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ABSTRACT

Temperatures near the surface of a lathe work-
plece were measured by placing a thermocouple wire
at some distance ghead of the tool and cutting toward
the Junction until the wire was cut off. Illeasure-
ments were taken at cutting speeds of 100 to 500 fpm.
The effect of changing the diameter of the workpiece
at the same cuttingASPeed was Investigated and
temperatures found to be higher for smaller work
diameters. The actlon of cutting fluids at higher
cutting spéeds is discussed and data presented show-
ing the degree of reduction of workpiece teupera-
tures obtained with water as a coolant. The possible
effect of the above findings on tool wear is dis-

cussed.

Several early and two recent Russian works in
the metal cutting field are reviewed to give a
picture of the extent of metal cutting research in

Russia.,
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FOREWORD

This thesls consists essentiaily of two separate
parﬁé: (1) An 1nveétigation of the workplece temperatures
in turning; (2) A review of a few Russisan works in the
Metal Cutting field.

| The review of some Russian metal cutting literature
wés undertaken because of the author's rather accidental
familiarity with the Russian language. Russian metal cut-
ting literature is extensive but generally little known in
the West since iny works of earth-shaking significénce are
translated and made available by various agencies in the
United States. Thus, 1t was a longfelt desire to review
some of the Russlian works in the metal cutting field for
the members of the Metals Processing Laboratory at M.I.T.

Whenever applicable, the references to Russian
sources are included in the text; but when a direct connec-
tion wes not present, the works are discussed in a separate
section.

| This review will provide the reader with some oppor-
tunity to see to what background can Russian workers look
back in the case of metal cutting research and what>is the
quality of some of their current work.

It should be pointed.out that only the best of the
Russian literature whiéh was avallable to us 1is reviewed

here.



It is my private opinion thet the work of the yownger
geheratiqn of Russian sectores metallorum is in general
more- impressive because of 1ts quantity rather than quality.

In the following tex‘t the numbers in parentheses at
the end of sentences refer to the 1list of references on

page 95 .



INTRODUCTION

.The main purpose of fhis investigation was to.deter-
mine experimentally the temperature distributionbin a lathe
workplece in turning at highér cutting speeds.

| There aré several reasons why the workpiéce tempera-
ture should be of interest, such as its effect on dimension-
al accuracy end perhaps surfece finish, but our main problem
was to investigate the possible effect of workpiece tempera-
tures on tool life, particularly when cutting flulds are
used in machining. |
It is well known that the tool 1life depends to a very
fhigh degrée on cutting speed and as a result on cutting
temperatures -- i.e., temperatures existing at the contact-
ing surfaces of the chip and tool (1). In the tool life -
cutting speed relationship T = Const/V® the exponent m is
often repofted to be approximately equal to 5 for cutting
steel with carblde tools (2). The dependence of the cutting
temperature on cutting speed can be expressed as & = Const .V
~where n 1s reported to be approximately equal to 0.25 again
for carbide tools cutting steel (3). This indicates that
the tool 1life is inversely prbportional to the cutting
temperature raised to about 20th power.
Since the too; life depends to such a degree on the
cutting temperature, the decrease of that temperature by as

—fuch as 50°F due to the application of the cutting fluid or



the increase by the same amount due to a small volume of
the machined part should have a considergble effect on

the tool life. It is seen that the changes mentioned are
in the order of magnitude of 5% or less of the cutting
temperature and’therefore are rather difficult to establish
by direct measurements.,

The measurements of the workplece temperatures
undertaken in this investigation are not expected toAgive
a éomplete account of the effects stated especially con-
cerning the cutting fluids;bbut they will'be helpful in
determining at what temﬁerature does the metal arrive into
the cutting zone and in investigating the possible effect
of the varlation of the workpiece diameter on the cutting
temperature at the same cutting speed. They may serve as
a step toward analyzing the basic mechaniém of the cutting
fluid action at high speeds when heat transfer (cooling)
rather than lubrication (in whatever form) becomes impor-
tant. They may be used, finally, to check the theorefical

calculations of the amount of heat going into the workpiece.



EXPERIMENTATL METHOD
FOR MEASURING WORKPIECE TEMPERATURES

The experimental method cbnsisted simply of insert-
ing a thermocouple wire into the workpiece a certain
distance away from the beginning of the cut and then cut-
tiné toward the junction until the metal with the wire was

cut off. This method was used by G. S. Reichenbach (4)
ﬁfor obtaining the temperature distfibution‘in the work
material ehead of the shear plane and in the chip. His
measurements wére performed on a shaper with orthogonal
cutting. By using depth of cut of 0.050" and 0.005" diem-

\,eter wire.and placing the wire at different distances from
the work surface, he was gble to obtain the temperature
history at the junction as the wire passed from the work-
plece into the chip.

Originally it was plarned to obtain the same type
of measurements in this investigation for a lathe workplece
end at higher cuttihg speeds. But unfortunately all at-
tempts to keep the wire from breaking as iﬁ passed through
the shear plane were not successful, and so the measurements
were limited to determination of the temperature distribu-~
tion only in the workpiece. |

The experiments were performed using sn AISI 1020
steel billet (3% diameter, 20" long) on a Monarch (12%)

"lathe. The holes for the thermocouple wire were made by a



small drill press mounted directly on the lathe; they were
0.0051" in diaméﬁer,‘about 0.020" deep and drilled in the
radisl direction. One end of constantan thermocouple wire
of 0.005" in dismeter &nd about one féot long was inserted
into the hole and held firm by peening with a émall center
punch; the other end was.soldered to a lead wire which was
taken out through the headstock of the lathe and connected
~to the measuring instrument by means of a mercury pool.

To establish a good electrical connection between the work-
plece which is one of the thermocbuple materiéls and the
measuring instrument a rod was attached to the headstock
end of the workpiece in the usual manner of chip-ﬁool
thermocouple measurements and the contact provided again
by a mercury pool. The constentan and the lead wires were,
of course, insulated from the workpiece and the lathe. The
sét-up 1s schematically shown on Fig. 1. With this arrange-
ment it 1s not necessary to insulate the workplece or the
tool since the e.m.f. generated at the chip-tool interface
is short circuitgd.

To record the e.m.f. from the constantan wire-workpiece
thermocouplé~£he‘D.C.‘side of a Du Mont (Type 324) oscil-
loscope was used. The potentiometer recorder type instru-
ment does not have a fast enough response to follow the
rapid changes of temperature when the wire junction passes

near the tool. The trace obtained on the oscilloscope screen
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Flg. 1 - Schematic Sketch of the Lxperimentnl Set-Up

Flg. 2 - IExample of an 0scllloscope Trace



represents the teﬁperature history of e single spot near
the surface ofvthe workplece with respect to time. But
since any other spot_on the workpiece surface undergoes
completely gsimilar temperature changes, one can obtain in
this way the temperature'distrlbution in the material
gahead of the tool. An example of such a trace recorded
‘ﬁith a Polarold Land camera 1s shown on Fig. 2. The wavi-
ness at the beglnning of the trace is due to the rotation
'of the workpiece alone -~ i.e., it w111 be present when
the workpiece is only turning, wilthout cutting. This
effect accounts for approxihately £ 1/8 mv %rom the center
line whidh corresponds to about 4°F. |

The cutting conditions used were mainly 0.100 in,
depth and 0.010 ipr feed; the tool was carblde with a rake
.angle of 10°; clearance aﬁgles of 6°; zero side cutting
edge and 15° end cutting eége angles_and no nose radius,
The choice of cutting conditioﬁs and the tool geometry
was dictated by several cbnsiderations and also by socme
~ difficulties encountered when performing the tests such as,
for exemple, the relation_between the thermocouple wire
diameter andvthe feed or the fact that the wire would breek
" off due to the deformation under the cutting edge from the
previous‘qut when a tool with minus seven degree rake angle
was used. | '

There are some other uncertainties associated with

these messurements. It is rather difficult to locate the



hole for the.constantan wire with respect to the tool with
désired accuracy. In most cases the holes were drilled
using a magnifying glass between feed marks left from the
previoué cut and the thread cutting screw of the lathe was
used to follow the same cutting path (except when 0.005 ipr
feed was used). Even with that precaution, at times the end
of the wire which was inserted into the hole could be seen‘
ﬁq have been cut through by the tool 1eaving a semicircular
cross section at the tip. At other times with the same
conditions the end of the wire, which was uéuaily bent
over after insertion into the hole, would be simply broken
off leaving & very short stub at the tip. In the latter
case the pesk temperature obtained was considérably lower.
An attempt was made slso to measure the temperature
on the surface of the workplece and the top surface of the
chip by simply holding a constantan wire ggainst the surface
forming a so-called dynamic thermocouple between them.
Although this method indicated temperatures in the correct
-order of magnitude, measurements 6f any reasonable accuracy
could not{be made because the values obtained in this man-
ner depend very much on the pressure applied, and secondly
the motibn of the chip was not steady enough and the

surface too rough for getting continuous readings.

Fig. 3 shows the qualitative temperature distribu-

tion in a lathe workplece obtained by the first gethod.

A 6y 1s the last temperature value recorded .en the
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Fig. 3 - Temperature distribution in a lathe workplece
at higher cutting speeds (qualitative).
a - in the axial direction; distances are
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ogcilloscope trace just before the constantan wiré is
broken. The temperatures on the surface parallel to the
cuttiﬁg edge cannot be‘obtained directly. Extrapolation
to the surface cen be made easily wherevthe-gradients are
bsmall, but the peak temperature just below the tool oppo-
site the clearance face (8;, pgx,) 1s difficult to obtain '
.becauseé (1) the témperature graedient in the direction TA
is very steep and (2) the distance of the wire to the cut-
ting edge is not known accurately, the uncertainty at
worst being about % 0.25 of one feed distance. Tablekl
glves a comparison of the values obtained undér the same
cutting conditions.

Tablé 1l - Showing the Amount of Scatter in the
Experimental Data

I o 1st . I . Number

- Peak 2nd . drd of

A8y A8 Peak ' Peak Runs
50°F 240°F 100°F 750F 11A
50 280 115 75 13A
50 250 100 72 154
50 165(2) ‘82(2) 16A
45 230 90 66 17A

Speed - 390 fpm; dismeter - 2.75 in.
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TEMPERATURE DISTRIBUTION I THE WOREPIECE

It 1s well known that the portion of heat flowing
_into the workpiece from the shear zone decreases with
_increasing cutting speed. This fact 1s clearly shown by
séveral authors who have investigated the partition of
'heat energy and the temperatures in the cutting zone.

(5, 6, 7) Since the total energy per unit volume of the
métal removed 1ls essentially constant or decreases
slightly with increasing speeds, it is evident that the
amount of heat going into the workpilece for'the’same amount
of machining done decreases with higher speeds. This can
be shoWn by experiment as given by an‘example in Fig. 4.
With dull tools or very small relief angles more heat will
flow into the workpiece because of additional friction oh
the clearance face of the tool. For dull tools the frié-
tion on the clearance side may account for 10% of the
total energy and most of it goes into the work since
temperature gradients are favorable in that direction (7).
Fig. 5 illustrates this effect obtained in thread mill-
ing (2). It is interesting to note that higher feeds

glve less tempersture rise in the workplece because of
shorter cutting time for the same amount of machining.

The amount of heat conducted into the workplece

has been discussed in literature, but the temperature>dis-

tribution in the workpiece has not been glven much sttention.



Flg. 4 - Temperature of the Workplece with Different
Feeds and Speeds
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At low speeds metal approaches the~cutting zone
essentially at the ambient temperature of the wofkpiece
but is preheated before it comeé to the éhear'plane by
ﬁeét flowing bacé into work. At higher cutting speeds
‘there is less preheating but more retained heat from the
preceding cutting. ihen temperatures in the cut ting zone
are analyzed theoretically, the effect of preheating(from
previous cutting 1s usually neglected (5, 7, 8). This
may-be justified by noticing that the chip-tool thermo-
couple measurements indicate that the temperature resches
‘equilibrium.in a few seconds éfter cutting begins.
Beslides it is rather a simple matter to calculate the rise
of the ambient temperature of the workpiece by knowing its
thermal properties, the time of cutting and the fraction
of the total energy going into the workpiece. This rise
can then simply be added to the calculated values provided
that the workpiece temperature does not have any other
effect on the cutting process.

In this discussion the effects associlated with
hot machining are not consldered since they can hardlj
take place below about 300°F. In this connection it is
interesting to note that some writers do not seem to dif-
Terentiate between the effect on ﬁhe mechanicael propertiles
of metals of the relatively long time heating and‘very
short time heating which teke place when the chip is

formed (9, 10). Whatever the physical neture of the
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changes in mechanical properties they can hafdly occur in
a time of one or two thousandths of a second. (I1) . :If such
were not the case,vit is difficult to see how a cutting

- fluid could be effective in reduéing tool wear, since it
‘would be alWaYs desirable to heat the workpiece reather
'fhan cool it. Besides the hot machining results reported
by different investigators are conflicting. For example,
Krgbacher and Merchant's (1) data indicate improvement

of tool 1life wilth increasing workplece temperatures in the
vicinity of room temperature while Vieregge (9) feports
data showlng decrease of tool 1life in general but little
change from room temperature to about 300°F.

It will be assumed then that an inérease of 850
or 100°F in the workplece temperature will increase the
cutting temperature accordingly and have corresponding
adverse effect on tool life. Some evidence in the sup-
port of this opinion may be obtained from chip~-tool thermo-
couple measurements. Such measurements often show decrease
of temperature as the cutting progresses, but if carefully
executed, they should show a slow rise of temperature
since in metal cutting 2 complete steaay state 1s
practically never achieved. The experiments reported by
Danielian (3) which are described below will illustrate
this,
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A._M. Danielian, being an ardent supporter of the
chip-tool thermocouple meﬁhod‘of measuring cutting tempera-
tures, made considersble amount of tests to prove that
_this method, if Qarefully employed, gives the most reason=-
able reéults of all other exper lmental methods. One series
df his tests is of interest to us since it shows & small
but steady increase bf the cutting temperatuwe with the
iength pf cut Indiceting most likely that the rise of the
amblent temperature of the workpiece raises the éutting
temperature accordingly. The effect of the tool ﬁear is
not certain. First, a carbide tool cutting steel at ebout
200 fpm for only a few minutes does not wear much.
Secondly, some investigators (4) have shown ﬁhat dull tools
do. not prodﬁce'higher cutting temperatures. But the reasson
| for this may be due to the fact that the chip-tool thermo-
couple measures average temperature of the contacting
surfaces and the additional area of contact between the
tool and the work produced by wear is generally a con-
siderably lower temperature then the contacting surfaces
of the rake face. Thus one may arrive at a paradoxical
case when temperstures in the tool will rise all arownd
but the emf measufed by the thermocouple may become lower,

Danielian used seven different varlations of the
chip-tool ﬁhermocouple method, namely:

(1) Using a solid carbide tool bit 20 x 20 x
120 mm.
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(2) ,Clamﬁed-on carblde plate with a carbide
rod attached to 1t; both being insulated by mica sheets
from the tool holder; léad wire attached to the carbilde
rbd.

- (3) Same as (2) but without insulation.

(4) Using & clampecd-on carbide plate. The
éopper wire for the electrical connection attached to .
the tool holder.

’(5) Brazed carblde plate. Wire attached to
‘the holder. |

(6) Samé as (2) but brazed-on,contacting car-
'bide rod insulated frrom the tool holder.

(7) Carbide plate with a speclially mede sﬁall
tail to which the wire is attached. The plate is insulated
from the tool holder and the junctlon is cooled by water
circulated by a speciel pump.

Ccare was taken to select tools with similar
~“thermo-electric properties and same geometry and the same
tool holder was used for all cases. Fig. 6 1is one of the
plots showing the results of these tests. Other plots ere
given for different cutting speeds and displaey the same
behavious, the temperature rise being somewhat more

intensive at the higher speeds.
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Fig. 6 Chip-Tool Thermocouple Measﬁrements with
Various Methods of Holding the Carbide
- Plate in the Tool Holder
The cutting was done on a billet of steel
(Hg = 190), depth of cut 2 mm, feed 0.2 mm/rev. It may
be observed that the seventh method with cooled cold
.junction gives steadlly rising temperature with time.
The:shape of the temperéture—time curve is in
good agreement with various transient effects discussed
by Reichenbach. The point B (Fig. 6 ) at the initial
quick rise is reached in fractions of a second, then as
the tool and the section of the workpiece neer cutting
zone heat up, point C 1is reached; this may take about one
minute. The rise in the region CD must be due to the rilse
of the ambient workpiece temperature. Reichenbach noticed
that the cutting temperature increased with successlve
cuts on a shaper, but the work was not large enough to

determine the number of cuts necessary to obtain
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equilibrium. It would be Interesting to know also how
much the temperature does rise-before equilibrium is
reached. On Fig. 64 it is seen to be about 50°cC.

| One & the questions %o which'the.author,at-
“temped to find en answer was howvthe above temperature
rise is affected by various cutting conditions. For
'example, it was reasoned smalled diameters of the workplece
for the same cutting speeds should produce mnore heatihg of
theimatefial ahead of the tool since there 1s less time
for the heat to escape during one revolution. That 1is,
the heating of‘the materigl ahead of the tool rather than
the ambient temperature of the work proper was of primary
interest. |

To our knowledge the mentioned problem was not

diécussed in detail in litersture except by K. Nakayame
whose paper (1l2) was received at the Léborstory when WOrk
on this project had already begun, and it was gratifying
to see his simllar interest. Nakayama's\analysis for
orthogonal cutting (for a workpiece in the form of a tube)
is reviewed belbw since it illustrated the question raised
and should be applicable qualitatively to an ordinary
cylindrical workplece as well and since a more or less
accurate theoretical analysis for'the latter case could
hardly be made wl thout turning thils work into a major

mathematical projecte.
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For Qrthogonal cutting the workplece is consildered
to be a semi-infinite solid (extending in the axial
d;rection) which 1s heated on the cross-sectional surface
by a number of line heat sources succeeding one eanother at
_7TD distances or once eéch revolution. The temperature
rise a6@ at any point inside of the solid when a moving
heat source reaches the origin of the coordinate system ié

discussed by Jaeger (13). For a line source
%V REAE z'/aj ‘
D XP( 5, Ko — (X +2

heat conducted into the workpiece per unilt

=

oy

(U]

"

(0]
>
g

1

contact area

v - 8liding veloclty or the cutting épeéd

S - the density

C - the Specific heat

4% - the thermal diffusivity of work material

Ko =~ the modified Bessel function of the second
kind of order zerb

X - the directién of motion of the souroek(the
tangentigl direction of the tube)

Z - direction perpendicular to the surface

(axial direction of the tube)

When séveral heat sources pass over the surface,
the temperature rise at a point is teken as the sum of

rises due to each source. The coordinates of a point P
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which eppears at the surface after n turns and which 1s
w7r D distance away from the "last" tool wiil be

(-WaD, 0) with respect to tool #1 (Fig. 7 ); |

: (- (1+w) 77D, t) with respect to tool #2 and, in general,
(-(n—l-bw.?-er, (n-1)t) with respect to tool # 'n, . Wis

. thev fraction of the circumference beginning from the
clearance side of the tool and £t 1s the depth of cut.

The result ing température rise a2t point P(-X,Z)

rbecomes
:"‘:L/(ZQXP/(" I+u))7n’ KZZ; {(n ,*w)(n)) + (n .—,) fﬁ

The efféc’c of the chilp removal is neglected here which will
exagrerate the temperatures, but it was estilmated to be
small for small tzN/,k » Where N 1is rotating speed in rpm.
For usual cutting conditions Vad»| anda 7D T »and
from the theory of Bessel functions K,fu)= ”/Zu € “ror

large W . Iith the above considerations the expression

for 4@ 1s simplified to:

2025 bty Z GXP‘ [t n-n)® 3)
‘pcﬁ Vh-lfw 44 (n-1 -H.d) (

For ordinary feeds N{ /d4i << and the equation can

finally be reduced to:

I
== ]/*D o (4)



Fig. 7 - Showing the Tubular Workpiece and the
Coordinate System Used by Nakayama

22




23

where n 1s the number of turns of the workplece from the
gstart of cuttiﬁg.

The last equation gives, of course, exaggerated
~temperatures-not only because of the approXiﬁations made
“but mainly because the héat losses are negle&ted. The
‘seriés on the righthand side is not coﬁverging}and so the
equation does not represent practical cases. Névertheless
it indicates the tendency for greater heating Sf"the work-
ple ce iﬂ ﬁhe vicinity of cutting for sméller‘wbrk diemeters
when cutting speed is held constant.

Tt should be noted that Aa@ in the above equation
Eecomes infinite When.ggequals zero and n equals 1. This
is theoretically correct because a line heat source rather
than band source was assumed.

Nakayama measured thefwork surface temperature
"by rubbing against 1t a brush made of several coiled
constantan wires and the smallest.Q used was 0.25 (see
Fig. 7). In other words, his malysis c¢oes not apply for
the region of relatively high temperatures existing on the
workpiece surface just after the tool has passed. Neither
éan his measuring technigue be emploved to obtaln these
temperatures since it is hardly possible to reach with a

brush into the narrow wedge between the tool and the work.

There is some uncertainty assoclated with tempera-

ture measurements by a sliding contact (dynamic) thermo-
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couple (14) and the calibration should be perhaps made‘
in motion.

A Some results of Nakayama's measurements are shown
in Fig. 8 . Flg. 8a indlcates that the surface of the
]Workpiece 1s heated considerably cdue to the preceding cﬁt-
~ting. Unfortunately the measurements are not continued
after 60 seconds; it would be most interesting to know
if and when an equilibrium is reached. The temperaturés
shown seem raﬁher high even considéring that the data
given are for & small dismeter tube (about 1-3/4 in.).

The rise of 25000 - and at that point the rate of increasse
does not seem to slow down much - corresponds to actual
surface temperetures of over_5OO°FAwhich is certeainly
reaching into the hot machining regions. It should be

remarked, though, that this 1is only the surface tempere-

ture, and it has been shown by Jaeger that the temperatures

decrease rapidly toward the interior of the workpilece. (Fig.
Fig. 8 b demonstrates the effect of changing the
work diameter whlle keeping the cutting speed constant.
It may be observed that the temberature rise is higher
for smeller work diameters even though the total cutting
path 1s less (number of turns constant).
To estimate the temperature rise right behind
the tool (small W) a band heat source extending from -1

to 1 must be used. This temperature is thought to be
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of importance for the evalustion of coolant action as fer
as workpiece cooling is concerned and is discussed in the
next chapter. Jaeger gilves and approximate soluﬁion for
the.ﬁemperature on the surface below and behind a single

heat source moving in X direction as follows: (Fig. 10)

KV /
c;,r,k a4 40= [2 (L X) e -1_<x<L (5)

;TKV 10 = (27r [(L )() (/X+L)]j X< L

where X and L are dimensionless parameters

-V I =.Y_£ and
" 2% o 2%

K is the thermal conductivity of work material.

To obtain the accumulation of the temperature
from 8 number of heat sources following each other for a
point inside of the material which then finally comes to
the surface after n turns from the start of cutting the
second of equations 5 can be added to equation 4 and the
summatioﬁ made fromn = 2 (W=1). This gives a maximum
at the rear end of the source or at the tip of the tool.b

The above may give an spproximation for continu-
ous orthogonal cutting of short duration, say nx200. As
mentioned before, due to the neglect of heat losses

equation 4 predicts exaggerated values for long time
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cﬁtting. Even though the temperature may increase con-
tinuously due to the amblent temperature rise, it cannot
bé expected to be propoftional to the'VZf as believed by
Nakayama.

The analysis cennot be applied to an ordinary

workpiece because there is the additliongl complication of

" the heat flow in the radiel direction. Moreover, the

effect of the slide cutting edge engle becomes lmportant.

For tools with zero side cutting edge angle and when the
ratio of width of‘cut to feed is large (say b/t = 10)

the heat flow near the outer surface of the cylinder will
be predominantly in the axial direction at least for

small n. If the width of cut and the feed are interchanged,
the heat flow in the radial direction will phedominate.

For usual cutting conditions in turning the
analysis should indicate correct tendencies. It is
interesting to note that for a single moving heat source
the temperature rise on the surface is lower for high
veloclty of motion if all other quantities are kept con-

sfant —- 1% 1is spproximately proportionsl to V-O'5
according to Jaeger. But‘iw decreases with increasing
speeds (5) and the effect of the cutting speed in equation
4 becomes uncertain.

Table 2 shows the results obtained from our work-

plece temperature measurements at different cutting speeds.

_In this table 8y, henceforth called base temperature, is
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the temperature of the workpiece just ahead of the tool --
i.e., the temperature at which the material arrives at the
shear plane or shear zone, and A 8y is 8y, minus room
temperature (or bulk workplece tempersture). First and
second pesk refer to temperature rises at approximately'

1/2 and 1 1/2 feed distances away from the cutting edge.

Table 2 - Temperature Ri%e of the Workplece at Various Speeéds

s Base  1lst Number

Cutting = Work  Temp. Rise  Pesk 2nd of
Speed’  Diameter = A 6y A8, ~ Pesak Turns, n
320 fpm  2.25 in. 50°F - 125°F 25

" oo 45 330 110 "
240 " 42 2565 100 L

" 1 . 35 - 110 1
120 " 40 - 155 "

" " 40 350 110 "

Other cutting conditions: feed - 92 threads per inch
(0.0109 ipr); depth of cut - 0.1 inch; rake angle - 100;
material - 1020 steel.

As can be‘seen, the most repeatable values are
obtal ned for A8y because of small variation with the
horizontal distance away from the tool. The pesk tempera-
tures are uncertain because of the difficulty to locate
the thermocouple hole aécurately asﬁmentioned in the

preceding chapter.
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The effect of changing the diameter while keep-
ing the cutting speed constant is shown in Table 3 and
Flg. 11. It 1s seeén that smaller dlameters produce more
heating even though the total cutting path is only half as

much (same number of turns).

Table 3 - Temperature Rise of the Workpiece at
] Various Diameters

3 7 | Base 1st " Number

Cutting Work  Temp. Rise Peak 2nd of
Speed Diameter 48y 48, - Peak Turns, n
390 fpm - 1.65 in. 80° -OF 115°F 25 -
n 2.75 50 2.25 115 n
340 1.45 120 (350)  (200) 50
" 3.15 50 (170) 90 "

Other cutting conditions: feed - 0.0095 ipr; depth -
0.1 in.; rake angle - 50; material - 1020 stepi.
The numbers in parentheses indicate extrapolation because
the peaks were not included in the photograph. The sensi-
tive scale was used to glve 46y moré accurately.

. The difference of 70°F in the base temperature
(second case in Table 3) should have some effect on ﬁhe
cutting temperature according to our assumption that no
hot mechining effects take place in the range which is

involved here. It should be recalled, perhaps, that
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ordinary steels usuaily are somewhat stronger and tougher
at about 200 to SOUOF as compared to room temperature.

The time avallable for.heating of the workpiece material
before 1t is cut is in the order of magnitude of one
second. )

The ultlimate test for the above diameter effect
must be éstablisﬁed by wear studies. To make a tentetive
check the data obtained in the Metal Cutting Laboratory at
VM.‘I. T (by R. J. Bowley) were examined. The data from
wear studies‘were plotted in the usual form of wearland
-versus cutting path. They were obtained In cutting large

steel billets beginning with 6 to 7 in. diameter and end-
Ing at about 2.3 to 2.5 in. dlameter. It was noticed thaf
when billets were changed during one run (i.e., continuing
to cut with -the same tool), a change of slope or wear rate
oftem occurred. In the 28 such plots examined the wear
rate distinctly decreased on 16 occasions when cutting

was transferred from 2;5 in. to 6.1 in. diameter, in 5
instances thé slope was distinctly higher; end in 7
instsnces there was practically no change. These changes
occur at random wearland values so the effect is not due to
the size of the wearland as such. Considering that the
metallurgical differences between billéts of nominally
same material are rather important for tool life (15) and

that the hardness 1ls usually somewhat higher at the outer




portions of the blllet, the above can be explained by

the effect of the diameter on workplece temperatures.,

35
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ACTION OF COOLANTS AT EIGHER CUTTING SPEEDS

Two different aépects of the cutting fluid action
are'génerally recognized. At low cutting speeds boundary
luﬁrication 1s thought to reduce the friction between the
éhip end tool (16); at high cutting speeds direct cooling
action can have en effect on the cutting temperature and
‘on tool 1life. The boundary between low and high speeds is
about 400 fpm according to M.vC. Shaw and P. A. Smith, at
least in the case of'water—baséd cutting flulds. A brief
review of literature of the use of cubtting fluids is given
vby the same suthors (18).

It is well known that active cutting fluids, such
as carbon tetrachloride, can produce spectacular effects
on the cutting process at low speeds (below 100fpm) when
there 1s enough time for the penetration of the cutting
fluid and for the chemical reactions to take place. Such
effects are usually attributed to boundary lubrication,
but other possibilities have been suggested. An example
of how diffusion phenomena can have an effect on the cut-
ting process 1s given by Epifanov, whose article 1s sum-
marized below (18).

In the oésé of ductile metals, action of active
medla ceusing decrease of cutting energy consists in

" decreasing the degree-of plastic deformation of the chip

and surface 1ayér of the workpiece. It is not due,
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according to Hpifanov, to the decréase of friction forces
(lvbrication). This "cutﬁing" effect consists in the
intensificatlion of the strain hardening process in the
cutting zone so limiting states are reached sooner. It

is analogous to free cutting conditions but takes place
only in the narrow shearing zone. This fact, that under
influence of active media, strain hardening is more
Intensive and exhaustion of plastic deformation and trans-
formation into "brittle"-state comes about sooner (at less
degree of deformation) is evident from tests of deformation
of mono- and polycrystaline metals in the presence of the
Cactive média; Physicelly this can teke pléce, according
to Epifanov, only as a result of benetration of foreign
atoms into the metal lattice. Such diffusion phenomena
are not new. Metal can absorb oxygen, nitrogen and other
‘gases under certain conditions.' In other words, éatalytic
deCompoéition‘of active media produces new atdﬁs which can
penetrate into the metél undergoihg deformation. Under
extreme condlitions of pressure, plestic deformation, new
surface, etc. diffusion processes cen increase up to lO6
tiﬁes (at temperature of'500°K). Calculation shows that
for such products of decomposition as hydrogen speed of
diffusion into deforming metal is sufficient for 6rdinary
cutting speeds. Strength of the metal may remain es is

or decrease considerably as % reduction and ¢ elongation
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decrease. (Reported 20 fimes for steel in the hydrogen
atmosphere). The '™rittleness" caused in this manner is
gqulckly lost afterwgrds sinde hydrogen diffuses out again.
The same behaviour is expected for oxygen; COg and N
diSsolve only in metals which are capable of forming
stable carbides and nitrides -- causing the metal to get
less plastic but sﬁronger. So in this case cutting may
become more difficult. This may be taking place in cut-
ting ifon‘in non-polar hydrocarbons and amines,

The aboVe;mentioned phenomens cannot take place
at high speeds since water, which is the best coolant,
appears to be the best cutting fluid at about 500 fpm (17)
and thus the heat transfer aspects of the cutting fluids
become important.

) The spplication of cutting fluids when using
carbide tools 1is usuelly not recommended because of the
danger of cracking due to the possibility of sudden
temperature changes. Besides, the high temperatures
developed during high speed cutting were often thought to
be beneficlal in reducing the strength and impact tough-
ness of the material being cut and alsc increasing the
toughness of the carbide tool (P9). Also, the opinion has
been expressed that the cutting temperatures reach an
asymptotic value as the cutting speed is increased. Data

contrary to this are reported by Danielian (3) as shown in
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Fig. 12, The temperatures were obtained by chip-tool

thermocouple measurements,
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Fig. 12 - Variation of Cutting Temperature with Cutting
Speed. Condltions: carbide tool - of = 10°
(T60K6); work material - steel (55 kg/mmf).
After Danielian (3)

Recently more interest has been shown in using
cutting fluids with carbide tools. PFeldstein (11) con-
Qérning the use of coolants for cutting at high speeds
says that it is unquestionably useful and should be
applied provided.that the fluid is supplied without inter-

ruptions to avoild crackiﬁg of the tool. An example of



40

turning tests with and without coolant 1s shown on Fig. 13
from which it is seen that the tool 1life increases about
twice when fluid is used. TUnfortunately the tests shown
have a very short time rangé, and the nature'of the cool-
-ant is not disclosed.

Artamonov (20) reporfs tool life tests with and
without outting fluid for cast liron. He points outAthat
with malleable cast irons there is hardly any soiling of
the cooling system. Fig. 14 shows sbout 60% increase of
tool life when cutting fluid is used; also, a sharp
improvement of the surface finlsh is reported. A decrease
of wear on the reke surface of the tool was noticed, and
it is stated that thiskis apparently due to the decrease
of the cutting temperature.

The possibility of the reduction of the cutting
temperature at higher speeds using water as cutting fluid
was checked by the authof with the help of !Mr. F. H.
Anderson of the Mefal Cutting Laboratory, reveéling

values given in Table 4 for 640 fpm.

Table 4 - Chip-Tool Thermocouple Measurements

(0.050 depth Dry 13.4 mv -1220°F
" (0.005 feed Water 12.7 mv 1160°F
(0.100 depth Dry 13.5 mv 1230°F
(0.005 feed Water 13.1 mv '1190°F
(0.100 depth Dry 13,9 mv 1270°F
" (0.010 feed Water 13.55 mv 1235°F

Cutting speed - 640 fpm; tool - K2S carblde; material -
1018. steel. \
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There are three distinct bodies which can be _
cooled by the cutting fluid£ the tool, the chip and
the workpiece. Returning to Fig. 6, 1t may be observed:
(1) thet the cutting temperature rise in the région CD
cen be easily reduced if it is due to the ambient work-
plece temperature rise; (2) the rise in the region BC can
be reduced, at least partially, by cooling either chip,
tool or workpiece; (3) the temperature established in the
region AB cannot be reduced with an ordinary cutting
fluid by cooling the tbol or the workpiece because it is
established in fractions of a second before the tool or
the workpiéce héve an opportunity to heat up.

The small possibllity of reducing the cutting
temperature by cooling the tool is discussed by Loewen (86).
Shaw and Smith discuss the cooling of the workpiece and
the chip emphasizing the effect of the latter (15, 17).

. Vieregge (9), discussing the cooling effect of cutting
fluids, concludes that the simplest is to cool all three -
so all temperafures beéome lower - and says that the
demand is best achieved by evaporativevéooling.

Thekevaporative cooling which is thought to take
place when cutting fluids are applied in the form of small
droplets in an air stream, called mist, is also discussed
by Shaw and Smith (15). The mist applied at the rate of

2 1b/hr. was found to have in general the same effect on




43

tool 1life as the fluid applied in the conventionél manner
at the rate of 1.5 gal/min. .Cutting 4540 steel at 40U fpm
for example with water mist the tool 1life was better than
‘with the stream of water. |

To indicate the relative importance of cooling
the chip, the tool or the workplece the following estimate
can be made.

The specific energy for the above conditions was
given as 385,000‘in.lb./cu.in. = 41 BIU/cu.in.

- The volume of material removed with cross sec-
tion of the chip of 0.1 x 0.01 in. and a cutting'speed‘of
400 fpm 1s 4.8 cu.in./min., which gives about 200 BTU/min.
of energy released in cutting. |

Flg. 15 shows approximately the areas covered
by the cone of the mist issuing from a nozzle placed

above the tool.

WORK

CHIP

TooL

Flg. 15 - Areas Cooled by the Iist
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If the limiting assumption is made that all of -
the droplets contained in the mist evaporate upon strik-
ing a surface, the total heat ebsorbed by the mist will

De:

211 370 BV .?,Bru 15140 °F = 2900 aru 3787¢Y

hr I ,0/:'.}»1 min.
‘Less than 1/10 of the drople.’cs strike the chip, and at
the given cutting conditions 1t ﬁill contain ébout 80% éf
total eneréy relessed (3, 6). Besldes the cooling'of the
chip after the point of separation from the tool isuseless
and the above 1/10 should be again divided by about five.
The final result for the amount of heat removed frbm the

chip before separation is:

37 min ~
o )(5 )(zoow.? Bfu)ma = 0.5 %

If the same estimate 1s made for conventional stream of

water by assuming a high heat transfer coefficient of
9000 BTU/hr.qu.ft.)fF for boiling water according to
McAdams (22) and taking the average temperature of the
outer side of the chip as 500°F, the result for the =mount
of heat removed from the chip is sggein in the order of
0.5%.

It should be noted that high heat transfer co-
efficlents assoclated with bolling of liguids are not due
to the utilization of the latent heat of vaporization but

are caused by the disturbances in the boundary layer as a
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result of bubble formation (22). Hesat transfer coefficients
for’a mist tvype flow are not listed in the iiterature, but
Sibbitt (23) reports tests with heat transfer from a heated
platinum plate. to a:spréy of water and indioétes coeffi-
.dienﬁs below 1000 BTU/hr. (sg. ft.)°F for a comparable

‘flow rate.

The flow rate was found by Sibbitt to be the most
important variasble controlling the hest transier. This was
also indicated by the tests performed in the Metal Cutting
Laboratory with a heated steel plate which was sprayed
with mist while the surface temperature was recorded by a
thermocouple wire. Contrary to that the above wear test
did not reveai any difference when the flow rate was
increased from 2 1lb/hr. to 16 1b/hr. This fact, together
with the estimate of the'amount of heat removed from the
chip, seems to indicate that the reduction of the cutting
temperature is not due to the cooling 6f the outer surfeaces
of the chip. |

There is little doubt that the bulk temperatures
of the tool and the wbrkpiece can be reduced by the cool-
ant. As mentioned above, the possibility of reducing the
cutting temperatures by cooling the tool ére discussed by
Loewen.

Our interest is to estimate the effect bf cool-

ing the Workpieoe in the viciniﬁy of cutting. Using the
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results of the preceding chapter and tests reported in
Table 5 and Fig. 16, an estimate of the amount of heat
removed from’the workpiece‘can be made. TUsing heat trans-
fer coefficients of 400 to 500 BTU/hr{,ft.%@% according
fo Sibbitt (24), dividing the surface of the workpiece
into several areas with average temperatures and taking
the amount of heat conducted into the workplece as'5%
of the total enefgy released in cutting, it can be shown
that approximately 1/4 to 1/2 of the heat can be removed
from the workpiece by the coolant.

As Taeble 5 shows, recductions in temperature of
the~metai approaching the shear zone of 10 to 60°F are
possible by applicatibn of the cutting fluid in the

vicinity of 400 fpm cutting speed.
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Table 5 - Results of the Temperature Measurements in the

Workpiece Using Water as Cutting Fluld

Depth of cut - 0.100 in.; feed - 0.010 ipr.

Cut- Base ‘
ting Work  Temp. 1st ~  2nd No. of Tool
‘ Speed  Dia. Rise - Peak Peak Turns . Rake
Fluid fpm In. 28.°F A8:°F °F n Angle
Dry 400 2.95 70 480 300 15 -70
Dry 390 2.75 70 510 330 " "
Water 400 2.95 50 (300) - " "
Weter 400 2.95 50 250 140 n n
Dry 390 2.75 50 240 100 15 100
Dry " t 50 280 115 " L
Water " " 40 380 100 " "
Water " " 40 - - no- n
Dry 350 2.5 60 160 105 50 10°
Dry L " 55 230 115 " n
Water " " © 50 200 1105 n n
Weter " " 45 155 100 " "
Dry 340 1.45 120  (350)  (200) 50 5°
Water " n 55 (250) 110 " "
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CONCLUSTIONS

From the data and the discussion presented the

following general conclusions can be made. These conclu-

sibns should be regarded as tentative because the work

performed in the course of this investigation was of

exploratory nature and the time did not allow collection

of a sufficient amount of data.

1.

The differences in the degree of heat-
ing of the workplece due to preceding
cutting cannot be always neglected.

The diameter of the workpiecé may have
an effect on tool wear, the wear being
greater at lower diameters for the same
cutting speed. _

The cutting fluid should be more effi-
cient at smaller work diameters, and
the differences between various cutting
fluids should become more apparent at
lower work diameters.

The cutting fluid should be applied in
such a manner that a good portion of
the flow is directed on the workplece
itself. The flow of the fluld should

be opposite to the direction of
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rotation which can be achieved, for
example, by dividing the stream at the
very top of the workplece. Otherwise,
the relative velocity between the
fluid stream and the work surface
becomes very low (and msy even coin-
cide with 1%), resulting in voor heat.
transfer conditions.

5. The fact that tool life is often found
to be better when the fluid is applied
from below - between the clearance
face of the tool and the workpiece -
may be explained by noticing that the
temperaturé on the surface of the work-
plece is much higher in that region.
Also, the relative speed between the
fluid stream énd the workpiece surface

is probably higher in this case.

Finally, the wide discrepencies in experiments with cut-
ting fluids reported by various workers (15) become at
least partially explainable in the light of the above

conclusions.
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REVIEW OF THREE RUSSIAN

METAY. CUTTING WORKS

Founders of Metal Cutting Science

Panchenko

Machinabllity of Steels

Feldstein

Investigation of Machinability of

High Strength Cast Iron

Artamonov
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"In a review of past work in metal cutting research
prior to 1930, I. Finnle (25 mentions the work of Thime
(Timay?) and says that Thime's work was continued by
- Zvorykin and Briks, but these works are not available.
In 1852 K. P. Panchenko (26 published a book in

Moscow entitled Russian Scientists - Founders of iletal

Cutting Science. The book includes reprints of works

of Russian investigations as follows:
I. A. Timay (1838-1920) - Resistance of lletals

- and Wood to Cutting and Memoirs on lietal

Cutting
K. A. Zvorykin (1861-1928) - Work and Forces

Necessary for Separation of Metal Chips

Y. G. Usachev (1873-1941) - Phenomena Qccurring

in the Cutting of Metals

A, W. Chelustkin - Influence of Chip Dimensions

on Forces in Metal Cutting

Panchenko supplied and}introduction, sunmaries and
biographical notes. The introduction contains a brief
.history of the development of early machine tools in
Russia and a listing of important books and papers on
metal cutting beginning with Timey and up to 1950.

Brief reviews of the above-mentioned publications

as representative of early Russian work follow.
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-The reader who is Interested in details should
procure the originals and follow the discussion with
the figures and graphs which are not reproduced here.
The originals, if not'évailable at the Metal Cﬁtting
Laboratory atkM;,I. Ty can be located by referring to
the "Monthly List of Russlan Accessions"~published.by

the Library of Congress.

I. A. Timay (Thime)
The first paper by Timay, published in 1870 in

St. Petersburg entitled '‘Resistance of Metals and Wood

to Cuttling, occupies over 100 pages of Panchenko's book
end the Memoirs: on Planing . (Cutting) of letals

(Reference 10 by Finnie) only 18 pages. Almost all
observations were already stated in the first paper.
Actually the‘second'pépef is a condensed and streamlined
version of the fipst. And since the second psper was
published in FPrench esnd then in German, further discus-
sion of Timay's work i1s omitted here. Incidentally

the titlébpégQS'of Timay's 1870 papersbare‘reproduced

in the book.
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K. A. Zvorykin

It"éhould be mentioned that there were at least
two papers published in Russia discussing force rela-
tionships in metal cutﬁing after Timay's work and before
‘Zvorykin published his. Afanasiev (1884) and Gadolin
(1888) have 1lmproved the force anslysis by taking the -
friction process into’consideratibn, which was entirely
omitted by Timay.

Zvorykin in his paper (1893) developed a theoreti-
cal solution for Ehe‘sheér angle by minimizing an expres-
sion he obtained for the cutting force. |

He apparéntly assumed the resultént force to be in
the direction of cutting and resolved the forces acting
between the chip and the tool end between the worﬁpiece
and the tool inﬁo their normal and tangential (ffiction)v
components (Filg. 5, page 266). By balancing the forces

acting on the tool he obtains for the cutting force:
o g fomli-4")+ 2 Feos]

where () - 1s the normal component of the force
betweéen the chip and the tool
f - the friction coefficient

A - the cutting angle (90° - rske angle)

Since the force between the tool and the workpiece

. does not teke part iIn the chip formation, the shear
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force acting on the shear plane is composed of the sum
of the projections of the forces Q and f(? on the

shear plané, gilving
F, = Ql.cmﬁ?—tﬁ) + feos (d+2) | (5)

where B - is the shear angle.

Projections of @ and F§ perpendicular to the
shear plaﬁe will apply normal pressurés on the shear
ZONE o This‘normai pressure 1s thought to‘increase the
shear force necessary to slide the segment of the chip
relative to undefdrmed metal., It is stated in a foot-
note that ﬁhis proposition seems plausible to the éuthor
but is not investigated. It should be noted ﬁhét'early
Russian investigators almost inveriably discuss seg-
mented, discontinuous chipsvconsidering the analysis
-of continuous chips too difficult. Also, theﬁ point
out, the latter occur rarely in practice.

The algebréic sum of the forces normal to the

‘shear plane is written:
N-n = 1@ sin [d43) - Q ecos(« +13)
and the increase of thé shear force due to the normal

pressure can be expressed by multiplying the above

expression by a dertain coefficlent 1.



Now if S is the resistence of the material to
shear, b the width and € the depth of cut, two expres-

sions for the shear force can be equated as follows:
S ) . ” |
3,;6;31«4 @/e.,,a,p)__w ()] = @ fim ta1p)+ Jeorfle )] (4)

Solving for Q and substituting the result into
(2) gives for the cutting force:

5le [5'"’0( ("/?*2{ c«uol] (6)

Singg [Sinlap) (1=4} ) + ($+4,) cos (& 15]
All quantities in (6) are considered fixed by

—
—

the cutting conditions except /3 - the shear angle,
and it is presumed that VZ will be such as to make the
force F a minimum. F is minimum when the denominator

in (6) is a maximum, which gives:.
£+
7

tan /014 Qﬁ):—

.~ Replacing f through the tangent of the friction
engle ¥ and f; similarly through fan Y, , Zvorykin

finally obtains for the shear angle:
| P+, +o :
ﬁ = 90 - """‘Z'L‘"" (8)

By taking f = 0.44 based on some reported data
and f7 = 0,34 arbitrarily, Zvorykin obtains good agree-
ment between equation (8) and Timay's and his owm .cut-

ting data.

55
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The solution for the shear angle (8) cen be shown

to be in out notation (except the last term):

which almost coincides with that derived by Merchant
for the sgmé problem. (24)

Further, Zvorykin attempts to prove by theoretical
considerations that the speclfic energy is greater for
smalléf depths of cuf5 This sectlion is not very clearly
written and is rather difficult to follow. It is based
on geometrical considerations concerning the relative
amount of sliding of the previous segment of the chip
upon the segment being formed. (Fig. 8, 9)

The conclusion is that this amount is relatively
greater for lsrger chip segments or greater depths of
cut. Next the speculations are made concerning the shape
of the force versus displacement curve during the forma-
tion of one chip element. (Fig. 10) The above together
with force bealance equations lead to an expression for
~the cutting pressure whigh includes the depth of cut in
va coﬁplexninverse relationship (equation 10).

Zvorykin also constructed a hydrailic dynamémeter
to measﬁre thé forces and obtained plots of what he
caells "mean pressure" or "mean resistance" versus'depth
of cut or chip thickness (Fig. 16 - 22) for various rake

angle s and several metals. The plots clearly show the



increase of the specific energy at low depths of cut,
which he attempted to express by expression of the
. C .

’ C v C
type Pe:':/{fe- 5 P, = /ﬁ,_ J B= /772' for different
metals. He sglso stated that the width of cut has no

effect on the cutting pressure in orthogonal cutting.

857
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Y. G. Usachev

Usachev's work 1s Interesting historically because
of 2 rather ﬁhorough discussion of the bullt-up edge
phenomena. His paper was published in 1915 reporting
on work performed in 1912.

The‘main problem of his investigations was to
obtain the temperature of the cutting edges in the toolj;
but he felt, as he points out, that he had to learn more
about the process Qf cutting before makling actual measure-
ments. Usachev, incidentally, is credlted by Panchenko
to be the first in using thermocouple measurements and
also microphotography in metal cutting research, but it
appears that the editor is someWhat over-optimistic at
least in the case of microscoplc observations (see
Finnie, Reference 25). |
| Usachev discﬁssed the faét that the segmented chip,
when broken, does not fracture along the visible line
which separates the segments, concluding that deformations
must be taking place iqside'of each segment. (Fig. 1, 2,
'5) His photomicrographs show that there are no cracks
ahead of the tool except when a segment of a discontinu-
ove chip 1s formed, one segment being forméd at a time.
He criticizes Tayidr’s picture of cutting, pointing out
that no deformation in the chip can occur above the line

of maximum crystal elongation. The picture of several
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cracks forming several chip semgnets simultaneously is
attributed to the fact that these were obtained after
the tool was slowed down to a stop on a lathe. To avoid
this ﬁsachev used a shéper and reversed the tool in the
middle of a cut. From the wording of the discussion it
is difficult to say whethef he comnitted an obvious fal-
lacy by not realizing thet the tool has to come to a
stop before reversing or whether he simply considered
the shaper stopping gquicker.

Tn this connection it is interesting to mention
that recently in Russia a special device is used to drop
‘the tdol suddenly during cutting on the lathe to obtain
photomicrographsbof partiallybformed chips. It sappears
though that in order to be more or less successful, such
a device must bring the relative motion between the chip
and thé tool to a stop in a time of order of magnitude
of 0.0001 sec. |

Next Usachev discusses strain herdening during cut-
ting and, to show its effect, cuts together two specimens
of the same metal - onercold worked and.the‘othgr annealed.
The photomicrographs for the annealed specimen show large
deformation zone in front of the tool (Fig. 10, 12) while
the cold worked specimens show shafply defined shear
plane (Fig. 11, 13). Usacheﬁ concludes that it should
teke less energy to cut the.worked metal and obteains some

experimental evidence to this effect.
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To measure cutting temperatures Usaéhev used
thermocouple wires inside a hole in the tool. After
trying various arrangements (Fig. 14-16) he came to the
conclusion that the best results are obtained by drill-

ing a hole (1 mm dia.) to a distance of 0.3 mm from
the rake face which ends in a smaller hole (0.4 mm)
drilled frbmkthe clegrance face. One constantan wire

is inserted info the.small channel and is insulated

alohg the largér hole. He‘bbtained plots of temperatures
versus cutting speed and feed and concluded that for high
speed steel tools the témperature should not be allowed
to rise much above 560°C.

Some balorimetric measurements by collecting chips
during cutting were done to show that from 60 to 86% of
heat developed iﬁ the cutting remain in the chip, the
amount being higher at higher speeds.

To investigaté the distribution of temperatures on
the_tool féce Usachev inserted two thermocouple wires
into the tool, one toward the clearance face és_desdribed
sbove, the other inward, away from the cutting edge. He
observed that mostly the temperature near the cutting edge
was lower, but at times 1t was about 509C higher in the
course of the same cut. Thus he became interested in the
bullt-up edge and obtained excellent photomicfographs

showing its formation.
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Usaéhev regarded the bullt-up edge as an occurrence
of adaptability of natufe to the conditions of minimum
energy expendlture. He discussed very intelligently the
effective decrease of the rake angle due to bﬁilt-up edge,
forces that sct on the bullt-up edge, 1ts effect on the
sﬁrface finish, 1ts effect on the cratering type of tool
wear, the conditions at which the built-up edge is not
‘formed such as‘highvtemperatures at higher speeds and
cutting of brittle metals; he explained, alsd, such puz-
zles as the periodic change of the dhip color, the
perliodic change of chip thickness and the change of the

chip curvature during the same cut.
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A, N. Chelustkin

The major’contfibution ofxchelustkin (1925) was
grephical analysis of avallable force data together with
his own numerbus experiments on measurements of forces
at various widths and depths of cﬁf, speeds and rake
angles.

His conclusions cen be expressed in a single
formula for the cutting force:

 P=Cst (@ w
where C - is a constant depending on work material

§ - isvthe cutting-angle (90° - reke angle)
in the range of 60 - 900
g - width of cut

- thickness (depth of cut)

I °

'1s a coefficiemt depending on the cutting
fluid used and 1s egual approximately to

one for water

The exponent 0.75 actually ranged from 0.7 to 0.8,
being higher for the ductile metals.
The’general decrease of forces at higher speeds was

consldered negligible for the range used (2 to 30 m/min).
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E. I. Feldshtein (11) reports results of ten years

of experimentation on machinability of steels in a mono-
graphlical work published in 1953. Three basic factors
characterizing the complex term ™machinsbility" are
studied in this work with'eight different steels for
various heat treastments and microstructure. They are:
v(i) intensity of toql wear; (2) surface roughnéss; and

(3) forces required for cutting.

Intensity of Tool Wear

Cutting speed for 60 minutes tool 1life, V is

60?
taken as 2 quantitatlve parameter to indicate the relative
intensity of tool wear for varilous steéls at certain cut-
ting conditions. To determine Vgo Feldstein uses a method
of faciﬁg instead of the conventional turning. He justi-
fies the use of the method, which is described below, by
the following arguments. | -

The conventional method is too costly because of
expenditure of large amountslof metél and time. Large
billets are usually used for the tests, and they do not
generally haﬁe the same properties as small parts, par-
ticularly when effects of heat treatment‘are under study.

The values one obtains for V., by this method do not

60
differ from conventional ones by more than 10%, and the
average error is below 4%. Half a dozen leading metal

cutting laboratories in Russie have used this method
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successfully. Saving of time with this method is aboﬁt
20 times and materigl about 100 times.-

* " The method of facing consists of cutting from a hole
in the center of the workplece toward the outside surface
with a high enough rotational speed so that tool failure
occurs at the first pass. The radlius at which the failure
occurs, Rp, ls recorded. This is done for several vaiues
-of n so that with greater n fallure will occur at lower
radius. |

If values of n are plotted against Rp on logerithmic
coordinates, the slope of the line obtained (Fig. 3, p. 15)

can be expressed as:

m-+)

fan « =‘;;j:7‘ , (2)

where m is supposed to be the same ss in the expression’

Constant
V = ——F/]r (l)

V being the cutting speed aﬁd T the tool life. The Jjusti-
fication Qf this 1s given more fully at the end of this
section.

To obtain an accurate value for m a large variation
of workplece dlameters is necessary; and if it is not
available, one can use known values of m such as m = 10
for carbon Stéels, ms= 9.1 fbr chrome steels, m = 8.3 for

chrome-nickel steels,
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The teéts then were performed as foliows. On =
lathe equipped with continuous speed variation 5 to 8
tests were made are various rpm. The values of n and K,
were plotted on log-log paper,and a line drawn through
the points having the slope m. A set of values n and Rp
of an arbitrary point on that line was substituted into

the equation:-

m

= Rn
C - Vn h (m-fl) (3)

where R, = is the radius at which the tool failed
Vn ~ cutting speed corresponding %to Rp

'S =~ feed (mm/rev)

Finally if m and C are known, Vgg can be obtained from (1).
| To facilitete calculations tables can be prepared

with en agreed value of'Rnb(say 30 mm), cOrresponéing n,

C and Vg, for a given feed (Table 2, ﬁage 17). |

Feldstein clalims that data with very short tooi
lives do not given great scatter, as might be suspected,
and that the progress of tool wear (cratering) is prin-
cipally the same as in conventional;teéts, only much more
intensive.

The tools used in all tests (except high speed cut-~
ting discussed below) were high speed steel with clearance
angles 120, side and end cutting edge ahgles 45 and lOO,‘
nose radius 1.5 mm. For each material (or heat ﬁreatment)

an optimum rske angle was previously determined and that
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rake angle was used for obtaining Vgne. Depth of cut was
kept at 2 mﬁ and feed at 0.5 mm/rev. Total destruction
of cutting edge was considered as failure. The compositions
of the steels used are given in Table 3.

The results of the gbove tests are given in the
form of plots of V60 versus temperature of annealing or
tempering (after quenching in oil or water). Fig. 17
gives this information for steel 40X; Fig. 27 shoﬁs the
Sameﬁresults-for‘steel 40;‘Fig. 36 for steel 35X C; Table
4,.page 39 fof steel 15; Table 5 for steel Yl2. The

recommended heat treatments as most economical are as

follows:
Steel 40X - Annealing at 900°¢
40 - WNormalization at 900 - 950°
35X C =~ Spheroidizing annealing, sub-

eritical (780°C, cooling at
5-10° per hour) or isothermic
(heating at 900°C for one hour,
quick'cooling to 700°C and hold-
Ing for 8 - 12 hours)

15 - Normalizatioﬁ at 950°c

Y15 - Annealing which produces granuler
pearlite structure, for example

at 750° for 5 hours

High speed steels

Isothermic annealing - heating at
p18, P9, P4

870°C for 4 hours, quick cooling to
740°C and holding for 2 hours
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Best results are obtained when cementite has the
form of spherical grains uniforﬁly distributed in the
ferrite. The leest tool wear 1s obtained when cutting‘
ferrite, then follow with increasing intensity granular
pearlite, lsmellar pearlite and sorbite.

Next; Feldstein attempts to establish correlation
(or the lack of it) of chip-tool contact tempersture and
cutting speed V6O. Temperatures were meaéured by the
two-ﬁoolvthermocouple method. For comparisqn a speed at
which the cutting temperature was 450°C, called V, , is

chosen. The general lack of correlation between V and

60
Vg is emphasized (Figs. 54 to 61). This leads to con-
sideration of the so-called "Wearing ability" of work
material, which can be perhaps best translated by the
"degree of sabrasiveness.”

Re jecting the data évailable from friction and wear
experiments as not epplicable for metal cutting conditions
FPeldstelin uses a special set-up (shown on Fig. 62 and 63)
which has a sméll high speed stéel cylindrical rod riding
on a freshly cut surface of the workplece on the lathe.

The difference between initial and final length of the
rider is meésured and this quantity, Kue» is used as a
relative indication of weéring abllity of the work material
at given conditlons. To increase the amount of wear.on

the HSS rilder its hardness was reduced from Rec = 63 to

'Rc = 45 by additional tempering and the relative wear of
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the’origihal rider and the one with decreased hardness
was found to be the sgme.
Conditions for these tests were: Diameter of the
rider 1.5 mm, pressure at the contact 8.5 kg/mmg, speed
6 m/min, feed 0.065 mm/rev, total friction path 7 meters,
(1.2 min time); 4 or 5 tests were done for each specimen.
Fig. 65 shows some but not very satisfactory cor-
relation between Vgy and the experimentally obtained
coefficieht Kya+ Now the attempt is made to correlgte
the data of cutting temperatures and the factor Kyg in
the form Vgp = T (Vg » Kig)
| .For workpiece materials which have the same'Kﬁa but
different V,q 1f 1t is essumed that variation of Vgg is
due to cutting temperature, the following relation can
be written

v = V"

60 6
and & can be obtained from experimental data (as shown on
Fig. 67, A= 0,6 approximately, for various steels). ‘For
workplece materials which have the same Ve 5 Similarly, if

Vego = ‘g the coefficient B can be obtained from
uc

data shown on Fig. 66. ( A = 0.3 approximately)

The general relgtionship is then written:

x/ac
Veo = C Keo.a end Fig. 68 shows the
ue 0.6 »
log-log plot of Vgo versus W = -kgag » Wwhere the polnts

uc
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for all steels are sent to fall oh a 450 line. Consider=-
ing that th is by no means a precise factor but depends
for exampie on the contact pressure, that tools of opti-
mum rake angle were used for obtaining Vso for each
meterial, whereas the tools er all temperature tests
Wére the same and that bullt-up edge effects were
neglected, the scatter in Fig. 68 1s remarkably small.
This is taken gs sn experimental proof of the facf that
the machinability from the point of view of cutting
speeds is determined by the action of two basic factors:
the.wearing ability of the work meterial and the influ-
ence of the work material characteristics on the chip-
tool cdntact temperature. |

Next Feldstein discusses the mechenism of %tool
wear and proposes what is called "the abrasive-molecular
hypothesis of tool wear." Essentizlly he postulates that
at high temperatures in very thin layers of the tool the
hardness of high speed steel cen decrease to 610-700 Hp,
whereas the cementite in the work material has HE = 800.
The chip with hard particles acts somewhat like a grinding
wheel and "cuts" the tool material on a microscopic scale.
The shape of the tiny "cutting tools" will explein the dif-
ferent intensity of wear, the scratching being more effi-
cient with sharp 1amellar‘structﬁres rather than spherical
ones. It is interesting to note that the friction force

between the chip and the tool should be less for the former
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desplte the fact that they produce more wear on the tool.
In fact the friction férce on the rgke face of the ﬁool

was measured by a specilal instrument (reference 133) and
found to be higher for steels‘with lower wearing sbility.

Féidstein also investlgated the effect of
mechaniceal properties of the work material on-cutting.

It is seen that the plots of Vgo against the ultimate
strength -and the Brinnel hardneés have the least, but
st11l considersble scatter compared to % elongation, %
reduction and the strain hardening coefficient (J )
obtalned by meking s Rockwell test impression inside and
outside of a Brinnel impression.

Attempts to lmprove the correlation of the cut-
ting data with the mechanical properties by using two of
these properties were not successful. Here Feldstein
criticlzes the work of some American investigators
(Yanitsky, Sorenson and Peters, Merchant and Zlatin,
references 96-101). Inéidentally llerchant 1s slmost ec-
cused by Feldsteln (and also by Panchenko) for repeating
in several instances Zvorykin's and Bricks' work from
1893 and 1896. Exampiés of lack of correspondence
between Vy,5 and parameters based on mechanical properties

"alone are given (Fig. 84, 85). Plotting the mechanical
properties of various work materisls against their |
"abrasiveness" K, and cutting temperature 6 reveals much

" more correlation with the former (Fig. 88 and 89). The



71

importance of thermal conductivity (low for H.3.S5.) is
mentioned in a footnote; but the effect is not explored
further. The conclusion is that increaese of hardness and
strength gives lower valués of Vgp because they increase
the wearing ability of the metal and the cutting tempera-
ture, the increase of ductility gives higher Vgq, because
1%t lowers the wearing ability. Siﬁce the peculiarities
of microstructure in their effect on the above Vériables
cannot be'treated in an ébstract msnner, the experimental
measurements of the wearing ability'(Kuc) and‘the cut ting
temperature provide the two basic factors for the under-

standing of the mechanism of tool wear.

Surface Roughness Studies

Since the major Interest was in the quality of
surface finish»from the point of view of work material
properties rather than tool‘geometry, the cutting was done
by an orthogonal tool betwegn grooves previously made on
the specimen. (Fig. 1 and Fig. 9) H.S.S. tools were
used having a rake angle of 15° and a clearance angle of
8°. A feed of 0.05 mm/rev was used for all tests; emul-
slon was used as a coolant. lean height of ésperities
Hcp was measured by means of a double microscope.

‘Numerous plots of HCp 1s microns veréus cutting
speeds are glven for various steels and heat treatments

(Fig. 92 - 115, accompanied with photogrephs of the
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machined surfaces). Some general conclusions are drawn

from the glven data as follows: (Fig. 119, 120)

1.

For all steels independent of their content
the curves of Hcp ves V are shifted toward the

region of lower cutting speeds and the range

| of cutting speeds with poor surface qualities

is narrower for granular pearlite and sorbitic

‘structures as compared to lemellar pesrlite.

Therefore, the form of cementite has a decisive
influence on the relative position of these

CUrves.

The greatest height of asperities occurs with

greater amounts of free ferrite which depends
more on the content than on the heat treatment.
Lémellar pearlite and ferrite structures ob-
teined by normalizstion or full annealing have
good surface finish even at low speeds; For
medium carbon steels best results are obtained
with normalization at 900°C which gives also

best tool 1life.

Large non-uniform concentrations of ferrite

worsen the quality of surface finish.
Surface becémes better with the increase of
pearlite grain size.

Best machinability from the point of view of
surface roughness obtained with sorbites of

high hardness.



The roughness . of surface at the low speeds 1s asso-
ciated with the built-up edge phenomena except the
lateral tears which are thought to form as a result of
ruptures behind the cutting edge. The photomicrograph
of the profile of such lateral (perpendicular to the
directién of cutting) grodves shows no difference between
the structure of the asperity and the parent metal
(Fig. 132) unlike the asperities which are assoclated
with the built-up edge (Fig. 125).

'The differences of bullt-up edge formations for
various steels are assoclated with temperatures in the
cutting zone. The size of bullt-up edge depends on the
friction force between the chip and tool end the "internal
friction" (shear) of the metal. The greater is the first
force compared to the lattér; the greater will be the
bullt-up edge; The temperature of the cutting zone
influences the above forces. The friction coefficient
between chip and tool has a maximum at certaln tempera-
tures (References 57, 148, 149), and this fact is used
to explain the presence of the bullt-up edge and surface
roughness assoclated with it at the cutting speed range
of 10 to 50 m/min.

This is why, for example, the steels with granular
pearlite have the peaks of Hcp vs V curves at 1ower‘
speeds than ﬁhe steels'with lamellar peérlite end fer-

.rite structures -- they have higher cutting temperatures
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a8 was shown above. As en additional proof, experiments
of surface roughness measurements are discussed (ref. 74)
in which the workpiece was heated and cooled and the

peaks of H,, V8 V curves are seen to shift correspondingly

p
left and right from the room temperature curve (Fig. 133).
In addition to temperature effects the tendency of fer-

rite to form welds with the tool material have a negative

influence on the surface quality.

Cuttiﬂg Forces

. Force measurements were obtained with an orthog-
onal tool cutting a flange of 5 mm width with a cross
slide feed of 0.2 mm/rev. gilving & chip cross section of
1 mm® (Fig. 5). The dynemometer uﬁilized the change of
capacitance between condenser plates with varying width
of the air gap due to deflections. (Fig. 6, 7) Tools
used had 15° rake snd 8°vclearance angles; cutting speed -
was 10 m/min.

There is no serious attempt made to explain the
lack of correspondence between the power force Pz and
various mechanical properties, cutting temperature, wear-
ing ability (K,,) end the tool wear Vgg. But this lack
of correspondence (Fig. 134-137) supports the claim that
the cutting force is a separate entity which is inciuded
in the concept of machinability.

The basic conclusions are: (1) The heat treat-

‘ment does not influence the cutting forces if 1t does not



75

produce very basic structural changes in the metal.

(2) There is a definite connection between cutting forces
end the form of cementite particles; they are lower for
lamellar pearlite and higher fbr granular pearlite. Such
influence is explainéd by considering the brittle cement-
ite particles as sources of stress concentrations, the
latter being higher with sharp edged lamellar structures.
(3)*'Théfe is no clear relation between the intensity of

tool wear -and the magnitude of the cutting forces.

Machinability in high speed cutting

Here Feldstein develops a rather interesting
argument to show that maChinability indexes obtained
with high speed steel tools cen be éxtended into the
reglion of highképeed cutting with carblde tools.

. The differences in machinablility based on
structural characteristics and properties of the work
material would be rendered useless for high speed cutting
if one of the two conditidns were satlisfied:

(1) Cementite in the work material does

not have any abrasive action on
carbide tools.

(2) High temperatures in the work

materlal in the cutting zone change

its original properties.
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The first of these Proéositions is not true
since special investigations { | have shown that in the
process of wear of carbide tools'first the cobalt phease
(which is soft) is worn out end then the cerbide parti-
cles knocked out. Besides the hardness of the carbides
can decfease to about half the orlginal value due to high
temperatures in the tool. The examination of the second
condition shows that whereas the temperatures existing in
the chip are high enough for structure transforﬁations but
the time for themto occur is not avallable. The trans-
formation of pearlite into austenite at 100-850°¢
requires’a few tenths of a'seoond to begin (ref. 165),
but during cutting bnly fractions of a thousendth of a
second are avallable.

The data obtained by cutting various steels are
glven. These were performed by fhe conventional method of
turning. The plots of tool 1life versus cutting speed
curves show that the curves for various steels haveAthe
seme relative positions in.both cases. A graph of rela-
tive magnitudes of V6O‘for various steels shows approxi-
mately the same behaviour for both tool materials (Fig.l76).
A plot of Veo &@gainst hardness of work material reveals
considerably less dépendence on hardness in the case of
carbide tools, and so finally, plotting of Vgo for carbide
tools versus Vgo for high speed steel tools for different

work materials shows that the relation between them is not
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a direct one (the point does not lie on a 45° 1ine).
Feldstein recommends using the slopes of the final plot
A = 0.7 for steels having H, = 120 - 200 and « = 0.4

for steels with Hp = 200 - 350 in en expression

X
. 1 Vgo HSS
V6O’ carblde = Vggo, carbide —

: HSS

Veo

where Veo - 1s the quantity to be determined

VéO' - Ynown quantity for a steel which

has been. studied.
V60 HsS? Véo gsg - kmown values for the same
steels
A - the exponent equel to the slope

as above

As en additionel proof that the wearing ability
of the work material does have an effect on the 1ifé of
carbide tools, plots of wear vs cutting time are shown,
where considerably more tool wear is seen for the lamellar
pearlite structure than for the granular pearlite for the
same steel. V(Fig.l77)

The conclusions of this chapter are:

'(l) Since the wear of carbide tools primarily
depends on the wearing ability of the work material, there
is a possibility to increase the life of the carbide tools.
(by 2 to 5 times) by Obtainingvgranular pearlite structures

which give least "abrasiveness." There 1s no difficulty
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with surface finish at high speeds and very little dif-
ference in the cutting forces for the lamellar and grsnu-
lar pearlite structures.

| (2) Coéling of the cubtting zone is unquestion-
ably beneficial and should be used, care being taken to
avold crackiné by insuring of continuous‘flow of the
coolent. This is ﬁentioned In connection with the dis-
missal of thé argument that the effectiveness of high
speed cutting is due to melting of the contact layers of
the chip. '

Feldstein's work impresses by the amount of
experimentation performed in cutting, mechanical testing
and metallurgical analysis. The orgéniZation of the
material, data analysis, the logical development of the
presentation and the careful preparetion of specimens are
noteworthy. His reasoning has been thought-provoking and
in many instances illuminating, at least for the writer of
these lines.

The method of\facing involves approximations as
will be seen from the following section. But if there 1is
enouvgh experimentél evidence availeble to show that it
gives essentiaily same résults, the method is worth con-
sidering, particularly when one 1is faced with the task of
comparing the machinability of eight different sﬁeels with

over forty various heat treatments for some of them.
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One final comment. It is far from the writer!'s
mind to criticize Feldstein's work in the usual, almost
rituelistic menner in which Russian investigators criticize
foreign and particularly American technical papers. (See
Panbhenko, Feldstein, Artemonov.) If the work i1s experi-~
meﬁtal,‘it is accused of "bare empirism" if it is theoret-
lcal, it is dismissed as "mathematical formelism;" while
Russian writers are invariably credited with having gained
insight into the physical mechanism of the process under
study. . '

It seems to us, though, the when one measures
the indeX‘of wearing ebility by e rider which lmmediztely
follows a cutting tool (and therefore its wear depends
pertly on the machinability of the material), when one
does this purposely at low speeds as to avoid any tempera-
ture effects and then modifies the results by a tempera-
ture factor and finally comes out with the direct relation-
ship between what 1s essentially tool life and ride life,
-- one can be accused of going around a circle a bit.

And so Feldstein's triumphant statement (in
italics, page 78) that he has obtained conclusive experi-
mental proof of machinabllity being dependent on an
inherent wearing aﬁilify (Kﬁc) and an inherent heatiﬁg
effect (Ve) may perhaps be.an‘example of a soméwhat
typical way of reaching a conclusion of a person with a

" Marxist turn of mindQ
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However, any .experimental technigue which pro-
vides valueble data on fhe tool 1life by a shorter (and
vmore economical) route should beAwelcome, and in the case
of Feldstein it is at least as good as the "bare empirism"

of others.



81

Explanation of thé Method of Facing for Obtaining Tool Life-

Speed Curves

The foliowing detalls of the facing method were
“taken from A._M. Wolf (Russian spelling - VUL'F ) |
since Feldstein does not fully explain it in his book;k

During fecing the cutting speed obviously changes
from V, = mwd, N to Vy =md, N vwhere d; is the value

of the diameter when tool failure occurs. In ansalogy to

™" = Constant one may write

' m
T (V )mean = C where (1)

(v™) cen be considered the mean ordinate of the curve
mean

V" versus V in the reglon between V  and V,; and then

M m+ m 1t
n Vv vy
V.- Vs (ms) (V, = 15)

The time of cutting from do to dl is

= L _d-d_ Vi-k

Ns 2N S 27 NS

(3)

where L - is the radial distance travelled by the tool.

S - the feed - amount of travel per revolution.

Substituting into (1) the velue of \ﬁﬂnemn from

(2) and the time T from (3) gives
v-v, ("W c (4)
ArAEs (M‘/'/)(V,—Vo)
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Ir do is sufficiently small, this simplifles to

\[‘H = ¢ (m+) 2mN°s (5)

The last equatlion has two unknowns C and M, end
to determine these a second test with a different wvalue of

rpm is made and

mt) c (MH) Zﬂ'/vg_?_» ©)

V =
Solving for C end M from the two equations:

M+
/ (7)

2 g ..
(07 % —'/ AP =T o /v,z_s(mH)

From the first of the equations (7)

Ml Ay N, -GNy Loy N, — by My
z Lo5 y, - N log 27 + faj (1’,/‘/,)- —(0}277’ - (o (rMe)
(8)

W2 My mAem) + ey T~ tey %)
m+s = bog NV, — 20§ N,

2.y,
m+)
deg N, = Ly My

and finally (2)
2 /—m oy U, - Oy L2

= -
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The righthand side of the equation (9) can be
recognized as the slope of the N versus r, curve plotted
in logarithmic coordinates where r, is the radius where

the tool fails.

&,h '
| ok\

+/
‘L”———-: and

then -1 ~ (10)
ok,
and m= fQMﬂ( +/

tand — [

The equation (lQ) simplifies determination of
puul and guarantees better accuracy since the plot of n
versus r, can:bé obtained from many points rather then
only two. It 1s advisable then to have a large range of
diameters. |

It will be epprent that in the case of small
work pileces such a range is not available. Also in the
case of cutting with cerbide tools when the criterion
of failure is taken as & glven size of wearland it is
rather difficult to obtain the corresponding radius during
facing. For such cases cutting is done in several passes
and a correction suggested apbarently by Feldstein is used.

This correction 1s very briefly outlined in Wolf's book.
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A. Y. Artamonov in a book entitled Machinability

of High Strength Cast Iron (Nodular) reports results of

experimental investigations (1950-1954) with carbide and
some ceramic tools. IHe investigeted optimum tool geom-
etry for best tool 1ife, the effect of cutting conditions
on cutting fbrces end surface roughness, machinability of
high strength cast irons compared to steel and ordinary
casé iron and the influences of éontenﬁ, mechanlcal
properties, microstructure and heat treatment on machin-
ability.

A The first chapter of the book, besides giving the
chemical content of cast irons used (Table 2) and their
microstructure (Table 3), is devoted to rather eléborate
discussion of the mechanical properties. Concerning the
chemical properties a quantity called "equivalent amount
of bound cafbon" is introducedl(c;g)a). This has to do
with the fact that Si, Wi, Cu and other additions help
toward graphitizaﬁion of cast iron while Mn, Mo, Cr and
others hinder the graphltization. The equation

Cee5= Gy +0.25Mn +0.33P +0.066 (2 =~ 0N/ +0.75 Mo

(1)

where C,g = total amount of carbon minus amount of grephite
is the amount of bound carbon in the cast iron and the %
content of varlous elements is multiplied by approximate

numbrical coefficients obteined from the literature.
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To describe tyhe mechanical propertiés in the plastic
region a quantity S¥a is used (Table 5); it is essentlally
an "ultimate stresé" for compression tests which cannot be
obteined with ordinary testing. Detalls of the method are
6mitted_here since they are not of direct interest, but

the recipe is as below.

(1) Several compression specimens are tested having
different diameter (d) to height (h) ratios.

Stress is obtained from the load P by the formula

4P ho =
.Fzﬂ-:-‘z;_"‘(/‘q/) where = T

Stress P 1s plotted sgainst the degree of deforma-

tion 9, (Fig. 11, Fig. 8la) for all specimens.

(2) Several values of d/h are obtained for certain

values of 1, from:

d _ do /

—

A /70 (/" q’)g/t

(3) Next, a plot of stress versus d/h is prepared for

all specimens and lines @ = constant are extra-
polated to d/h = O, obtaining a series of inter-

cepts Sc. (Fig. 12, 14, 81b)

(4) The intercept values from the above are plotted

against corresponding ‘), values which are supposed

to be the strain hardening curve.
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On the same‘plot'a curve of so-called fictitious

tension stresses is drawn according to equation (8)
%, = 5. (1-9)

The latter curve has a maximum (ultimate strength)
end the value on the Sg vs q, curve corresponding
to that maximum is taken as the "characteristic

compression stress" Sgo- (Figs. 15, 8lc)

Artamonov recommends the following approximate rela-

for S, (equations 18, 19)
HB = 2.2 Sg, + 14.2 for high strength cast iron
Hy = 1.88 Sg, + 12.7 for cast irons with lamellar

graphite.

Also, for all cast lrons:

Co. +0.74
Sge = ck.2 (See eq. 1)
0.02 ' . )

The wearing ability (§ ) or the asbrasiveness of the

various cast irons is measured exactly as done by Feld-

stein, only the rider was made of cast iron instead of a

tool material. The values given for & (table 6) are

seen to increase with increasing %C and they correspond

particularly well with C.g .
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Artamonov mentions rather serious defects of thls measure-
ment since it depends on speed and other conditions of
the test,‘roughness of the surfece produced by the tool,
properties and uwniformity of the rider material, etc.

The experiments for determining Tool Life - Speed
curves were pefformed byAconventional turning rather than
by accelerated methods becaﬁse of the noveity of the
materials under study. Speeds for 20 min. tool life
(V2o) and one hour tool life (Vgq) are chosen for compari-
son since the first is associated with temperature wear
and the secand with abrasive wear. Cutting conditions
used were:r rake anglé 10°, clearance angles 8%, side and
end cutting edge angles 60° and 15°, nose radius 0.5 mm,
depth of cut 2 mm, feed O.2 mm. The workplece was cast

with an annulus cross section for better uniformity.

TOOL LIFE

The main finding of the above pests cean be summar-
ized as folloﬁs: Tools of the TK~E§§elcwi£h titanium
carbides) at speeds of 50 - 60 m/miﬁ wear out'mostly by
forming a wearland and also rounding of (microscopic
chipping) of the butting edge. At higher speeds or
smaller amounts bf titanium.carbides and also when cutting
very hard cast irons (HB = 250 - 350) a crater is formed
which i1s similar to the process of wear on BK tools

(tungsten carbide only). The EK tools at speeds of
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60 - 70 m/min form both crater and wearland with no ap-
perent chipping of the‘cutting edge. Essentially three
mechanisms of wear are recognized: (1) High temperatures
due either to heavy cutting or hardness of the work
material contribute to the easier removal of cobalt from
the friction surfaces; (2) High temperatures also contrib-
ute to the iﬁcrease of the chemical activity between chip
and tool; and (3) Fatigue phenomens assoclated with dis-
donfinuous cutting.

The plots of tool life vs cutting speeds for vari-
ous cast irons (Fig. 34, 35, 37, 38) shownthat the curves
for different tools sometimes cross each other. This is
explained by the probable fatigue phenomena and differ-~
ences in the wear resistaence of carbide téols. In fact
fatigue strength and wear resistance for carbides have an
inverse relationship, the tools with little cobalt
content being harder but less tough. ’Then tools like
T30K4 (30% TiC, 4% Co) and BK 2 (2% Co) at low speeds
undergo fatigue destruction on a microscopic scale near
cutting surfaces. Et high speeds (less cutting time)
there are not sufficient amount of ncyéles to cause
fatigue and the relative tool life of these %tools is
higher because of their higher wear resistance.

A comparison with a ceramic tool (ZM-322, Fig; 39)

shows it sﬁperior to a carbilde tool above about 400 fpm.
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The conclﬁsion of this sectlon is that BK 2
(2% Cé, rest tungsten'carbide) has the best wear proper-
ties but is too brittle for heavy cutting. And so K 6
is recommended'in’all cases for cutting high strength

cast iron except for finlsh cutting (Table 8).

OPTIMUM TOOL CGEOMETRY

Tests perfofmed at various cutting'conditions
chenging one variable at a time (Table 1, Fig. 40)
reveal an optimﬁm tool geometry: rake angle —50, cleer-
ance angles 120, end cutting edge angle 120, nose radius

1 mm.

Effect of Various Cutting Conditions on Tool Life

The influence 6f cutting speeds on tool 1life is
expressed by the equation T = ¢/V® and the values for G,
M, Voo and Vgq ere obtained from the experimental data
for 17 different cast irons and one steel for comparison
(Table 9); T vs V curves are also given (Fig.h4l). A wear-
land of 0.9 - 1.2 mm is récommended'as failure criterion
for any speeds (Fig. 42) in virtue of the fact of a sharp
increase in wear rate at those values.

For comparison tool life curves for a ceramic tool
(Fig. 42) and tools for cubting with inverted depth o
feed ratio are given (Fig. 44). "lMicro"-chipping of cera-
mic tools is intensive, and they ere considered successful
only for finish cutting of ferritic cast irons which do

not contain free cementite.



90

Next, the effects of depth of cut (Fig. 45) end
feed. (Fig. 46, 47) are investigated and experimental
equations are obtained in the form: speed equals a
constent divided by the tool life; depth and féed raised
to some péwers for different depth to feed ratios
(eq. 29’— 32).

Use of coolants (10% solution of emulsol is strongé
1y recommended because of considerable tool life incresases
(Fig. 48) end also much better surface finish. No diffi-
culties with the cobling system were observed aé is the
case when: cutting ordinary cast irons.

The effect of heat treatment of cast iron on tool
life was studied apparently without conclusive results.
For one cast iron (Fig. 50a) anneaiing produces aboukt
15% increase of tool life; for another cast iron (Fig. 50b)
normalization produced only half the tool 1life compéred
to the cast state. The subject 1s abandoned with the
staetement that changes in machinability as a result of
heat treatment are important and they are due to result-
ing changes in the,cuﬁting temperetures.

Since considerable plastic deformation takes place
in cutting malleable cast irons (chip length ratios reach
O.é),cutting temperature was considered important and was
measured by the two-tool thermocouple method. Temperatures

up to 1100°C were recorded (Fig. 53). Comparison of Vso



end V., with cutting temperetures shows no direct corres-

20
pondence between them (Table 11), and Artamonov concludes
that both the cutting temperature and the gbrasiveness of
the work materialldetermine the tool wear. The character
of the dependence of the cutting temperature on cutting

speed, depth and feed are very similar to that obteined

in cutting steel.

Cutting Forces

Results of the force measurements are given in the
form'of rather self-explantory plots of forces vs speeds
and also of inverse chip 1ength‘ratio and the width of
contéct between the chip and the tool (Fig. 55-58). It

"is stated that the behavious is analogous to that of
steel and the existence of maxima and minima at lower
speeds 1ls assoclated with the built-up edge formations.

A comparison of plots of cutting forces and the
inverse chip length ratlo versus cutting temperature
reveals a correspondence of the mexima at GOOOC (Fig. 61)
from which the conclusion is made that the cutting speed
influences the forces and the chip length ratio mainly
through the cutting temperatures. Plots of the coefficient
of friction between chip and tool (equation 38) versus cut-
ting speed (Fig. 64a) and cutﬁing temperature (Fig. 64b)

have qualitatively the same shape as the ones for forces
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and chip length ratio, but it is assumed that for the
first approximation the coefficlent of friction may be
considered almost Independent from the cutting forces
6r feed and 1s determined by ﬁhe cutting temperature.
The specific cutting enérgy at a glven cutting

temperature cannot be consildered independent of feed as
1t is possible to do approximately for steel (Fig; 65) .
Apparently this is due to discontinulty of the chips at
higher feeds in which case less energy is required for
cutting. |

- To obtain simple formulas for an approximate deter-
minetion of the required cutting force a plot of the
specific energy vs feed at a constant temperatﬁre is
prepared (Fig. 66). It is seen that the specific energy
keeps decreasing with increasing depth of cut (feed).

The express for the specific energy (Q) 1is written in the

form: :ah
c

(2 =

m

a

and the exponents n and m are found to be 1.0 and 0.226.

(56c is the "characteristic ultimate" stress.)

Surface Finish

The results of tests on surface finish are giVen in
the form of .plots of the root-mean-square height of

asperities vs cutting speed (Fig. 67). Malleable cast
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irons occupy intermediate position between steels and
ordinary cast irons. There is considerable built-up edge

formation and associated with it surface roughness.

Properties of Cast Iron and Machinability

In this section there follows a 1§ngthy discussion
of'attempts to'find~a practical ihdex of machinability
basea on some properties of cast iron. Materials having
one or more similar properties are grouped end results of
tests'on.tool life are compared with no definlite conclu-
sions,

. The best correlation is obtained between Vgo and
thebvariabkas discussed above C,y.z (% effective bound
carbon; Fig. 76) and Sy, ("ultimate" stress in compression;
Fig. 79); the latter particularly good when tri-axial
compression test is used (Fig. 80)} The above two
quantitlies are considered physically sufficiently inter-
connected to give the same effect on.maChinability
(Figs. 28, 29).

Recommended practical equations (including ordinsary

cast irons) are:

92.% (43)
V6O = —2?7157 : ;
cé.> .
v - 9.22 ‘I04 3.34 xlo‘, | (46)
60 - 7.35 and l40= -.—-—-—’-.-;;,"
bc j ,
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9
Veo = 3&5&1_112_ (47)

J;‘/.SS’
for 0.2 mm/rev and 0.4 mm/rev respectively.
Artamonov considefs the measurements of'the index of
abrasiveness or wearing apility as too uncertain to be
used for the determination of machinability unless they
are properly stendardized as a result of further étudies.
" Finally, approximately, and without including ordin-
ary cast irons, Vgp can be obtained from the Brinnel hard-
ness by |

| Constant :
V60 = (ﬁ > 1.35 . (44)
5)

Artamonov's book again ls impressive because of the
amount of experimentastion done. In fact, 1t is an almost
parallel study of cast lrons to that of Felstein on the
machinability of steel, except'that being a more recent

work, it deals with carbide tools rather then high speed
| steel. It 1s by no means as well organized ih the over-
all presentation and the data analysis, but it pleases by
i1ts careful and more cautious discussion, being .the work
of perhaps a less imaginative and more conservative

persbnality.
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