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THEH4AL ASPECTS OF METAL CUTTING by Erwin G. Loewen

Submitted to the Department of Mechanical Engineering
on May 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 metal cutting has made

possible an analytic study of the temperatures developed at the cutting

edge of a 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 materials

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 analysis was checked by experimental data.

As a practical application, the analysis was used to explain the

unusual temperature phenomena noted in the machining of Titanium.

Thesis Supervisor: M. C. Shaw

Title: Associate Professor
of Mechanical Engineering
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INTRODUCTION

That the production of heat always accompanies the metal cutting

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

This point appears 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 an important contribution to the theory of heat.

The great practical importance of the heat thus generated was brought out

much later by F. W. Taylor, whose monuental paper "On the Art of Cutting

Metal" (39) in 1907 was a milestone in the field. Taylor'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

and materials be rated by the cutting speed at which a tool lasted just

20 minutes before breaking down completely.

Even today 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, a number of more

scientific tools for studying the metal cutting process.

From a theimal viewpoint the most significant of these are the methods

devised for measuring the temperatures at 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 materials can with-

stand for finite periods when cutting, but also an evaluation of work

materials with respect to the temperatures they generate in cutting. In
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Europe this method is being used to control the uniformity of some steels.

Such measurements also make it possible to convert Taylor's approximate

fomlula for tool life

Life = (constant) (cutting speed)l/m

into the much more significant and more generally useful form of

Life = (constant) (tool temperature)/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. Thtough the work of Ernst and

Merchant (9) and others, fairly simple means 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 strain, shear energy, coef-

ficient of friction, etc. can be readily calculated.

The purpose of this thesis is to present a method by which the thermal

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 materials.

Such calculations are too involved to warrant their use in everyday

shop practice, but they are very useful to the engineer in helping to

predict the effects that speed and feed, geometry, and the physical proper-

ties of the Tool and Work materials are likely to have on cutting tempera-

tures. As a practical example, the analysis was used successfully to

explain the rather unusual temperature phenomena observed in the cutting of

Titanium.
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FORCE MEASUEENENTS AND THEIR EVALUATION

The best machine tool for continuous orthogonal cuts is a lathe.

The most important requirements for a 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 appreciable interference from the other (16) (25).

A unit that meets these requirements to a high degree was designed

and is shown assembled in Fig. 1. Consisting of just two parts, except

for screws, its simplicity can hardly be improved upon. The two members

are a body that can be mounted directly on the cross-slide of a 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 parallel with the square hole in which the tool is

clamped. A total of 8 type A-8 SR-4 resistance strain gages are mounted

symmetrically on this square section, two on each face. The gages are

hooked up in two complete Wheatstone btidges, 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 Sanborn

type amplifier, which is sensitive to strains down to lxlO , sensitivity

is about 5 pounds. The maximum safe load is over 10,000 pounds, which

makes the unit almost indestructable. Stiffness is about 300,000 lb/in,

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

up.

L



Figure 1

Model LI-4 Two-dimensional Lathe Dynamometer

Note the T-Nuts which fit the compound slide of a Lathb



Figure .

MeasurinL lar of iodel L-4 Lathe Dynamometer

Strain gages on measuring section have been covered with a

protective coating of wax.
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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

puxposes. To visualize the process Fig. 3 shows a diagram of the two-

dimensional cut and Fig. 4 the corresponding free-body diagram of the

chip alone.

Figure 3.

Two-dimensional (orthogonal) cut, showing forces and geometry
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Figure 4.

Free body diagram of forces acting on the chip

The coefficient of friction along the tool face is then

f FCton o( + Ft
tnXs=1- (a)= Fan F t a

If the cross-sectional area of the chip is A then the area along the

shear plane is
A

A 0 (b)

When the forces along the perpendicular to the shear plane are divided

by the area A we have expressions for the average shear stress (T) and

average normal stress (Sn) on the shear plane.

F (F cos$ - F sin$) sin4

S
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F (F Fsino + F tcos$) sin(
S (d)
n A A

The chip length ratio (r.) by continuity ,is equal to the chip thickness

ratio

= - ;d-*()()
so that X is given by

-1 rc cos OL
tan 1 -rsin0 (

c

The friction Ff is given by

F Fc os o4 + FinoL (g)

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

different forms, all of which are equivalent:

tan (0-o4)+coso (h)

=Coto#+ tan (0 -0i) (h')

Cos ("
sin 9 s -) (h")

The chip velocity V is a simple function if the cutting velocity Vt

V C= rVt

The total energy consumed in the cutting process is given by

V F F
U bt (k)

atdt bt d

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

product of shear stress and strain:

(Mn)US = t OV
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EXPEIMNTAL 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

thexmoelectric 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 rocksalt 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 suitable.

Another method was proposed by Schallbroch and Lang (26) who used a

series of temperature sensitive paints on the clearance face of their tool

and then measured the position of the various isothernal lines so indicated.

Plotting these they could extrapolate to obtain 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 material. The authors noted that the tool tip

temperature so determined was about 100OF higher than that measured by the

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

d
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recognized the fallacy behind the latter method, in fact he used the

thermocolor technique to show that two geometrically similar tools made

of different materials 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 analog model of the steady state

(after 18 min.) temperatures in the tool. Through a trial and error method

voltages of 10 equivalent heat sources along the cutting face were varied

until the constant voltage lines in the model corresponded to the known

positions of the isotherms. This rather laborious procedure made it pos-

sible to obtain actural 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 about 120 ft/min, indicated a thermocouple temperature of 10400 F, while

the thermocolor technique gave a variation of 1340 to 1020F 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 temperatures at which a tool may be expected

to remain substantially unchanged during a test. This is in sharp contrast

to high speed thermocouple measurements where readings can readily be ob-

tained within 2 seconds or less. Nevertheless Lang (14) claims that by
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improving and standardizing his equipment he can speed up thenmocolor

measurements to the point where they become practical for general use.

Pahlitzsch and Helmerdig (19) have elaborated on the technique for

evaluating thermocolor isotherm measurements by performing a non-steady

state analysis of heat flow in a tool, making use of Schmidtfs (35) (36)

finite difference method for solving the Fourier Heat Transfer equation

in Linear, cylindrical and spherical coordinates. The finite chip contact

area over which a tool receives its heat prevents exact application of

any one of these coordinate systems, but by making suitable approximations

a solution can be obtained from which rather complex corrections can be

calculated. It is also possible to calculate the amount of heat energy

passing into the tool, and a 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 thermal gradients in the tool are such that

any cooling applied other than right at the cutting point can have bui

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

lead 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 cutting 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)

I
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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 thenmo-electric properties of tool

and work materials and measure the thel-ral emf that is produced as a result

at 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 available, then this emf can be inter-

preted directly in terms of temperature.

Perhaps the first thing evident in an inspection of the usual tool-

work thermo-electric circuit, shown below, is the vagueness of the cold

junction conditions of the system. If the usual 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, 320 F. Furthermore, the connecting rod (r) and the disk at the

end should both be made from the work mAaterial 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 320F, especially when it has to be clamped in a dynamometer.

ffigure 5.

Simple Thermoelectric circuit on Lathe.
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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-alumel couple attached to the free

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

ifigure b.

Artificial 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 320 F. This position is found by

suitable calibration, although sometimes non-linearities make slight

adjustments necessary as the tool heats up. Making the connecting rod

(r) in Fig. 5 of the work material is most inconvenient, impossible when

only a limited amount of material is available. Bickelts solution was to

make a small armi of the work material, fastened to project from the rear

of the workpiece, the tip (t) of which effectively remained at room tempera-

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

below.



12

Figure 7.

Compensate! Therio-electric circuit for Lathe.

A flexible wire connected point (t) through the headstock of the

lathe with the mercau, bath (Ya), which was kept at 320F. This had

the same effect as keeping the end of the workpiece itself at 320F.

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 many be entirely adequate when cutting

with carbide tools whose high thermal emf's make results quite insensi-

tive to mnall para;3 itic emfs at (b), and also when tests are of such

short duration that both points (a) and (c) can be expected to remain

at room temperature, which is then taken as the reference temperature.

In this work 75 0F was taken as the standard reference temperature during

calibration. If ambient temperature rises above this, tool temperatures

will appear too low and vice versa. However, for practical purposes

such variations are less than the precision of measarerient, 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 theino-electric temperature,

measurement, it is necessary to consider just what takes place at the

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

Figure 8.

Tool-Chip Contact

a somewhat exaggerated picture of the microgeometry at the tool-chip

contact area, showing a large number of small contact points, each of

which naturally forms a little thermocouple. 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

individual emf's, since they are all effectively in parallel. The low

temperature points will act as partial short circuits for the high

temperature ones.
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The degree of such short-circuiting 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, developeda amethod for measuring temperature peaks in sliding

contact of two dissimilar metals, using very amall specimens and cathode

ray oscilloscope recordings. Thus they could detect instances during

sliding when one junction predominated, undisturbed by short-circuiting.

The surprising 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 severe conditions in metal cutting,

even at very low speeds, there will be some junctions at the melting

poini of the work material. Accordingly any attempts to measure peak

temperatures would seem to have little practical value, 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 not a 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 alterna-

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

Schaumunn (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

under the most favorable cutting conditions, need not cause concern,

because as long as such a layer of work material is thin enough 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 particular point.

The magnitude of the thermal emf generated under cutting conditions

is an important factor, since it determines the instrumentation required

and the accuracy obtainable. As might be expected fvom 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 also 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.

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 Geraan industry. This is the so-called two-tool method

illustrated on the following page. Here two geometrically identical

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

Two-Tool Thermocouple method.

temperatures at the two tools to be the same, the emf produced between

themi is indepehdent of the therno-electric properties of the work material,

which therefore does not need to be determined. Only a calibration of

the two tool materials is needed. As Lang (14) camne to recognize much

later, the method falls down on its basic assumption, in that tmpera-

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 condctivities of various

materials.

As 3hore pointed out in his original thesis, it is sufficient

from a thermo-electric viewpoint if either the tool or the work are

insulated ffobm the machine. In this work, it turned out that insulating

the workpiece alone proved entirely adequate.
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CALIBRATION OF TOOL-WORK THER4OCOUPLES

If temperature measurements of different experiments are to be

reduced to a common denominator, it must be done in terms of degrees of

temperature. Measuring thermal emf values alone can only serve for

comparison, for a single tool-work combination, and even then can be

misleading if the calibration happens to be non-linear.

Accurate calibration of the tool-work thermocouple combination is

a surprisingly difficult job. The reason is chiefly a geometric 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 thermocouple calibration can-

not be used.

Under the circumstances the most obvious 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

take a cut, on alethe or drill press for instance, 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 uniformly and making sure the reference couple measures the

same temperature are the principal difficulties.
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Another 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 unreliable if calibration up to high temperatures (1500 0 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" calibrations. 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 two

pieces must be at least 16000 F, even if only for a short time (about 10

seconds), and that this can bring about metallurgical changes which

might alter the thermoelectric properties. The silver itself should

introduce no errors as long as it remains at a uniform temperature.

This 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 diagram of the set-up.



20

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 liquid metal could be maintained at a uniform

temperature, to avoid introducing thermnal 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 remain 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
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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-

pearance of an hysterisis loop, as indicated below. 6hould the position

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

ltui-e 12.

Possible Shapes of Temperature Calibration curves.

Experience has shown that in neither cave is it safe to draw an average

line through such a hysterisis loop, due to non-linearity of the effect.

Lack of such a loop, in addition to repeatability, is a good indication

of the precision of the calibration.

;ndirect Calibration

There are several objections to the direct calibration method as

outlined above. One is the large number of heating and cooling cycles



the tool material is subjected to whenever a. series of materials is to 

be calibrated. A more linportant 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 rec~ing that according 

to the laws of thenno-electricity the therm81. emf between the thenual 

emf 1s cf these two materials against a third or standard material. Such 

a standard material can be chosen quite arbitrarily, but obviously a 

reproducable, thermodynmnically 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-alumel) as the reference. For use 

with carbide tools alum.el is an ideal reference material, since it has 

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

Figure 1.:; . 

22 
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set-up shown on the previous page, which can be prepared in a fraction

of the time required for direct calibration.

Except for the first oneall the methods for heating in the direct

method are also applicable here. The method used for all the indirect

calibrations in this work was to insert a chromel-alumel couple in a

little bead of silver solder at the tip of the test material and then

heat the junction with a bunsen burner. For a permanent set-up, however,

the liquid metal bath probably would prove superior and simpler. It

also would eliminate the problem of momentary high temperatures when

applying the silver solder. It turned out that Bickel (1) had developed

a very similar technique, even to using alumel as the referance material.

In calibrating he clamped the wires to the test piece, rather than use

solder, but as a result could not calibrate above 10000F. The silver

solder technique allows a temperatvre of 1500 F to be reached in calibra-

tion in three minutes, the cooling cycle taking about 10 minutes. This

is a very important advantage 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 temperature. When this is

not possible, a separate thermometer or thermocouple is needed at the

"cold" end to measure the temperature, and then correction can be made

for the emf between the test piece and the copper connecting wire. This,

of course, calls for another calibration of test-piece vs. copper emf.

As the' correction is a small one this can be done accurately enough by

observing the emf between room temperature and boiling water. Automatic

recording potentiometers are essential for such fast calibration. Figure

14 shows the experimental set-up used.



Figure j4-

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 axises as to whether it is legitimate to calibrate

unstrained work material, when during cutting the chip has undergone

severe straining. Trigger (41) attempted to check this by pressing a

hard steel ball into a soft steel piece under high pressure, but could

detect no emf between the two. Pigott and Fichardson (31) .checked it by

noting that a furnace calibration with parts merely clamped together gave

the same res ults as a calibration perfoned with a tool stopped in mid-

cut on a lathe. However, a much simpler and more accurate check can be

made by diping the end of the workpicce as well as a chip formed from

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

Figure 15.

EMF between bulk material and chips from the same material.
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The results obtained such an experiment, for 18-8 and B1112 steels are

shown in Fig. 15. Assuaing the chir to have the correct thermoelectric

properties, rather than the bulk metal, 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 capable of producing conti-

nuous chips, a 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 diagram below.

Chipo of' test m/ra

eM JeetionsRecording
RO Onfio Me

Figure 16.

Simple Calibration 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
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in Fig. 17. The maximum difference between the two methods is seen to

be quite saall, not exceeding 0.2 MV. The graphs also show one of the

weaknesses of this method, namely that when dealing with high speed

steel tools and alumel reference wire, the final result depends on the

difference between two fairly large numbers, which naturally cuts down

on the attainable 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 maximum accuracy with H.S.S. it would,

however, be desirable to use a reference material more nearly like it,

such as the standard iron wire used with constantan as a thermocouple.

Conversion from one reference material to the other could be done quite

simply by a single calibration of an iron-alumel couple. Keeping track

of the polarities of the various couples during calibration is, of course,

most important.

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

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

-1
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EFFECT OF METALLUIUICAL STRUCTURE ON THERMOELECTRIC PWfPERTIES AND ALLOY

CONTENT.

The effect of heat treatment on thermo-electric properties of steels

is of particular interest here, since it may have a 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 emf's of a large number of steel alloys against copper, but only

between 000 and -780C and between 000 and 1000C. 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 instruaentation far more complete data could have been obtained

with equal effort.

The result obtained from a large series of calibrations was that

hardness alone, or the degree of tempering, has a definite effect on

the thermal emf's, which usually, but not always, decrease with increased

hardness (as measured against 18-4-1 High Speed Steel). This result is

rather surprising since all the results, such as that shown in Fig. 20,

were obtained by direct calibration (i.e. with a silver soldered junction),

and the soldering must have raised the junction past the transformation

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 during the first brazing, this makes the clear

differences between samples of steel which differed only in their heat

treatment even more surprising. This point would bear further investigation
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as there appears to be no logical explanation of this.

In checking the effect on Spheroidized 4340 of several brazing and

heating cycles the heated end of such a sample was inserted in a bath

of molten cerrotru at 6000F together with a sample previously unheated,

and the emf between the two measured. The resulting emf of 0.05 1 v is

quite negligible.

In all these tests a 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 thermo-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 tool were both dipped in molten Cerrotru at 7000 F and an emf

of 0.25 Mv was measured between the two, introducing a corresponding

uncertainty in the results.
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TWIPEPATUFI MEASUOIENT WITH1 CARBIDE TOOLS

The high thermal emf values between Tungsten carbide tool materials

and steel would seem to make carbides ideal materials to use in thermo-

electric temperature tests, sincd both measurement and calibration

become simpler and less subject to errors when voltages become large.

However, in practice difficulties arise because the cost involved makes

it impractical to use solid carbide tools of the size required in the

present test set-ups. The usual procedure is to make up tools by brazing

a carbide insert or tip onto a soft steel shank. If the end of the

steel shank is used as the cold junction connection, which is the simplest

method of course, it is clear that another source of emf is 'added to that

of the tool-work junction in the thermoelectric circuit. As soon as the

carbide shank interface becomes heated above room temperature, an emf is

generated at this point. Trigger's (41) solution was to make tool as

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

Figure 21.
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by means of a rod made of the sene batch of carbide as the tip, and

therefore presued to have identical thermoelectric properties. It is

not difficult to maintain the cold end of this rod at room temperature,

unless very long continuous cuts are taken. 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 considerable

expense involved in having both rods and tips made from the same batch

of carbide.

Theoretically this method is still open to objections, since

quite regardless of the method used to establish contact with the carbide

tip, a temperature differential along the brazed section will give rise

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

Figure 22.

and which can reduce the net emf output. Experiments 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 considerable

trouble can be expected. The simplest solution to this problem z;rould be

if carbides could be brazed or cemented to the shanks 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 actually used is described

below.

In order to obtain an idea of the order of magnitude of the effec-

tiveness of the carbide rod, a cutting experiment was run with a tool

such as shown in Fig. 21. The recording potentiometer was connected

alternately to the end of the carbide rod and to the tool shank 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 up 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 remains fairly constant, in fact rises slightly with time

in one case. As might be expected, the difference between the two mehhods

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 become relatively unimportant when only

very short test runs are made and relatively thick carbide tips are

used. In that case, therd is not enough time for the brazed junction to

be heated above room temperature and therefore no emf can develop there.

Since nearly all the experiments reported on in this thesis were very

shoirt ones, and since the higher the speed (and temperature) the shorter

the run, it appeared justifiable to ignore the elaborate precautions and

make the cold junction connection with the shank of the tool. The carbide

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

than 2 seconds in duration.

A
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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.i).

In fact Alumel wire has thermoelectric properties so similar to some

carbides that in some cases a single almel wire clamped or soldered

at the far end of a tool tip is sufficient to eliminate all troubles.

32



T1IE EPRIENTAL $W-UP

Practically all the cutting experiments reported on in this 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 grooving tool mounted upside-down on the rear of the tool

croos-slide. One of the advantages of this method over straight boring

out of a tube is that it leaves a solid piece of metal in the center which

not only makes the set-up much more gigid by allowing the use of a tail-

stock center, but leaves enough material for running other tests on the

material, such as a tensile test. It also provides greater control over

concentricity and wall thickness.

A specially designed dynamometer (see ?*g.l) was used to measure

the vertical (cutting) force and the horizontal transverse (feed) force,

there being presumably no component along the tool axis when cutting under

orthogonal conditions. Cutting temperatures were measured by the tool-

work 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

calibration and that of the amplifying and recording system. However,

superimposed on this, and effectively limiting the attainable accuracy,

are small random fluctuations in forces observed during a run, caused in

part by inhomogenuities in the work material and slight variations in chip

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

33
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circunstances, and which often is produced under random conditions, is

probably the chief villain when it comes to precise metal cutting measure-

ments of all kinds. With this in mind the force measurement has a

probable error 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 tests. Unfortunately this course could not be followed here

for two reasons. One was the very limited amount of material available

of some specimens (bars 1 7/8" dism. only 7" long) from which runs under

as many different conditions as possible were desired. The other was

that even when more material was available the time involved in repeating

several hundred runs several times was prohibitive, so that in this case

available precision was sacrificed in favor of covering a very wide range

of conditions. The alternate procedure adopted was to repeat a few runs

chosen at random. Repetition was usually within 10%, and few differences

exceeded 20%. It seems clear that claims of 2% accuracy in metal cutting

forces can rest only on a statistical basis.

The width of cut was usually dekermined 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, from 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 unusually well defined .001" is the maximum attainable accuracy;

when a large 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 voltages were measured with a G. E. Photo-

electric recording Potentiometer, probably the best instrument available

for this kind of work. It has a response speed up to 4 cycles/sec.,

chart speed of 3"/min., and ranges adjustable from 0.2 to 50 millivolts

full scale, with an accuracy of 3% in the useful range (above 1 Mv).

This is entirely adequate since slight variations during a cut usually

exceed this value. Even a small built-up edge can have a considerable

effect on the voltage measured, and 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 0 times this value.

In some cases the removal of a built-up edge by adding a good cutting

fluid increased the indicated emf by 50%, although a temperature re-

duction is what one would normally 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 distance between successive notches divided by the

circumference of the work is the desired ratio. Unfortunately chips are

not always continuous for an entire revolution of the work, especially

when cutting at slow speeds and heavy depths of cut, and sometimes a

good cutting fluid can produce tightly curled chips that are mechanically

broken off at short intervals. In such cases the best method is to weigh

a 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. Such measurements require a certain amount of

J
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skill and patience, especially 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 appreciably.

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 gemetry at the point will

introduce errors into all subsequent calculations. The average shear

stress and normal stress on the shear plane are the quantities most

sensitive to errors in rake angle, and this accounts for the relatively

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 to 99 in the Appendix.

-I
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ANALIC APP)ACH TO CUTTING TEMPERATURES

A theory describing the temperature devdlopment in the metal cutting

process would be a very useful tool. The object of * complete theory

would be ability to predict tool temperatures from known cutting geometry

and physical constants of the tool and work materials. If successful,

it should enable proper correlation of experimental data, and, perhaps

even more important, aid in a more rational tool design. It should

enable predictions to be made from a limited amount of experimental data.

The basic work on heat transfer that has made this analyisis possible

is due to Blok (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 detailed mathematical 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 several errors ind incorrect assumptions. Same of these

were corrected by Shaw (29). The analysis below is an attempt to present

as rational a picture as seems possible at the present time.

As Blok already pointed out, a 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 takes place as 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 and

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.



THE MOVING HEAT SOURCE PFDOBLE

Matheaatically exact solutions were obtained by Jaeger (13) for

the case of a perfectly insulating slider sliding on a semi-infinite

plane z=O, as indicated in the sketch below. Solutions are given both

for the band source (m# Z2) and the square source ( m I ), 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 tein-erature immediately underneath the slider is in terms of a

dimensionless velocity parameter L which is defined by

L 
(1)

where 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 T and f are introduced
m

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

The results are given for both 8 and em, the average and maximum temperatures
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respectively.

L>5 L<5

-= (2) =.636 ,V' (4)

e = A-(3) e =.636 (5)
m f k L- m k V'

Where the functions i and f are plotted in Fig. 35, after Jaeger.m

For very anall values of L there exists a 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 Y

and fm, especially?, can be represented with an accuracy almost equal

to the ability to read the graph by the following equations:

f = 2.40 ITL and f = 3.3 rm

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

L75 L<5

=0.754 (2a) 1.52 = 0.76 3 (4a)

a 1.130 (3a) 9 2.10 ,=1.05 1 (5a)Di m k V OI ~

From this it is evident that as long as only 6 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 >0.2, which will be the

case in all practical problems. Fortunately e is not of major interest,m
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.

K Theimal Diffusivity in2/sec

k ThermIa Conductivity Btu/in2/sec/(OF/in)

c Specific heat Btu/lb0 F

? Density lb/in3

9 Temperature in degrees Fahrenheit

a Room Temperature in degrees Fahrenheit

VI Sliding Velocity in/sec

q Energy flow Btu/in2 /sec

L Dimensionless Velocity Parameter (due to Jaeger)

t Time seconds

J Mechanical Equivalent of heat 778 ft-lb/Btu or 9340 in-lb/Btu

I Average Temperature of the shear plane

a Average Temperature at the Tool-Chip interface



Figure 26.

Plot of Temperature factors f vs. parameter L.

Jaeger also deterrained 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 2L, travelling from right

to left. It will be noted that at higher speeds the mal iaum temperature

is almost under the heel of the slider. It must be recalled that all

these results aSsuao the slider a perfect insulator. While this tempera-

ture distribution is not used directly in further corputationsit is
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Figure 27.

Temperature distribution underneath a 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-dimensional foym, is shown in Fig. 29,

Figure 28.

Temperature distribution underneath the heel of the slider.



with the temperature plotte

where z is the depth below I

L.

4+3

d against the parameter Z, defined by Z = I,

the surface, for several values of the parameter

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

average 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 maxintu at the front of the slider, but.. ith

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 maximm 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.
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THE STATIONARY HEAT SOURCE PROBLE4A

The stationary heat source problem differs from the usual heat

transfer calculations in that it is the temperature that is to be caclu-

lated from a known value of heat flow, rather than vice versa. The basic

foi-mulation of this problem is again due to Blok and Jaeger (loc.cit.).

The starting point is the integration of the Fourier equation

KV 2 + j q
k q dt

for the case of an instantaneous amount of heat Q liberated at point

(x' , y' , z' ) 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 isaccording to Carslaw (5)
2

e , e r (6)
8k Ir't~r -7, 4Kt

where r2  [ 2  , 2 + (zz')2

This solution will now be applied to the case of a uniform stationary

heat source, applied over the rectangle - 1  'xR< 1 , -M<ykm, on the

surface of a semi-infinite body, z = 0 in the diagram below.

Figure 29.
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For this case the constant 8 in the denominator of (6) becomes 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. Commencing

at time t = 0 when the body is at zero temperature the temperature at any

point in the body at any time is given by
-1 2

, (x,y,z,t) =5 dx' dy' de (7)

4(r.K)3 (t-t)372 4K(t-t')

Where r is as defined above.

The time integral can be solved by letting T2 = 1/(t-t'), so that

dt = -2 dT/T 3 and equation (7) can be rewritten:

I In r2 T2

* (x,y,z,T) = dxt dy' e - (-dT) (8)
2( ) 72 4K

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

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

, so that the steady state solution is

e (x,y, z) =-2 - dx' (9)2 Ii. k Xt X-X) + (y-y) + z

In the expression for j 7 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

( 'x,y,0) = kq dx2 dT'o

-t (x-x')+ (y-y)
(10)

45
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This integration, carried through in detail in the Appendix leads to the

result

S(x, y) =x-, sinhl - nh-1 - . I dSf1 Z _

+ x+ L sini' + y -m sinh 1  - k I sinhf1 -A

- y+m sinh 1l + y+m Isinh '~.J (11)

The multiplying factors of the sinhl tenus are all absolute quantities,

corresponding to the fac.t that the denominator of (10) represents a posi-

tive radius. This is an important point. The maximum temperature is at

the point x =7 0, and is given by

e (0,0) sinh + sinh (12)

The minimum temperature ii the surface of the source is at the point (I ,m)

and is exactly 1/2 8ma Expressions for @ at different points in the

surface are given in the Appendix; they are all functions of the ratio

m/1 , which is termed the aspect ratio. It is seen that equation 11 is

symmetrical about both x and y axis.
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The nature of the temperature distribution in the plane z = 0 and

alo along the z-axis is soown in the sketch below.

Figure 30.

Tempecatuare distribution on surface heated by stationary source 21 :2M.

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

plotted in imensionlesQ forn, as functions of the aspect ratio m/1 , in

Figures 31 and 32.
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Figure 31.

Tem-ueratuare distribution alonef the a

Temperature distribution along the X-axis.

Figure 3x.
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It is pos'-ible theoretically to integrate equation (9) completely

and thereby get a general solution for the temperature at any point (x,

y,z) in the body. However, a simple exp4icit solution seems obtainable

only when z = 0. Since the temperature below the surface is of some

interest in the metal cutting problemi it was calculted as a function of

(z) for the two most interesting fixed values of x and y, namely

(x = y = 0) and (x =. , y = 0). The results, again plotted in dimension-

less form, are shown in Figures 32 and 34., for three different values of

the aspect ratio m/1. The necessfry 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-1 terns, depending on the

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

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

of z and m/l, 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 (1 ,0)

Another method by which steady state temperatures inside a body

may be found from known boundary conditions is the Southwell relaxation

,method. Even when the problem is simplified by treating it as a two-

dimensional one this is still a rather tedious procedure, although capable

of taking into account variable boundary conditions and irregular shapes.

Use of this technique was made in one case, to determine the temperature

distribution in the plane y = 0, when m/l = 5. The resulting isotherms

are shown in the dia&ram below. Coparison with the exact solution of

Fig. 33 shows that this is only a fair approximation.
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Figure 35.

Temperature distribution in the plwane y=O when m/ = 5 (Approximate).

It will prove interesting to see what the temperature variation in

the surface is when the heat input q is not uniformly distributed. The

simplest case is a linear distribution of q in the x-direction, constant

in the y-direction, of which four types can be i Magined, as shown in

Fig. 36 a,b,cd). The ma. imum in each case is taken as 2q, since then

Figure 36.

Triangular 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 above cases:

2 =k
(i-I~i)dx' d I

2 (1- )d
(X- )a (-'

(13a)

2q= 2
2r k T+(y-y )2 (13b)

. -2q [ + ( ) (13c)

1~~~~ 2,[ x y
=2- k 2q I 

-( - (13d)

Integrating these equations

is rather difficult. However, it

any given point, for a fixed ratio

particular, it is quite simple to

case (a) has been evaluated. The

to obtain a general solution for O(x,y)

is not difficult to obtain solutions at

m/L , by numerical integration. In

obtain solutions to cases b,c,d, after

accuracy of the numerical 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 above, and in

the case reported below, the agreement was found to be within 2%. In

the table III results are tabulated for 8(0,0) and 8(j,0), 6(1,0) when

m/1 = l(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, includingIfor reference again,

the temperature distribution for q = constant.
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TABLE III

Heat Distribution O(oo) e(t,0) 9(.j ,0)

Constant q Btu/in2/sec 1.123 qm/k 1.062 qm/k .766 qm/Ik

Triangular 2q (Fig.36a) 1.39 qm/k 1.08 qm/k 1.06 qm/k

Triangular 2q (Fig.36b) .84 qm/k .99 qm/k .87 qm/k

Triangular 2q (Fig.36c) 1.10 qm/k 1.26 qm/k 1.01 qm/k

Triangular 2q (Fig. 36d) 1.10 qmA .79 qm/k .58 gm/

The interesting result is that quite drastic changes in the heat

distribution pattern have relatively mal effects on the temperature

distribution and magnitude, compared to the case with constant heat

input. In addition, when x/l increases, the importance of the shape of

the heat distribution will decrease further.

The quantity of primary interest further in this analysis is not

the actual temperature distribution, but the mean temperature W over the

area - I <1 , <y <. This value may be obtained by integrating

equation (11) over this entire area and dividing by the area. Fortunately

the symmetry of the problem allows the reduction of the 8 terms in equation

(11) to two, the 4th and 8th terms being chosen to avoid any possible sign

ambiguities. With this in mind we can write

=4 ( 1 ) dxj n+ Xm + (y+m) sinh 'Jdy (1)

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

the result:

sinh8l m + sinh + + (15)
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This is obviously not a very convenient function to use and has therefore

been plotted in temas of a shape factor T,as a function of the aspect

ratio m/1 , in a manner defined by the equation below:

e S (18)k

Similarly the maximum temperature given in equation (12) may

conveniently be expressed in terms of another shape factor S definedm
by

qia S (19)em k m

Both shape factors are plotted in Fig. 46, for values of m/i from one

to twenty. When mI/l>'20 it is possible to simplify the expressions for

S and S:m

S 2() log-2 + 1( )+ , m 2+

Sm = ( ) log2 + 1 , m/ 20

(15a)

(12a)

It s1sould be recalled at this point that all the above equations

represent exact steady state solutions for a semi-infinite body insulated

everywhere except the area of heat supply, and assuming a reference

temperature of zero degrees.
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COMBINING STATIONARY ID 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 heat sources in order to find the

unknown division of the heat generated in the plane of contact. However,

this cannot be done exactly because the calculated temperature distribu-

tions along the slider are quite different for the two cases. The sketch

beiow 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
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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, there 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 somewhere between

(1) and (3). This point is not subject to any simple experimental verifi-

cation, since sliders =all enough to insure uniform pressure will be

too snall to allow insertion of satisfactory surface thexrocouples, and

using the thermoelectric voltage between the slider itself and the plane

will give only average 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 (O.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.

a4 Rake angle of an orthogonal tool, degrees.

Friction angle on the cutting face of the tool, degrees

Shear Strain the chip has undergone

IA Coefficient of friction between the chip and tool

$f Slear angle, angle between shear plane and direction of tool travel

V Shear stress, average over the shear plane lb/in2

F0  Cutting force in lbs or lb/in width, as specified

F Thrust force in lbs or lb/in width, as specified

td Depth of cut, inches

V Cutting velocity ft/min

V t' Cutting velocity in/see

V 0 ' Chip velocity in/sec

r. Chip length ratio

b Width of cut, inches

a Length of contact between chip and tool, perpendicular to edge, inches

F Friction force parallel to tool face, lbs or lb/in width as specified

u Total energy required in cuttirig process in-lb/in3

u r Energy consumed in friction on tool face in-lb/in3

u Energy consumed in shearing the metal in-lb/in3

S Normal stress on the shear plane lb/in2



ENERMY IN THE METAL CUTTING PROCESS

Before any of the foregoing theory can be applied 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 item is also very small; this is

the only case analyzed here. With dull tools friction on the clearance

face can become quite appreciable but the effect is very difficult to

treat quantitatively.

There remain then the shear and friction energies, with orders of

magnitude of 3:1, 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. Some of

the latter may be expected to be retained as latent energy of latice

deformation 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 latice deformation. Extrapolation

of Taylor and Quinney's data indicates that as strains increase, the

-1



percentage of work retained as latent energy decreases, so that some sort

of energy saturation takes place in plastically deformed material at high

strains. This is very important, because of the large strains encountered

in metal cutting. Additional weight to this viewpoint is 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 appeared as heat.

Ca].orimeter 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 total 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 calculations to follow. Should the need arise

it is, of course, a very simple matter to subtract 3-4% from the shear

energy before making temperature calculations.

59
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APPLICATION OF THEORY TO THE CUTTING PFDCESS

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

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

Chip
Tool-Chip
Interface area 2
Shear plane are 1 To

earance

Heat Sources in Metal Cutting

Figure 39.

The shear plane is designated (1) and equations and constants concerning

it will carry the subscript -, while the subscript (2) will be used in

describing relations at the chip-tool interface.

The Shear Plane (1).

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

into thermal energy. From a temperature distribution viewpoint, the value

of the shear energy along the shear plane is of interest. It is usually

assumed to be constant, so that the temperature of the chip leaving the

shear plane will be uniform across the section. In a recent term paper

(1952) in this laboratory A. Chorev measured both the shear stress ' and

the shear strain ( across the shear plane by making micro-hardness measure-

ments. Using annealed 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 shear plane, the corresponding strain varied from 1.90 to 1.10.

Since the shear energy is the product of Z , this would indicate the

following energy distribution:

5,000

Cutting d

Figure 4.

Energy distribution along the shear plane for annealed copper.

while this obviously indicates non-uniform distribution, similar experi-

merits for steel are lacking and for that reason an average value will be

used in the subsequent calculations.

With this in mind, the rate of shear energy liberation q1 Btu/in2/sec

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

F V

Sd coto b 12J (20)

F V
But since u t = b t V2

V I

u 12J cot$ (22)

Since heat can flow in eitier direction perpendicular to the shear

plane, only a certain fraction, which will be called R7, will flow into the

chip. Obviously the remaining fraction (1-R ) will flow back into the work

material. The average teiperature of the chip leaving the shear plane, 
0
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can then be writte, from the first law of thermodynamics.

b td CSC

11 = q, c iI V tb td +0 0 (23)

or substituting the value of q from Equation

S Rj u0 e I, 12J + (23a)

where 0 is the room or reference temperature, and the remaining symbols

listed in Table II. When, as is usually the case, (c) varies with

temperature it is necessary to use for (c1 ) the integrated mean value

between S9 and I . To make this simpler, the integrated mean value from

a room temperature value of 75 0F is shown plotted along with the

instantaneous values in Fig.43. Obviously 8S cannot be calculated until

R has been determined. This will now be done by considering the same

problem as one of a moving heat source of strength (1-RI) q1 , sliding

with respect to the metal below the shear plane. In that case we can

write from equation (2a) another approximate expression for the average

shear plane temperature ,:

0.754 td csco
= (1-Ry) q1  - + 0 (24)

Where in accordance with equation (1) L1 is defined by

V t dsco IV I td
SV t - 1 K (25)4K1  4K1

By equating the two expressions for the average shear plane tempera-

ture (23a) and (24) it is possible to solve for R1 , with the result

B 1 66 (26)
1

-1
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For convenience in use, this equation has been plotted as a function

of I for several values oft, in Fig. 50. There is nothing in this

equation to indicate any practical limitation on R, except that

equation (2a) is not valid of Lh< 0.2, and the same restriction applies

to equation (26). At low speeds and feeds this value of L, may be

approached under actual cutting conditions, and with the usual values

of the shear strain results in values of 1 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 R to a minimum of 0.5. However, at slow speeds the greater

mass of metal 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 R1 calculated by the two methods is less than 5% under a wide

range of actual cutting conditions. For a tool with 200 rake angle the

difference becomes negligible.

With R1 determined from (26) is most easily calculated from

equation (23a), so that

S=* +se(0 + u + 064 12J

Since in most cases an approximate value of X 1 or L is sufficient

to give satisfactory values of R, it is possible to find 0 directly,

without a trial solution, by plotting the enthalpy (h) of the work Naterial

as a function of temperature, where (h), as usual, is defined as h = c d,

in Btu/lb. This can be done by noting that LI' sec !
12h h (f23J)12' J 5 0
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THE TOOL-CHIP INTERFACE (2)

Since it is one of the determining factors in tool life, the most

significant temperature in the metal cutting process is that at the

cutting face of the tool, and it is this value that will now be calcu-

lated. The value of 0 enters these calculations since the chip is

'preheated' by the shear process before it comes in contact with the

tool.

As pointed out previously, 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 area 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 q Btu/in2/sec created by the friction on the tool
2

face will be given by
IF f c

2  12Jab (28)

where the symbols are given in Table II. Of this total energy a fraction

R2 will be assumed to go to the chip, the remaining fraction (1-R2 ) to

the tool. Then, in accordance with equation (2a) the average temperature

rise If of the chip surface, due to its rubbing against the tool, is given

by R 9 .75& a
f ~222 k2jL (9

where in accordance with equation (1) L2 is given by
V 'a

L 4 (30)

22where k2 and K 2 are the thermal conductivity and diffusivity respectively

of the work material at the final average chip temperature. As in the

-j
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shear plane calculations, q has been assumed constant over the contact

area. The mean temperature of the chip along the tool face contact area

will be the sum of the shear and friction effects:

=a + R 376 a (31)
t af 2 2 2 L2

To find R2 we again make use of the technique of calculating e from

the conditions of a stationary heat source (1-R2) q2 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 actual cutting tool remain small,

Figure 42.

Sketch of chip formation shaw ing tool contact areas.
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0below 10 , the assumption should be a good one. For other tool shapes

it would probably be most convenient to deterine shape factors relating

them to square tools, by making use of the relaxation method. This is

always a somewhat tedious procedure, especially when it has to be carried

out in three dimensions, even if the methods have been worked out (29.

The contact area under consideration is a'b on the above diagram. The

effect of the very small 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 contact, and if the tool is

large compared to contact areas, assumptions later justified, then the

method of heat images 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)

a (32b)

Should the tool be cutting a corner instead of near the center, a

picture corresponding 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 1= 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

AJ



equation (18) we can write

= 8 + (1-R2) q2t 0 k3
(33)

where k3 is the conductivity of the tool material, assmed a constant.

The aspect ratio from which S is found in Fig. 46 is given by m/1 =

b/2a. In the unusual but not impossible case of m/l<l, one merely

uses the reciprocal value in finding S.

By now equating the two expressions (33) and (31) for 9 it is

possible to solve for R2 and obtain

q2 - (@ -8 )
R = 0 (34)
2 g 2  + 2 2

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

associated with the terms:

2k

S0 q bS
R2 = .752k a

1 +
k 2)

2

(34a)

With this value of R2 substituted into equation (29), I is readily

obtained. Since is the result of adding 9 and 9f, a complete

expression for @ in teims of the measurable variables entering into the

problem and parameters LI, L2 ' S, q2, calculated from them, follows from

equation (31): bS u5 sec0

qbS 6
2 2k (1- C? 1 2J

E)t = 0 + u S 66 c + q --2.
1c2 5l2J 2 b2 .376 a

3 k 2 iL2
(35)

-1
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It shou Ld 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, and knowledge of the

thermal properties of tool and work materials. Just how important these

various factors are will now be examined in some detail.

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 practical procedure for calculating () two illustrative examples

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

Exanple 1:

Low Carbon ffee machining steel, with
Tool: K2S Carbide, 200 Rake angle, 50
Orthogonal cutting.
Quantities measured during test:

Cutting Speed V = 445 ft/in
Depth of cut td = .0023"
Width of cut b = .151"
Chip contact length a = .009"
Chip length ratio rc = .51
Cutting force F. = 80 lb.
Thrust force Ft = 28 lb.

Quantities calculated from this data;
Average Shear strain 0' = 1.91
Shear energy us = 153,000 in-lb/i
Shear angle % = 300
Chip velocity Va' = 45.4 in/sec
Friction force Ff = 350 lb/in

sulphur content 0.32%, .11%C
Clearance angle

V I = 89 in/see

from equations ( a) to ( m), p. 6

Steps of solutgipq:
1. Estigate as, take 500 F
2. Look up value of K1 at this temperature in Fig. (44): .020 in2/sec
3. Calculate L, from L3 = Vttd =48.

4. Use the plot of equation (26) in Fig. 41 to find R1 corresponding
to L1 = 48.8 and e = 1.91. R = .84

5. Calculate f-8 ) from equation (27), conveniently written as
s 0- Rius** seo(8 -9 ) = -

a o 2640 c1
where c1 is written separately so as to leave it the last operation
on the slide rule. This enables cl to be chosen directly from the
integrated mean curve of Fig. 43 to match the value of V. resulting.
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Since the effect of K. on kg is not too strong, especially at high
speeds, a second trial solution is needed only if the first guess
missed by a large amount. In this case ci = .120, so that

( - e ) = 4680
OS 0 48

With room temperature assumed ataa constant 750 this makes

= 5430F
This is close enough to the original estimate of 500 to eliminate
the need for a second solution.

6. Estimate 8 at 8000F (since the measured value was 7350F)

7. Evaluate K2 and k2 at 800
0F from Fig. 44 and 45

K= .016 in2/sec k2 = 6.6x1c~ 4 Btu/in2/sec/(OF/in)
V 'a

8. Calculate LZ = I = 6.38, from equation (30)

9. Calculate the aspect ratio m/t = b/2a = 8.4

10. Evaluate the shape factor from Fig. 37 S = .255
F V

11. Calculate D, defined by D = -8o = .64

(This is evaluated separately purely for convenience in finding B and q2)

12. Calculate B, defined by B = 384

13. Calculate q2 from equation (28), now rewritten as

q= 2.64 D = 188 Btu/in 2

2 a

14. Calculate A, again for convenience, defined by

A bSA =q2 N
2 k3

where k , the conductivity of the K23 carbide is taken as 7.63x10 4

Btu/sec/in2 (OF/in)
A = 4730

15. Calculate R2 from equation (34), now written more conveniently

2 A-(e+8)

16. Calculate 9 from equation (29), now rewritten as W=3 3220

17. Calculate W from equation (31),t

t = + af= 865 'F

j
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18. Compare with assumed value of Ot, 8000F. The only quantity seriously

affected by the difference between the two is k2, and therefore B.

The effect on R is negligible. Repeating steps #12 to 17, results in2
an increase in 0 and e of 10 0, which is negligible.

f t0
19. Compare this result with the measured temperature of 7350F.

Example 2:

Steel: 18-8 Stainless Steel (Austenitic)
Tool: 18-4-1 High Speed Steel, 150 rake angle, 50 clearance angle orthogonal

cutting.
Quantities measured during test:

Cutting speed: V = 140 ft/min V = 28 in/see

Depth of cut td = .0065"

Width of cut b = .134"
Chip contact length a = .034"
Chip length ratio rc = .54

Cutting force F = 75 lbs

Thrust force Ft = 115 lbs
Quantities calculated from this data:

Average shear strain: 1.92 3

Shear energy 202,000 in-lb/in

Shear angle = 31.5
Chip velocity V ' 15.3 in/sec
Friction force Pf = 1400 lb/in

Steps of solution:
1. Estimate 0S at 6000 F

2. Evaluate Ki at this temperature for 18-8 Steel, Fig. 44 K1  .0068 in2 /sec.

3. Calculate L = V t
.1: = 13.0

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

5. Calculate e "u) = 1
(a 0 2640 c

where c 1 ix 0.127 (integrated mean value from 750, Fig. 43) at 6000F,
from which

(N -e ) = 56 00 F or

e5 =635 0F

This is close enough to the assumed value of 6000.
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6. Estimate @., using measured values as well as past experience as a
guide, to be 12000F.

7. Evaluate K2 and k2 at this temperature from curves in Fig. 44 and 45

8.

K = .075 in 2/sec
Calculate L2 from equation

k 2 = 3.15 Btu/in 2/sea/(OF/in)

(30) L2 = 17.4
9. Calculate the aspect ratio m/l = b/2a = 1.97

10. Evaluate the shape factor from Curve in Fig. 37

11. Calculate D

12. Calculate B

FcD = = .86524,800

B = K =660
K2 V2

13. Caldulate q= = 67.3 Btu/in2

14. Calculate A, where k is the conductivity of High Speed Steel, taken
as 4~-Q1 2~ 63 060as 3.4x10~4 Btu/in /sec/("F/in) A = q = 8600

2 2

A - (e -e) _

15. Calculate R from R2  + - .866R2fo 2 A+ B

16. Calculate 0 = R21= 572

17. Calculate @ = 9 + 0 = 1207 Ft Sefl27

18. If the estimate of 0 in Step #6 had been off by more than 1000 a

second trial would have been required.

19. Compare with experimentally measured temperature of 11350F.

T = .65
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ASSUMPTIONS MADE IN APPLYING EXACT ANALYSIS OF SEMI-INFINITE PLANE TO

CONDITIONS IN A SQUABE 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 (assumed here as constant over

the area of application).

The first is the assumption of steady state conditions. As Pahlitzsh

and Helmerdig (19) have shown, this is an important factor only at distances

removed from the source. In the plane of the source steady state tenmpera-

tures are reached almost instantaneously.

The other assumption is far more important in that it assumes 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 estimate the amount of such

losses and the effect they are likely to have. It should be borne in mind

that only losses occuring close to the chip-tool contact area can have any

serious effect on the temperature at that area.

The first area of loss to be considered will be the =nall contact

area between the tool and work along the clearance face, just behind the

cutting edge (see area a' .b in Fig. 42. Exact calculations are not

pos.ible, because the length of this area a' is difficult to estimate,

although visual 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, data will be taken from an actual cutting test, and for three
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assumed values of a' and corresponding temperatures, the amount of heat

the work can absorb from such a source calculated from Jaeger's moving

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

g2ample 1:

Cutting speed Vt = 445 ft/min = 89 in/sec.

Length of contact on cutting face a = .009"
Average temperature on cutting face = 8300F

Approx. heat input to tool on cutting face:(1-R2 q2a = .27 Btu/in/sec

Approx. thermal conductivity of work: k4 = .0007

Approx. temp. of work surface preheated by shear woi'k: 500 F

Approx. thermal diffusivity of work; K = .020 in2/sec

a' = .001 a' = .0005" a' = .0001"

L atV1.1 .55 .113 4K

q4 .754 (a')
From (2a) (830-500) = where q, is the amount of heat trans-

k 4 f13  +ferred Btu/in2/sec

(a'q4) .64 Btu/in/sec .21 .021

There are several conclusions that can be drawn from these results.

If generation of additional frictional heat over the clearance contact

area at is neglected then these results imply that either the temperature

differential is less than the 3300F assumed (830-500), or that at is less

than .0005". That this length is indded less than .001" was demonstrated

by radioactive experiments described below. Otherwise, a reasonable

balance between q, and the total heat supplied to the tool (.27 Btu/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 also cut down the calculated heat

transfer q , from the tool.to the work. In cutting, a 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 present of

assaying these conditions accurately. A study of Fig. 35 will show

that only a complete change in the heat flow pattern could account for

any significant 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 given in great detail there does not seeia to be any evidence that

much heat is lost across the clearance face contact area.

Figure 46.

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 enc;Losed 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 taken from McAdams

(17) as h = 0.38 (A 9).2 5  Btu/ft2/hr, so that the heat lost from an

area (A) with a temperature differential with the surroundings of 0,

is given by

qconv,= 0.38 A (49)1.25 Btu/hr (37)

An approximate map of isothemis surrounding the chip contact area of the

tool cutting face of the same case discussed above is given in Fig. /4,

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

Figure 47.

Approx. map of isotherms surrounaing chip contact

area.
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into regions small 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 amounts 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 temperature. The

effect is merely to raise the base or reference temperature by just

that amount.

Summarizing 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 thezmal 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

and 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



77

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 some neat experiments that for low speeds at least, cutting fluids

penetrate to the cutting face from the clearance face.

In order to learn more about the action of cutting fluids, in

particular their effective working area on the tool, some experiments

were run in which the fluid was made radioactive. Both steel and aluminum

were cut on a planer type of set-up, shown in Fig. 48, and the fluid used

was Amyl Iodide, CH (CH )3CH2I, chosen because it is an effective cutting

fluid (as demonstrated by both force and surface finish measurement) and

contains 64% by weight Il31, a highly active (8-day half-life) isotope

of Iodine.

The tests were performed by adding a few drops of the active fluid

after the cut had started and thoroughly scrubbing the tool afterwardb

with cotton soaked in Methylene Iodide, to remove any traces of unre-

acted fluid remaining on the surface. As a control, similar tools were

allowed to cut either dry or with ordinary Amyl Iodide as cutting fluid

and then had 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 piece of very thin (.0007") Kodak NTB nuclear

strip film was wound around 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.



A typical result is shown in Fig. 46; )where B-112 steel had been

cut with a 1.0 rake angle 13-4-. High Speed Steel Tool, at a speed of

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

Figure 46a.

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

Although exact measurements are difficult to make the activity

shown above is estimated to correspond to about 3x10-6 g/cm 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

was visible on the clearance face in any of the tests, it is clear that

if there is any area on 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 .001" wide.
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THE EFFECT OF CHIP LENGTH (a)_ .04 TOOL TRPEPAT UE

Of all the quantities measured in the cutting process, the greatest

uncertainty exists in the determination of (a), 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 any discrepancies between calculated and measured temperatures

on the value of (a). Whether this is reasonable or not will now be

explored.

The reason for the difficulty in measuring (a) lies in the fact

that it cannot be measured directly during a cut, but must be obtained

from observation of the tool after a cut. As a rule it is not difficult

to distinguish the area of the tool which has had contact with the chip

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 a polished tool face, where the

chip has rubbed over it, is quite obvious. This means regrinding the

tool after every test. The actual measurement was made with a Spencer

Microscope having a reticule in the eyepiece, with divisions corres-

ponding to .002 inches on the tool, and visually integrating the ragged

edges. Trigger and Chao (6) proposed photographing the contact area

and measuring enlarged pictures, but such refinement seems quite unwar-

ranted at present.

Obviously any such measurement as just described can give only the

total length over which contact has taken place sometime during a test,

and therefore represents more of an upper limit than a true contact area.

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

temperature calculations, 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 considerable effect a good

cutting fluid has on the contact length, and the fact that (a) 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 (a), seven runs were chosen

at random from the large amount of data available, the temperature

calculated 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 Rake angle Cutting Depth of
Lpeed Cut
ft/min inches

18F 18-8 Stainless K2S Carbide 200 616 .0065

4F "" 616 .0023

16F " " 86 .0065

242 " 18-4-1 High

Speed 150 277 .0023

4E Low Carbon Steel K2S Carbide 20 445 .0023
32%S

11F 18-8 Stainless 15 .0044

22F " 8-4-1 High 150 15 .0023
Speed
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It is clear from the cirves of Fig. 4 7 that the effect of changes

in (a) on calculated temperatures is not too great, especially 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) obtained under a wide variety

of conditions, for both 18-8 Stainless steel and low carbon steel con-

taining different amounts of sulphur are plotted in figures (4a' ;,lb., 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

appreciable built-up edge, and that when (a) 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 ON TOOL TEPERATUE

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 experimental and calculated data

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

geometry, and what changes do occur are easily visualized.

To check on the effect of width of cut, a piece of B-1112 steel

was cut with a 200 Rake angle K2S Carbide Tool over a wide range of

speed and at two different feeds, under orthogonal conditions. Use of

a trepanning tool made it possible to generate wall thicknesses (b) down

to .010", 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 84 ft/min curve for .0044"

depth of cut, is due to built-up edge formation.

The corresponding calculated temperatures were obtained from 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",

when V = 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).



Li. _______

3~O fp~~

i
TheoYeticatl

800

- 0-- -

70

50 C

40 C

30L

20C

10C

0
04

Width of Cut (

j 154pm

1

0.2
inches

0

0.3

VARIATION OF CUTTING TEI' AUre WITH Ali/H F C'IIT

Orthogonnl Cuttinp

;iate -ial: 3-1112 Steel
Tool: K2S Carbide, 20 rke angle, Clearance angle

Calculated Temperattures: Colid Lines
Feeds: .0023 anvS .244 inches/rev.

Measured Temperatures: Jctted Lines
* . ,02'3 inches rev. feed

(D -44 iric;

- I
13 A

/ I
I

,

I

_ _pqye keietal

S OO44 4+

.0037-

- -0- -

0

1'
A~1

0

-- .0044

-0 OZ37

.0044-x



83

When (b) becomes very small the radiation and convection from the

workpiece 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 material at the inside and outside diameters due

to previous machining, which would have a negligible effect at large

values of (b). Within the limits of the dynamometer used (max.sensiti-

vity 1 lb) 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 several 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

values are drawn as solid lines, with a solid dot (o) indicating the

depth of cut at which the basic data for making the calculations was

obtained. In making these calculations it was assumed that nothing changes

with depth of cut except the geometry and the forces, both in direct

proportion. No account was taken of the size effect (increased apparent

strength at lower depths of cut) nor of any change in thexmal properties

that might accompany the change in calculated temperature. The effect is

small enough to justify the considerable 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 values and the shape of the curves. The reason for the
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difference between the theoretical curves lies in the above mentioned

size effect and the lack of proportionality between depth of cut and

length of chip contact. It is interesting to observe that the lower

the cutting speed the larger the depth of cut at which calculated 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.6L.shows far less regular behaviour in the variation of tempera-

ture with speed and feed, in some cases increased feed resulting in

lower temperatures. This can be ascribed in large part to the irregular

foxmation of a built-up edge, which makes good thermo-electric measure-

ments impossible. The lack of proportionality of chip contact length

and depth of cut, as evident in Fig. (484)W_ 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 as these may be very helpful in correlating

allowable cutting speeds to depth of cut whenever tool temperatures are

the limiting factor. Thus tool life 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 FECT OF THEM4AL P}QPERTIES OF WOFK MATEEIALS ON CUTTING TMPERATURES

It is clear from the number of times they enter into equation (35)

that the thermal properties of the work matdrial will have an important

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 thermal proper-

ties can have, is to take actual cutting data and then change values of

conductivity and specific heat by arbitrary ratios wherever they appear

in the calculations, and assume that nothing else changes. In this

manner the shape of the conductivity curves is maintained. What happens

to calculated temperature when the conductivity is changed is shown in

Fig. 51, while Fig. 52 gives a 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,

Table V

Run Work Material Cutting Speed Depth of Cut Tool Material Rake angle
ft/min m td inches

4E Low Carbon Steel 445 .0023 K2S Carbide 200

with Sulphur

16E content of .32% 62 .0065

28E "445 .0116

4F 18-8 Stainless 616 .0023 "

18F 616 .0065

22F 15 .0023 18-4-1 HSS 150

36F 15 .0065
with CCl fluid

24F2 277 .0023 "

7F 86. .0023 K2S Carbide 200
with CCl 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 linear when plotted on log-log

paper. These curves also give an idea of the effect inexact conductivity

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

possible, corresponds to a change in calculated temperature of only 100

at 600"F, 500 at 10000F and 1000 at 1500 0F. 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,

all relative to the conductivity of Iron.

Material Relative Conductivity

Copper 6.5
Magnesim 3.1
Aluminum Alloys 2.4
Brass 2.0
Iron 1.0
Monel Metal .45
Stainless Steel(18-8) .30
Titanium .26
Tungsten .18

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

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,

600 at 10000, and 900 at 1500 0F, 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.



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

appear to make much difference.

It is important to realize that when specific heats of different

materials are compared, (c) is always multiplied by the density (f ) in

equation (35s), so that it is the product of these two, the heat capacity,

that is the quantity of primary interest. The curves of Fig. 52 can still

be applied 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 ( c) for various materials is given below.

Material feat Capacitjn c 3F

Carbon Steel .037
Stainless Steel .037
Copper .029
Tungsten .024
Titanium .018
Magnesium .016
Aluminum .016

j

S7
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TH EFFECT OF TOOL PROPERTIES ON ITS TE4PERATUBE

According to the theory, as developed here, the only properties of

a tool that influence the temperature at the tip, except for geometry,

are the coefficient of friction and the thermal conductivity. It is

obvious that, other things being equal, a tool with a higher coefficient

of friction will generate more heat and therefore will become hotter than

one with a lower coefficient.

The effect of thermal conductivity was calculated from 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 a typical case: where a perfectly insulating tool

gave a temperature of 10000F, one with the high conductivity of l2x1Cf4

Btu/sec/in2 /(oF/in) corresponded to 9300, a difference of only 700F.

Obviously in this case exact calculations do not depend on precise know-

ledge of tool conductivity.

However, when cutting a material of poor conductivity, such as

Stainless Steel or Titanium, the effect of tool conductivity is much

more pronounced, and, other things being equal, points to the advantage

a tool with high conductivity has. In an example the change from a

perfectly insulating tool to one with a conductivity of 12x10-4 was observed

to reduce the calculated temperature from 9800F to 680'F, a drop of 3000F.*

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 deplorable gap in information will be soon filled, so
that more accurate calculations will be possible.



Figure 53.

Graph showing the effect of Tool ThermalfConductivity
on Calculated Tool Tip Temperature.

Experiments have shown (see Figures 76<7& that in machining steel

18-4-1 High Speed Steel Tools have a coefficient of friction 25 to 50%

greater than those of K2S carbide. This one would expect from the greater
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hardness of the carbide. Since, in addition, the conductivity of K2S

carbide is about twice that of the H.S.S. it is only natural to expect

carbide tools to run cooler than H.S.S. cutting under similar conditions.

Furthermore, the above results would indicate that the difference would

be more pronounced when dealing with 18-8 Stainless Steel, rather than

free, machining steel. These conclusions were substantiated by experi-

ment. Reference to Fig. (74a,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.S. 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 (4Z) and (7$a) shows that, as predicted, the tempera-

tures are far higher when cutting with the H.S.S. Tool. A typical figure

is 230OF 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 is not considered at all, theve

would be a considerable advantage in using carbide tools to machine 18-8

type stainless steels, or materials with similar properties.



[ THE EFFECT OF CUTTING SPEED ON TEIPERATURE

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 life. 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 and in part

by lack of accurate knowledge of the physical 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 300 to 1000F,

which is well within experimental accuracy and the various approximations

made 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 interesting 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 K2S carbide. Here the agreement between theory and

experiment is so much better that one might conclude that incomplete data

on the conductivity of the K2S Carbide were the sole cause of the 2000F
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discrepancy noted above. However, there are probably other factors also,

such as incomplete knowledge of the properties of High Speed Steel, be-

cause 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 erf ors, and approximations made in the tempera-

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 reason the

values for both Ia and , their sm 9t, and the experimental values for

j for two different sets of conditions are shown plotted separatelyt

in Fig. 56 below.

Figure 56.
) efil ot plotted as functions of cutting speed.
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Of particular interest is the fact that above 100 ft/in the shear plane

tenperature 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 R2 , the

fractions of shear and friction energy respectively that go into the chip.

To see how R, and R2 vary with speed, a few representative curves are

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

Figure 58.

Variation of F1 and R2 with cutting speed.
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Probably more int eresting than the above values of R, and R2 are

the actual energies gQing into the chip, tool, and workpiece, which can

be found from the simple expressions below.

U u + R(u-u ) (40)ChIip 11' s 2

u k (1- )u (41)

U too = (l-R2)(u-u ) (42)

How the properties of the total cutting energy as calcudated 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 reka-

Figure 59.

Energy distribution as a function of cutting speed.

tively constant, 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 undier a wide variety of conditions both

for low carbon steels with varying amounts of sulphur content and 18-8



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 built-up edge makes 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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TMPERATURE DISTRIBUTIONS IN THE CUTTING PROCESS

The manner 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 maximum temperature which, as a rule, will limit tool life

and cutting speeds.

Unfortunately distributions are very difficult to measure directly.

Only two methods have been developed so far. The one due to Lang 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 routine test, but it shows quite

clearly that for the case in question at least, the peak temperature is

developed at the tool tip. The severe cratering that is observed so

often behind the cutting edge has led many observers to conclude that

maximum temperature is developed behind the edge. For instante, Trent,

as quoted by Tangerman (38) believes that at 150 ft/min cutting speed,

the maximum 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.3 8 , only that

curve (2) 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 that solution for the averagd cutting temperature I was
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obtained by equating the mean temperatures of curves (1) and (2), where

() represents the moving heat source solution applied to the chip.

E3

Cutt ing Pace

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 actual temperature of the tool will lie

somewhere 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 can draw the .ualitative conclusion

tha:U 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

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

one.



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 radiation

detection device.

Chip

T ool .716lt G51Bi53
.016

V 170 %

Figure 65.

Radiation temoerature measurements due to Schwerdt.

Schwerdt' s picture, does seem to give clear evidence that the

temperature in the shear plane is not unifora and increases from a

maximumr at the tool edge to a miniam 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 tak en into account in the analysis

developed here. If found generally valid, it would increase the important

maximum shear plane temperature about 20 to 25, above the average now used,

and this would increase the calculated tool tip temperature by about 700
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to 1200F, depending on conditions. This effect is therefore large

enough to warrant further investigation into the energy distribution

across the shear plane.



100

THE PIOBLEM OF MACHINING TITANIUM

Titanium, newest of engineering materials, has been called the

glamour metal. 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 normal speeds always result in quick tool breakdown.

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 Titanium in machining.

In discussing Titanium it is convenient to compare it with 18-8 Stain-

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, cutting temperatures, as measured by the tool-

work thenocouple method, are seen to be a good deal higher with Titanium

alloy. Although the absolute difference between them decreases at high

temperature, small differences at these high values can be expected to

have a significant effect on tool life. For reference purposes, tempera-

ture curves for Low carbon free machining steel are also shown in Fig. 66.

These temperature curves agree approximately 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 18-8 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 vdlocity, which is due to the

unusually high chip length ratios (and shear angles)noted in cutting

Titanium. Chip length ratios greater than 0.9 are easily obtained at the

higher cutting speeds, and we thus have the rather unexpected result that

high chip length ratios can be harmful from the standpoint of machinability.

Increased tool face temperatures 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 18-8.

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. As was noted on page 04 this alone can account for a very

much higher tool-chip interface temperature.

A fourth factor entering the picture is the thermal 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 that tool temperatures calculated from this one value have

unreasonably high values at high speeds, one would expect thermal conducti-

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

unreasonable.

One of the most striking phenomena observed wirn machining Titanium

is the case with which one can obtain red-hot chips over appreciable

periods of time without damaging the tool. This appears even more unusual

when it is observed that chips begin to come off red at speeds as low as

50 ft/mim, corresponding to a tool tip temperature of about 950 0 F, while

stainless steel chips fail to turn color even when machining at the very

high speed of 900 ft/ain, which corresponds to a tool tip temperature of

over 15000F. 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 surface.

Figure 68.

Kodachrome of red-hot Titanium chip; Zero degree tool rake angle.
Uutting 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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into the stainless steel chip is a good deal higher than that of Titaniun,

the much lower heat capacity ( 3c) 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 :lea. explanation of why this material is so difficult to machine.
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Detailed derivation of equations (11) ,(15), and evaluations

of equation (11) for various values of m and 1.
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Clearance angle: 50
Width of cut: 1/8" approx.
Feeds as shown by code: 0 .0023 ipr

(3 .4)1.4 iur6 .0065 ipr

7 .0087 ipr
U 0116 ipr

FLUID: None
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COFICIENT 'F FRICTION . UTTING VELOCITY CURVES

ORTHOGCNAL CUTTING

WcRX MAT-.RIAL: 2*" Diam. Bar 1F-R Stainless Steel as received

TOCL MAT-isIAL: OS Tur,-aten-Titnnium Carbide
Rake angles: As shown on gr:.phs
Clearance angle: 50
Width of cut: I/P" a-rox.

FLUIL: None
Low speed tests repeated using Carbon-

tetrachloride.
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H Ar STRAIN (f) v-. CUTTING VELOCITY

'bTHOGONAL SUTTING C(NLITIONS

A F-!AT-L: 2
0

"diam. bar 1 -R Sttinless teel, as recieved.

TOOL Ao IAL: X26 Tungsten-Titanium Carbide
Rake angles: as shown on graphs
Clearonc- ange: 50
Width of cut: i/q" aparox.
Pemd as shown, by code: 0 .003 ipr

M.
00

44 ipr
6.00Q5 ipr
X.Ollo ipr

FLUI D: None
Low speed tests repeated, uuind
Carbon-tetrachlotide (dotied lines)

0 ioo 2x 300 400 I00 600 700

- - -

0 iQO 2Go 300 400 SOD 00 700

-TV 4 'q

0
0 o (00 Z0 1300 4-0 50 bC 9

0

4

0

4

3

N)

C



-i \

V, ~h

0 /V" 14OC
,;C 5-0

._4 
W

I. _____________________ ______

0 15f 00 4-00 500 00 /T)
v't

FAiT-:,IAL: i.2L. 7hun:-t-n-It uniucrr

it'of cut 1' rx.

5310: Nn
Low-a -It--c...c

Fig .93

.4

.5

C)

7

.2

u CC 21 3a? 41 50c 6ff 712

Vt

-160

A,-4-
.5

01____ ____~ _

0 /00' A: joY 4,C C 566, b~jl" /00
It Ifp.

.002~

-1- -----
.1

P ,'~ -

LA'-
4: ~ Lcr.

.2z

.1

c

-1

4*

lB

I I I

- - - 5_z



I * I

Wth LI4

C 1C 200 300 4CO SOC CC

A4

WI t +

Q,

IGO 200 50 400 00 60) 700
V, +r'"

:hEAR hRGY PilR UINIT VCLM: (, s)v. v C3LIG VELOCITY

.Th.GNAL C7. , >CLITIcIiS

0.~hr :.>I->: 2," Liam. bar I-8 -tainlss Steel, as received.

T: L ZiMTRIAL: X2, Tuneston-Tlt.r.ium Cartide
hoqe angls: as shown on 1rapho
Cloaranco an505 :Width of cut, - -prox.

F-is as shown, by code: 0
A."04
a. 1>e

FLUID:

0

ipr
ipr
ip r
i pr

None
Low 3peed tests repentedusinC
,arbon-tetrcl ori do ( dot4 ed IInes.
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S ATEIAL:

FLUI L:

2'" diam. bAr I--" t -.:'ss t-, S receev-a.

13-4-1 High Speed steel
RPIake :anela: 1)
Cleqr-nce ,np'e:
2It3 sf cat: 1/'-" 'r.
Feeds ash'own, wit, code .' ipr

.3-,44 ijr

. '5 ijr

.311u ipr
None
Low sp-od tests repested usine
,arbon-tetrtchloride dotted lines)
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TC-L VATRhIAL: K2S Tunpsten-Titalium C;arbtde
-- - Rake angles: as shwon on vr~phF

AClearance Rngle! q
Width of nut: 1/11" arro.

-Low speed tests repeat-d with 3 orb,:,n-tetrcichl -ride
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GRA'HS SHOWING ILH VARIATI. N T IGL7 OF THE FOLLOAIN:

CHIV LENGTH RATIO (rc) COEFFICIENT OF FRICTIOL (1)

OHEAR LTRAIN (JC ) TOTAL -NEIrGY FEi UNIT VOLITKE (u

SHEAR ENERGY PET UNIT VVLUME (us) AVERAGE NCRAL STRr, (,r,)

-0 GOJNAL CUTTING CODLITIof'i

.4 AJ.r-"I.L: 2" diam.bar 1-- .tainless Steel, as received

TOIL YATERIAL: X2. Tuntsten-Titanium Carbide
Clearance angle: N0
Speeds and fseds as shown on graphs
Width of cut: 1/a" aprrox.

FLUID:
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