experiments where numerous factors appear, a study of interaction between

factors aids in illuminating the combinational effects of the factors on

the experimental data. Furthermore, when factors are not independent the

simple effects of a factor vary according to the particular comtaintion of

the other factors with which they are produced.

The main advantages of a factorial arrangement may be summarized as

follows

:

1. Greater efficiency in the use of available experimental resources

is achieved.

2. Information is obtained about various interactions.

3. The experimental results are applicable over a wide range of condi-

tions, that is, due to the combining of the various factors in one

experiment, the results are of more comprehensive nature.

The experimental design adopted for this project is of a "Factorial

Classification in a Completely Randomized Design," type. This completely

randomized design has several conveniences.

1. Complete flexibility is allowed. Any number of treatments and of

replicates may be used. All the available experimental material

can be utilized — an advantage in small preliminary experiments

where the supply of material is scarce.
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2. The statistical analysis is easy even if the number of replicates

are not the same for all treatments or if the experimental errors

differ from treatment to treatment.

3. The method of analysis remains simple when the results from some

units or from whole treatments are missing or are rejected. More-

over, the relative loss of information due to missing data is smaller

than with any other design.

No replication was done due to the non-availability of material. The

loss of accuracy due to this can be compensated to some entent by the fact

that the material was quite homogeneous in nature. The structure of the

material has been tested (Figure 12).

Randomization

Randomization avoids biasness. With a repetitious operation, like this,

the order of the events may be important, either because of learning process

is involved which tends to make later operations better than the earlier ones,

or because fatigue tends in the opposite direction. Systematic biases is

guarded against by randomizing the order in which the operation is performed

on the different treatments.

Having decided upon four levels of feed, four levels of speed, and three

different forms of cutting media, there arise in all 4 x 4 x 3 = 48 different

cutting fluid - feed - speed combinations, or 48 different treatments possi-

bilities within the scope of this experiment. The 48 possible combinations

are shown on the next page.
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lornIn randomizing the sequence of operations, help of a ranch

number table has been taken. The random numbers picked up from the table

refer to the serial number of Table 4. The first number picked up from

the random number table, which corresponds to a certain serial number of

Table 4, is given first priority for the sequences of operation. The second

number picked up is given second priority and so on until all 48 combina-

tions are exhausted. Random numbers which are greater than 48 neglected.

Two R. N. Digits were picked up.

Table 5 shows the designated machining combinations and the results of

picking up a two-digit number from a random number table to give the sequence

of treatment combinations. Machining was then performed keeping strictly

to the randomized pattern.



TABLE 5

SEQUENCE OF OPERATION UNDER THE 48 DIFFERENT TREATMENTS

38

Random
Number

Experiment
Number

TREATMENTS
Speed Feed Cutting
sfpm ipr Media

Random
' Number

Experiment
Number

TREATMENTS
Speed Feed Cutting
sfpm ipr Media

10 1 38 0.010 Dry 40 25 115 0.020 Coil

22 2 61 0.010 Dry 12 26 38 0.020 Dry

24 3 61 0.020 Dry 21 27 61 0.006 Dry

42 4 115 0.010 S.oil 27 28 95 0.015 Coil

37 5 115 0.006 Coil 33 29 95 0.006 Dry

28 6 95 0.020 Coil 20 30 61 0.020 S.oil it

09 7 38 0.006 Dry 04 31 38 0.020 Coil

07 8 38 0.015 S.oil 26 32 95 0.010 Coil

02 9 38 0.010 Coil 18 33 61 0.010 S.oil

01 10 38 0.006 Coil 11 34 38 0.015 Dry

48 11 115 0.020 Dry 35 35 95 0.015 Dry

32 12 95 0.020 S.oi 1 31 36 95 0.015 S.oil

29 13 95 0.006 S.oil 16 37 61 0.020 Coil

05 14 38 0.006 S.oil 03 38 38 0.015 Coil

25 15 95 0.006 Coil 30 39 95 0.010 S.oil

17 16 61 0.006 S.oil 38 40 115 0.010 Coil

46 17 115 0.010 Dry 23 41 61 0.015 Dry

14 18 61 0.010 Coil 47 42 115 0.015 Dry

34 19 95 0.010 Dry 13 43 61 0.006 Coil

08 20 38 0.020 S.oil 19 44 61 0.015 S.oil

15 21 61 0.015 Coil 44 45 115 0.020 S.oil

39 22 115 0.015 Coil 45 46 115 0.006 Dry

06 23 38 0.010 S.oil 41 47 115 0.006 S.oil

36 24 95 0.020 Dry 43 48 115 0.015 S.oil
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TOOL-LIFE MEASUREMENT

Tool-life tests which are conducted primarily to indicate proper

techniques need not be very precise due to the relatively large normal

variations which occur in practice. However, in order to study tool-life

from a scientific point of view, tests of high precision are required.

Precision and repeatability are difficult to obtain because most tool-

life tests are inherently long time tests requiring large amounts of

tool and work materials. Even with extreme care, there will be some

variation of the physical and metaurgical properties of two pieces of

material. Indeed, even in one large billet it is difficult to obtain

homogeneous structure.

One of the variations most difficult to exclude from tool-life

tests is that due to grinding and setting the tool. Apparently insigni-

ficant differences such as a slight change in wheel dressing technique

can alter the surface properties of the tool and hence alter tool-life.

In the past, wear land values have been measured directly using a

Brinell microscope. The resulting data have dhown considerable scatter

indicating a large amount of uncertainty in the measurements. This

scatter may be attributed to two main causes.

1. Due to the variations of the wear land across the tool. This

leads to difficulties in determining the exact extent of the

wear land (see Figure 8).

2. Due to a more subtle cause that is inherent in the wear land

technique. When an amount of metal ABC is worn from the clearance

face of a tool, the extent of the wear land is BC (Figure 8)

For a zero make angle tool,

BC = AB cot 9
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FIGURE 8

VARIATION IN WEAR LAND AND THE POSITION OF THE INDENTATION
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where is the clearance angle. The amount removed is,

ARr - JL Rr BC _ (BC)
2

Abo -
2

. bu .

cQt g -
2 cot 9

for a given amount of wear (i.e., ABC = const),

BC ~
cot 9

and the change of BC (ABC) corresponding to a small change in 9 , (A9) is

ABC 1 A9

BC "29

Thus, for 9=5° and A9 = 2° (11°) BC will have a total variation of

20 percent, and it is seen that slight errors in grinding and setting will

lead to large errors in the data.

(23)
The method adopted here was initially proposed by M. C. Shaw , and

has been characterized as the "diamond indentor technique." This technique

rests heavily on the assumption that the wear shows a linear trend with time,

This is very true as seen from past research.

Diamond Indentor Technique

The foregoing difficulties can be overcome by the use of impressions

made in the clearance face of a tool with an oversize Knoop hardness in-

dentor. By making an impression on the wear land of a tool, subsequent

wear can be conveniently and precisely determined. The pyramidal diamond

used in the following test had a length to depth ratio of 30*53. Thus,

the actual wear which is measured by the change in depth of the impres-

sion, is multiplied by 30. 53 when readings are made of the change in

length of the longest diagonal. The multiplying factor thus obtained

is much greater than when directly measuring the length of the wear land,

and is not influenced by errors in clearance angle. Also, the measure-

ment reference points are very sharp as compared to the ragged end of

a wear land.
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Hence, reproducibility of tool-life data should be greatly improved

by use of the diamond indentor method. Furthermore, the amount of metal

that must be cut in order to obtain wear data can be reduced by taking

advantage of the fact that tool wear on the clearance face is linear with

time. The following procedure was adopted to make full use of the above

possibilities for obtaining precise, reproducible wear data.

1. The freshly sharpened test tool was held in a universal vise and

an artificially wear land very close to 0.010 inch was carefully

ground on the clearance face by means of a surface grinder.

2. The tool was placed in a Vickers hardness testing machine in

which a Knoop indentor was used to put an impression on the wear

land as shown in Figure 9.

3. A small amount was cut to condition the wear land and cause it

to wear in.

4. Successive readings of the major diagonal of the impression are

then made with a microscope attached to the lathe and the wear

rate is thus established.

Since most wear data are expressed in terms of a standard wear land,

it is convenient to convert the impression readings to equivalent wear land

values.

For a clearance angle of 9 degree,

where ABC is the increase of wear land corresponding to a decrease of

impression diagonal AC.

The inverse slope of the curve plotted with wear as ordinate and time

as abscisa will give the rate of wear. It is evident that the wear rate

is essentially constant for a given speed and the data may be entrapolated
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FIGURE 9

THE KNOOP'S INDENTATION ON THE CLEARANCE FACE OF THE TOOL
THE TOP EDGE IN THE PHOTOGRAPH REFERS TO THE CUTTING EDGE
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to produce a standard wear land of length BC. Thus,

T = 30 - 53
• fre • f (3)

dT
where -rr is the inverse slope of the wear time curves.

uC

The tool life expressed in cubic inches of material cut to give a

wear land BC is,

BC dT
L = vfdT = 30-53 Vtb

cot 9 dC

where f = feed, -ipr

d = depth of cut, inches

V = cutting speed, inches per minute

T = tool-life in minutes.
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EXPERIMENTAL EQUIPMENT

The following equipment was used in this research:

1. Experimental lathe.

2. Leitz Metallurgical microscope.

3. Rex-95 tool.

4. Cutting fluids.

5. Work piece.

6. Fixture.

Lathe

The experiments were conducted on a Reed-Prentice engine lathe,

5 H.P. capacity, 30 inches between centers.

Microscope

The microscope used for measuring the tool wear was one of the metal-

lurgical microscopes used for observing the metal structure. The knob in

the micrometer eyepiece had 100 equally spaced divisors. The microscope,

with the particular objective (Number 2) and eyepiece was calibrated before

the experiment. A scale having hundred divisors for an inch was used for

calibration. Thirty observations were taken of the eyepiece knob reading

correspondence, to 0.01 of the scale at different sections. At each section

several readings are taken to avoid any personal error. Reading at different

sections was taken to eliminate the manufacturing error, if any, in each

divisor of the scale. Average of the 30 readings was taken as the scale

of conversion for conversing the eyepiece reading of the major diagonal of

the impression to equivalent inches. The results of calibration follows:



TABLE 6
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Section Number
Along the Scale

Number of
Observations

N

EYEPIEI

Initial
:e knob re/

No. of
Complete
Rotation

iDING

Final
Total Number of

Divisions
Passed

n
i

1 1 66 30 164

2 70 31 161

3 70 32 162

2 4 33 97 162

5 31 96 165

6 31 96 165

3 7 46.5 7 160.5

8 47 9 162

9 45 8.5 163.5

4 10 77 39 162

11 75 37 162

12 75 36.5 161.5

5 13 98 59 161

14 97 59 162

15 97 59 162

6 16 84 46 162

17 84.5 47 162.5

18 84 47 163

7 19 32.5 97 164.5

20 33 97 164

21 33 97 164

8 22 45 6 161

23 46 6 160

24 44 6 162

9 25 7.5 70.5 163

26 7 71 164

27 7 71 164

10 28 45 8 163

29 46 10 164

30 46 10 164
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30

/,« 4882 .5

i=l

30

u
i=l

N
= 4882.

30
5 _

162.75

Hence, the scale of conversion is:

0.01 inch = 162.75 divisions.

Cutting Tool

The cutting tool used was Rex-95 High Speed Steel type. The composi-

tion is shown below.

C

V

Mn

W

0.80% Si: 0.30%

2.00% Mo: 0.75%

0.30% Ci: 4.00%

14.00% Co: 5.25%

Rex-95 tungsten-vanadium-cobalt high speed steel which was developed

to meet the requirements of a steel combining high red hardness, superior

abrasion resistance, and good toughness.

The tool geometry was designed to meet the orthogonal cutting con-

dition. The cutting edge was straight and parallel to work thickness.

The tool angle geometry is shown in Figure 10.

Cutting Fluids

The test was run with three different cutting media. Two different

cutting fluids were tested against the effect of running dry. The selec-

tion of the cutting fluids was mainly based on their commercial use value.

The two oils are:
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REX - 95 TOOL

TOP VIEW

SIDE VIEW

5°ih

JL
15°

-r

-/h>
c

FRONT VIEW

Back rake angle
Side rake angle
End relief angle
Side relief angle
End cutting edge angle
Side cutting edge angle
Nose radius (in)

FIGURE 10

TOOL GEOMETRY
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FIGURE 11

CUTTING TOOL, CUTTING FLUID PIPE & THE STEADY REST IN WORKING POSITION
THE TRAY IS USED TO RECIRCULATE THE CUTTING FLUID
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1. "Superla"

Soluble Oil

Concentration, 1:10

Supplied by, Standard Oil Company.

2. Sulphurized, Fatty, Mineral cutting oil.

Type A, Grade B.

Supplied by, J. W. Kelley Company, Cleveland.

Workpiece and Fixture

A 4-inch dia, t foot long steel tube was obtained from a local dealer.

The composition was not known, except for the fact that it was a "dreel

steel" tubing. The tube was cut into three equal pices, of 24 inches

long. A small piece was cut from each of the three and specimens were

made after some heat treatment (varied to 1600 F - kept in that temperature

for 45 minutes and then fast air cooling was done) were studied under micro-

scope to estimate the carbon content. A sample structure can be seen from

Figure 12. Several observations were taken over the entire surface of the

specimens to reach an average carbon content. The average carbon content

was found to be:

C = 0.557

Mn= 0.025 (estimated from the spheriodized structure).

The only fixture used was a "steady rest." This was used to prevent

the vibration and eccentricity of rotation of workpiece. The steady rest

was used only after turning the outside surface of the workpiece to give

it a true and even surface.

Average thickness of the tube was observed to be -rr inches.
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FIGURE 12

STRUCTURE OF WORK MATERIAL
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EXPERIMENTAL PROCEDURE

The experimental set-up can be seen from Figure 13. A fluid flow

system was designed which can be seen from Figure 14. A sheet metal pan

was made and kept below the tool to restore the used oil and to help recir-

culation. Tool was applied at the end of the tube and the whole tube

thickness was used as depth of cut. The tube thickness was made to the

previously fixed level of depth of cut by a few preliminary passes.

Black grease was used to lubricate the contact surface of the steady rest

and the workpieces.

Due to randomization, different oils were used at different times as

the treatment warranted. To eliminate the effect of mixture of two

oils, time was allowed for the oil to pass to a waste tank, immediately

after a change. The machining was restored only when the pure oil started

to flow.

The time interval for measurement of tool wear was not fixed but

varied depending on the machining conditions.

To avoid the effect of tool material, only one tool was used. This

was reground when the indentation was worn down or when the tool wear war-

ranted a resharpening of the tool.

No replication of the tool-life data could be done due to insufficient

work material. However, author is quite satisfied with the results obtained

and believes the results to be quite satisfactory for finding the range of

operation. As suggested later, more detailed and replicated tests should

be carried out within this prescribed scope, to study the behavior of tool-

life.

The results are tabulated as follows in Table 7.
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FIGURE 13

THE TOOL POST IS TURNED TOWARDS THE OPERATOR TO ENABLE HIM TO
VIEW THE INDENTATION UNDER MICROSCOPE AND THEREBY MEASURE THE MAJOR

DIAGONAL. OF THE IMPRESSION

THE EYEPIECE KNOB WITH IT'S GRADUATIONS CAN BE SEEN AT RIGHT
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FIGURE 14

THE CUTTING FLUID FLOW SYSTEM



~ CT I!

to s=
•iH *rrt

*-> -a f—4 CO pH CO ^ CO CO m CM o
•i-< CO CO CO CO CO "*ri m o CO CO vOc o o o^ o o cr r*» CO vO sO vO
(-H CS

<_J

O CM

u JT
. ^2

l- 1—

1

CO
CM

CO
in

75 h-
• co

CM CO

o "O1 m m o O
• ^J1 CO o vO O

CM CM CM sO •o •o

r- rr
• o

r"H CO

sC
•

*—

I

Cj-o m CO rr
bi * in r-
CO •-1 m sO

<
CM

u •

bj
(-,

b> i—

i

71 •

t—\
i—

<

^2w O r~ CO o o CM
Cxi

• i—

i

CO o O CO
^ ^H CO h- CO -o >o
i—

i

H
CO cc

<c •

o in

[— t»-

Ll,
•

<
CO

o

^ O 1—

1

o
1—

(

• l-H i^d o r~ CO

m <—

1

c
• in a

u- o in h-o
t—

1

•^r h- i-H

c_ • CM h-
w o CO LO
>-
u

CO

d
r—i

cc

CM CM T
• o o*o o vO

r—

1

co
• coc CO

o>
c E l-H i-H i-H i-H i-H l-H

"H 3 •rH •l-l •rH •l-t •rt •FiJ —1 >> >> >> o o O >> o O O
+j -a u U h • • • u • • •

3 o a a Q CO o o a CO co o^
o o O o vO o sO in o sO

•a >—

i

i—

1

CM l-H o CM o l-H f—

1

o
o u o o O o o o o o o o
o c • • • • • • • o • •

Ci, «H o o o o o • o o o o o

O
c -a c
•rt 0) «rH m m
••-> a> E CO i-H 1—

I

r—

t

i-H in CO CO CO CO
•-> as CO o sO •—< i—

1

o CO CO CO CO
3 00 «->

o '—

1

55

c
o

CO

H



—i o>
CO c
•l-l •—! SfS
+-> T3 o o •—< t- o i-H I-H t— r^ o kJ\J

IH CO CO sO in o i-H o CO m >—

i

CO
c cu o h- m CO o tn o CT- CO CO
l-l C£

O

T
T

CO CO CO

w
CM

o o CM m
• o h- CM

CM i—

i

CO ^r

', U- h-
«- o •

c
•—

c »
w

> cocj
a. vO m

r^ < CM

a

in h-
CC w « co

E-
i—

i

sO
•

^t CO
h~1 CM in CO
«=s • r^- ow 1—4 tj<

w I/i

COs i—H 5
1—

1

•

H r-H D5

<t
c

• IHo o o *J
cc • CO m uw i-H CO h- CO

fc
+J
10

<: CO
•

CO
CO oo o vO 4-9

2
uQ r^ co m o

<C « o o •iH

W o CO TT u
Q.

nO o i-H OSo • o o Ew o CO co •IH
1—

1

c T3
CO

bJ in O CO CM o
>< o l-H CO u
bJ c m CO CO

i-H

CO
•rH

*r CO +->
• rr 'flo co c

•1—

1

CO —

1

r- O vO vO
• in co CO in o 0)o rr tp "31 CO in

CM CO TT CM vO *o
• vO CO in 1—

t

Eo ^ CO nO h- CO

c
1—

1

o CM a
o CO rr >c h- CO •iH

Ci E to
E 3 CO
•iH >r-< i—

i

l-H l-H f-H i-H l-H i-H 2
+> "O >> •H •l-l •H •rH •i-H >> •i-l >> •rH

*-> a u o O o o o u O U o c
3 S Q • o • • • a • a • oo CO CO CO c_> CO c_> CO •iH

4->

O o vO vO sO o o o o o CO
4->

•o <u CM CM o o o o i-H i-H r—

1

CM 3
a a. O o o o o o o o o o a>
0) «H • k • o • • • • • "D
b* o o o o o o o © o o C

• iH
OS
E T3 c 2
•rH OJ -fH m m in CO m I-H m l-H in CO a
+-> <D E i—

i

o o CO o sO i-H vO o CO E
*J C\ i—

<

«—

1

3 CO -> «t
cj v-i ^



H
—

1 o>
TO C
•r-t 'H
M -c t rj" o o ffi

t—

«

r^ CO CO LO
•** ro f- I—* m l—t CO in rr co CO oc a> m ©> h- o o in ^r o cr- o
t—I cc

vO

^

CO

m m
• CO

CM *o

c CO
• |-H

Cb

CM CO

r^ m
o

i—

i

CM

CO
CO

— p , sO o
c < • CO
c J i—

i

CO
c ExJ

h- in vO
CO • CO

X UJ <—

i

CO
• H3—
CC ;z CM
H i—

(

•

»—i

r-*L
•

t~1
^—

<

H
< . h- O in vO •—i

c •-H r^ o "S1 ©
OS 1—

1

LO vO ^r TT in
CjJ

CO< ©
co
z:
t—

1

h-
Q •

< O

o •—

1

LO h-
bJ • O CO "3"

CO c CNJ sO TP

cu in CO o
uJ • o o
Sm c LO m
tJJ

"5T h- CO CO O
• T ^r CO CO
O CM CO CO o
CO o CO h-

• F- o f—1

o vO CO o

CM co CO o "^T in
CO r—

(

LO O in
d LO O CO CO

r—

4

,_, o CM
• h- 1—

1

CO
c t CO "V

O E
C 3
>H •!-( t—

1

r—

i

p—

t

(—1 1—

1

f-H

•*-> "O •*H •rH •-I >> •iH >-> >> 'It >> •iH

*-> a> O o o M o u u o u o
3 55 • • • a • Q n • Q •

c_> o CO CO o c_> CO

lO in o o o o sO LO vO o
T3 >- 1—

t

r—

<

1—

1

CM CM CM o 1—1 o CM
a q. o o o o o o o o o O
a th
Eb o o o • o o o o o o o

03
C -O E
•FH QJ •!-< |-H in CO in LO CO 1—

I

in m <—

(

+-> a> e vO |-H co o >—

1

CO o o o <o
*J c^ i—l 1—

1

3 CO *->

C_> <M

57



fM 05
CO E

• r* «i-l

+> -o t^ CO o- CM F-H CO LO CO co o
•r-( co vO CO CM CO CO c LO o CO CM
E 0) CO o lo o o CO o r- o o
h-1 o:

o

T — o~
CO LO

m CO o
* rr LO

CM sO •sO

O o h-
4-> • LO CO
E CM CO r-
Oo Ci-O r^
r-

UJ »—

(

CD CO
i—

i

J2 < s0
rc> J •

H bJ i—{

co lo . CO CM CO o
bJ . sO lO CO CO
H 1—

1

1"- T r- T
^3Z
l-H CM
«=£ •w
u:

i-^

s? i—

i

r-H

i—

i

• CM

<
•""' LO

c t- t- CO
cc sO i—i o
bJ 1—

1

CO nO r-

E
<c CO

•

CO
CM

o o CO LO
2
i—

(

a h- o< • t^
bJ o "31

o "tf _< CM
O • CM o CO
u: o t^ F^ o

bJ LO CO <5 h-
>- • o LO —

i

tu c vO CO 1^-

^r o F-

1

CO
. CO vO CO
o CO LO t^

CO sO
• LO
c h-

CM o 1—

1

o
• o «—

1

LO
o CO CO CO

_ O
. CO
o CO

O E
E 3

M -o •F* •F-t •p* >, >»
4-> GJ o o o u u O o o o o
3 S • • • o a • • • • •

u O o CO CO u CJ CO o
o o o LO LO LO o LO o o

-^ CM 1—

t

r—

(

r-

H

fH 1—

(

CM 1—1 l-H r-H

a> :-. O o o O O o o o o o
O CL • • • • • • • • •

U* 'r-t o o o o o o o o o o

CT>

e -a
•fh CD CO m 1—1 CO LO LO F-H CO LO LO
*J O CO o sO CO o o o CO o 1—

1

+-> c_ F-

1

= CO
o

58



~h o>
re c
•-H •!-< o co CM CO CM CO o '

+-> -a TT co CM o in CO *Jh re
C CO
1—I ex

in o* vO o in 0" a- cr

T
CO

CO CM

LO

CM

o in
• CO

CM "31

—

1

oC
o t- CO
u

CO
•

i—

(

r-H

h-
<:

c i_] vD CM— u • CO
-C <-H T
re

CO:—
u in CM
H • CM
:a l-H l-H

2
1—

i

©

s-^ CM
l-H

£H
h-

1

I—

(

H •

I—

1

n^ o h-
u3 • I—

1

~ 1—1 CO

<
00 COo CMz o h-

1—

1

Q< h-
UJ •

Li!

o

O vD CMU • sO
t—

i

O
s
>H in o CO CO ow o

CO
f—

I

co
CO
CO

o
sO

"SJ" T CO O
o h- CO inO co O CO

CO h- in CO CM o
• m CO l-H o l-o TT in rr ^r r-

CM o CM o
• t- in vOo r*- CM CO

(—

(

rr
• —i
o in

D5
c E

•i-l 3 l-H •-H f-H l-H l-H

+-> -H >> >> •»H •H • l-l >> •r-l •IH

«-> "o u u O o o u o O
3 CU a a • • • a • •

o s O CO CO CO CO

tTT"—BT" o m o sO o in
"C >H r-

H

i—

1

o l-H CM o o l-H

<D CL o O o o o o o o
a> >m
b o o 'O o o o o o

fcri

E T3 E
•lH CO -IH >—

1

m l-H i-H in in in in
+j a E "O i—

i

sO o in -H •-H l-H

+-> C-\ l-H l-H l-H i-H i-H

3 CO 4->

o <*h

59



60

TOOL-LIFE CALCULATION

The cell values of Table 7, represents the length of the major dia-

gonal of the given indentation (Figure 9) after the corresponding time.

For evaluating the tool-life the following steps have been taken.

1. Initial reading of table represents the length of the major

diagonal of the indentation at the beginning of the run.

2. Wear of the diagonal during any particular time 't' for a parti-

cular run is calculated by subtracting the cell value corresponding

to time t' for that run from it's preceeding higher cell value.

This gave tool land wear figures for three different time inter-

vals for each of the 48 runs or treatments.

3. The units of these cell values and tool wear values are in

"number of divisions of the eyepiece knob."

4. Knowing that 162.75 divisions - 0.01 inches (from the calibration

of Table 6), we are now in a position to convert these wear values

from number of divisions to corresponding inches of land wear.

5. The land wear, as ordinate, is plotted against the corresponding

time on abscissa, to give the near rate. This is done for all the

48 different treatments (Appendix A, page 93)

6. The tool-life criterion is fixed at 0.010 inches of land wear.

( 14)
This is based on the past research

7. Knowing the wear rate and the tool geometry, the equation 3 is used

to determine the tool-life, T in minutes.

8. The calculations are shown in Appendix B.

9. Appendix B also shows the calculations for tool-life in terms of

cubic inch of material cut.

10. The tool-life in minutes is shown in Table 8 t and Table 9 gives the

tool-life in cubic inches of material removed.
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ANALYSIS OF VARIANCE

The analysis of variance is defined as the analysis breakdown of total

variability into component parts. Thus.it is possibel to determine which

variable under study caused the significant difference in the results.

Postulation of the Mathematical Model

The contribution of statistical techniques is to increase the rate of

convergence in the solution of a problem. This is accomplished by an itera-

tive procedure as illustrated in Figure 15.

The research worker should have an idea or conjective which leads to

the design of an experiment. The experiment is then performed and the

results are analyzed. This leads to new ideas and the entire process is

repeated.

The conjecture stage in the present project is relatively simple because

tool-life has been studied intensively for the past three to four decades.

The independent variables investigated were speed V, feed f, and cutting

medium C. The response, or dependent variable, was tool-life T. The

functional relationship which has been proposed by previous investigators

is,

V T
n

f
m

d
b

= K

For the present project, depth of cut being constant, the above equation

can be written as

,

V T
n

f
m = K

1
.

For the purpose of this investigation, this equation can be written as

a more convenient form by taking logarithors of both sides.

1 = ? + Pj Xj + P2
x
2
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where n, is the true response of tool-life on a logarithmic scale, x

and x
2

are the logarithmic transformations of V and f respectively, and

3 , 3 , and 3 2
are the parameters. This can also be written,

y = b
Q

+ bj Xj + fc>

2
x
2
+ e (4)

where y is the observed tool-life on a logarithmic scale, b , b. , and b
2

are estimates of the parameters 3 , 3., 3
?

respectively, and e is the

experimental error.

Equation 4 is a polynomial of first degree. The coefficients of this

linear equation have been estimated by the computerized program for Step-

(31)
wise Multiple Regression , written in S.P.S. for IBM 1620.

The coefficients have been established separately for each of the three

different cutting medium.

Assumptions made in the model.

1. The treatment effects are additive.

2. The experimental errors are independent from observations to observa-

2
tion and are distributed with zero mean and the same variance ,

3. For tests of significance, the experimental errors are assumed

to follow the normal or G aussian frequency distribution.

Computation

The detailed computations for the analysis of variance is shown in Appendix

C. The Anova presented here is a two-way analysis with the main effect and

the interactions considered. It is known from the past research that in a

project like this dealing with tool-life, interactions of various factors

play an important role. The ANOVA is presented in Table
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Conclusions from ANOVA

Referring to Table 10 and statistical tables we find that:

1. The interactions of speed and feed are significant at one percent

level.

2. The interactions of speed and cutting compound is significant

at five percent level.

3. The interactions of feed and cutting compound is not significant.

4. Speed has the greatest effect on tool-life, feed the second and

cutting compounds have the least effect on tool-life.

Reference may be made to Appendix C for a detailed explanation of these

conclusions.
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TESTING EFFECTS SUGGESTED BY THE DATA

The F-test performed on all the treatment means indicated that the

speed, feed, and speed cutting compound interactions are significant.

Due to these highly significant interactions, we need not analyze the

factors for their main effect. The ordinary t-test for the difference

between two means is applied to every pair of means. Any two means whose

difference exceeds the "least significant difference" (LSD), are declared

significantly different. The LSD is given by (25),

LSD = t /2-S

where, a = Level of significance = 0.05.

v = Degree of freedom.

S = Estimated Standard error,

r = Number of replications.

The cell values in Tables 11 and 12 represents the average tool-life

(near), the average being taken over the three cutting compounds, namely

dry, cutting oil, and soluble oil. Reference may be made to Table 8 for

these three different values for each combination of feed and speed levels.

From Table 10, for ANOVA, we find that:

v = 18

S = 3163.221

r = Number of observations = 3.

Hence,

LSD
1
= t

05 1Q
y2(3163.221)/3

= 1.734 x 32.471 x 1.414

LSDj = 79.6149
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where LSD., refers to Table 11 for speed and feed interaction.

Table 12 is drawn for testing the speed and cutting compound inter-

actions. The cell values represent the average tool-life, the average

now being taken over the four feed levels for each possible combination of

speed and cutting compounds. At this stage reference may be made to

Table 8 for computations.

Again,

LSD = tn nr 1Q j(3163.221 »
2 0.05, 18 v 2

= 1.734 yi 501. 620

= 1.734 x 39.769

= 68.959
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TABLE 11

Feeds

Speeds ipr

fpm

0.006 0.010 0.015 0.020

38

61

95

115

391.333

61.733

15.608

227.067

35.140

12.287

.

,

72.200 36.634

17.787

6.570

3.351

26.023

9.787

4.72310.109 7.991

ZP The significant difference region.

TABLE 12

Cutting
Compound

Speed
fpm

Cutting Oil Soluble Oil Dry

38 296.050 150.000 99.376

61 23.825 65.050 16.788

95 12.978 15.605 4.606

115 5.845 11.163 2.624

The significant difference region.

-*- Mean significant.
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CONCLUSION

The following conclusions may now be drawn for the observed data

in the table.

1. There is significant difference in the tool-life for a feed range

from f = 0.006 to 0.015 at the low speed of 38 feet per minute.

2. At the low speed of 38 sfpm, the tool-life is not affected ap-

preciably by the inverse of feed f = 0.015 to f = 0.020.

3. In the range of speed = 61 to 115 feet per minute the tool-life

is not changed significantly with the change in feed.

4. A sharp reduction in tool-life occurs when the speed increases

from 38 fpm to 61 fpm at low feed rate of f = 0.006 and 0.010.

5. The effect of speed and feed on tool-life is prominent in the

following range.

Speed : 38 to 61 feet per minute.

Feed : 0.006 to 0.010 ipr.

The following conclusions are drawn from the table

1. There is no significant difference in the tool-life at speeds 95

and 115 feet per minute under the application of different oils

and no oil.

2. The tool-life is significantly higher when run dry at low speed

than at high speeds.

3. The tool-life decreases sharply when run at high speed (greater

than 95 sfpm) than 38 sfpm. This is true for both the oils.

4. At low speed, cutting oil is the best to apply and there is ap-

preciable difference in the tool-lives obtained from cutting oil,

soluble oil and dry; cutting oil being the best and dry cutting is

the worst. The good effect of cutting oil cannot be neglected.
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5. At higher speeds (58 < V < 110 fpm), cutting oil and soluble

oil have equivalent performances. Also, cutting oil and dry

have equivalent performance. However, soluble oil was signi-

ficantly higher than the tool-life under dry machining.



73

PREDICTING TOOL-LIFE EQUATION

A polynomial of first degree was choosen to be the postulated model.

This has been mentioned earlier while we were dealing with postulated

models. Reference may be made to page . The model is given by:

y = b
o

+ b
l

X
l

+ b
2

x
2

where,

y is the estimated tool-life in minutes, in a logarithmic scale,

x & Xp is the value of feed in ipr and speed in fpm in logarithmic scales,

b is a constant evaluated separately for the different cutting media,

b. & bp are the parameters determined individually for the different cut-

ting media.

The following predicting equations are arrived at by a stepwise multiple

(31)
regression program written in S.P.S. for IBM 1620.

1. Dry:

Y = 10.43482 - 1.04368 Xj = 2.99097 X
2

o
R = Proportion of tool variance in log tool-life accounted for by

log feed and log speed

= 0.96296

Y = ln.T.

X. = In. Feed (ipr)

Xp = In. Speed (fpm)

Standard error of Y = 0.29651.

2. Soluble Oil:

Y = 9.69769 - 0.64538 X
}

- 2.18241 X
2

where „

R = 0.78596

Standard error of Y = 0.56602.
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3. Cutting Oil:

where

Y = 10.7589 - 1.15429 Xj - 2.99963 X,

R
2
= 0.90690

Standard error of Y = 0.49217,
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FUTURE WORK

It is suggested that more effort be placed in the area of application

of statistics to the field of metal cutting. In the project discussed in

this report only two variables were selected to study the effect of cooland

and lubricant where as there are many others that could be analyzed. Some

of the areas for further work are:

1. A fractional factorial design should be adopted to enable the

experimentor to analyze the greater number of variables involved

in such as analysis.

2. A detailed analysis between the speed range of 38 to 61 sfpm and

feed range of 0.006 to 0.010 pir will explain the sharp decrease in

tool-life and will give a better knowledge of the role played by

cutting compounds.

3. Since the amount of heat generated at the cutting edge would appear

to be important, further work should consider materials not only

of different hardness, but also those whose properties of thermal

conductivity, coefficient of thermal expansion cover a suitable

range.

4. Study of the effect of changing tool geometry would go a long way

in analyzing the effect of cutting compounds on tool-life.

5. In addition to all this, author feels a separate investigation of

the effect of Built Up Edge on surface finish and tool force would

be very helpful.
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A study has been undertaken to study the effect of running dry, with

soluble oil and a cutting oil, on tool-life. The diamond indentor tech-

niques as suggested by M. C. Shaw is adopted to measure the tool-life. The

independent variables combined are feed, speed, and cutting medium.

It is observed that cutting oil is the best at low speeds. At higher

speeds, cutting oil and soluble oil have equivalent performances. Also,

cutting oil and dry have equivalent performance. However, soluble oil

(1:10) yielded a significantly higher tool-life than the tool-life under

dry machining.

The observed tool-life data for the three different medium were used

separately to yield the following fool-life predicting equations.

Y = 10.43482 - 1.04368 Xj - 2.99097 X
2

.... Dry

Y = 9.69769 - 0.64538 Xj - 2.18241 X
2

Soluble Oil

Y = 10.75890 - 1.15429 Xj - 2.99963 X
2

Cutting Oil

With the help of this project, an effective range is established which

needs a detailed analysis to give some insight into the effect of cutting

fluids. The sharp reduction in tool-life in this range is worth further

investigations.
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NOMENCLATURE

V Cutting speed, s.f.p.m.

S Cutting Speed, r.p.m.

n,m,p Exponential constants.

r nose radius of cutting tool, in.

f feed, i.p.r.

d depth of cut, in.

C,K constants

V calculated speeds, s.f.p.m.

q equals L/A , chip equivalent

L contact length of part of tool edge engaged in cutting

A cross sectional area of "chip" before removal from workpiece
o

X. constant depending on tool material

K constant dependino on work material
mc f

a side-cutting-edge angle

C ,q constants

k thermal conductivity of work material

P volume specific heat of work material
c

K equals k/P , thermal diffusivity of work material or Y InT

X. equals ln.f

X
2

equals InV

\ angle between the shear plane and the resultant tool force

a rake angle, deg

r> • -1 f E + F„ tan a \ _ . . . . ,

P equals tan < v H > , friction angle, deg.

F„ a F tan a
H v

<D equals tan \ .

C0S
.

a—
\ , shear angle, deg.

1 Ll-rsmaJ B *
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\ equals <S> + p - a, deg.

t thickness of layer of metal removed inches
o

J

t chip thickness, inches

w wall thickness of workpiece, inches

w width of chip, inches

F„ force component in direction of motion, pound

F force component normal to the direction of motion, pound
v K

2 2
R equals (F„ + F ) , resultant force, pound

F equals R sin p = F„ sin a + F cos a, force component parallel to

tool face, pound

N equals R cos (3 = F„ cos a - F sin a-, force component normal to

tool face, pound

T. tool-life corresponding to treatment "i"

d«f degree of freedom

S« S sums of squares

X_ _ sum of square corresponding to the factor X

XY„
S

sum of square corresponding to the interaction of factors X and Y

Y. .. observed tool-life for speed level 'i', feed level 'j' and cutting

medium *k'

Y... summation of observed tool-lives, summation being taken over speed.
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APPENDIX A

This includes graphs I and X which are used to determine the rate

of wear. "Wear" is plotted as ordinate with "time" as abscissa. Each

curve represents one and only one of the 48 different treatments and

each graph is numbered according to the serial order in which the treat-

ments were performed.

Graphy Y and Z explain the average main effect of the three dif-

ferent factors. Reference, at this stage, may be made to page

These two graphs are used to explain Tables 11 and 12.

Graphs A to H show the behavior of the observed tool-life over the

many levels of the assumed factors. These are drawn with a view to give

true idea of the effective range (as suggested in "future work" to the

observer.

Graphs K to T are similar to above, except for the fact that the

tool-life is now expressed in cubic-inch of material removed.
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APPENDIX B

The tool-life calculation is done with the use of the following

(23)
equation proposed by M. C. Shaw

BC dT

T = 30.53 cot dC

where

BC = the tool-life criterion, based on land wear - 0.006

9 = clearance angle = 5

cot 9 = 11.43

rIT*

-rp = the inverse slope of the wear time graph

substituting the above values, we get:

t - ™ ^ 0-060 dT
i -• ju.w x

1K43
.

dC

T = 0.16 tf minutes (5)
dC

The equation has been repeatatively used in all the 48 treatments

determining the tool-life.

Treatment 1:

Initial length of the impression, 931

Length after: 1.7 min 894

2.5 min 837

1.0 min 817

TIME WEAR AC(inch) ACxlO
3

1.7 931-894-37 ?' -- x .01 = 0.002195 2.195
162.75

2.5 894-837-51 ;

J
* _- x .01 = 0.003512 3.512

162.75
20

1.0 837-817-20 f; o _e x .01 = 0.001230 1.230
162.75
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3
From graph 1, between AC x 10 and time, we get,

dT _ 1.5
dC 0.002075

Hence,

1 5
T, = 0.16 x

0.002075

= 115.662 minutes

T = 115.7 minutes

The results of a similar calculation for other treatments are shown

in Table 13.

Table 9 gives the tool-life in terms of cubic inch of metal removed,

A sample calculation is shown below. Similar computations were done in

order to arrive at Table figures.

L = cubic inch of material removed

= v.f.d.T.

or L = f.d. 7c D.N.T. cubin inch

where

D is the mean diameter of the tube cut = 4 inches

N revolution per minute

L = (Ti.d.D) f.N.T = K.f.N.T

where

K= it x 0.3125 x 4 = 3.9263

Hence,

L, tool-life in terms of cubin inches of metal cut equals,

L = 3.9263 x f x N x T (6)

At,

f = 0.006 inches

N = 36 r.p.m.



114

T = 303 minutes (under Soluble oil)

L = 3.9263 x 0.006 x 36 x 303

= 0.0236 x 36 x 303

= 257.429 cubic inch

(7)

The equation (6) can be written as:

L = K'T

where

K* equals 3.9263 fN

The values of K' for the various combinations of f and N are given in

Table 14, pp. 133.
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APPENDIX C

The detailed calculations for ANOVA are shown below.

is the observed tool-life under the speed level i, feed

level j, and cutting compound k.

equals total number of treatments equals 48.

is the total sum of square.

are the sum of squares for speed, feed, and cutting compound

respectively.

is the sum of squares of the interaction of speed and feed.

is the sum of squares of the interaction of speed and cutting

compound.

is the sum of squares of the interaction of feed and cutting

compound.

is the sum of square due to interaction of all the three factors.

This is the project equals the error sum of square, assuming there

is no three factor interaction.

M.S.S. is the mean sum of squares which equals the S.S. divided by

the corresponding degree of freedom,

a is the level of significance, assumed,

d.f degree of freedom.

The different sum of squares are calculated with the use of following

equations

.

C 'F=(I I I Y
ij k

)2/N

k j i

T
ss

= II I (Yij,/- c - F -

'< j i

£ 2
s
ss

=
I (Y

.jk>
7 12 - C - F -

i=l

V
N

T
SS

S
SS' SS'^SS

SxF
ss

SxC
SS

FxC
ss

SxFxC
ss



125

where

Y .. represents the observed values are summed up over i, i.e.,

each speed level, and 12 is the total number of observation

added together to determine Y ...

4

2
F
ss = I (Y

i.k
)2/ 12 - C - F -

3

C cc = Y (Y.. )

2
/ 16 - C.F.

SS u ij .

k=l

SxF
SS

=
E E ( E I Y

..k
)2/3 - sss- Fss- c - F -

J i J i

where

3 is the number of observations due to three different cutting compounds

which are added together to find the square in the denominator.

SxC
SS =E l ( l I Y

.j.
)2/4 - sss- css- c - F -

k i k i

FxC
ss

=
I I £ I Y

i...
)2/4 - Fss- css- c - F -

k J !< J

SxFxC
ss

= T
ss

- S
ss

- F
ss

- C
ss

- SxF
ss

- SxC
ss

- FxC
ss

c - f
- = (

j ii Y
ijk

)2/N

= (20l5.632)
2
/40

= 7927783.559/40

= 165162.157



126

1 1 E (Y
--i<

)2 = ° 17671 - 3809

k J i

T
ss

= 817671.3809 - 165162.157 = 652509.224

S
SS

=
[
(2l01 - 702)2 + (422. 65)

2
+ (138.754)

2
+ (78.526)

2

] /l2
-C.F,

= [4759823.6168 + 178633.0225 + 19252.6725 + 6166.3327]/
l2

- C.F.

= 413656.303 - 165162.157

= 248494.146

F
SS

=
[

( 1 436.352)
2
+ (847. 454)

2
+ (338. 8)

2
+ (193.026)

2

]/
12 " C ' F *

= (2063107.068 + 718178.282 +114785.44 + 37259.037)/
2

- C.F.

= 244444.152 - 165162.157

= 79281.995

C
ss

= [(1354.79)
2

+ (967. 27)
2

+ (493.572)
2
]/16

- C.F.

= (1835455.944 + 936611.253 + 243613.319)/,, - C.F.
ID

= 188417.532 - 165162.157

= 23255.375

SxF
ss

= [(1174)
2
+ (681. 2)

2 + (216. 6)
2
_ (109. 902)

2
+ (185. 2)

2
+ (78. 67)

2

+ (53. 36)
2
+ (46.824)

2
+ (36. 86)

2
+ (29. 36)

2
+ (19. 71)

2
+(23.974)

2

+ (14.17)
2
+ (10.054)

2
]/ - C.F. - S

$s
- F

_ 1962350.177

3
SS

3 "
C,F

* " S
SS " F

SS

= 654116.725 - 165162.157 - 248494.146 - 79281.995

= 161178.427

SxC
ss

= [(1184.2)
2
+ (600)

2
+(397.502)

2
+ (95. 3)

2
+ (260. 2)

2
+ (67. 15)

2
+ (51.91)

+ (62. 42)
2
+ (18.424)

2
+ 23. 38)

2
+ (44. 65)

2
+ (10.496)

2
1/
J/

4

" C,F
* " S

SS " C
SS

2
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_ 2014264.495

4
L

* * " b
SS " SS

= 503566.123 - 165162.157 - 24894.146 - 23255.375

= 66654.445

FxC
SS = [(715. 16)

2
+ (464)

2
+ (256. 192)

2
+ (446. 74)

2
+ (260. 4)

2
+ (140. 314)

2

+ (113.93)
2
+ (164. 4)

2
+ (60. 47)

2
+ (78. 96)

2
+ (77. 47)

2
+ (36.S96)

2

]/

- C.F. - F
ss

- C
ss

_ 1 137625.5482 r„ „ r
4 -

" ^ " 'SS " U
SS

= 284406.387 - 165162.157 - 79281.995 - 23255 . 375

= 16706.860

SxFxC
ss

= 652509.224 - 248494.146 - 79281.995 - 23255.375 - 161178.427

- 66654.445 - 16706.860

= 56937.976

Degree of Freedom:

Total d.f. =48-1 =47

Speed d.f. = 4-1 =3

Feed d.f. =4-1=3
C.comp d.f. = 3-1 =2

SxF d.f. = (4-1X4-1) = 9

SxC d.f. = (4-1X3-1) = 6

FxC d.f. = (4-1X3-1) = 6

Hence, SxFxC d.f. = 47 - (3+3+2+9+6+6) = 18

c Sum of Squares
Mean sum of squares = rTf

The values of M.S.S. are tabulated in Table

The test is done under a level of significance
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a = 0.05 and 0.01

( 26)
Refering to statistics tables

F
'05, 6, 10

= 2 ' 66

F
.05. 2, 10

= 3,5S

F
.05, 9, 18

= 2 ' 46

F
.05, 3. 18

= 3 ' 16

F
.01, 6, 18

=4 ' 01

F
.01. 2, 18

=6 ' 01

F
.ol f 9, 18

= 3 - 60

F <- „ in = 4.25
,o5, 3, 18

These values are compared with the F ratio of Table 10, and the

significance test was done.








