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THERMAL ASPECTS OF METAL CUTTING by Erwin G. Loewen w

Submitted to the Department of Mechanical Engineering
on Mey 9, 1952 in partial fulfillment of the require-
ments for the degree of Doctor of Science.

Thermal effects in metal cutting, as evidenced by the breakdown
of tools operated at excessive speeds, have been plaguing machinists
since the earliest days of the art of machining. It is only very
recently that the scientific approach to metsl cutting has made

possible an anelytic study of the temperatures developed at the cutting

edge of & tool.

This thesis presents a method by which the thermal aspects of the
simple two-dimensional cutting process can be derived from the geometrical
and force pictures, if the thermal properties of work and tool materisls
are known. In particular, the temperature on the cutting face of the
tool will be calculated, since it is the quantity with the greatest

practical significance.

Theppurpose of the analysis is to provide a quantitative procedure
by which one can calculate the influence of speed, feed, and physical
properties of tool and work materials on the cutting temperatures.

Wherever possible, the anelysis was checked by experimentsl data.

As a prectical sapplication, the anelysis was used to explain the

unususl temperature phenomena noted in the machining of Titanium.

Thesis Supervisor: M., C. Shaw

Title:  Associate Professor
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INTRODUCTION
That the production of heat elways accompanies the metal cutting

process must have been evident to the earliest workers in the field.

This point eppears to have been appreciated first by Count Rumford (23),
whose report to the Royal Society in 1798 on the heat produced in the
boring of cannon proved en importent contribution to the theory of heat.
The greet practical importance of the heat thus generated was brought out
much later by F. W. Teylor, whose monumentel paper "On the Art of Cuttiing
Metel® (39) in 1907 was & mllestone in the field. Teylor's interest in
mass production led him to study the factors which limit useful cutting
speeds in machine tools, and he noted that as speeds increased, the tools
became hotter and as a result broke down faster. He proposed that tool
end materisls be rated by the cutting speed at which & tool lasted just
20 minutes before breeking down completely.

Even todsy the empirical life tests on which such a rating depends
are still the accepted method for classifying both tool and work materials
for their machining characteristics. However, there are available now,
through a development stretching over the last 25 years, & number of more
scientific tools for studying the metal cutting process.

From a themal viewpoint the most significant of these are the methods
devised for messuring the temperatures ai the tool tip, the simplest and
most effective of which depends on measurement of the thermo-electric emf
existing between tools and workpiece. This made possible not only quanti-
tative measurements f temperatures that various tool materisals can with-
stand for finite periods when cutting, but also en evaluation of work

materiels with respect to the temperatures they generate in cutting. In



Europe this method is being used to control the uniformity of some steels.
Such measurements also make it possible to convert Taylor's approximate
formula for tool life

Life = (constant) (cutting speed)l/m
into the much more significant and more generally useful fom of

Life = (constant) (tool temperature)l/ n
where the exponents m and n are large numbers (10 to 20).

Other developments in the field have brought the design of machine
tool dynamometers to the point where measuring the forces on tools is no
longer a difficult or mysterious process. Through the work of Ernst and
Merchant (9) end others, fairly simple meens have been devised for obtaining
a detailed force picture in simple two-dimensional (orthogonal) cutting, if
the geometry and tool and chip are known as well as two perpendicular force
components. From this data the shear stress and strein, shear energy, coef-
ficient of friction, etc. can be readily calculated.

The purpose of this thesis is to present a method by which the themrmal
aspects of the orthogonal cutting process can be derived from the geometri-
cal and force pictures, and in particular, how the temperature at the cutting
face of the tool can be calculated. To do this, it is necessary to know also
the thermal properties of tool and work materisls. |

Such calculations are too involved to warrant their use in everydsy
shop practice, but they are very useful to the engineer in helping to
predicj; the effects that speed and feed, geometry, and the phyeical proper-
ties of the Tool and Work materials are likely to have on cutting tempers-
tures. As a practical example, the analysis was used successfully to
explain the rather unusual temperature phenomena observed in the cutting of

Titanium.



FORCE MEASURFMENTS AND THEIR EVALUATION

The best machine tool for continuous orthogonal cuts is a lathe.
The most important requirements for & lathe dynamometer with which to
measure force components in two directions are a stiffness as high as the
required sensitivity will allow, simplicity, and ability to measure each
component without apprecisble interference from the other (16) (25).

A unit that meets these requirements to a high degree was designed
end is shown assembled in Fig. 1. Consisting of just two parts, except
for screws, its simplicity can hardly be improved upon. The two members
ere a body that can be mounted directly on the cross-slide of & lathe and
this body holds a cantilevered measuring bar, a picture of which is shown
in Fig. 2. The measuring bar has a square section between the part clamped
in the body and the part holding the tool, and the sides of this square
are held accurately perallel with the square hole in which the tool is
clamped. A total of 8 type A-8 SR~/ resistance strain gages are mounted
symuetrically on this square section, two on each face. The gages are
hooked up in two complete Wheatstone bridges, each of which is sensitive
only to forces in one direction, interference being less than 1%. Torsion
on the bar, which occurs when the cutting edge of the tool is not on the
centerline, has no influence on the output of the bridges. With a Senborn
type amplifier, which is sensitive to strains down to lx10—6, sensitivity
is about 5 pounds. The maximm safe load is over 10,000 pounds, which
mekes the unit almost indestructable. Stiffness is sbout 300,000 1b/in,

vwhich is much higher than that encountered in the usual type of lathe set-

up.



Figure |

Model L-4 Two-dimensionsal Lathe Dynamometer
Note the T-Nuts which fit the compound slide of a Lathe.



Figure &
Measuring Bar of Model L-4 Lathe Dynamometer

Strain gages on measuring section have been covered with a

protective coating of wex.



The methods by which the interesting stresses and forces in the
cutting process are derived from simple force and geometrical measure-
ments were stated by Merchant (loc.cit.) and are listed befow for reference
purposes. To visualize the process Fig. 3 shows a diagram of the two-
dimensional cut and Fig. 4 the corresponding free-body disgram of the

chip alone.

Figure 3.

Two-dimensional (orthogonal) cut, showing forces and geometry



Figure 4.

Free body disgram of forces acting on the chip
The coefficient of friction along the tool face is then
+
o= tan/f = ;_g - ict':m:tan :t (=)
nt c t

If the cross-sectionel area of the chip is AO then the area along the

shear plane is _
A
Ay = sin (b)
When the forces along the perpendicular to the shear plane are divided

by the area As we have expressions for the aversge shear stress (T) and

aversge normal stress (S ,) on the shear plane.
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' The chip length ratio (rc)) by continuity is equal to the chip thickness

ratio
t
_ .4 _ sin _

e ~ ty " cos(g-&) (e)

so that # is given by
1 e cos &K

=t T ina (£)
The friction Ff is given by

Fp= F cosot + F, sinel (g)

The shear strain ( X ) that the chip undergoes can be expressed in several

different foms, sll of which are equivalent:

y = ten (# -X) + cos § (0
J = cot g+ ten (¢ -o) (n)
Y= T g =®) (a")

The chip velocity V c is & simple function if the cutiing velocity Vt

v e * rth (3)
The total energy consumed in the cutting process is given by
vV,F F
R Al (k)
dat d

The part of the energy consumed in the shear process alone (u s) is the

product of shear stress and strain:

n, = Z'J’ (m)

s



EXPERIMENTAL METHODS OF MEASURING TOOL TIP TEMPERATURES

Up to the present time only three experimental methods have been
proposed for tool tip temperature measurements that do not depend on
themoelectric measurements.

Schwerd (37) tackled the difficult problem of measuring the radia-
tion from different points of the tool and chip, but had to construct an
elaborate rockselt optical system to do so. The experimental technique
was a difficult one, especially the calibration. Since this is the only
method capable of measuring temperature gradients in the work as well as
the tool, it is unfortunate that the bulk of Schwerd's data has never been
published. Obviously the most important part of the tool, the cutting face,
is not subject to such radiation measurements, since it will always be
obscured by the .chip being produced. As a tool for extensive measurements,
this technique is not sultable.

Another method wes proposed by Schallbroch and Lang (26) who used a
series of temperamture sensitive paints on the clearance face of their tool
end then measured the position of the various isothermal lines so indicated.
Plotting these they could extrapolate to obtein the temperature of the
cutting edge. A practical limitation lies in the fact that these paints
are also time sensitive, so that cutting time must be standardized (5 min.),
and at least 6 different paints must be used, to obtain 6 different iso-
therms. This means 30 minutes of cutting for each test, which can use up
large quantities of test materisl. The authors noted that the tool tip
temperature so determined was about 100°F higher than that measured by the

two-tool thermocouple method (see following page). Later work of Lang (14)



recognized the fallacy behind the latter method, in fact he used the
thermocolor technique to show that two geometrically similar tools made
of different materiels could have widely differing tool tip temperatures,
thus disproving the basic assumption of which this method rested. Unfortu-
nately Lang:.did not give any figures comparing the thermo-color method
with the single tool thermocouple method.

This gap in information has recently been filled by Bickel (1) (2)
who determined tool tip temperatures not by simple extrapolation of the
isotherms but by building an electrolytic anslog model of the steady state
(efter 18 min.) temper#tures in the tool. Through & trial and error method
voltages of 10 equivalent heat sources along the cutting face were varied
until the constent voltsge lines in the model corresponded to the known
positions of the isotherms. This rather lazborious procedure made it pos-
sible to oblain actursl temperature distributions and to compare them with
the single tool thermocouple method. The case reported, for a high speed
steel tool having a slight wear crater behind the cutting edge, and cutting
at sbout 120 ft/min, indicated a thermocouple temperature of 1040°F, while
the thermocolor technique gave a variation of 1340 to 1020°F for the
temperature along the cutting face. Perhaps an unworn tool would have
given different results, in fact the authors infer that agreement would
be better in such a case, but give no figures. A severe limitation of the
thermocolor method lies in the length of the runs required (5 to 18 min).
Not only does this use up large amounts of material, but, more important,
limits measurements to those temi;eratures at which & tool may be expected
to remain substantislly unchanged during a test. This is in sharp contrast
to high speed thermocouple measurements where readings can readily be ob-

teined within 2 seconds or less. Newertheless Lang (14) claims that by



improving and standerdizing his equipment he can speed up thermocolor
measurements to the point where they become practicel for genersl use.

Pahlitzsch and Helmerdig (19) have elaborated on the technique for
evaluating thermocolor isotherm measurements by perfomming a non-steady
state analysis of heat flow in a tool, making use of Schmidt's (35) (36)
finite difference method for solving the Fourier Heat Transfer equation
in Linear, cylindrical and spherical coordinates. The finite chip contact
area over vwhich a tool receives its heat prevents exact application of
any one of these coordinate systems, but by mal«:ing suitable approximations
a solution'can be obtained from which rather complex corrections can be
calculated. It is also possible to calculate the smount of heat energy
passing into the tool, and & sample calculation showed that about 1% of
the total energy in cutting steel at 60 ft/min passed into the tool. The
authors also point out that themmsl gradients in the tool are such that
any cooling spplied other than right at the cutting point can have bu$
little effect on the tool tip temperature.

A third method is to perform calorimetric measurements on the whole
cutting process, or more usually just the chips. While this does not
leadv to tool tip temperatures it gives the average chip temperature and
it is a useful comparative method according to Schmidt (33), and of course
is the only way in which the energy distribution in axtting can be measured
directly. It is unfortunate that cutting conditions make it so difficult
to perfom calorimetric work with the high precision necessary to makd
useful energy studies.

The most popular technique now in use for tool tip temperature measure-

ments is the tool-work thermocouple method, first proposed by Shore (M.I.T, 1924)
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and independently by Gottwein in 1925 (10) and Herbert in 1926 (12). The
idea is to make use of the different thermo-electric properties of tool

and vork materials and measure the thermal emf that is produced as a result
- &t the hot junction between the tool and work, or more particularly between
the cutting face of the tool and the chip. If suitable precautions are
observed, and if a calibration is aveilable, then this emf can be inter-
preted directly in temms of temperature.

Perhaps the first thing evident in an inspection of the usuel tool-
work thermo-electric circuit, shown below, is the vegueness of the cold
Junction conditions of the system. If the usuel rules for accurate
thermocouple measurements were to be followed, then the cold junction
temperatures should be definitely established by keeping point (a) on the
tool and the mercury connection at (c) at a fixed temperature, such as the
ice point, 32°F. Furthermore, the connecting rod (r) and the disk at the
end should both be made from the work material to keep from introducing
extraneous emf's at (b). These are conditions very difficult to fulfill
in practice. For instance, it is hard to visualize keeping the back end

of the tool at 32°F, especielly vhen it has to be clamped in a dynamometer.

Fotentiometer

Figure 5,

Simple Thermoelectric circuit on Lathe.



Professor Bickel (1) has proposed some ingenious methods to get around
these difficulties. For the tool he provided an artificial cold junction
at the ice point by using a chromel-elumel couple attached to the free

side of the tool and noting that the two wires are positive and negative

Alume [

Figure 6.

Artificiel Cold Junction for Tool.
respectively with respect to the ice-point emf of a high speed steel tool.
Thus there must exist along the potentiometer wire R a position for which
the potential is that of the tool at 32°F. This position is found by
suitable calibration, although sometimes non-linearities make slight
edjustments necessary &s the tool heats up. Meking the connecting rod
(r) in Fig. 5 of the work material is most inconvenient, impossible when
only a limited amount of materisl is aveilable. Bickel's solution was to
meke & small arm of the work materiel, fastened to project from the rear
of the workpiece, the tip (t) of which effectively remained at room tempere-

ture even when the main body of the work became hot and is shown in Fig. 7

below.
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o Fotentromeler o

Figure 7.

Compensated Thermo-electric circuit for Lathe.

A flexible wire connected point (t) through the headstock of the
lathe with the mercury bath (m), which was kept at 32°F. This had
the same effect as keeping the end of the workpiece itself at 32°F.

While Bickel's method is the most accurate published so far,
there is a question as to whether so many precautions are always
warranted, in view of other uncertainties. For instance, the ar-
rangement shown in Figure 5 may be entirely adequate when cutting
with carbide tools whose high themmal emf's make results quite insensi- .
tive to small parasitic emfs at (b), and also when tests are of such
short duration that both points (a) and (c) can be expected to remsin
at room temperature, which ig then taken as the reference temperature.
In this work 75°F was teken as the standard reference temperature during
calibration. If ambient temperature rises above this, tool temperatures
will appeer too low and vice versa. Howevey, for practical purposes
such variations are less than the precision of measurement, so that

the simplification is justifiable. To avoid the effect of circuit
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resistances it is highly desirable that potentiometers rather than
millivoltmeters are used for measurements. The G.E. Photoelectric
recording potentiometer proved an ideal instrument for this job.

To realize the limitations of the thermo-electric temperature,
measurement, it is necessary to consider just what takes place at the

point of contact between the work (chiﬁ and the tool. Figure 8 gives

Figure 8.

Tool-Chip Contact
a samewhat exsggerated picture of the ﬁicrogeometry at the tool-chip
contact area, showing a large number of small contact points, each of
which naturally foms a little themmocouple. Motion of the chip causes
the contact areas to change continuously. Temperature at each of the
little junctions, which modern friction theory assumes to be small welds,
will in general be different. This means that the emf across these
Junctions will also vary widely, but there is no way of measuring these
individuel emf's, since they are a2ll effectively in parallel. The low

temperature points will act as partial short circuits for the high

temperature ones.



The degree of such short-cireulting depends on the relative resistances
between the points, that is the resistivity of the tool and work materials
and the geometry of the contacts. Further short-circuiting is possible
where the clearance face of the tool makes contact with the workpiece,
Inertia in measuring instruments superimposes a time-integration on the
thermocouple voltage-averaging taking place at the tool. It is clear
therefore that the final result can only represent some sort of average
temperature, the exact nature of the averaging process remaining unknown.

Using a similar thermocouple technique Bowden (4) and his group in
Cambridge, developed & smethod for measuring tempersature peaks in sliding
contact of two dissimilar metals, using very small specimens and cathode
ray oscilloscope recordings. Thus they could detect instances during
sliding when one junction predominated, undisturbed by short-circuiting.
The surpriging result observed was that even at relatively slow speeds
and low pressures some temperature peaks correspond to the melding point
of the lower melting material and that this also proved the limiting
temperature at higher speeds and pressures. It therefore seems reasonable
to expect that under the much more severeconditions in metal cutting,
even at very low speeds, there will be some junctions at the melting
poing of the work material. Accordingly any attempts to measure peak
temperatures would seem to have little practical vezlue, as this would
always indicate the same value, regardless of speed. Since speed is
known to have a very important effect on tool life, it is obvious that
life is notra function of the maximum temperature, but of an average

temperature.
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The important question, of course, is whether the average temperature
as determined by the thermocouple measurement is the same as the average
temperature which is assumed to control the tool life. Lacking an slterna-
tive they are usually taken to be the same. Only a long series of tedious
life-temperature tests can answer this question; there is very little such
data in the literature, beyond the important paper by Shallbroch and
Schaummnn (27).

An important experimental limitation in this measurement arises from
the built-up edge. When the presence of a built-up edge prevents direct
contact between the tool and chip, the calibration conditions no longer
exist and the emf measured loses its meaning. The very small, invisible
built-up edges, which Shaw and Strang (32) have shown to be present even
uncder the most favorable cutting conditions, need not cause concern,
because as long as such a layer of work material is thin encugh to prevent
a large temperature gradient across it, the results are not affected. A
large built-up edge, besides being unstable and altering cutting conditions,
introduces a material of unknown thermo-electric properties and a large
temperature gradient across it, for which no correction is possible. The
thermo-color technique, however, might be a practical way to investigate
 this parficular point.

The magnitude of the thermal emf generated under cutting conditions
is an important factor, since it deterﬁines the instrumentation required
and the accuracy obtainable. As might be expected fpom their greater
dissimilarity, carbide tools give an emf about three times as great as

high speed steel tools when cutting steel. This gives carbide a considerable
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advantage in helping to cut down the influence of extraneous errors.

The shape of the emf-temperature calibration curve can @lso have an
important effect on results. A typical curve is shown in Figure 9 below.
In the ideal case, the useful range of temperature covers the shape
between (2) to (3), but in practice all possible combinations have been
observed. Obviously when working in the range between (1) and (2) or

(3) and (5) ambiguous results are possible and accuracy greatly reduced.

As actual calibration curves will show, such difficulties do not appear

with carbide tools.

ﬁmfem fure ——»

Figure 9.
Representative Temperature Calibration Curve.

A seemingly foolproof method of getting rid of all calibration
troubles was proposed by Reichel and Gottwein (11) and was widely
accepted in German industry. This is the so-czlled two-tool method
illustrated on the following page. Here two geometrically identical

tools are made to cut the workpiece simulteneously. Assuming the
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Figure 10.

Two-Tool Thermocouple method.

temperatures at the two tools to be the seme, the emf produced between
then is indepehdent of the thermo-electriec properties of the work material,
which therefore does not need to be determmined. Only a calibration of
the two tool materizls is needed. As Lang (14) came to recognize much
leter, the method falls down on its basic assumption, in that bempera-
tures at the two tools will not usually be the same, especially when
they are of widely different materials, which is desirable from the
thermo-electric viewpoint. This can be attributed to the varying coef-
ficients of friction, and the different thermal conductivities of various
naterials,

As Shore pointed out in his original thesis, it is sufficient
from a thermo-electric viewpoint if either the tool or the work are
insulated ffom the machine. In this work, it turned out that insulating

the workpiece alone proved entirely adequate.



CALIBRATION OF TOOL-WORK THERMOCOUPLES

If temperature measurements of different experiments are to be
reduced to. a common denaminaﬁor, it must be done in terms of degrees of
temperature. Measuring thermal emf values alone can only serve for
camparison, for a single tool-work combination, eand even then can be
misleading if the calibration happens to be non-linear.

Accurate calibration of the tool-work thermocouple combination is
e surprisingly difficult job. The reason is chiefly a gecmetric one,
in that neither material is likely to be in wire form, &and any attempt
to convert them to wire, could change their thermoelectric properties.
Thus the usual standardized techniques for themmocouple. calibration can-
not be used.

Under the circumstances the mosi obﬁious method is to bring the
tool and work into intimate contact (no oxide films) at one point, heat
this junction, and measure the resulting emf, as well as that of a
reference couple placed at the same junction. ‘This method will be termed
direct calibration.

There are several ways in which the tool and work materials might
be brought together with the necessary good contact. One is to actually
teke & cut, on alsmthe or drill press for instence, and stop the machine
mid-out and perform the calibration on the machine. This has the ad-
vantage of assuring a very clean contact, but suffers from the fact
that machine tools are not easily converted to furnaces. Heating the
junction unifommly and making sure the reference couple measures the

same temperature are the principal difficulties.

18



4nother method would be to clamp the two materials together with
a C-clamp. This allows small contact areas, but is liable to be clumsy
and wnreliable if celibration up to high temperatures (1500°F) is
intended.

A third method, and one used for part of the present work, depends
on silver soldering the two materials together and burying the reference
couple in the soldered joint, or immediately next to it. This is the
method used for all "direct® calibretions. Making a satisfactory joint
is the most difficult part of the procedure. An objection to the method
lies in the fact that in silver soldering the temperature of the iwo
pleces must be at least 1600°F, even if only for a short time (about 10
seéonds), and that this can bring about metallurgical changes which
might alter the themmoelectric properties. The silver itself should
introduce no errors as long as it remains at a uniform itemperature.

Thig condition is not hard to meet, since the layer need not be much
more than 010" thick and silver is a good conductor, Figure 11 shows

a schematic diegram of the set-up.

19
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Figure 11.

A fourth method would be to insert the ends of the two materials,
this time not joined together, and the reference couple, into a bath of
molten metal. If the liguid metal could be maintained at a uniform
temperature, to avold introducing thermal emf's of its own, this would
seem to be a simple method. However, heating should be fast enough to
allow the cold ends of the test pieces to remein so.

One of the major difficulties in direct calibration is to keep the
reference couple at the same temperature as the tool-work junction. This

is because of the relatively high temperature gradients involved at this



point. Fortunately in this respect the calibration is self-checking
when readings are taken both during heating and cooling cycles. If

the reference couple is too exposed then it will read too high on the
heating cycle and too low on the cooling cycle, resulting in the ap-
pearence of an hysterisis loop, as indicated below. ©Should the position

of the couple be reversed then a loop such as that drawn dotted will result.

EM/oemz‘are

Figure 12.
Possible Shapes of Temperature Calibration curves.
Experience has shown that in neither case is it safe to dresw an average
line through such a hysterisis loop, due to non-linearity of the effect.
La¢k of such & loop, in addition to repeatability, is a good indication
of the precision of the calibration.

Indirect Calibration

There sre several objections to the direct calibration method as

outlined above. One is the large number of heating and cooling cycles
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the tool material is subjected to whenever & series of materials is to
be celibrated. A more important objection is the relative cumbersome-
ness of the direct method and the time consumed, which allows no more
than two calibrations in one day.

Both these objections can be overcome by reczlling that according
to the laws of thermo-electricity the thermel emf between the thermal
emfts cf these two materiels sgainst & third or standard material. Such
a standard material can be chosen quite arbitrarily, but obviously a
reproducable, thermodynamicelly stable material is indicated. Nothing
could be simpler, therefore, than to use one of the two wires of the
‘reference couple itself (e.g. chromel-slumel) as the reference. For use
with carbide tools zlumel is an ideel reference material, since it has

e low emf compared to carbide. This then allows the use of the simple

G.E. Photoelectric
Recordins Eetentiometers

-~

Zero SUQPT%SQQrs

N

\ E
Alumel ,-Chro;:?§§§\‘cold Junctions

-GCeramic Tubs
~Stlver Solder

Cold Junction CObper

=

Test Materisl

= Oxy-Acetylence Flame

'RIC CALIBRATION

Figure 13.
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set-up shown on the previous pege, which can be prepared in a fraction
of the time required for direct calibration.

Except for the first one,all the methods for heating in the direct
method are e£lso applicsble here. The method used for all the bindirect
calibrations in this work was to insert & chromel-slumel couple in a
little bead of silver solder at the tip of the test materisl and then
heat the junction with & bunsen burner. For a pemmenent set-up, however,
the liquid metzal bath probebly would prove superior end simpler. It
also would eliminate the problem of momentary high temperatures when
epplying the silver solder. It turned out that Bickel (1) had developed
a very similar technique, even to using alumel as' the refermnce material.
In celibrating he clamped the wires to the test piece, rather then use
solder, but as & result could not celibrate above 1000°F. The silver
solder technique allows a temperature of 1500°F to be reached in calibrs-
tion in three mimutes, the cooling cycle taking about 10 minutes. This
is & very important adva.nﬁage when only small pieces of material are
available for calibration, as with a small total heat input it is possible
to keep the cold end of the test piece at room tempersture. When this is
not possible, & separate themameter or thermocouple is needed at the
Neold" end to measure the temperature, and then correction can be made
for thev enf between the test piece and the copper connecting wire. This,
of course, calls for another calibration of test-plece vs. copper emf.

As the correction is a small one this c.an be done accurately enough by
observing the emf between room temperature &nd boiling water. Automatic
recording potentiometers are essential for such fast celibration. Figure

14 shows the experimental set-up used.
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Figure |4

Overall view of Indirect Calibration set-up. Work piece is
mounted on stand in front of oxy-acetylene torch. G.E. photoelectric
Recording Potentiometers record emf of chromel-alumel couple and
alumel-work couple. Brown self balancing potentiometer used to measure

temperature at cold end of work piece, to allow necessary corrections
to be applied.
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The question arises as to whether it is legitimate to calibrate
unstreined work materiel, when during cutting the chip has undergone
severe streining. Trigger (41) attempted to check this by pressing e
hard steel ball into a soft steel piece under high pressure, but could
detect no emf between the two. FPigott and Richardson (21).checked it by
noting that & furnace calibration with parts merely clamped together gave
the same results as a calibration performed with a tool stopped in mid-
cut on & lathe. However, a much simpler &nd more &ccurcte check can be
mede by dipping the end of the workpiece as well as a chip formed from

it into a bath of molten metal and see if there is an emf between the two.

\

Difference in Thermoelectric po&er
between bulk metal and a chip of 1it.
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EMF between bulk mesteriel end chips from the same materiel.
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The results obtained such an experiment, for 18-8 and B11l2 steels are
shown in Fig. 15. Assuming the chip to have the correct thermoelectric
properties, rather than the bulk metsl, the polarities are such that
with high speed steel tools the bulk metal calibration curves give
results that are slightly too high, with carbide tools the opposite being
true.

It is clear that with those materials cepsble of producing conti-
nuous chips, & very simple calibration set-up is possible, with the
specimen consisting merely of a long enough chip. Such a set-up is

sketched in the diagrem below.

C/y,r'/o of lest malerial
Recording

Fotentiometers

pﬁawf:“'-IHIIIIIIIIIIIIIIIIJ
—~~ Chrome|/

Cerrofrue or -
Similar a//O)/ Insula¥ron

%ar‘/}yy co//

Aecommended Calibration Merbod

Figure 16.
Simple Celibration method when chips are available.
The question whether the indirect calibration method can give as
good results as the direct is resolved by noting the comparison of the

two methods, in the case of 4340 steel vs. high speed steel, as shown



Fig.17
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in Fig. 17. The mexdimum difference between the two methods is seen to
be quite small, not exceeding 0.2 MV. The graphs also show one of the
weakhesses of this method, namely that when dealing with high speed
steel tools and alumel reference wire, the finel result depends on the
difference between two fairly large numbers, which neturally cuts down
on the atteinable accuracy since ‘the instruments used cannot be relied
on to more than * 0.1 Mv. With carbide and alumel this difficulty does
not arise. (See Fig. 19). For maximm accuracy with H.S.S. it would,
hovever, be desirable to use a reference material more nearly like it,
such as the standard iron wire used with constentan as & thermocouple.
Conversion from one reference materiel to the other could be done quite
simply by & single calibration of an iron-azlumel couple. Keeping track
of the polarities of the various couples during celibration is, of course,
nost importanf.

Representative Colibration curves are shown in Fig. 17 to 19 and

more in the Appendix. (Fig,70 to 73).



EFFECT OF METALLURGICAL STRUCTURE ON THERMOELECTRIC PROPERTIES AND ALLOY
CONTENT.

The effect of heat treatment on thermo-electric properties of steels
is of particular interest here, since it may have & direct influence on
the results obtained in metal cutting. Not much work seems to have been
done along these lines in the past. Dupuy and Portevin (7) measured the
thermal enf's of & large number of steel alloys sgainst cojper, but only
between 0°C and -78°C and between 0°C and 100°C. They were unable to
draw consistent conclusions from their results. This is not surprising,
since curvature of the calibration curves can result in misleading inter-
pretations when measurements are made at just three fixed temperatures.
With modern instrumentation far more complete data could have been obtained
with equal effort. |

The result obtained from a large series of calibrations wes thsat
hardness alone, or the degree of tempering, has o definite effect on
the thermel emf's, which usually, but not always, decrease with increased
herdness (as measured egainst 18-4-1 High Speed Steel). This result is
rather surprising since all the resultis,such as that shown in Fig, <20,
were obtained by direct calibration (i.e. with a silver soldered junctionm),
and the soldering must have raised the junction past the tramsformation
point before any calibration took place. Yet in each case the curves
were repeatable in successive heating cycles, as well as after resoldering
the junctions several times. While this may merely indicate that any
possible change took place éuring the first brazing, this mekes the clear
differences between samples of steel which differed only in their heat

tregtment even more surprising. This point would bear further investigetion



as there appears to be no logicel explanation of this.

In checking the effect on Spheroidized 4340 of several brazing and
heating cycles the heated end of such a ssmple was inserted in & bath
of molten cerrotru at 600°F together with a sample previously unhesated,
end the emf between the two measured. The resulting emf of 0.05 Mv is
quite negligible.

In all these tests & long bar of 18-4-1 high speed steel served as
the reference. Repeated checks showed that even after 50 heating and
cooling cycles there was no noticable change in its themmo-electric
properties. This probably means that changes, if any, took place during
the first brazing. This was confirmed later when the reference bar and
an unheated tocl were both dipped in molten Cerrotru at 700°F and an emf
of 0.25 Mv was measured between the two, introducing a corresponding

uncertainty in the results.



JTEMPERATURE MEASUREMENT WITH CARBIDE TOOLS

The high themal emf values between Tungsten carbide tool materiels
and steel would seem to meke carbides ideal materiels to use in thermo—
electric temperature tests, sincd both messurement snd calibration
become simpler and less subject to errors when voltages become large.
However, in practice difficulties arise because the cost inveolved mgkes
it impractical to use solid carbide tools of the size required in the
present test set-ups. The usuel procedure is to mske up tools by brazing
& carbide insert or tip onto & soft steel shank., If the end of the
steel shank is used es the cold junction connection, which is the simplest
method of course, it is clear that znother source of emf is added to that
of the tool-work junction in the thermoelectric circuit. As soon as the
carbide shenk interface becomes heated above room temperature, an emf is
generated at this point. Trigger's (41) solution wss to make = tool as

shown in the sketch below, in which contect is made with the carbide tip

Carbide Insert‘
Insulating Slesve

Carbide connecting rod
Insulated clamp screw

er lead wire

Carbide Tool with Carbide rod connection .

Figure 21.
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by meens of a rod made of the same batch of carbide as the tip, and
therefore presumed to have identicel thermoelectric properties. It is
not difficult to maintain the cold end of this rod at room temperature,
unless very long continuous cuts are teken. The disadvantage of this
method lies in the expense of the special tool shanks, the extra effort
involved when tools are changed, and most seriously the considersble
expense involved in having both rods end tips made from the same batch
cf carbide.

Theoretically this method is still open to objections, since
quite regardless of the method used to establish contect with the cerbide
tip, a temperaturg differential elong the brazed section will give rise

to parasitic currents, such as have been sketched in the diagrem below,

Figure 22.

and which can reduce the net emf output. FExperiments have shown that
with small tips this effect is not important, but work by Sze (MIT thesis,
1950) indicated that with a 2 inch long strip of carbide considereble
trouble can be expected. The simplest solution to this problem seould be

if carbides could be brazed or cemented to the shenks with a non-conducting
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material. However, none of the cements experimented with proved capable
of holding the carbide properly. The solution actuslly used is described
below.

In order to obtain an idea of the order of magnitude of the effec~
tiveness of the carbide rod, & cutting experiment was rmmn with a tool
such as shown in Fig. 21. The recording potentiometer was connected
elternately to the end of the carbide rod and to the tool shark by
means of a SPDT microswitch. The results are plotted in Fig. 23. At
the higher speeds, with the accompanying higher temperatures, it is quite
evident how the emf at the carbide-tool shank interface builds wp to
reduce the indicated emf, when connection is made to the steel tool
shank. At the same time the output as measured from the end of the
carbide rod remeins fairly constent, in fact rises slightly with time
in one case. As might be expected, the difference between the two mehkhods
becomes greater as the cutting speed is increased. The effect is also
made relatively large by the thin section of the carbide tip, only .090
inches thick. Parasitic currents do not seem to have influenced these
results.,

All of these precautions became relatively unimportent when only
very short test runs are made and relatively thick carbide tips are
used. In that case, therd is not emough time for the brazed junetion to
be heeted above roam temperature and therefore no emf can develop there.
Since nearly all the experiments reported on in this thesis were very
short ones, and since the higher the speed (and temperature) the shorter
the run, it appeared justifiable to ignore the elsborate precautions and
meke the cold junction connection with the shenk of the tool. The carbide

tips used were &ll 1/8 inch thick and some of the high speed runs less

than 2 seconds in durstion.
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Probably the best solution to the difficulties of measuring with
carbide tips is to use Bickel's artificial tool junction (see p.il).
In fact Alumel wire has thermoelectric properties so similar to some
carbides that in some cases & single alumel wire clamped or soldered

at the far end of & tool tip is sufficient to eliminsate &all troubles.

32
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ERIMENTAL SET-UP

Practically all the cutiing experiments reported on in thie thesis
were orthogonal type cuts, performed on a Monarch CK 12" lathe, in the
Machine Tool Laboratory of M.I.T. As work materials are usually available
only in the form of solid bars, it is necessary to reduce them to tubes
in order to cut under the orthogonal (2-dimensional) conditions desired
for simp}ified analysis. This was accomplished by means of a special
trepanning or groovi.xﬁg tool mounted upside-down on the rear of ‘the tool
cross—slide. One of the advantasges of this method over straight boring
out of a tube is that 1t lesyes & solid piece of metal in the center which
not only mskes the set-up much more gigid by sllowing the use of a tail-
stock center, but leaves enough material for rimning other tests on the
materiel, such as a tensile test. It also provides greater control over
concentricity and wall thickness.

A specially designed dynemometer (see Rig.l) was used to measure
the vertical (cutting) force and 'the horizontal transverse (feed) force,
there being presumebly no component along the tool axis when cutting under
orthogonsl conditions. Cutting temperatures were measured by the tool-
vork thermocouple method. A sketch of the entire set-up is shown in
Fig. 23, while Fig. 24 shows a photograph.

The accuracy of force measurement is limited only by that of the
czlibration and that of the amplifying and recording system. However,
superimposed on this, and effectively limiting the attainable accuracy,
are small random fluctuaztions in forces observed during a run, caused in
part by inhamogenuities in the work material and slight variations in chip

formation. The built-up edge, which is completely absent only in exceptional
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Figure 24

Monarch 12" Ck. Lathe set-up with Model L-4 Lathe Dynamometer
on compound slide, grooving tool on rear of cross-slide, insulated
live center in tailstock. Brush Strain Analyzers used to record cutting

forces. G.E. photoelectric Recording Potentiometer used to measure
tool-work emf.
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circumstances, and which often is produced under random conditions, is
probably the chief villain when it comes to precise metal cutting measure-
ments of ell kinds. With this in mind the force measurement has a
probable errop of 10% associated with it, although occasional errors
twice as great are possible. Usually in such cases it is standard pro-
cedure to cut down the probable error by taking mean values of a large
number of»testsf Unfortunately this course could not be followed here
for two reasons. One was the very limited amount of msterisl svailsble
of some specimens (bars 1 7/8" dism. only 7" long) from which runs under
as meny different conditions as possible were desired. The other was
thet even when more material was available the time involved in repeating
several hundred runs several times was prohibitive, so that in this case
eveilable precision was sacrificed in favor of covering & very wide range
of conditions. The alternate procedure adopted was to repeat a few runs
chosen at random. Repetition was ususlly within 10%, and few differences
exceeded 20%. It seems clear that claims of 2% accuracy in metel cutting
forces can rest only on a statistical basis.

The width of cut was usually degermined by measuring the width of
the chip with a micrometer, which is simpler than measuring the wall
thickness of the tube being cut, and the loss in accuracy, fram 1/2% to
2%, is not important.

The chip contact length is difficult to measure accurately, since it
can be obtained only be observation of a tool after a cut. Unless the
boundary is unususlly well defined .001" is the maxdmum attainable accuracy;
when a larhe built-up edge is present the measurement becomes not much more

than a guess. This subject is also discussed in detail later.
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The thermo-electric voltsges were measured with a G. E. Photo-
electric recording Potentidmeter; probebly the best instrument availsble
for this kind of work. It has a response speed up to 4 cycles/sec.,
chart speed of 3%"/min., and ranges adjustsble from 0.2 to 50 millivolts
full scale, with an accuracy of 3% in the useful range (above 1 Mv).

This is entirely adeguate since slight variations during a cut usually
exceed this value. Even & small built-up edge can have a considersble
effect on the voliaege measured, snd is the real limitation of this
measurement. Under favorable conditions errors can be kept within 5%,
but with a large built-up edge can easily reach A0 times this value;
In some cases the removal of & built-up edge by adding & good cutting
fluid increased the indicated emf by 50%, zlthough a temperature re-
duction is what one would normelly expect.

There exists at the present time no really satisfactory method for
measuring the chip~length ratio. Two methods were used in this work.

The better of the two depends on cutting a groove into the surface of
the workpiece, parallel to its axis, which results in notches in the side
of the chip. The distence between successive notches divided by the
circumference of the work is the desired ratio. Unfortunstely chips are
not alweys continuous for an entire revolution of the work, especially
vhen cutting at slow speeds and heavy depths of cut, and sometimes a
good cutting fluld can produce tightly curled chips that are mechanically
broken off at short intervals. In such cases the best method is to weigh
& known length of chip and from its known width, density and the depth

of cut calculate the uncut length of the chip, the ratio between the two

giving the desired result. OSuch measurements require a certain amount of
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skill and patience, especia.'_l.ly when chips must be annealed and straightened
before they can be measured. The accuracy of these measurements is
estimated at 10 to 20%, although as before the averaging of a large
number of readings can cut this down eppreciably.

It should be pointed out that in nearly all calculations the rake
angle of the tool must be known. It is obvious, therefore, that any
built-up edge large enough to affect the geametry at the point will
introduce errors into ell subsequent calculations. The average shear
stress and normel stress on the shear plane are the quantities most
sensitive to errors in rake angle, and this accounts for the redatively
large fluctuations observed in these values under some conditions.

The significant cutting variables, as calculated from equations (a)
to (m), from cutting data on low carbon Bessemer steel containing various
amounts of sulphur (.033 to 0.39%) as well as 18~8 stainless steel are

shown plotted in Fig.76 t099 in the Appendix,
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ANALYTIC APPROACH TO CUTTING TEMPERATURES

A theory describing the temperature devdlopment in the metal cutting
process would be a very useful tool. The object of 2 complete theory
would be ability to predict tool temperatures from known cutting geometry
and physical constants of the wool and work materials. If successful,
it should ensable proper correlation of experimental data, and, perhaps
even more important, aid in & more rational tool design. It should
enable predictions to be made f@ a8 limited amount of experimental dats.

The basic work on heat tramsfer that has made this analyisis possible
is due to Blaok (3) who originated the idea of calculating the temperature
underneath a moving friction slider by looking at the problem as one
involving both stationary and moving heat sources, and to Jaeger (13)
who performed a much more deteiled mathematicsl analysis of the same
problem. Chao and Trigger (6) ,were the first to apply these ideas to
the special and more complicated case of metal cutting. However, their
paper contained seversl errors #nd incorrect assumptions. Socme of these
were corrected by Shaw (29). The ansalysis below is an attempt to present
as rational a picture as seems possible at the present time.

As Blok already pointed out, & mathematically exact solution for
the temperature under a moving slider seems impossible at the present
time. However, a good approximation is possible if the average tempera-
ture of the slider is calculated as a stationary heat source problem and
that of the plane on which the sliding tskes place a&s a moving heat source
problem. By equating these average temperatures, it becomes possible to
calculate the percdntage of the frictional heat going into the plane &nd
the slider, after which the temperature is easily found. There now follows

a discussion of these two problems and then the results will be applied
to the case of metal cutting. |
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THE MOVING HEAT SOURCE PROBLFM

Mathematically exact solutions were obtained by Jaeger (13) for
the case of a perfectly insulating slider sliding on a semi-infinite
plane z=0, as indicated in the sketch below. Solutions are given both
for the band source (m?]) and the square source ( mal ), an appre-

ciable difference between them existing only at low speeds (L<5). In

Figure 25.

metal cutting only the band source is of interest. The solution for
the temperature immediately underneath the slider is in terms of a

dimensionless velocity paremeter L which is defined by

vy
L === (1)
vhere these and other heat transfer symbols are listed in Table I.
Unfortunately two solutions are required, depending whether L is greater .
or less than 5. In the latter case the factors F end fm are introduced

as plotted functions of L, in order to avoid a complicated expression.

The results are given for both @ and Qm, the aversge and maximum temperatures
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respectively.
L>» 5 L <5

s

= L B = Kaf
LR i @ 9= .63 2L (4)

=2 9b = Kaqf,
o, =5 e (3) .8 = .63 f'%' (5)

Where the functions T and fm are plotted in Fig. 35, after Jaeger.
For very small values of L there exists & third solution, but this is
of no interest in the case of metal cutting and it tends towards the
solution for a stationary heat source. The graphical functions of T
and f_, especially T, can be represented with an accuracy almost equal
to the ability to read the graph by the following equations:

£=2.40 YL andf =334

With this in mind these equations can be rewritten as follows:

L>5 L<s5
® = 0.754 kl v (22) '5=1'52‘K'kxxi = 0’76.%5 (4e)
@ = 1.130 (32) 9‘“1°"Q'—Kﬁ“1° : (52)
= 1.130 £ e = 205~y =105 T 6

Fram this it is evident that as long as only-e- is of interest it will

be safe to use equation (2a) over the entire range of L in metal cutting
problems, the error not exceeding 3% as long as L>0.Z, which will be the
case in all practical problems. Fortunately Om is not of major interest,
since here the error involved in using equation (3a) instead of (3 and 5)

can be as much as 15%.
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TABLE I

Symbols used in Heat Transfer analysis.

Thermal Diffusivity inz/ sec

Thermal Conductivity Btu/inz/ sec/(°F/in)
Specific heat Btu/1b°F

Density 1b/in’

Temperature in degrees  Fahrenheit

Roan Temperature in degrees Fahrenheit
Sliding Velocity in/sec

Energy flow Btu/inz/sec

Dimensionless Velocity Parameter (due to Jaeger)
Time seconds

Mechanical Equivalent of heat 778 ft-1b/Btu or 9340 in-1b/Btu
Aversge Temperature of the shear plane

Average Temperature at the Tool~Chip interface
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Figure 26.
Plot of Temperature factors f vs. parameter L.

Jaeger also determined the temperature distribution underneath the
slider, and his result, plotted in non-dimensional form, as a function
of L, is shown in Fig. 27 for a slider of width 21, travelling from right
to left. It will be noted that at higher speeds the maximum temperature
is almost under the heel of the slider. It must be recalled that all
these results assume the slider a perfect insulator. While this  tempera-

ture distribution is not used directly in further COmputations’it is
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Figure 27.
Temperature distribution underneath & friction slider.
necessary in order to clarify the thinking on this problem, and for
checking the validity of assumptions made later on. The same is true
of a second set of calculations due to Jaeger, in which he determined
the temperature distribution below the plane, underneath the heel of the

slider. His plot, again in non-dimensionsl fom, is shown in Fig. 28,

Figure 28.

Temperature distribution underneath the heel of the slider.



43

1}
with the temperature plotted agalnst the parameter Z, defined by Z = M\ZIKZ s

vhere z is the depth below the surface, for several vealues of the parameter
L.

Another contribution of Jaeger's was calculation of the effect of
non-uniform heat generation under the slider. The rather unexpected
result was that the effect of such non-uniformity on both the maximum and
aversge temperatures under the moving slider was a very slight one. In
the case of L = 1, substituting a strength distribution varying linearly
from zero in the rear to'a maximum at the front of the slider, but 7ith
"the total energy remaining the same as in the constant case, the average
temperature is increased by about 4% and the maximum temperature increased
by 4.5%. The position of the meximum is shifted, however, from a point
1/8 of the slider width from the rear to a point 1/3 of the slider width
from the front.

Other calculations of Jaeger's, such as the effect of non-uniform

velocities, are of no interest in the metal cutting problem.



THE STATIONARY HEAT SQURCE PROBLEM

The stationary heat source problem differs from the usual heat
transfer calculations in that it is the temperature that is to be caciu-—
lated from a known value of heat flow, rather than vice versa. The basic
formulation of this problen is again due to Blok and Jaeger (loc.cit.).

The starting point is the integration of the Fourier equation

20, K o _ @8
Kve'l'kq“dt

for the case of an instantaneous asmount of heat Q@ liberated at point
(x* , y* , 2' ) in an infinite body. The resulting equation for the
temperature at any point (x,y,z) in the body at time t after the libera-

tion of Q isyaccording to Carslaw (5)
2

e A (6)
gk (opKt)3/? (Kt

o (x,y,2,9=

were 12 = [(xx)? 4 (3-1)% 4 (2-21)?]
This solution will now be applied to the case of a uniform stationary
heat source, applied over the rectangle -2 <x'<z 5 —m(y'(m, on the

surface of & semi-infinite body, z = O in the diagram below.

Figure 29.
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For this case the constant 8 in the denominator of (6) becames 4, since
in a semi-infinite body heat transfer can take place in only one direction
and since the surface z = 0 will be assumed to be a perfect insulator,
except over the area where heat is applied. Heat will be assumed be
supplied at the rate of q units per unit time per unit area. Cammencing
at time t = O when the body is at zero temperature the temperature at any

point in the body at any time is given by
2

1 m
¢ myat) =Ee—my | ae o oy o X 7
AT jl j T e e

-

Whers r 1s as defined above.

The time integral can be solved by letting T= = 1/(i~t'), so that

dt = -2 dT/’;!'3 and equation (7) can be rewritten:
o ) m )
1.4 -
8 (x,7,2,T) = ——3-—-—7 axt | ay' e (-aT) (8)

for finite values of t this leads to the Gauss error integral,bhowever,

when t< oo, the case of interest here, the last integral reduces to

-% , So that the steady state solution is

¥ L [ vt
8 (x,y,2) = —5=m dx!
e = - [(X-X') + (yy) 2 )

In the expression for ‘J?the value of z' is zero (plane source). The
integration of this equation (9) is considerably simplified if it is
desired to obtain temperature values in the surface plane, z = 0, only.
Fortunately this is the area of interest in this problem, so that the final

expression to be integrated is

¢ m
. = 4.
8 (x,y,0) = 2k [dx'f-—-————-—-l-—---—-‘—- (10)
—l ‘m v

dv?
Yzx)% + (yy7)?



This integration, carried through in detail in the Appendix,leads to the

result
8 (x,y) ='§%—£ [ 'x—-l‘ sinh™ % -l:r»l' sinh™t ﬁ -~ 'x—-l'sinh"l%
+ |+l sinn™ %I%-F‘ywml sinh~T -;f—"_;f - Iy-m‘ sinh™t -;f—g—
- |ym| s %‘-r‘;.} + Iy+ml sinnt -yx_‘:—;f (11)

The multiplying factors of the sinh” terms are all absolute quantities,
corresponding to the fact that the denominator of (10) represents a posi-
tive radius. This is an important point. The maximum temperature is at
the point x = ¥y = 0, and is given by

8 oy (050) = ;ﬂﬁ% [% sin.h"l% + sinht é] (12)

-

The minimum tempersture im the surface of the source is at the point (1 ,m)
and is exactly 1/2 8 . Expressions for @ at different points in the
surface are given in the Appendiz; they are all functions of the ratio
m/} , which is termed the aspect ratio. It is seen that equation 11 is

symnetrical sbout both X and y axis.



The nature of the temperature distribution in the plane z = O and

also along the z-axis is shown in the sketch below.
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Figure 30.
Temperature distribution on surface heated by stationary source 2l xom.

Further values of temperature slong both the X and Y axis are shown

plotted in dimensionless form, as functions of the aspect ratio m/Q , im
Figures 31 and 32.

Vi



Figure 31.

Temperature distribution along the Y=axis

gure 32.

Fi

Temperature distribution along the X-axis.
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It is posrible theoretically to integrate equation (9) completely
and thereby get 2 general solution for the temperature at any point (x,

y,2) in the body. However, & simple explicit solution seems obtainable

I

oniy when z = O, Since the temperature below the surface is of some
interest in the metel cutiing problem it was calculied as a function of
(z) for the two most interesting fixed values of x and ¥, namely
(x=y=0) and (x=0! , y=0). The results, egain plotted in dimension-
less form, are shown in Figures 32 and 34. for three different values of
the aspect ratio m/l. The necessury integration of equation (9) was
performed in two steps. The first was a straightforward integration with
respect to x, which leads to one or two sinh-l terms, depending on the

x and y values chosen for evaluation. The integration of these temms

with respect to y can then be carried out graphically for different values

of z and m/1, by simply plotting and measuring the area under the curve.

Figure 33.

Temperature distribution along the z-axis underneath point. (0,0)
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Figure 34.
Temperature distribution underneath point (l ,0)

Another method by which steady state temperatures inside a body '
mnay be found from known boundary conditions is the Southwell relaxation
Zethod. Even when the problem is simplified by treating it as & two-
dimensional one this is still a rather tedious procedure, although capable
of teking into account variable boundary conditions and irregular shapes.
Use of this technigue was made in one case, to determine the temperature
distribution in the plane y = 0, when m/l = 5. The resulting isothemms
are shown in the diagram below. Comparison with the exact solution of

Fig. 33 shows that this is only a2 fair approximation.



51

Figure 35.
Temperature distribution in the plane y=0 when m/1 = 5 (Approximate).

It will prove interesting to see what the temperature veriation in
the surface is when the heat input g is not unifommly distributed. The
simplest case is a linear distribution of q in the x-direction, constant
in the y-direction, of whiech four types cen be imagined, as shown in

Fig. 36 a,b,c,d). The maximm in each case is taken as 2q, since then

Temperature Distributio

Temperature q = consﬁJ/?\\,

ature

~
)
jon
g
(3]
E+
0

Figure 36.

Trianguler heat distributions.
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the total heat input is equal to that of the constant case whose solution
was given on previous page. Equation (9) must now be rewritten for each

of the sbove cases:

1 ~m
8 = ke 2q (1-]% F&F__z—dx'd' 13
ar 2 ¢ Ill) (=x!) S (y-y") e
17%m
l
6 = L o ]2 dx!dy’
2Tk q,ﬂ ), Y (x5 (y-y*)*  (13b)
] ~m
8 = .. [1.+ T ] LA 1
T 29 ( ] ) —A— (13¢)
.-z ‘m
1 "
a:-‘—~2q[1-(§)] =L
27wk ] , m(x_,x: Y4 (y=y') < (13d)

Integrating these equations to obtain & general solution for B(X,y)
is rather difficult. However, it is not difficult to obtain solutions at
any given point, for a fixed ratio m/l , by mmerical integration. In
perticular, it is qulte simple to obtain solutions to cases b,c,d, after
case (z) has been evaluated; The accuracy of the mmericel integration
can be checked quite easily by using it to evaluate the case of constant
heat input q, for which the exact solution was obtained sbove, and in
the case reported below, the sgreement was found to be within 2%. In
the table III results are tebulated for 8(0,0) end 8(z,0), 6(1,0) vhen
m/l = 1l(square source), for each of the four distributions above. For
reference purposes, results for the constant case are included. The
temperatures are shown to scale in Fig. 36, including,fbr reference again,

the temperature distribution for g = constant.
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TABLE III
Heat Distribution 8(0,0) e(-%—,o) 8( ,0)
Constant  q Btu/in“/sec 1.123 an/k 1.062 qu/k 766 qu/k
Triangular 2q (Fig.36s) 1.39 am/k 1.08 gm/k 1.06 aqm/k
Triangular 2q (Fig.36b) 84 am/k .99 an/k .87 an/k
Triangular 2q (Fig.36c) 1.10 gm/k 1.26 am/k 1.01 gm/k
Triangular 2q (Fig. 364) 1.10 gm/k .79 qm/l? .58 aqm/k

The interesting result is that quite drastic changes in the heat
distribution pattern have relatively =mall effects on the temperature
distribution and magnitude, compared to the case ‘srith constant héat
input. In addition, whem m/l increases, the importance of the shape of
the heat distribution will decrease further.

The quantity of primery interest further in this snalysis is not
the actusl temperature distribution, but the mean temperature ® over the
area -]l €x<] , -m<y<m. This value may be obtained by integrating
equatdon (11) over this entire ares and dividing by the area. Fortunately
the symnetry of the problem allows the reduction of the 8 termms in equation
(11) to two, the 4th and 8th terms being chosen to avoid any possible sign

embiguities. With this in mind we can write
l m
3 = q 2y «o -1 yHm -1 x+l
=4 (zm ) ) de fm[(ﬂl) sinh™ &5 + (ym)sinh™™ 2= ]dy (14)

This integration which is carried through in detail in Appendix , leads to

the result: : 5
F=2 Lople -l 1m,1 22 1HY2 ]A m
3‘~? i@{;sm ni‘*' sinh m+311n+3(mf-3[(m) +J] +(-[) (15)



54

This is obviously not & very convenient function to use and has therefore
been plotted in terms of a shape factor '§,as a function of the aspect

ratio m/l , in a manner defined by the equation below:

“6=%‘-’1 3 ' (18)

Similarly the maximum temperature given in equation (12) may
conveniently be expressed in terms of another shape factor Sm defined

by

= a8
em k Sm (19)

Both shape factors are plotted in Fig. 46, for values of m/1 from one
to twenty. When m/1»20 it is possible to simplify the expressions for

.gandS:
hii}
- 51 2m 1 1
S=5 @) [lf’g'r t 3 ‘a’*%]’ za s

s 2‘2‘-(}-[ log-zzt—g + 1], m/1 > 20 (122a)

It should be recalled at this point that all the above equations
represent exact steady state solutions for a semi-infinite body insulated
everyvhere except the area of heat supply, and assuming a reference

temperature of zero degrees.
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COMBINING STATIONARY AND MOVING HEAT SOURCE SOLUTIONS

The basic idea behind finding the temperature under a slider with
finite conductivity, which is due to Blok (loc.cit.), is to combine the
solutions for stationary and moving hest sources in order to find the
unknown division of the heet generated in the plane of contact. However,
this cannot be done exactly because the caleulated temperature distribu-
tions along the slider are quite different for the two cases. The sketch

beflow is typical of the temperature distributions that can be expected.

Figure 38.

Sketch indicating temperatures underneath a moving slider.
The curves were taken from Figures 32 and 27 and adjusted to have about
the same mean temperatures. Curve (1) represents the temperature in the

plane underneath the slider while curve (2) represents the temperature in



the face of the slider. Obviously neither can be the correct solution
since such temperature differences invite heat transfer between the two
bodies, tending to equalize at the mean temperature indicated by curve
(3). In other words, therea is heat transfer back and forth between plane
and slider which can be regarded as super-imposed on the constant
frictional heat flowing into the two directions. The shape of (3) depends
largely on the shape of (1) which is a function of the speed parameter
(L), the rise towards the rear of the slider increasing with the speed.
However, especially at high speeds, complete equalization of temperatures
is not likely to occur, so that the actual temperature of the slider will
be between (2) and (3) while that in the plane will be Somevwhere between
(1) and (3). This point is not subject to any simple experimental verifi-
cation, since sliders small enough to insure uniform pressure will be
too small to zllow insertion of satisfactory surféce themmocouples, and
using the thermoelectric voltage between the slider itself and the plane
will give only aversge values.

There appears therefore no practical alternative to equating the
mean temperatures of the two types of solutions in order to solve for
the heat flow.

At very slow speeds ( L<0.2) Figures 27 and 32 shows that the dif-
ference between the two solutions tends to disappear, so that the ambiguity
mentioned above also disappears. Unfortunately this region is of no great

practical interest.
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TABLE II
Symbols used in Metal Cutting Analysis.
Reke angle of &n orthogonal tool, degrees.
Friction angle on the cutting face of the tool, degrees
Shear Strain the chip has undergone
Coefficient of friction between the chip and tool
Shear angle, angle between shear plane and direction of tool travel
Shear stress, aversge over the shear plane lb/'in2
Cutting force in 1bs or 1b/in width, as specified
Thrust force in 1lbs or 1b/in width, as specified
Depth of eut, inches
Cutting velocity ft/min
Cutting velocity in/sec
Chip veloeity in/sec
Chip length ratio
Width of cut, inches
Length of contact between chip and tool, perpendicular to edge, inches
Friction force parallel to tool face, 1lbs or 1b/in width as specified
Total energy required in cutting process in—lb/in3
Energy consumed in friction on tool face in-lb/in3
Energy consumed in shearing the metal :i.n—lb/in'3

Normel stress on the shear plane 1b/in®
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ENERGY IN THE METAL CUTTING PROCESS

Before any of the foregoing theory can be aspplied to metal cutting,
it is necessary to consider the energy distribution in the cutting
process. The total energy may be thought of as being used up in five
different processes:

1. Surface energy required to form a new surface.

2. Change in momentum of the metal crossing the shear plane.

3. Friction along the clearance face of the tool.

4« Shearing the metal as it crosses the shear plane.

5. Friction along the cutting face of the tool.

The first two items can be shown to be insignificant compared to
the rest. For a sharp tool the third itemvis also very small; this is
the only case analyzed here. With dull tools friction on the clearance
face can become quite sppreciable but the effect is very difficult to
treat quantitatively.

There remain then the shear and fr#ction energies, with orders of
magnitude of 331, which are of primary interest in temperature calcula-
tions. That all the friction energy is converted to thermal energy is
unquestioned, but with shear energy the case is not so clear. Same of
the latter may be expected to be retained as latent energy of latice
defomation in the chip, only the remainder appearing as heat energy.
The relative amounts involved can be determined only by experiment.
Taylor and Quinney (40) observed that in plastic twisting of a steel bar
only 85 to 90% of the work done was recoverable as thermal energy, the
remainder obviously accounted for by lai&ce deformation. Extrapolation

of Taylor and Quinney's data indicates that as strains increase, the
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percentage of work retained as latent energy decreases, so that some sort
of energy saturation takes place in plastically deformed material at high
strains. Thislis very important, because of the large strains encountered
in metal cutting. Additional weight to this viewpoint ié given by some
careful work of Epifanov and Rebinder (8), who found that when drilling
Aluminum all but 2-3% of the total input energy eppeared as heat.
Caiorinmeter studies made by Schmidt (34), although with a different end
in view, also support this view.

If the shear energy is taken as 75% of the totazl energy input,
then this would indicate that in metal cutting approximately 3-4% of the
shear energy remained in the form of latent energy of laticedeformation.
Since this amount is too .small to seriously affect temperature calculations
it will be omitted in the caleculations to follow. Should the need arise
it is, of course, a very simple matter to subtract 3;4% from the shear

energy before meking temperature calculations.

L}



APPLICATION OF THEORY TO THE CUTTING PROCESS

Since this analysis will concern itself with sharp tools only, the

following sketch shows the two areas of heat generation in metal cutting.

Tool=-Chip
Interface =

Shear plar

Clearance

Sources in Metal Cutting

Figure 29.
The shear plene is designated (1} and equations and constents concerning
it will carry the subscript 1, while the subscript (2) will be used in
describing relations at the chip-tool interface.

The Shear Plane ( 2.

As.pointed out sbove,all the shear energy will be assumed transformed

into thermal energy. From & temperature distribution viewpoint, the value
of the shear energy along the shear plane is of interest. It is usually
assumed to be constant, =o that the temperature of the chip leaving the
shear plane will be uniform across the section. In a recent temm paper
(1952) in this laboratory A. Chorev measured both the shear stress T and
the shear strain Jf across the shear plane by msking micro-heardness measure-

ments. Using ennesled copper he found that while the shear stress varied,
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only from 29,400 lb/in2 to 28,000 going from the tool cutting edge to the
end of the sheer plane, the corresponding strain varied from 1.9C to 1.10.
Since the shear energy is the product of tJ’, this would indicate the

following energy distribution:

§5,000 |
|

i ~i 31,000

- |

‘ Distance ;IIOuj 5Fea.r Ffane_

r—Cuttinj EdﬁQ

Figure 40.
Energy distribution along the shear plene for annealed copper.
While this obviously indicgtes non-uniform distribution, similar experi-
ments for steel are lacking and fox-.that reasSon an aversge value will be
used in the subsequent calculations.
With this in mind, the rate of shear energy liberation dq Btu/in2/ sec

can be written in terms of an average shear force F s 1lbs:

F V!
A7 oo im (20)
F V!
B = = -
ut since us 'C)’ ...._.E...ﬁ.......b td vt' (21)
_ Vy!
T u T eo (22)

Since heat can flow in eitaer direction perpendicular to the shear
plane, only & certain fraction, which will be called Rl’ will flow into the
chip. Obviously the remaining fraection (1—-51) will flow back into the work

material. The average temperature of the chip leaving the shear plane, Ss
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can then be written, fram the first law of thermodynamics.

btdcsc¢'
+ © 2
B BN A o (23)

or substituting the value of 9 from Equation

= _ secft
% = MY% ¢, 9, 13 5 \ (232)

where 80 is the room or reference tempersture, ’a.nd the remaining symbols
listed in Table II. When, as is usually the case, (c) varies with
temperature it is necessary to use for (cl) the integrated mean value
between 90 and © s To mske this simpler, the integrated meen value from
a room temper#’ture value of 75°F is shown plotted along with the
instantaneous values in Fig.43. Obviously -G-s cannot be calculated until
Bl has been determined. This will now be done by considering the same
problem as one of & moving heat source of strength (l-R_L) dqs sliding
vith respect to the metal below the shear plane. In that case we can
write from equation (Za) another approximate expression for the average

shear plane temperature 8 st
0.754 ¢ a cscd

8 = OB oy FEyT— t &% (A

Where in accordance with equation (1) Ll is defined by
LA cseff IV

L = AIL_L = 4K

(25)

By equating the two expressions for the average shear plane tempera-
ture (23a) and (24) it is possible to solve for R, with the result

1

= 1+$’-§#{-
1

(26)
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qu convenience in use, this equation hes been plotted as a function
of I.l:L for several values of J’ , in Fig. 50. There is nothing in this
equation to indicate any practical limitaetion on Rl’ except that
equation (2a) is not valid of L1< 0.2, and the same restriction applies
to equation (26). At low speeds and feeds this value of L, may be
aspproached under a;:tuel cutting conditions, and with the usual velues
of the shear strain y results in velues of Rl as low as 0.25. This
may at first glance appear unusual, since presumably heat has an equal
opportunity to travel in either direction from the shear plane, which
would limit Rl to a minimum of 0.5. However, sl slow speeds the greater
mass of metel surrounding the lower portion of the shear plane allows
greater heat transfer in this direction, so that equation (26) appears
to fit the physical picture quite well.
Shaw (29) arrived at a similar solution, but projected the shear
plane in the direction of the surface being cut. The difference
between Rl calculated by the two methods is less than 5% under a wide
range of actual cutting conditions. For a2 tool with 20° reke angle the
difference becomes negligible.
With R, detemined from (26) Es is most easily calculated fram

equation (23a), so that

sec @ (27)

8 =0 +u .
8 ° 544 .616‘1#r c‘fllZJ

Since in most cases an approximate value of Kl or L1 is sufficient

to give satisfactory values of Rl, it is possible to find '6-8 directly,
without & trial solution, by plotting the enthalpy (h) of the work material

as a function of temperature, where (h), as usual, is defined as h =Iecpd8,
(+]

in Btu/lb. This can be done by noting that Blussecg{

TgT TR (M
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THE TOOL-~CHIP INTEEFACE (2)

Since 1t is one of the aetermining factors in tool 1ife, the most
significant temperature in the metal cutting process is that &t the
cutting face of the tool, and it is this value that will now be calcu-~
lated. The value of 'e's enters these calculations since the chip is
'preheated! by the shear process before it comes in contact with the
tool.

As pointed out prewiously, this problem will be attacked as one
consisting of a stationary heat source providing heat to the tool over
the chip contact area, and the same ares acting as a moving heat source
with respect to the chip flowing past it.

The moving heat source problem is a relatively straightforward one.
The amount of heat a, Btu/inz/éqc created by the friction on the tool

face will be given by
Ffvc'

% T TFab (28)

where the symbols are given in Table II: Of this total enmergy a fraction
R2 will be assumed to go to the chip, the remainiﬁg fraction (1—32) to
the tool. Then, in accordance with equation (2a) the average temperature

rise Gf of the chip surface, due to its rubbing egainst the tool, is given

w A—
8, = quz_-.'LSA_L (29)
where in accordance with equation (1) L, is given by
Vc'a
L, = 4K, (30)

where k2 and K2 are the thermal conductivity end diffusivity respectively

of the work material at the final average chip temperature. As in the
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sheer plane calculations, q has been assumed constant over the contact
area. The mean temperature of the chip along the tool face contsct area
will be the sum of the shear and friction effects:

e—'é'+'§:e+Rq-=3-'—7§-§-- (31)

t s £ s k 1/—
To find RQ we again meke use of the technique of calculating'aé from
the conditiohs of a stationary heat source (l-Rz) 4 acting on the tool

face,

A convenient approximation to the true picture is to assume an
orthogonal tool having zero rake and clearance angles, such as shown in

the sketch below. If these angles on an actuel cutting tool remain small,

Cuttms Face

f

Contact'AYeas/i/
between Tool |/
and Work

_Clearance Face

Figure 42.

Sketch of chip formation sharing tool contact areas.



below-loo, the assumption should be a good one. For other tool shapes
it would probably be most convenient to determine shape factors relating
them to square tools, by meking use of the relaxation method. This is
always & somevhat tedious procedure, especially when it has to be carried
out in three dimensions, even if the methods have been worked out (22).
The contact area under consideration is a°b on the sbove diegram. The
effect of the very émall contact area a' ,b on the cldarance face will

be discussed later, but is disregarded for the time being.

If both the cutting and clearance faces of the tools are considered
perfect insulators except at the areas of contaét, and if the tool is
large compared to contact areas, assumptions later Jjustified, then the
method of heat imsges allows us to use the solutions for a semi-infinite
body, since the latter is unchanged by inserting an insulating layer in
the plane x = 0 or y = 0 (see Fig. 29). Thus equations (31) and (15)
can be applied directly as long as the contact area is interpreted as

2m = b (32a)

1= a (32b)

Should the tool be cutting & corner instead of near the center, a
picture corrGSpon&ing more nearly to commercial use, the same reasoning
allows the use of the semi-infinite body solution for this 1/8 infinite
body, only that in this case m =b and [= a. Although a factor
of two is involved in the interpretation of m between the two cases,
later calculations will show that the difference in tool temperature is
only a few per cent.

All the experimental work was done under orthogonal cutting so that

equations (32a) and (32b) most closely approximate the facts, and applying
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equation (18) we can write

-— _ MZ_ —_
where k., 1s the conductivity of the tool material, assumed a constant.

3
The aspect ratio from which S is found in Fig. 46 is given by m/ ! =

b/2a. In the unusual but not impossible case of m/l<1l, one merely
uges the reciprocal value in finding s.
By now equating the two expressions (33) and (31) for -é-t it is -

possible to solve for R2 and obtain

S (34)

This can be rewrittem in a simpler form, but with less physical meaning

associated with the temms?

N 2k
1~ (8.-6) Ejﬁ
R, = (34a)
2 752 k., &

kb s\li';

With this value of R, substituted into equation (29), Ef is readily
obtained. Since 8, is the result of adding 'e's and 'e'f

expression for 8 + in terms of the measursble variables entering into the

, & complete

problem and parameters Ll’ L2, S, Aps calculated from them, follows from

equation (31): , _ Us secf
bS
9, '2'123 T (- 7%‘;“ c,§,12
8, =6 +u L secf 4+ g —
66 - R =
t o 1 - (] cl?llzJ bS . '}76 & k .E
Ll qz = + _‘ﬁ‘—v 72- 772
3 kvl

(35)
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It should be clear that values of the Tool tip temperature calcu~
lated from (35) can be no better than the assumptions made in the
analysis, the measurements of forces and geometry, end knowledge of the
thermal properties of tool and work materials. Just how important these
various factors are will now be examined in some detsail.

Sample Calculations

Although equation (35) is in concise form, it is not the most

convenient one for obtaining a solution. In order to illustrate the

most practicel procedure for calculating €, two illustrative exsmples
t

will now be carried through, chosen at random from the data aveilable.

Example 1:

Low Carbon ffee machining steel, with sulphur content 0.32%, .11%C
Tool: K25 Carbide, 20° Rake angle, 5° Clearance angle
Orthogonal cutting.
Quantities measured during tests
Cutting Speed V, = 445 ft/min V' =89 in/sec
Depth of cut td = .0023n
Width of cut b = ,151"
Chip contact length a = ,0Q09"
Chip length ratio r, = .51
Cutting force F, = 80 1b.
Thrust force Fy = 28 1b.
Quantities calculated from this data; from equations (2) to (m), p.
Averege Shear strain 4 = 1.61 3
Shear energy ug = 153,000 in-1b/in
Shear engle @ = 300
Chip velocity Ve! = 45.4 in/sec
Frietion force Fg¢ = 350 1b/in

Steps of solution: o
- 1. Estinate 8g, take 500°F 2
2. Look up velue of K3 at this temperature in Fig. (44): .020 in“/sec
3. Calceulate Ly from Ly = Vgtg _
nd 4808
1
4+ Use the plot of equation (26) in Fig. 41 to find R, corresponding
toly = 28,8 and = 1.91. Ry = .84
5. Calculate (@ S-Go) from equation (27), conveniently written as
(-é' o) = Rlusse 1
g8 o 2640 ¢y
where ¢y is written separately so as to leave it the last operation

on the slide rule. This enables ¢, to be chosen directly from the
integrated mean curve of Fig. 43 to match the value of ¥, resulting.

o
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Since the effect of K; on R; is not too strong, especially at high
speeds, a second trial solution is needed only if the first guess
nissed by a large amount. In this case ¢; = .120, so that

— - o
O 90) = 468
With room temperature assumed atas constant 750 this makes

= 543°F
This is close enough to the orlglnal estimate of 500 to eliminate

the need for a second solution.
6. Estimate et at 800°F (since the measured value was 735°F)

7. Evaluate K, end kz at 800°F from Fig. 44 and 45

K, = .016 in?/sec ky, = 6.6x10™4 B‘bu/inz/sec/ (°F/4n)
V 'a

o,
4o
9. Calculate the aspect ratio m/J = b/Ra = 8.4

10. Evaluate the shepe factor from Flg. 37 S= o255

8. Calculate Ly = = 6.38, from equation (30)

' _L.._
11. Calculate D, defined by D = 24,800 = 64

(This is evaluated separately purely for convenience in finding B end qz)
12. Celculate B, defined by B = T:LW = 384
' 2772

13. Caleculeate 9 from equation (28), now rewritten as
2:84D - 138 Btu/in?

%
14, Calculate A, again for convenience, defined by
bS
A q
2 2k3
where k3, the conductivity of the K25 carbide is talken as 7 .63}{.'1.0"/+
Btu/sec/. inz/ (°F/in)
A = 4730
15. Calculate R, from equation (34), now written more conveniently
A- (8 -8)
= 5.9 = 84
B i+3D .

16. Calculate b} from equation (29), now rewritten as -éf = RZB = 322

17. Calculate B, fram equation (31),

o — 0.
at-es+ef-865F
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18. Compare with assumed value of Ot, 800°F. The only quantity seriously
affected by the difference between the two is k2,
The effect on R.2 is negligible. Repeating steps #12 to 17, results in
an increase in'af and §; of 100, which is negligible.

19. Compare this result with the measured temperature of 735°F.

and therefore B.

Exemple 2:

Steel: 18-8 Stainless Steel (Austenitic)
Toolt 18-/-1 High Speed Steel, 15° rake angle, 5 clearance angle orthogonal

cutting.
Quantities measured during test:
Cutting speed: V, = 140 f£t/min V' =28 in/sec

Depth of cut ty = .0065"

‘Width of cut b = J1340
Chip contesct length a = .034%
Chip length ratio r, = 54

Cutting force Fc 275 1bs
Thrust force Ft 115 1bs
Quantities calculated fram this datas

!I

i

Average shear strain: ( = 1.92

Shear energy & = 202,000 1n—lb/in
Shear angle g = 31-5

Chip velocity V' = 15.3 in/sec
Friction force F. = 1400 1b/in

Steps of solution:
1. Estimate Ss at 600°F
2. Evaluate Ky at this temperature for 18-3 Steel, Fig. 44 K; = .0068 inz/sec.
3. Calculate L; = vttd = 13.0

4K,

4. Using Curves of Fig. 41 find R, = .735

5. Calculate G0 ) = Rlussec¢ 1
8 o 2640 ey
where ¢, i® 0.127 (integrated mean value from 75°, Fig. 43) at - 600°F,
from which

(6;~90) = 5609F or
= 635°F

This is close enough to the assumed value of 600°.
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6. Estinste Gt, using measured values as well as past experience as a
guide, to be 1200°F,
7. Evaluate K2 and k2 &t this temperature from curves in Fig. 44 and 45
K, = .075 in®/sec k, = 3.15 Btu/in%/sec/(°F/in)

8. Calculate L, from equation (30) L2 = 17.4

9. Calculate the aspect ratio m/1 = b/2e = 1.97
10. Evaluate the shape factor from Curve in Fig. 37 s = .65
11l. Calculate D . Ffvc'

= 51,800

12. Caleulate B B = i{D"‘?T.'" = 660
2V

= .865

13. Caldulste q, = 22240 = ¢7.3 Btu/in®

14. Caleulate A, where k., 1s the conductivity of High Speed Steel, tsken

as 3.42{1.0"[F Btu/inz/sec/ (°F/1in) A=gq 6S ~ 8600
2 2
- 3
A~ (8.-8)

= ,866

15. Calculate R2 from R2 = T F B

- _ o
16. Calculete ef = R2B = 5§72

= _ = 4T o
17. Celculate Gt = Os*f Gf = 1207°F

—

18. If the estimate of Ot in Step #6 had been off by more than 100° a
second triel would have been required.

19. Compare with experimentally measured temperature of 1135°F.
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ASSUMPTIONS MADE IN APPLYING EXACT ANALYSIS OF SEMI-INFINITE PLANE TO
CONDITIONS IN A SQUARE TOOL.

If a simple square orthogonal tool is used, or if angles do not
depart too far from that condition, there are only two assumptions neces-
sary to apply the exact analysis of a semi-infinite body to a square tool,
as long as the manner of heat supply is known (essumed here as constant over
the area of application).

The first is the assumption of steady state gonditions. As Pahlitzsh
end Helmerdig (19) have shown, this is an important factor only at distances
removed from the source. In the plane of the source steady state termpera-
tures are reached almost instentaneocusly.

The other assumption is far more important in that it sssumes negli~
gible heat flow from the source, anywhere but into the body of the tool on
the chip. Obviously this can only be an approximation, since actually
heat will be lost by conduction, radiation and convection at various points
of the tool. An attempt will now be made to estimszte the amount of such
losses and the effect they are likely to have. It should be borme in mind
that only losses occuring close to the chip-tool contact ares can have any
gerious effect on the temperature at that area.

The first area of loss to be considered will be the smell contact
area between the tool and work slong the clearsnce face, just behind the
cutting edge (see area &' ,b in Fig. 42. Exact calculations are not
poscible, because the length of this area a' is difficult to estimate,
although visuel studies of cutting and tool wear indicate that for sharp
tools it will be less than .001 inches. To find out how much heat can be

lost here, deta will be taken from &n sctual cutting test, and for thmee
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assumed values of a' and corresponding temperatures, the amount of hest
the work can sbsorb from such a source celculated from Jaeger's moving

heat source solution. All velues are taken for a tool one inch wide.

Lxample 13

Cutting speed V, = 445 ft/min = 89 in/sec.

Length of contact on cutting face a = .009"® o
Average temperature on cutting face St = 830°F

Approx. heat input to tool on cutting face:(l-RQ)qza = .27 Btu/in/sec
Approx. thermal conductivity of work: k4 = ,0007

o
Approx. temp. of work surface preheated by shear wofk: 500 F

Approx. thermal diffusivity of work: K = .020 inz/sec

a! = 001 a' = ,0005" a! = ,0001"
a'Vt
Ly = 7¢ | = 1.1 .55 Ja1
q 754 %(a') ' oo
From (2a) (830-500) = vhere q is the amount of heat trans-
‘ k, Y L, ferred Btu/in%/sec

(a’qA) = .64 Btu/in/sec +2 ' 021

There are several conclusions that can be drawn from these results.
If generation of additional frictional heat over the clearsnce contact
area a' is neglected then these results imply that either the temperature
differential is less than the 330°F assumed (830-500), or that a' is less
then .0005", That this length is indded less than .Q0L" was demonstrated
by radicective experiments deseribed below. Otherwise, a reasonable
balance between a and the total heat supplied to the tool (.27 Btuw/in/
sec) is not maintained. It should be recalled that this calculation is
for the amount of heat the work is capable of receiving, rather than what

the tool is capable of supplying. For instance, lack of temperature
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equilibrium across a', in other words a tool surface hotter than the
work surface underneath it, would elso cut down the calculated heat
transfer q4, from the tool to the work. In cutting, & certain small
amount of heat as also bound to be generated at the clearance contact
area which can be expected to provide at least part of the heat passed
on to the work., Unfortunately there appears no way at présent of
assaying these conditions accurately. A study of Fig. 35 will show
thet only a complete change in the heat flow pattern could account for
eny significent flow across the Z-axis for such a very short distance
from the origin. No such drastic distortion was noted by Bickel (2)in
his thermocolor measurements. The result he gave for a tool giving a
slight wear crater is shown in Fig. 43. Although experimental data was
not giveﬁ in great detail there does not seem to be any evidence that

much heat is lost across the clezarance face contact srea.

Cobalt H.S.S. Tool
Vt s 120 f't/:';;iﬁ
ts = .020"

.5 1

‘Temperatures measured
after 18 minutes
Tool Life: 45 minutes

Figure /6.

Bickel solution for temperature along cutting face.
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As Fig. 33 shows the temperature gradients in the tool are not very

great once steady state conditions are reached, and this adds to the

view that whatever heat transfer exists across the clearance face, contact
area has a negligible effect on tool temperatures.

Due to the englosed space along the clearance face, convention can
be expected to take place principally from the cutting face. If the
latter is horizontal, as it usually is on a lathe, then the heat transfer
coefficient for free convection from the surface can be tazken from McAdams
(17) as h, = 0.38 (A ey Btu/ftz/hr, so that the heat lost from an
area (A) with a temperature differential with the surroundings of O,

is given by

_ 1.25
Goony, = 0+38 A (498) Btu/hr (37)

An epproximate map of isothems surrounding the chip contact area of the
tool cutting face of the same case discussed above is given in Fig. 44,

calculated with the help of equation(37)and Fig. 32. Subdividing this

Figure 47.

Approx. map of isotherms surrounding chip contact

areé.
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into regions amall enough to work with average temperatures, it is
possible to use equation (37) to arrive at an estimate of the amount

of thermal energy lost by convection. This total smounts to only about
0.0001 Btu/in/sec, which is an insignificant fraction of the energy
supplied to the tool (0.27 Btu/in/sec). Over the range of temperatures
involved in metal cutting, the radiation losses are of the same order
as the convection losses, and can be disregarded for the same reason.

Since as a rule the chip contact area is small compared with the
dimensions of the tool body, the assumption of the latter as being
infinite in directions away from the cutting edge is probably a good
one, although correction could be made in longer runs if the tempera-
ture of the tool sides increased much above room teﬁper&ture. The
effect is merely to raise the base or reference temperature by just
that amount.

Swimarizing now, it seems fair to state that the exact solution of
temperature distribution in a semi-infinite body, insulated except over
a finite area over which thermal energy is supplied, can be applied well
within engineering accuracy to the case of a finite approximately square
tool.

There is one common commercial practice which complicates this
picture, and that is the use of liquid coolants. However, as Pahlitzsch
end Helmerdig (19) showed, such a coolant must be applied very close to
the cutting edge if the temperature at this point is to be affected
significantly. The main body of the tool is cooled very easily, of
course. This view is supported by Pigott and Richardson's (31) work
who found that at speeds above 100 ft/min fluids had very little effect

on the measured temperatures. R.J.S. Pigott (20) showed that the speed
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at which fluids remained effective in cutting down temperatures could
be increased considerably if the fluid is forced into the wedge formed
between work and clearance of the tool by means of high pressure jets.
This agrees with the work of‘Lauterbach and Ratzel (15) who demonstrated
by same neat experiments that for low speeds at least, cutting fluids
penetrate to the cutting face from the clearance face.

In order to leasrn more about the action of cutting fluids, in
particular their effective working area én the tool, some experiments
were run in which the fiuid was made radiocactive. Both steel and aluminum
were cut on a planer type of set-up, shown in Fig. 48, and the fluid uéed
was Amyl Iodide, CHB(CHQ)BCHzl, chosen because i1t is an effective cutting
fluid (as demonstrated by both force and surface finish measurement) and
contains 64% by weight 1131, 2 highly acti&e (8-day half-life) isotope
of lodine.

The tests were‘perfonmed by adding a few drops of the active fluid
after the cut had started and thoroughly scrubbing the tool afterward
with cotton soaked in Methylene lodide, to remove any traces of unre-
acted fluid remaining on the surface. As & control, siail;r tools were
allowed to cut either dry or with ordinary Amyl Iodide as cutting fluid
and then hed some radioactive fluid dropped on afterwards, and washed
off like the other tools after 1 minute.

To measure the amount and location of radioactivity as accurately
as possible, a small pieée of very thin (.0007%") Kodak NTB nuclear
strip film was wound arqund the tool, held in place by scotch tape.

After being exposed for 10 days, in cans kept dry with silica gel, the

films were developed in concentrated D-19 developer for 20 minutes.
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A typical result is shown in Fig. 46¢there B-1112 steel had been

cut with a 15° rake angle 18-4~l High Speed Steel Tool, at & speed of

2 1/8 in/min, at a depth of cut of 0.010",

Figure 46a

Autoradiograph of a Tool, using Radiocactive Amyl
Iodide as cutting fluid. Cutting edge marked by
ink line, with cutting face to right of edge.
Magnification 4x.

Although exact measurements are difficult to meke the activity
shown gbove is estimated to correspond to about 3x10—6 g/cm’2 of Iodine,

which is equivalent to about ten monolayers of iodine compounds, pre-

sumably ferric iodide.

However, it is quite clear that the fluid was active over the entire
cutting face, right down to the cutting edge. Since no trace of activity
wﬁs visible on the clearance face in any of the tests, it is clear that
if there is any ares dn‘the clearance face at the cutting edge; where
pressure and temperature are high enough to cause decomposition of the

cutting fluid, such an area must be less than .00l" wide.
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THE EFFECT OF CHIP LENGTH (&) ON TOOL TEMPERATURE

0f &1l the quentities measured in the cutting process, the greatest
uncerteinty exists in the determination of (&), the length along the
tool face over which the chip makes contact. It is natural, therefore,
either to improve this measurement, or lacking this possibility, to
blame zny discrepancies between calculated and measured temperatures
on the value of (&). Whether this is reasonable or not will now be
explored.

The reason for the difficulty in measuring (e) lies in the fact
that it cannot be measured directly during a cut, but muét be obtained
from observation of the tool after & cut. As a rule it is not difficult
to distinguish the area of the tool which has had contact with the éhip
from the part that has not. With steel tools such observation is aided
if the tool is first given a very thin copper plate, by rubbing a little
acidified copper sulphate solution over the surface. With Carbide tools
this method fails, but the tarnishing of & polished tool face, where the
chip has rubbed over it, is quite obvious. This means regrinding the
tool after every test. The actual measurement wes made with & Spencer
Microscope having & reticule in the eyepiece, with divisions corres-
ponding to .C02 inches on the tool, and'visually integrating the ragged
edges. Trigger and Chao (6) proposed photographing the contact area
end measuring enlarged pictures, but such refinement seems quite unwar-
rented at present.

Obviously any such measurement as just described can give only the
totel length over which contact has teken place sometime during a test,
and therefore represents more of an upper limit then a true contact area.

The difference between what may be regarded as a true aree, and it is
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not yet established whether this is the same for force transmission and

temperature celculatione, is to a large extent due to a built-up edge.

Even the very small built-up edge that is nearly &always present can have

a disturbing effect.

This accounts for the considersble effect a good

cutting fluid has on the contact length, and the fact that (&) usually

decreases with speed, in fact with anything that reduces friction be-

tween chip and tool, such as increasing the sulphur content in low

carbon steel.

In order to assay the importance of (&), seven runs were chosen

at rendom from the large zmount of data available, the t

»

emperature

celculated from equation (35) and then repeated with different values of

(a). The results are shown in Figure 47, where to gain a quick over-

sight the values of (a) actually observed are marked with an x. In

addition, a circle (0) marks the point where the temperature corresponds

to that measured. by the tool-work thermocouple method.

The conditions for the runs plotted in Figure 47 are given in Table III.

Table III
Run Work Material Tool Reke sngle | Cutting |Depth of
Speed Cut
ft/min |inches
18F | 18-8 Stainless [K2S Carbide 20° 616 .0065
LF n n n 616 .0023
16F " " " 86 .0065
24F2 " 18-/-1 High
Speed  |15° 277 .0023
4E | Low Carbon Steel] K25 Carbide |20° 145 .0023
32%S
11F 18-8 Stainless n n 15 0044
22F " 18-4~1 High  |15° 15 .0023
Speed
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It is clear from the ciirves of Fig. 47 that the effect of changes
in (a) on calculated temperatures is not too great, especizlly at low
speeds. However, it should be kept in mind that percentage error in
measuring (a) increases as (a) becomes smaller.

Experimentally observed values of (a) obteined under z wide variety
of conditions, for both 13-8 Stainless steel apd low carbon steel con-
taining different amounts of sulphur are plotted in figures (48 asb,c).
The more erratic the curves the more certain one can be that a built-
up edge was present. On the whole it can be said with a fair degree of
certainty that when (a) is less than twice the depth of cut there is no
appreciazble built-up edge, and that when (2) is more than four times
the depth of cut that there will be an appreciable depth of cut. This,

of course, is just a rule of thumb.
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THE EFFECT OF WIDTH OF CUT O TOQL TEMPERATURE

Besides direct comparison between calculated and measured tool
tip temperatures the two most convenient means of checking on the
validity of equation (35) is to compare experimentel and calculated déta
for trends when either the depth of cut (td) or the width of cut (b) is
changed. The convenience lies in the fact that in both cases cutting
conditions do not change too much except for the desired difference in
geametry, and what changes do occur are easily visualized.

To check on the effect of width of cut, & piece of B-1112 steel
wés cut with a 20° Rake angle K25 Carbide Tool over a wide range of
speed and at two different feeds, under orthogonsl conditions. Use of
& trepanning tool made it possible to generate wall thicknesses (b) down
to .C10%, short of course, to prevent buckling. The temperatures as
measured by the tool-work thermocouple method are shown plotted as dotted
lines in Fig. 49. The unusual shape of the 24 ft/min curve for .OCL4M
depth of cut, is due to built-up edge formation.

The corresponding calculated temperatures were obtained’fram force
measurements made on the A-3 (.27% S) low carbon steel, very similar to
B-1112, at widths’of cut around 0.14". They are plotted as solid lines
in Fig. 49, and arrows from the depth of cut figures connect corresponding
calculated and experimental values. In two cases, both for td = ,0023",

vhen ¥, =15 and 226 ft/min, the theoretical and experimental values are
so close together as to preclude separate curves. In the other cases
the absolute agreement is not so good, but the shape of the curves is

similar enough to give a good check on the geometrical quantities in equa-

tion (35).
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When (b) becomes very small the radiastion and convection from the
vorkpiece would be expected to become noticeable and act to reduce
experimental values. That such was not observed may be due to the slight
strain hardening of the materisl at the inside and outside dismeters due
to previous machining, which would heve a negligible effect at large
values of (b). Within the limits of the dynsmometer used (max.sensiti-
vity 1 1b) forces were found to be exactly proportional to (b), but at
least 10 times this sensitivity would be required to check on this propor-

tionality accurately when (b) becomes as small as 0.010".

EFFECT OF DEPTH OF CUT ON TOOL TEMPERATURE

Although the depth of cut was varied in seversl hundred tests, only
two representative series are shown in Fig. 50. The experimental values
are indicated by circles (o) connected by dotted lines, while calculated
velues are drawn as solid lines, with a solid dot (o) indicating the
depth of cut st which the basic data for making the calculations was
obtained. In meking these calculaticns it was assumed that nothing changes
with depth of cut except the geometry and the forces, both in direct
proportion. No account was teken of the size effect (increased apparent
strength at lower depths of cut) nor of any change in thermal properties
that might accompany the change in calculated temperature. The effect is
small enough to justify the considereble simplification of the calculations
that results.

In the case of low carbon free machining steel (.32% S) the agreement
between experimental and calculated temperatures is very good inddeed, both

as regards absolute velues and the shape of the curves. The reason for the



1600 7
Low Cabon Steel %
0327 S
Tool: K23 L‘qn‘o_:_dfe O e D T g

S X - 2o 450| ft/min [ aeneE
o 800 i g /____ ,,,,,, — ’

g /{/ - |
3
3
o
(+V]
.,
&
=
0 005 010 015 020 025
Depth of cut t{ inches
3200 P
18-8 Stainless Steel A l//
Tool: K2S C / ""

2400 / bl idobs Ul o
l-l- A ///
Q ,/

3 Gt
Y 1600 L ! PR SR
Sy
a
£
i
800 | #4771 CHRE e, IR i ]
0
0 005 o]{0) 05 .020 025

Depth of

Wt b inches
s (59

18]




84

difference between the theoretical curves lies in the above mentioned
size effect and the lack of proportioneality between depth of cut and
length of chip contact. It is interesting to observe that the lower
thé cutting speed the larger thé depth of cut at which cslculated and
measured temperatures agree.

Similar data taken with 18-8 Stainless Steel show far less agree-
ment between theory and experiment, as is evident in Fig. 50. Reference
to Fig.é2shows far less regular behaviour in the variation of tempera-
ture with speed snd feed, in some cases increesed feed resulting in
lower temperatures. This can be ascribed in large part to the irregular
formation of a built-up edge, which mekes good thermo-electric measure-
ments impossible. The lack of proportionelity of chip contact length

and depth of cut, as evident in Fig. (48ahc) lends further support to
this view. The discrepancy at the high speed of 600 ft/min cannot be
explained in this manner, but is discussed later. Comparison with the
low carbon steel shows that with stainless steel sensitivity of tempera—
ture to increased depth of cut is about-twice as great (note different
scales).

In general, curves such zs these may be very helpful in correlating
allowable cutting speeds to depth of cut whenever tool temperatures are
the limiting factor. Thus tool 1life studies made at one depth of cut
may be converted to other depths. If this can be substantiated by

experimental studies of tool life, it would prove a very useful concept.
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THE FFFECT OF THERMAL PROPERTIES OF WORK MATERTIALS ON CUTTING TEMPERATURES

It is clear from the number of times they enter into equation (35)
that the thermael properties of the work matdrisl will have an importent
bearing on the temperatures reached in the cutting process. The two
properties considered here as the primary ones are conductivity and
specific heat, since the diffusivity is a function of these two, as long
as the very small changes of density with temperature are ignored.

The clearest picture of the effect that changes in thermsal proper-
ties can have, is to tske actual cutting data and then change velues of
conductivity and specific heat by arbitrary ratios wherever they eappear
in the calculations, and assume that nothing ?ISe changes, In this
manner the shape of the conductivity curves is meintained. What heppens
to calculated temperature when the conductivity is changed 1s shown in
Fig. 51, while Fig.’52 gives & similar picture of the effect of specific
heat, both sets of values calculated from a series of arbitrarily chosen
runs, the conditions of which are listed in the Table V below,

) Teble V

Run | Work Materisal Cutting Speed |Depth of Culf Tool Material [Reke angle
ft/min . ty inches
LE [Low Carbon Steel L45 .0023 K25 Carbide 20°
3} with Sulphur
16E | content of .32% 62 .0065 " "
28E " 445 .0116 n n
LF | 18-8 Stainless 616 0023 " n
18F " 616 .0065 | " n
<2F " 15 L0023 18-4~1 HSS 15°
36F n 15 0065 L "
with CCl4 fluid
2LF2 " 277 .0023 n L
TF " 86 .0023 K2S Carbide 20°
with CCl4 fluid
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Just as one would expect, increased conductivity results in lower

calculated temperatures, the effect becoming most noticeable at the

higher temperatures, and approximately linesr when plotted on log-log
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peper. These curves also give an idea of the effect inexact conductivity

data has on calculated temperature. Thus an error of 20%, which is quite

possible, corresponds to a change in calculated temperature of only 10°

at 600°F, 50° at 1000°F and 100° at 1500°F. This shows the importance of

exact conductivity values just in the range where they are the hardest to

determine.

To obtain an idea of the role conductivity is likely to play in

cutting various materials a series of approximate values is listed below,

dl relative to the conductivity of Iron.

Materigl

Copper

Magnesium

Aluninum Alloys
Brass

Iron

Monel Metal
Stainless Steel(18-8)
Titanium

Tungsten

Relative Conductivity

'45
«30
.26
.18

Interesting is the large range covered, 25:1 from Copper to Titaniua.

The steep slopes of Fig. 52 indicate clearly the large effect

specific heat has on calculated temperature, and thus presumably also on
the actual temperatures. An error of only 10% in the value of specific

heat corresponds to a change in calculated temperature of 300 at 6000,

60° at 1000°, and 90° at 1500°F, which points up the importance of knowing

this quantity as accurately as possible and also emphasizes the difficulty

encountered by having to deal with instantaneous specific heat values

rather than the steady state values one usually measures.
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It should be noted from Figures 51 and 52 that the relative effect
of thermal properties appears to be quite independent of the kind of
material calculations are started with, nor does the speed or feed chosen
appeer to mske much difference.

It is important to realize that when specific heats of different
materials are compared, (c) is slways multiplied by the density ( 9) in
equation (3%), so that it is the product‘of these two, the heat capacity,
thet 1s the quantity of primary interest. The curves of Fig. 52 can still
be epplied as a reference by simply substituting heat capacity ratios for
the specific heat ratios in the abscissa. Again, for purposes of compari-

son, a table of ( 9c) for verious materials is given below.

Material Heat Capacity (¢ ¢) Btu/, 15 20F
Carbon Steel 037
Steinless Steel .037
Copper .09
Tungsten 024
Titanium .018
Magnesium \ 016

Aluminum 016
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THE EFFECT OF TOOL PROPERTIES ON ITS TEMPERATURE

According to the theory, as developed here, the only properties of
a tool that influence the temperature at the tip, except for geammetry,
are the coefficient of friction and the thermal conductivity. It is
obvious that, other things being equal, a2 tool with & higher coefficient
of friction will generzte more heat and therefore will become hotter than
one with a lower coefficient.

The effect of thermal conductivity was calculated fram equation (35)
for the runs listed in Table V, and the results are plotted in Figure 53.
Perhaps the most interesting result is that when cutting a material like
free machining steel, with its relatively high conductivity, the effect
of the tool conductivity is very small, an effect more pronounced at the
higher speeds. To take & typical case: where a perfectly insulating tool
gave a temperature of lOOOOF, one with the high conductivity of 12x10°4
Btu/sec/inz/(oF/in) corresponded to 930°, a difference of only 70°F.
Obviously in this case exact calculations do not depend on precise know=-
ledge of tool conductivity.

However, when cutting a materiel of poor conductivity, such as
Stainless Steel or Titenium, the effect of tool conductivity is much
more pronounced, and, other things being equel, points to the advantage
a tool with high conductivity has. In an example the change from a
-4

perfectly insulating tool to one with a conductivity of 12x10 ™ was observed

3
to reduce the calculated temperature from 980°F to 680°F, 2 drop of 300°F.

*There exists in the current literature no data on conductivity of tool
materials other than that around room temperature, so that for lack of
better values these were used in all calculations made here. It is
hoped that this deploreble gap in information will be soon filled, so
that more accurste czlculations will be possible.
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Experiments have shown (see Figures 767§ that in machining steel
18-2-,-1 High Speed Steel Tools have a coefficient of friction 25 to 50%

greater than theseof K25 carbide. This one would expect from the greater



hardness of the carbide. Since, in addition, the conductivity of K2S
carbide is about twice that of the H.S.5. it is only natural to expect
carbide tools to run cooler than H.S.S. cutting under similar conditions.
Furthemore, the above results would indicate that the difference wouid
be more pronounced when dealing with 18-8 Stainless Steel, rather than
free, machining steel. These conclusions were substentiated by experi-
ment. Reference to Fig. (74=z,b) in the Appendix shows that when machining
the low carbon steels at 100 ft/min the temperatures are slightly higher
when cutting with H.S.5. Tools, although at 400 ft/min the picture is
reversed for not very clear reasons. In the case of 18-8 Stainless Steel
reference to Figures (62) and (?5e) shows that, as predicted, the tempera-
tures are far higher when cutting with the H.3.3. Tool. A typical figﬁre
is 230°F difference between carbide and H.S.S. at 100 ft/min, at a .0023"
depth of cut. We can conclude from this that even if the ability of
carbides to stand up at higher temperatures 1is not considered at all, theee
would be a considerable advantage in using carbide tools to machine 18-8

type stainless steels, or materials with similar properties.
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THE EFFECT OF CUTTING SPEED ON TEMPERATURE

Of all quantities influencing cutting temperatures the one having
the greates practical significance, because of the control we have on it,
is the cutting speed. Under many conditions, though not all, useful
cutting speed is determined by the temperature attained at the tool tip
that gives a reasonable tool 1life. It is therefore most interesting to
see whether the velocity parameters in equation (35) adequately represent
the temperature changes that are observed experimentally. As will be
shown in detail below, the answer appears to be that they do, within limits
that are imposed in part by the approximations of the analysis end in part
by lack of accurate knowledge of the physicel properties of tool and work
materials.

With free machining low carbon steel (S = .32%) the agreement
between temperatures measured by the tool-work thermocouple method and
those calculated from force measurements and physical properties is seen
to be quite satisfactory. They are shown plotted as dotted and solid
lines respectively, in Fig. 54. Theoretical values are consistently
higher than measured values, the difference varying from 30° to 100°F,
which is well within experimental accuracy and the various approximations
nade in the analysis.

Cutting 18-8 Stainless steel under the same conditions as the free
machining steel gave results that are not in quite such good agreement,
see Fig 55. It is interesiing to compare these curves with those shown
in Fig. 56, which are also for Stainless Steel, but cut with a High Speed
Steel tool instead of K28 carbide. Here the agreement betﬁeen theory and
experiment is so much better that one might conclude that incomplete data

on the conductivity of the K28 Carbide were the sole cause of the 200°F



1400 f 7

1200 frH+

1000

800 |-

600

400

200

2 5 INCH CYCLES X 10 DIV. PER INGH
GUARANTEED "ALL RAG PAPER”

{70 DIV

o

BOSTON 10, MASS
MADE IN U, 5. A,

N W s n @ ~ s ] w0 (o]

<44

.......

FEREGUARE URTALNITL JERELRRRANL it | 1 _{‘
4Ll 1l RN AI' X |8 2 1 )
-] ..... BRRRDEATE L ! + B & N5
] | | |
24 e R H
18

e

-“;éuffiﬁg”$péhﬁ"‘"'"" TR i

s P £ A L ol “’|—‘

lﬁﬂfS‘;

CUTTING VELOCITY




Op

TEMPERATURFE

4 ———t e

T
I

_ of I
Exoertmenfqllv measured tﬂmpcratures
| . -and -
Calculﬂted tﬂmperatures

Hit g

1718-8- Btalnless &teel 1
Tool KPS Carhidqe | 1L

-20%Rake | Cngle“:._.gi..:'. 5

ESEELALELC I

o Flatd -

{ BFRLESUELS KARE L

R28e

T DEpEhi ot eut T
Calduléﬁed};0044"m'
B 0023 "

S BUN ORI RRGIEL 1 DN

100 150

f"ﬁ' CUTTING VELQCITY ft/min
iy .55

200

300




92

discrepancy noted zbove. However, there are probably other factors also,
such as incomplete knowledge of the properties of High Speed Steel, be-
ceuse otherwise a similar large discrepancy would also be expected with
the free machining steel. On the whole, it seems fair to conclude that
within present knowledge of the thermal properties of tool and work
materials, experimental erfors, and approximations made in the tempers—
ture analysis, the agreement between theory and experiment is entirely
satisfactory.

It will be of some theoretical interest to observe the fractions
of the final cutting temperature due to shear and to friction, and how
the relative proportions vary with cutting speed. For that #eason the
values for bothlag andigg, their sum'§£, and the experimental values for
2it for two different sets of conditions are shown plotted separately

in Fig. 56 below.

Low Carbon Free Machining
1200 |Steel ( S = ,32%)

Tool: K2S Carbide
200 Rake angle
.0023" depth of cut

r—-"oﬂ’
_ — Measured

-

8

,_,
Iy

TEMPERATURI

K25 Carbide

20~ Rake anglt

.0023" depth
of cut

400 000 0
CUTTING ELOCITY ft/min

Figure 56.

5? Bf, Gt plotted as functions of cutting speed.

@]
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Of particular interest is the fact that above 100 ft/min the shear plane
temperature does not increase much with speed. At very low cutting speeds
the friction temperature becomes negative, which implies that all of the
frictional and some of the shear energy goes to the tool.

These temperature variations are functions of R; and R, the
fractions of shear and friction energy respectively that go into the chip.
To see how R; and R, vary with speed, a few representative curves are

shown in Fig. 58, for the same conditions as those in Fig. 57.

Ratio (R]) of Shear Energy passing into chip
and
Ratio (Rp) of Friction Energy passing into chip

Tool: K25 Carbide
20° Rake angle
No fluid
Depth of cut: .002% inches

200

CUTTING VELO

Figure 58.
Variation of R, and Ry with cutting speed.
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Probably more interesting than the above values of R; and R, are
the actual energies gting into the chip, tool, and workpiece, which can

be found from the simple expressions below.

Uonip = Rug + Rz(u—us) (40)
York (l_Rl)us (41)
Upoor = (1-Bp)(u-uy) (42)

How the properties of the total cutting energy as calculated from these
expressions, for the same conditions as plotted in Fig. 57 and 58, is shown

in Fig. 59. The fraction of energy going into the work is seen to be reda-

400

Low Carbon Free Machining Steel
| CUTTING VELOCITY

Figure 59.
Energy distribution as a function of cutting speed.
tively constent, while that going into the chip increases with speed, at
the expense of that going into the tool. This is most fortunate, of course,
since otherwise high speed machining would be impossible.
Cutting temperatures measured under a wide variety of conditions both

for low carbon steels with varying amounts of sulphur content and 18-8
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Stainless steel are plotted in Figures 60 to 62. Fig. 63 is a cross
plot showing the variation of temperature with rake angle of the tool.
Except at the lower speeds where buili-up edge mekes exact measurement
impossible the temperature is seen to increase as the rake angle be-
comes more negative, the result of the increased amount of shear work

required for cutting.
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TEMPERATURE DISTRIBUTIONS IN THE CUTTING PROCESS

The menner in which temperature distributes itself over the
cutting area is of considerable practical interest. For instance, for
a given total energy input and average temperature tool life will be
less if there is a steep temperature gradient over the cutting face,
than if there is a more uniform distribution. It is the parts of the
tool at the meximum temperature which, as a rule, will limit tool life
and cutting speeds.

Unfortunetely distributions are very difficult to measure directly.
Only two methods have been developed so far. The one due to Leng and
Bickel was discussed on page 8 and Bickel's result for temperature along
the cutting face given in Fig.46. This single curve was the result of
several months work,‘obviously far from a rouéine test, but it shows quite
clearly that for the case in question at least, the peak tempersature is
developed at the tool tip. The severe cratering that is observed so
often behind the cutting edge has led many observers to conmclude that
maximum temperature is developed behind the edge. For instente, Trent,
as quoted by Tangerman (38) believes that at 150 ft/min cutting speed,
the maximm temperature is reached about .020" behind the cutting edge,
this distance reducing to .005; at 300 ft/min, this apparently based on
no other evidence than the cratering. The analysis made here does not
give a clear answer to this problem. The temperature distribution in chip
and tool face is drawn in Fig. 64 below, similar to Fig.38 , only that
curve (z) starts with a maximum at the cutting edge, which corresponds to
the solution for a stationary heat source applied to the tool. It should

be recalled thst solution for the averagé cutting temperature §£ was
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obtained by equating the mean temperatures of curves (1) and (2), where

(1) represents the moving heat source solution epplied to the chip.

w
-
- |
i
g
-
v
o.
£
o
i

Figure 64.

Theoretical temperature distributions at Tool cutting face.
If curve (3) is taken as the mean between (1) and (2) then the finite
time required for temperature equilibrium to be reached between two bodies
leads to the conclusion that the ectual temperature of the tool will lie
somevwhere between curves (2) and (3). Although the shape of (2) is inde~
pendent of speed, reference to Fig.27 shows that curve (1) becomes steeper
as the speed increases. From this one cen draw the qualitative conclusion
that at low speeds the maximum temperature will lie at the tip, while at
higher speeds a maximum temperature behind the cutting edge is likely. A

quentitative treatment of this problem would seem to be a very difficult

Oonee.
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The only other experimental work done of temperature distribution
was by Schwerdt (37), who using a tool not unlike Bickel's (loc.cit.)
measured surface temperatures by means of a very elaborate rediation

detection device.

Figure 65.

Radiation temperature measurements due to Schwerdt.

Schwerdt!s picture, does seem to give clear evidence that the
temperature in the shear plane is not uniform and increases from a
meximum at the tool edge to & minimum at the outside surface. The ratio
between the two is about 1.5, and thus of the same order of magnitude at
the variation of shear energy across the shear plane noted in Fig.
for the case of annealed copper (1.75). It is most unfortunate in this
connection that the bulk of Schwerdt's data was never published.

Due to insufficient supporting evidence this energy distribution
factor across the shear plane was not taken into account in the analysis
developed here. If found generally velid it would increase the important
maximum shear plane temperature abouf 20 to 25% above the average now used,

and this would increase the calculated tool tip temperature by about 70°



to 1200F, depending on conditions. This effect is therefore large
enough to warrant further investigation into the energy distribution

across the shear plane.
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THE PROBLEM OF MACHINING TITANIUM

Titanlum, newest of engineering materials, has been called the
glamour metel. However, it is hardly regarded as such in the machine
shop. Although its hardness is not unreasonably high (Re 31) attempts
to machine it at nomal speeds elways result in quick tool bréakdown.
Reasonable tool life seems possible only at speeds far below even those
used for Austenitic Stainless Steel (18-8) and can be compared only with
high temperature alloys such as Timken Alloy (16-25-6).

Since the short tool lives appear to be due to high cutting
temperatures, it will be interesting to see if the analysis presented
here offers an explanation for the behaviour of Titaniwm in machining.

In discussing Titanium it is convenient to compare it with 18-8 Staine
less steel, since they have many properties in common (e.g. they require
about the same total energy per unit volume to machine), although there
are some significant differences that will be examined later. As a
glance at Fig. 66 shows, cutiing temperatures, as measurad by the tool-
work thermocouple method, are seen to be a good deal higher with Titanium
alloy. Although the absolute difference between them decreases at high
temperature, smell differences at these high values can be expected to
have e significant effect on tool 1life. For reference purposes, tempera-
ture curves for Low carbon free machining steel are also shown in Fig. 66.
These temperature curves agree &pproximately with comparative tool life
data (42).

Analysis of data obtained from cutting Titanium reveals a set of
properties that are nearly all designed to give high cutting temperature.
The first item to be noted is that while total energy to cut unit volume

is about the same as for 13-8 Stainless Steel, the fraction of it used up
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~in friction energy at the tool face is much higher for Titanium, 55%
instead of 35% being representative values. This is not due to any great
difference in the coefficient of friction (they are about the same), but
arises from the much higher relative chip velocity, which is due to the
unusually high chip length ratios (and shear angles)noted in cutting
Titenium. Chip length ratios greater than 0.9 are easily obtained at the
higher cqtting speeds, and we thus have the rather unexpected result that
high chip length ratios can be harmmful from the standpoint of machinability.
Increased tool face temperstures are then to be expected from the increased
work done at that point.

The second factor to be noted is the unusually short contact length
between chip and tool, usually less than 1/3 of that observed with 13-8.
Thus the greater frictional energy mentioned above is developed over a
smaller area, resulting in still higher temperatures.

The single most important factor influencing cutting temperatures
of Titanium is its unusually low heat capacity, less than 1/2 that of
Stainless Steel. 4As was noted on page ® this alone can account for a very
much higher tool-chip interface temperature.

A fourth factor entering the picture is the themmal conductivity of
Titanium. Not much is known about this quantity at present, except that
at room temperature it is about 10% below that of Stainless Steel. However,
from the fact thattool temperatures calculated from this one value have
unreasonably high values at high speeds, one would expect thermal conducti-
vity of Titanlum to increase with temperature. It is hoped that future
experiments will verify this conclusion. |

In view of these uncertainties, the agreement between temperatures

obtained experimentally by the tool-work thermocouple method and those



{

'"Comparisom %ﬁtween Cﬁlculdtpd and ¥ dQured Temperatures
e o To ‘
£ RC 1303 Tltanium Alloy

Tool K?S Crrbld“ ; ‘ . i
1 3AORaNe Ang1e ) _Depth of cut

, 59 (laprance An519= .0044"
1 .018" Radius , 4/7

et

| 00257
Caleule ted i
Temperature

|

Ras Tc.‘rxJull
[ Z0- 10023°

Ll

50 2 50 ©° 70° °100 150 XX 360
CUTTING VELOCITY Vi ft/min
Fig.67




102

calculated from equation (35), and shown plotted on Fig. 67, is not
unreasonable.

One of the most striking phenomena observed whn machining Titanium
is the case with which one can obtain red-hot chips over appreciable
periods of time without damaging the tool. This sppears even more unusual
when it is observed that chips begin to come off red at speeds as low as
50 ft/min, corresponding to a tool tip temperature of about 950°F, while
stainless steel chips fail to turn color even when machining at the very
high speed of 900 ft/min, which corresponds to a tool tip temperature of
over lﬁOOoF. The answer to this paradox lies in the fact that it is the
average chip temperature, and not that at the tool face, which determines

whether or not a chip appears red on its top surfeace.

Figure 68.

Kodachrome of red-hot Titanium chip; Zero degree tool rake angle.
Cutting speed 160 ft/min., 0044"/rev feed (depth of cut). Exposure
of 20 seconds accounts for blurred edge and fact that the cooled
off weaving chip is not visible.
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This average temperature of the chip, Bc, can be calculated quite
readily from the energy per unit volume going into the chip, L given in
equation (40) page .

The average temperature of the chip is then given by

u

5; = E%E?F)chip (43)

The interesting results of such a calculation are shown in Fig. 69, where
both u, and 50 are plotted as functions of cutting speed, for 15-8 and
Titanium, at a .0044" depth of cut and with a 0° rake angle carbidgtool.
Titenium was cut in the conventionsl manner, while the Stainless Steel

was cut orthogonally. The results show that while the total energy going

1,;4dca

Oa%ting Velociﬂyd

t.,,,T,,, l imas _1_‘.___,1 il 2 8o

Figure 69
Chip energy and average temperature of Titanium and 18-8 Steel.
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into the stainless steel chip is a good deal higher than that of Titanium,
the much lower heat capacity ( ¢c) value of the latter results in a much
higher calculated average chip temperature.

The conclusions to be drawn from this discussion is that the tempera-
ture analysis presented in this thesis is capable of giving a rational
explanation of the phenomena observed in the cutting of Titanium, and offers

a .- e¢lesr . explanation of why this material is so difficult to machine.
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APPENDIX



Detailed derivation of equations (11),(15), and evaluations

of equation (11) for various values of m and 1.
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