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Abstract |
During a cutting operation on a 1athé,'a bulge
usually Tormg on the flank of = cemented carbide

tool. This bulge represents some Lype of deformation-

process that occurs in the tool. The actusl relation=

~ ,
N

ship of this deformation with the wezr processes that
are known to ocecur in cutiing with cemented earbiﬁes'
haé\not been explored. This thesais atternpts to show
how deforuation contributes to Lhese wear processes
and how deformation 1s related to flanl wear cg
represented by the general wear curve. It is shown
that while actual deformabion in cemented carbides

Increases steadily with increasing flank wear, intere

ference between the flank of the tool and the workpisce

prevents the deformation on the flank of the tool to
incrense past a certain point of flank wear. The

int@ff@rence}beﬁwean the bulge on the flank of the tool

and the workpiece 1s a cause of flank wear,
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Abstract

During a cutting operation on a lathe, a bulge

usually forms on the flank of a cemented carbide

£60l. This bulge represents. some typelof deformation
process that occursyin the tool.» The aétual relation-
ship'of'this'deformation with the wear proceSses_that
are known to occur in cutting with cemented carbides

had not been explored. Thils thesis attempts to show

how deformation contributes to these wear nrocesses

and how deformation is related to flank wear as

represented by the general wear curve. It i1s shown

that while actual deformation in cemented carbides

increases steadily with increasing flank wear, inter-
ference between the flank of the tool and the workplece
prevenﬁs the deformation on the f1ank of the tool to
inerease past a certain polnt of flank wear. The
sinterference between the bulge on the flank of the'bgdl ;

and the Workpiece-is a2 cause of flank wear.




Introduction

This-thesis is concerned with the deformation
process in cemented carbidercutting tools and the relation-
ships that exist between the process of deformation and

the various mechanisms of wear. This experimental work

was done in conjunction with the work conducted at Lehigh

University under National Science Foundation Grant - 24000,

"Deformation in Sintered Carbide'.

-~

Vieregge (1) contends that there are five mechanisms +

of wear in a cutting operation. The rates of each of

these mechanisms with speed or temperatufe,is seen 1n

Fig. 1.

RATE OF WEAR

SPEED OR TEMPERATURE

Fig. .1 - A Qualitative'lndication of the Relative
Inf'luence of Five Discrete Mechanisms of
Tool Wear. (Adapted from Vieregge (1)' ).
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'4The first mechanism is abrasion or mechanical
interference between the chlp, workplece and the tool.
This process occurs.both at the face and the flank of
the tool. .On the face, 1t 1s the chip that interferes
with the tool. The flank of the tool interferes with
the workplece,.

: The second mechanism of wear 1s the formation of
the built-up edge. The bullt-up edge affects the rate
of wear on the flank of the tool at low temperatures.
Above a certain temperature or sp;;d, the built-up édge
no longer forms. Since the primary concern here 1s with
carbldes and the speeds are falrly high, the built-up
edge should not* be encountered.

The third mechanism is diffusion of the tool material
" into the underside of the chip. This mechanism does not
become important until a substantial_temperature 1s
reached in the cutting rrocess. _

The fgurth mechanism of wear 1s described as oxidation
or chemical decomposition of the tool material. This
mechanism is shown to achieve significance at lower
temperatures than that designated for_diffusion;

The fifth mechanism is deformation. Vieregge re-

presents the rate of plastic flow or deformation as

remaining constant as the speed or temperature is

Je
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increased. Vlieregge 1s not sure of this relationship
and represents it as é dashed line. Colwell (2) points

out that there isg probably a certain temperature at

whiéh"the\rate'of deformation will increase sharply. He
also says that there 1is véry littlé evidence to support
any conclusions concerning deformation. |
Trent (3) has notliced deformation on the flank ofla
cemented carbide tool. He states that when the feeds
2nd speeds are high, the tip of a cemented carbide pool
becomes deformed undér a compressive load, and the flank

of the tool 1s bulged toward the workplece. An illustra-

Fig, 2 - Deformation of a Cemented Carbide Cutting“Tool'
_ as Seen by Trent (3). |
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In Fig. 5 the geﬁeral wear curve 1s shown. This
curve shows the helght of flank wear as a function of
length of cut»or time. Black (4) eﬁpiains this cﬁrve
in the féllowing manner. At the béginning‘of a cut,'
the curve shows a rapid development of the‘flank wear,
This 1s due to the breaking in of the tool. Ther there
1s a gradual but moderate increasse in flank wear until
& point of inflection is reached. Beyond this point,
failure of the tool is imminent. The region beyond the
point of 1nfléction 1s termed by Chao and Trigger (5),

e
" the temperature-sensitive region. The goal of this

FLANK WEAR

- CUTTING TIME

Fig. 5 - Developmeht of Flank‘Wear for“Carbidéa -
Cutting Tools. |
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-thesls is to show how deformation varies as the

general wear curve 1is traversed. Q
Trent 2lso points out that at the beginning of a
cut the apparent weaf 1s due to the deformation of the
tip, since the original grinding marks can still be
seen on the flank of the tool. The flank has not been
worn away, and the wear i1s the distance between the
ofiginal faoe‘of the tool and the deformed.face.
Irent's comment concerning the grinding marks
still being found on the flank of the tool is quite
interesting. Vieregge listedjfiVe different meohanisms
of wear, two of them being abrasion and deformation.
From a purely theoretical standpoint, abrasion should
never occur betweén the-flank of the tool and the
workpiéce. I'rent says that before there 1is any abrasion,
the tip of the tool is deformed, creating the bulge on
the flank of the tool. "As this bulge increases, the
flanX is forced against the workpiece: Whenvit comes
1ﬁ contact, abraSion,results. This abrasion goes into

the make-up of what 1is termed flank wear,

© 'The development of deformation during a cut was

_ﬁha first consideration in thls experimental work.

Since the deformed portion’of the tool comes in contact

wWith the workpiece and abrasioﬁ reaﬁlts, ho true

e

g
|
|
|
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deformation rate can be found by studying Just the
deformation on the flank of the tool. To get a trué
estimate of -how deformation varies with cutting time;
the faces of certalin tools were ground down to
provide a step at the tool tip .050 inches ldng and
.030 inches higher than the rest of the face of the

tool. Such a tool 1s shown in Fig. 4.

.050 Inches

™

‘980 Inches

Fig; 4 - Step Tool Used in Experimental Work.

The cutting or compressive force that is present should

compress the tool material, and deformation should be




visible at the rear of the step. The rédial forée may
also compress the tool materlal, and additional deforma-
tion would be produced.

. Abrasion océurs between the underside of the chip
and the féce of the tool. This abrasion process partially
accounts for the crater on the face of the tool. Part of
the deformatiom at the rear of the step shouid be worn ?

away. However, it 1s doubtful whether any significant

‘portion of the aeformation is worn away, since the depth

of the crater ls not very large when COmpared to the .030

inch step. Two different rates of deformation were studied

with the step tools.

The next consideration in this experimental work

was a further investigation of the process of flank

deformation with varylng wear rates. To changé the rate
of wear, the feeds and speeds were varied. Step tools
were not used'since the previous study has produced the

behavior of true deformation in cemented carbides.




. Selection of Conditions
One sﬁandafd‘commercial grade of carbide was used
to examine the relationships that ekist between deforma-
tion and wear. This carbide has a structure of tungsten,
'titanium, and tantalum carblide grains éﬁd cobalt. Both
the exlstling temperatures and pressures must be df
sufficient magnitude in order to produce deformation.
'The grade of carblde selected 1s capable of,cuttihg at
conditions of high temperature and nressure. )

In order to study deformation, the tool must be
capable of deforming. A hard, brittle tool will chipﬁ

\

and break before there 1ig any-noticeable deformation.
Th;=carb1de selected has an & per cent cobalt composition.
This composition was chosen since higher percentage cobalt
compositions are less resistant to deformation. To £0 -
any higher in cobalt comrosition would result in a

gacrifice of hardness. The tool would thus tend to

crumhle under the conditions of high temperatures and

%

pressures.

Thé conditions under which deformation take place

RS

" also influence the selection of a work material. The

__heat assocliated with the plastic deformation of the chip
1s the primary-contribﬁﬁdr‘td the_heat generated in a

- metal cutting operation. The amount of heat generated

4




will increase as the shear strength'of the work
matefial 1s increased. 4340 steel, which has a fairly_
high shear strength, was chosen. | v

Appendix A containsg a brief outline of the com-
positlons and properties of both tool and work material
used 1In this experimental work. .

In selecting the éctual cutting conditions,
attention must be given to the general %ear curve. In
studying how deformétion 1s related to wear, deformation
must be examined oﬁer the entire wear curve. The cutting
conditions that have been selected insure this.

Appendix Bﬂcontains an outline df the cuttipg-con-.

ditions used in this eXperimental work.
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~ . Experimental Procedure .

In the study of the devélopment of deformation,
five different cutting conditiocns were uéed. These
conditions were different only with respect to cﬁtting

‘time. The speed, feed, and depth remained constant.
At each condition three cuts were#made. | Two sets of
cuts wefe made to insure that the mechanisms of cutting
o - Were not changed due togthe creationﬁof the step. 'With‘
both the regular and the step tools, a total of thirty
cuts was made. These thirty cuts were taken in random
order,

'The flank wear =nd fhe deformation on the step of

‘ the tool were measured with a tool maker's microscope.
To ald in the measurement of deformation on the flank
“f | of the tool, a speclal fixture was made and attached to
a tool maker's microscope. It allows the tool to be
L:;j - rotated while the analyet looks through’the.mi¢rqscope
and measures deformation. This Tixture makes poscible
; | the easy loeaztion of the roint of maximum deformation

on the flank of the tool.

I |

_ Pg-further aid -in the study of the development.of ... .

| were taken. There were seven conditions.w'oniyﬁthe

cutting times differed. ‘Three cuts were made at the

11@




lower cutting times, while only two cuts were taken at
the two highest cutting times. A total of nineteen cuts
waé the result;: The deformation and wear were measured
1n the same mahner as above. .

Inlfhe Investigation of thé process“df deformation
with changing wear rates, the speeds and feeds wéfe
varied. First, the feed was bhanged in increments of
.010 inches per fevolution, from .010 to .050 inches per
revolution while speed, depth of cﬁt, and cutting time
remained constant. Two'cutsvwere made at each condition.
Thenwtﬁé—éﬁtting speed was changed in incremeﬁts of 50
surface feet per minute, from 300 to 600 surface feet
Per minute. Here the feed rate was conétant,witﬁ depth
of cut and cutting again time remalning the same. Two
cutSEWere taken at each condition. Since there*was no
step, only flank wear and deformation were measured. As

in»all other cases, the cuts were taken in random order.

12,




Results |

| The graphs of deformation asa related to the various
variables are found in Appendix C. The statistical
analyses for the calculated equations are . given in
Aprendix D. The develoned third order equations are found
in the results and also in Appendix D. The first ‘and
gsecond order equations are given in Appendix D.

From graph 1, 1t can be seen that the deformation at

 the rear of the step of the tool increased as the duration

of a cut was lengthened. When the feed was decreased to
.015 inches per revolution, deformation was not seen on
the rear step until the/cutting time had been increased

to 240 seconds. For times of cutting longer than 240

seconds, the deformation at the rear of the step increassed. -

Equations of the third order showing deformation as’
a function of time were obtained using the method of
least-squares. The method of least-squares is a technique

for estimating a function that minimizes the sum of the

squares of the deviations from tre estimate. Checking the

statistical analyses, all the F-values are seen to be

significant What this means 1s that the mean square,

| which is based on the sum of the squares of the deviations

between the observed and the calculated values, the

residual, divided by the number of degrees of freedom,:

1.




1ls very small when compared to the sum of the squares
of the deviations ‘between the mean and the calculated
values divided by 1its degrees of freedom. This_last
sum 1s called regression iﬁ Appendix D. The total sum
of the squares, the regression plus the residual,“is
equal to the sum of the squares of the”deviatiOns

between the observed values and the mean. As each

" higher order equation is calculated, the goodness of

fit should become more eiact, However, from our results,
it can be seeniﬁhat for a higher order fit, the F-value
showing significance may decrease. For each higher

order fit, the regression sum of the squares becomes
larger 2nd the number of degrees of freedom also increases.
The residual sum of the squares will decrease, and the
residual will also lose a degree of freedom. This

combination»of occurrences may produce a smaller F-value,

but as the degrees of freedom change, the significance

of any F-value also changes. Thus, the smaller F-value
may be moretsignificant. |

When the feed rate was equal to .030 inches per
revolution, thedfollowing third order equation resulted

for the deformation at ‘the step:

sd = -.30423 + 631%7 t_- (3. lé&?l x 10-2) %2 +
(1.628¢7 x lO

\where sd --deformation at the rear of the step of
the tool x 104 (inches)

t = cutting time (seconds)

14,




For ﬁhese Same cuts, the deformation on the flank
of the tool increased when the cutﬁiﬁg timé was length-
ened‘from 15 to 30 and then to.45 seconds. When the
cutting time was increased beyond 45 seconds, the_flahk

deformation seemed to remain falrly constant. This

‘trend 1s observed at both feed rates below 75 seconds.

With the feed rate at 4015yinches per revolution, there

| was an increase in flank deformation as the cuttingu}imé
wag increased from 75 seconds to 240 seconds. This
increase was ndt veryllarge,

Equations for flank deformation as a function Qf
time were calculated for both feed rates. The following
were the results: | | |

feed rate = .030 inches per revoiution

\é N fd = -.0290G + 1.00314 t - .01154 t= + (3.10922 x
i 10-5) 5
;  feed raté‘= .015 1nches per revolution
| fd = 1.58439 + ,21932 t - (9.42532 x 10-4) £2.¢
(1.42344 x 10-6) t2
where fd = deformation on the flank of the tdol'x
A 10-4 (inches)
] The flank wear on the step tools increased sharply
; as the cutting time wasﬂincreased to 45 seconds. After
% 45 seconds the increase in flank wear was at a much slower

el

15.




rate. Equatlions for flank wear as a function of cutting

time for both feed rates follow:
feed rate = .030 inches per revolution

W ==,80602 + 9.03664 t - .13161 t2 +
(6.34663 x 10=4) t3 ¥

feed rate = ;015 inches per revolution | .

W = 9.56908 + 1.39795t — (8.17506 x 10-3)t2 +
©(1.85413% x 10-5)t2 o

where w = flank wear x 10~% (inches)

Functions were then deveioped‘tofexpress both flank
and face deformation as a function of flank wear. As

flank wear increases, the deformation at the rear of the
step increased ataa'very-stﬁady:raﬂe. The deformation on
the flank of the tool increased at first, but as the

flank wear further increased, the flank deformation re-

mained fairly constant. The flank deformation started -

to decrease at the higher values of flank wear. Equations

7

'fof flank and face deformation as a function 6f flank
wear were not developed for the data taken with the feed
rate equal to .015 inches per revolution. This was due

to the fact that no deformation was seen at the rear of

S. The .

develdped equations are:

sd = .14608 - 02831 t_+ (1.31442 % 10-3)t2 -
- (2.41032 x 10-0)t3

fd = 02428 + .05336 t_+ (1.7295 x 10-3)t2 -
| (4.12946 x 10-60)t5 ) | )

S16.




When'theQSame series of cuts were made on regular %
tools without any stép, the-resultsrwere practically '§
the.same. Trigger and Chao (6) have shown that as the |

'length of natural chip.contact i1s decreased, the inter- |
face température deCreases.‘ The’minimum interface |
températufe occurs when the chip contact length ls one-
third the.natural contact length. 1In moét of the cﬁts
with the step tools, the&chip contact length has been
) decreased. However, the results show no significant
difference in eithér wear or deformation. The curves
for these cuts are found in Appvendix C but no statistical |
analysis has been performed on the data. %

Graphs & - 11 illustrate the relationships between
both flank wesr and flank deformation and increases in
the feed rate and the cutting speed. 'Tﬁere wa.s é‘small
increase in flank wear as the feed rate was changed erm'“

,010 to .020 inches per feVolution.' However, the flank
'deformaiion, of which there wss none at a feed rate of
.010 inches per revolution, increased sharply when the
z © feed rate was changed to .020, The flanmk wear increased
; .sharply when the féed rate was changed to .030 inches
i Wwwwmﬂpgrrevolution, remained practically the same at .040,
ék and then foge”again'at a-feed rate of .050., Thé}e was
% o verg$little diffgrende"in the flank deformation with
| 3 N c




| 1ncreases-beyond .020 1inches per revdlutidn. The
equations for flank wear and flank deformation as a

function of feed rate are:

W o= -3.80949 + 248 £ + )5333 £2 _
o (6. 11118 X 10

where f = feed rate x 10~ 3 (inches per revolution)

fd =-1.60714 + .6C988 £ + (3.39200 x 10-3)r2 -
(1.66667 x 10-4)f3 | |

Graphs 10 andfliiillustrateflank wear and de-
formation as a function of cutting speed. 'As the cut-
ting speed 1s inofeaSédg the amount of flank wear and
flank deformation also increase. When the cuttihg speed -
was increased from:5§O to- 600 surface feet per minute,
the flank wear decreased. The equations for flank wear
and flank deformation es a function of cgtting speed are:

w = (5.86150 x 102) - 4.06304 V +
(9.00619 x 10-2)V2 - (5.6720 x 10~0)V3

where V = cutting eﬁeed (surface feet per minute)

45,64070 - 43717V +(1. 25350 x 10=2)ve -
(9.08850 x 10-7)V

rd

_The final graphs;mlaw@nd_13+;§hdwmﬁaﬁ;flgﬁﬁiaé;“u“m;ww;fm__ o

formation varied as flank wear increased due to increas-

-  -—ing feed rates and cutiing;spa@&ssv In both cases, the

deformatlon 1ncreased with increases in the lower feeds

18;




and speeds. HoweYer,labove'a certain feed rate, .C20
inches per revolutions and‘above a certain cutting
speed, 500 feet per minufe; the flank deformations
remained fairly steady for any subsequent increases
in fiank wear. The equations are:.

Varying the féed rdte, | e

Pd = -1.41544 + .26788W - (9.32462 x 10-4)4W2 +
(9.08426 x 10=7)wW> -

Varying&the cutting speed,

Pd = -4.41E35 + 277620 - (4.70020 x 10-4)W2 +
(2.32161 x 10-6)W3




Discussion

It appearsifrom the results that the deformation
at the rear of the step, the so-called true deformation,
defiﬁitély increéses with increased cutting times,

.This deformation was not the only visible phenomena

at the.rear‘of the step. An oxide layer was also seen.
‘This oxide layer was particularly evidént for the cuts
at the longer cuttingntimes. For the cuts at .015
inches‘perfévolution énd E&Q seconds, the oxide layer
reached a magnitude of about .004 inches.

Another Interesting observation concenning.the
astep tools was that no déformation was visible at the
fear“af the step unless the.Cratef extended the whole
'lengiﬁfgf the step. The crater gould thus be about
4";;éSC iﬁbhes 1bng.:Wheh the feed was reduced from .030
to .015 inches per revolution, the crater d4id not
reach the end of the step until 240 seconds of cutting
had vassed. No deformation was visible upkto that time.
ff the crater area 1s the area over which the cutting

force is applied, the deformation at the flank of the

tool may be the result of the downward force compressing

the carbide tool material and c?eaﬁing the bulge-on'the

- flank of the tool. The distance between the flark of

the tool and the beginning of the crater 1s not great

.20 .




and under these particular conditions was practically

negligible. When the crater did reach the end of

the step, deformation also resulted. Deformation was
now visible at both ends of the crater. Trent concludec
in his article that the cratering type ofﬂwear in alloys
containing free tungsten'carbide-is due to the formation
of a fused alloy between the chip and'the tocl There
1s no doubt ‘that diffusion does take place between the

carbide tool ang the steel chin - However, the crevious

'observations ma.y indicate that the crater may be

partially caused by a displacement of tool material.

The compressive force pushes doWn on the top of the

tool ccmpaCting the tool materisl and_creating the

c¢rater. This disnlacement creates the bulge that wasl

found on both sildes of the crater with the step tool

but 1s usually just seen on the flank of the tool.

vainis




Conclusions |

(1) The deformation at the fear of the step in-
ofeases w;th’increasing flank wear,

The equations shown in the resuits for step
deformation as a Tunction of cutting time and flank wear
are third order equation.' However,/fhe graphs of step

deformation as a function of cutting time and flank
wear show that straight lines or linear equations will

also closely approximate the actusl relationships. Both

' the first and thirg order equetions provide excellent «

W

statistical models. The F-values of both types of
equations are extremely significant.

(2) The deformation on the Ilank of the tool
Increases up to a certain point, about .020 inches, with
lncreasing flank wear. After this point has been reached,
the flank deformation remains fairly-steady and then
decreases. | | ~

The flank deformation should behave much inuﬁhe

same fashion as the deformation at the rear_of‘the,step;

The-cOmpressive force should compress the tool material

and eause deformation on both sides of the crater. The

:only dlfference 1s that the radial force component may

cause greater deformation at the rear of the step. But

as the tool material bulges on the flank, the interference

R e A R
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between the workpilece and the tool prevents the flank

b

deformation from increasing in the same manner as the
step deformation increases. Trent nointed out hewsaw
deformation'gn’the fldhk before any abrasion wear was
visible. If there is this deformation on the flank of
the tool, it is very easy to see whfymechanicalinter-
ference occurs between the tdol and the2workpiece. The
workpiéce:will grind down the flank-@eformation, abrasign
wear will be visiﬁie, and the flank deformstion will be
éeen further down on the flank of the tool. fAsthe'flanK1 o
wear further increases, it becomes more difficult for
deformation to occur since the temperature.decreases as
the distance between the bottom of the flank wear and
the tool=-chip intérface incresses.,

(5) For changes In speeds or feeds, flank deforma-
tion incréases for Just the smaller values of flank wear.
With further increases in flank wear,‘theré ere no
subsequent increases in flank deformatidn. The transi-
tion point is at about .020 inches flank wear,

ScﬂwaPtZKQPf and Kieffer (7) point out that as fesd
or speed is4inaréa89d,‘the teﬁperatures in eutting are-
also increa$éa¢ Trigger and Chao (6) have develoved
equations shOWing the Interface temperature as an ex-

vonential function of first the speed, and then the feed

23,
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rate.- With 1ncreasing feed rates, the pressure exerted

on thé/tool also incredses. Increases in temperature?‘ N ‘
and pressure should increase the rate of flank wear.‘

Trent cdhcluded that at high temveratures and breseures,

the rate of deformation is increased. However, past that
certain trahsition point, there were%no increases in

flank deformation. The interfereneelfetween'the tool

and the_werkpiece eg&in prevented any increase in flank
deformation desbite the presence of higher temperatures

and pressures.

A
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Areas for Future Consideration
(1) The deformation on the rear of the steplfaises
a question concerning the development of crater wear, |
Diffusion has been accepted by Trigger and Chao (9) and
Trent as the cause of crater wear. If materiél is found
on the rear of the step, displacéﬁent must have odcurred.
An investigation of the role of compression in‘causing
the crater should be conducted. E |
p (2) ~Further work on the role of the oxlde coating
'in.Qutting with carbides -should be»considered.' In this
I work, the oxide was seen to form on the rear of the step.
Tﬁis oxide must have also fdrmed onthepflank*of'the-tool L
but was wizfd away. Did this oxlide layer ald or hinder
the development of flank wear and deformatlion?

(3) The relationships between flank wear*anﬂ deforma-
tion have been investigated here. It has been shown that
flank deformation is a cause of flank wear. Further work
should be conducted to see to what extent deformation causes

flank wear,

e

(4) When the temperature Ls increased, the rate of -
'deformation also incggases.f Trent arrived at this con-
clusion, and it is generally accepted as true. However,
due to theiﬁabilityof ex?érimenters to actualiy’measure

the temperatures in metal cutting, no one has shown the




/

development of deformation with chsanges 1in temperature.

This éertainly‘is an area for future 1nvestigation.
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Appendix A

1. 'T051Materia1 |

The cemented carbides used in these tests Were
manufactured by Metallurgical Products Department of
the General Eléétric Comﬁany. Grade'370 was the -
pgrtibular grade used. Thé chemical comeS1ticnfof
this gradef;s 72 percent tungsten oarbide,é‘percent‘
titaniumycarbide,vll.S percent tantalum carbide, énd,
8.5 pércentréobalt; It has a Rockwell A hafdness_of‘

91.1.

2. Work Material
AISI - 4340 steel was used in the testing as the
work material.  Tﬁe chemical composition is as follows:
C  Mn P (o} 51 F1  Cr Mo |
40 .68 020 013 28 1.87 .74 .25
Th? above fiéures:ﬂrefpercentage?- The'Brineli.Hardhess

Number is 303.
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Appendlix B

Cutting Conditions

All cuts were made on a LeBlond engine lathe.

The carbide inserts were triangular, and the nose radius

was a sixteenth of an inch. The side cutting'edgé angie
was O degfees, andlthe effective back rake angle was
~8fdegrees. The following cutting conditions were used
for the measurenrents 1indicated.

Measurements of defofmation on the step‘and the

flank and the flanz wear for changes ln cutting

time for both tools witk and without a step.

Cutting Speed = 500 surface feet per minute
Feed Rate = .030 inches per revojution for
: first set of cuts and .0l15 inches
per revolution for second set

Depth of Cut = .O40‘inches

Messurements of deformation on the flank and the

flank wear for chenges in feed rate.
‘ cutting Speed = 500 surféce feetjper-minute
Depth of Cut = .U50 inches
Cutting Time = 350 seconds

Measurements of deformation on the flank and the

. : 9]
flank wear for changes in cutting speed.

Feed Rate = ,040 inche§~per révolution:
Dépth of Cut = 050" inches

~ﬂCutting-Time = 30 seconds
ay |

28,




GRAPH 1. DEFORMATION AT THE STEP OF THE TOOL

vs. CUTTING TIME

a., Feed Raté-=.¢Q3Q IHQheSFPer;RéVQlutiQn
b. Feed Rate;;-;OlS Inches Per Revolution
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GRAPH 2. FLANK DEFORMATION vs. CUTTING TIME (STEP TOOLS)
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GRAPH 3. FLANK WEAR Vs, CUTTING TIME {STEP TOOLS)

X " a. Feed Rate = .030 Inches Per Revolution
b. Feed Rate = gOiSﬁIncheS'PeriRéVdIutionx
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GRAPH 4. DEFORMATION AT THE STEP OF THE TOOL
vs. FLANK WEAR
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GRAPH 5, FLANK DEFORMATION vs. FLANK WEAR (STEP TOOLS)
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~ GRAPH 6. FLANK DEFORMATION
vs. CUTTING TIME (NON-STEP TOOLS)
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. - bineed Rate .015 Inches Per Revolution

40|

DN
O

I e
FLANK DEFORMATION (x10 = Inche’s)

00

30 - 60
CUTTING TIME (SECONDS)

T N e R N e e s e e AT Gl s

e g - = _;_ = i e 1] - = 1 oo e _.— - " - N it = e iR S S ,'m'— ................
[T .. R Syt . i g — S G SRS G

SO -+ S - Gl I} _m_n_non bl @ j e Ce T o o —— = [ —

. I < O g%?’n A n_n_rx = L S " s & Sy il Ry oo %:ln'r'— a-e an_P L =

—_— - = i

R




[ R S -

e

WEAR (x107° Inches)

GRAPH 7. FLANK WEAR vs. CUTTING TIME
| (NON-STEP TOOLS)

Ia;'Feed'RateA= .030 Inches Per Revolution
b. Feed Rate = .0l5 Inches Per Revolution
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GRAPH 10. FLANK WEAR vs. CUTTING SPEED
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GRAPH 13. FLANK DEFORMATION vs. FLANK WEAR
(VARYING CUTTING SPEEDS)
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Appendix D

Statigtical Analyses

| (f = ,03%0 /I‘e\})

Third order equation

ad

(1.82896 x 10-5)t3
Analysis of Variance

Sum of Degrees Mean
oquares of Freedom Square

‘1. Deformation at the step as a function .of cutting time

.30422 + 63177t - (3.16869 x 10-3)tZ +
] {”'”"

- B

Regression ~ 9480.3597 4 2370.0899 123.51557

Residual ~ 268.64029 14 19.188592

second order equation

8d = - .11904 + .57539t - (1.11111 x 10™2)t2

Regression  9479.6190 3 3159.8730 175.95190

Residual 269.38098 15 17.958732

First order equation

sd = 71428 + 49206t

Regression  9472.6190 2 473%6,3095 274.19018

Residual 276 .38098 16 | 17.273811

Flank deformation as a function of cutting time

(f = .030 /rev)

Third order egquation

.02909 + 1.00314t - .01154t2 +

fd = -
(3.10922 x 10-5)t3
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Regression | 7114.8358 4 1778.7090 157.44355

Residual 158.16415 14 ° 11.207440

Second order equation

fd = .26571 + .90730t - (8.04232 x 1073)t2

Residual 160, 30484 15 10.686989
vaifst order equation

Td = 6.31746 + .30412t

 RegressiQn 6745.9651 2 . 3372.9825

Residual 527.03404 7 16 - 32.939684
Flank wear as a ‘function of cutting time (f
Third order equatidn

W o= - .E0678 + 9.03663t - ,13160t2 +
(6.34651 x 10-4)t3

Regression  487799.64 4 121949.91

Residual 10329.357 ‘14 %37.81124
Second order equation
. W o= 5.619C5 + 7.08031t.~ 0602112 |
Regression  486907.74 A 162302,58
Residual 11221.,260 15  T45.08398
First order-equatiqn | |

W oz 50.TTTTT +-2.56444t

Regression  466351.49 2 233175.74

Resldual  31777.512 16  1086.0045

~ Regression ~7112;6952* 3 2370.8984 221, 84905

102, 39875

.030 [frev)

165.28606

516.95770

117, 40415




Deforma$ion at thehstep=a§ a function of flank wear
(f = .030 /rev)
Third order equation

sd = .14606 - .028317w_+ (1.31442 x 1070)we -
| (2.41033 x 10-0)w3 — o |

Regression  9174.6756 L 2293.6689 55.911545

" Residual T 5Th. 32440 14 41.023172

- Second order equation

| . s | 5
sd = - .17615 + .05284w + (4.18417 x 10~4)w?

 Regress1on §§16238§29 3 | 3054,2976 76.167391

Residual 586.10712 15 =_39.073808.
First order equation

Regression  9064.5905 2 4532.2953 105.85518

Residual 664 .40045 16 42,7755¢91
Flank deformation as a fgnctionggf flank;wear
(f = .030 /rev)

Third order eguation

£4 = .02425 + .05336w + (1.17295 x 10~2)we -
(4.12947 x 10-0)w?

Regression  7053.0737 4 1763.,2684 112.24558
Residual 219. 02633 14« 15.709024

Second order equation

fd = - .53120 + ,10241w - (3.82124 x 10-4 w2
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Regression 7018.4893 3 2330.4964 137.88200

Residual 254,51071 15 16.967381

First order equation

- Y fd = 1.76101 + .10862w ‘ L
Regression - 6944,8586 2 . 3472 ,429%. 1691515?9

Residual  326.14142 16  20.508639
Flank deformation as a function of feed rate
Third order equation

fd = - 1.60714 + .68988F + (3.39263 x 1073)£2 -
(1.66666 x 10=4)f> ‘

Regression  2690.3571 . 4 672.58928 29.299879

Residual  183.64288 8  22.955360

"~ Second order equation

fd = - 2.10714 + .91821f + (-9.10714 x 10-3)r2

‘Regression  2686.7571 3 895.58570 43,047144

Residual 187.24286 g ° 20.804765
First order equation
fd = L2657 + 462058 ...
Regression  2624,8286 2 1312.4143 52,671136
Residual 240,17144 ¢ 10 24, 017144 | .

Flank wear as a function of feedrate

Third order equation

W= - 3.80952 + .76349f + ,25333£2 -
(6.11111 x 10-4)f3




Regression =~ 1130411.2 4  284852.80 101.57086

- Residual ' '?22435.]§9 | 8 2804,4736

Second order equation

W= - 5.64285 + 1.60071f + ,2075072

wr

Regression 1139362.8 3¢ 379787.61 152.02191

Residual 20484, 184 9 2498.2426
First order equation

W= - 747800 4 11, 97571f

Regression 1107214.1 2 553607.07 101.33225
Residual 54632 859 10 5463, 2859 |

Flenk deformation as a function of cutting speed
Th;rd order equation

= 15.T0180 - 43759V + (1.25416 x 1073)v2 -
(©.99550 x 10-7) v3 |

Regression  2241.196¢ 4 560.28970 52.461925
Residual 106.60121 10 10.680121

Second order equation

d = - 37.51203 + .15214V - (0.52387 x 10-5)y2

‘Regression  2234,4525 3 T44.81T49  72.154748
Residual | 113.54752 11 10.322501
First order equation N
fd = - 19.178571 - .06642V
Regression 22249266 2 1112.4643 108.47011
Residusl — 123.07143 12 10.p55053
46.
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Flank wear as a function of cutting speed
Third order'equation

‘W = 588,82607 - 4. 06778V + (9.01695 x 10~7)V2 -
(5.66509 x 10-0)v |

Regression  131622,29 4 52905.574 162.27988

Residual 2027.7051 10 202,77051
‘Second order equation'

W = 117.20340 - 72536V + (1.36905 x 10-3)v2

- Regression  131405.60 5 438B01.866 214.67663

10,

Residual 2244 . 4014 11 204 , 03648
First order equation |

Wz - 146.33939 + 50678V

Regression 129437.59 2 64718.794 184 .36603
Residual 4212.4111 12 351 . 03426 |
Flank deformation as a function of flank wear (varying
feed rates)

Third order equation

£d = - 1.41544 + .26766w - (9.32462 x 107*)w +
(9.08426 x 10=T)w |

Regression  2667.5129 4 666.97822° 25,891116

Residual 206.08713 8 25,760891
Second order eQuation

fd = 2.74003 + .07640w - (8,12745 x 1072 )w2

Residual  323.57662 9 35, 952058




Firéﬁ.ofder equation
° fd = 5.30021 + .03165w
Regression  2432,8240

Residual 441,17507

1216.4120 27572037
44117597

Flank deformation as a function of flank wear (varying

cutting speed)
Third order equation
£A = - 4.14183 +

277650 = (4.70020 x 1074)w? -
w2 L

(2.32161 x 1Q‘
Regression  2237.7019.
Residual 110.29806
Second ofder-equation

fd = - 5.38217 + .32876w - (1
223,70743 |

110.02571

Regression
Residuai
First order equation
1.22267 + .11615w
Regressibn 214,01105

Residual 198.58046

g
!
.‘g“
X}
A
&

1!
-
4
5

/

550.42549 50.719432

.12797_x 10’3)w2
T45,69143 T73.9465638
10.064156

1074.5553 64.833317
16.574121
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