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INTRODUCTION

The processz of metal cutting is a vital link in all
stages of manufacturing. It would indeed be difficult to
think of any product that did not involve, directly or indir-
ectly, some phase of the metal cutting process, namely turaning,
drilling, wmilling, shaping, planing, hobbing or boring. The
process seemed simple, at least from the standpoint of utili-
zation, and attrected the attention of ingenious meclhianics end
engineers who devised ways of expanding its usefulness. Thus
metal cutting advanced as an art ror wmany years utilizing the
principle of trisl and error.

The fundamental study of the metal cutting process natur-
ally centered itself sbout the study of chip formation, i.e.,
tlie mechanisia by which the tool produced failure in the work
mgterial. |

H. Trescal in 1873 Tirst carried out chip formation re-
search by planing lead at low cutting speeds with a tool of
zero rake angle. He noted that as the tool progressed the
work material started to flow over the tool face in an upward
direction. Tinally the material sheared along a plane extend-
ing froh‘the cutting edge to the original surface. Tresca's
tests are significant becausge he was the first one to conceive
the important ilaea of & two uimensional analysis as a means
tor facilitéting resecarci in chi: Tormation.

I. Thime® in 1878 extended Tresca's tests by investiga-

ting other materials like zinc, bronze, cast iron, and steel.
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He recognized the basic difference between the "shear type
chip"™ occurring in the case of tough materials and rupture
type chips encountered in the case of brittle materials.

A Haussner’ in 1892 considered the three dimensional
case of chip formation. He had the concept of the built-up
edge when referring to "particles of tie work material stick-
ing to the tool face and interferring with the chip flow".

G. Sellegranh in 1896 used & tool dynamometer to study
the cutting force in the direction of the motion of the
workpiece. Ie noted the existence of the shear plane and
also distinguished between a continuous chip and a chip that
separates.

F. W Taylor5 in 1906 published his classic book "On the
Art of Cutting Metals" whnich presented thie results of empirical
research on problems of tool life, tool forces and production.

E. G. Col«:er6 in 1925 utilized photoelastic methods in
the study of chip formation.

Rosenhain and Sturney7 in 1925 classified chips as "tear"
type, "shear" type and "flow" type. The tear and shear type
chipe refer to discontinuous chips while the flow type refers
to the continuous chip. In plunge cutting brass and steel they
were able to obtain any of the above mentioned chip types by
varying the rake angle and the depth of cut at constant cut-
ting speeds and feeds.

E. G. Herbert® in 1926 studied the work hardening pro-
perties of metals under cutting conditions. He stated that

the built-up edge, when it appeared, actually did the cutving.
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The metals are work hardened by deTormation in the cutting
process. This work hardening was round to be greatly iaflu-
enced by the temperature at which deformation took place.

In most ferrous as well as non-ferrous metals the capacity
for work hardening swmowed a low value at temperatures of
about 250 to 300°F.

7> 10 in 1927 published a book “Grundzuge

M. Kronenberg
der Zerspanungslehre" in which he analyzed the metal cutting

investigators. ZFrom their combined

w

results of many greviou
data he derived two ilmportant emperical laws. The cutting
Cy

speed law V = E;T"IBBEE , and a cutting force law

AT . . A 2 - s s
(10004)" where V is the cutting speed for some definite

= Cp
tool life, I is the cutting force, A is the culp cross sectional
area and the remaining symbols are constants aepending upon

the work material, tool material, tool angles and cutting fluid.
Xronenperg foruulated taoles for these various constants from
data taken from various investigators.

. Okoshill in 1930 recoginized only two types of chips,
namely "crack" type and "slip® type. With tne first type of
chip a gap occurred substantially in the direction of tool
motion ahead of the tool. 'Witih the second type of chip shear
occurred salonz & shear plane. Okoshi assumed that the friction
between the cihiip and tool was the major cause ior the occurience

o1 eitiier of the two types or chips. ‘then the chip veloclty
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was small the friction was almost as high as in the case of
static friction. Tests on brass showed that a shear type
chip could be changed into a crack tyve chip by‘roughing the
tool face. OQOkoshi was of the opinion that the shear angle
varied witi the rake angle of the tool and the work material.
He found the shear angle to be a maximum for all materials

at a true reke of 30°.

Jde Ratnjalz in 1939 simulated™chip formation" by com-
pressing wet sand with profiled tools and also by pulling
such tools through sand. A "stagnant' body developed corres-
ponding to Prantl's theory of plastic deformation. The for-
matvion of different types of chips was explained by means of
slip lines or trajectories. The flow of material is opjposed
by friction at the tool face ana by the resistance of the
material. The slip lines form a constant angle witi the
principal stresses according to the relation 45° - %f where
7 is the friction angle. Rathja assumed that a shear type
chip developed when the slip lines are curved away from the
workpiece. On the other hand when the depth of cut is so
large that the slip lines are parallel to the work surface
or even curved into the work, the stress in these lines ex-
cedes the shear strength before the entire chip can flow. In
these cases a "rupture'™ chip develops. The slip lines are
directed toward the surface in the cases of large values of
true rake which Tavor formation of the shear type chip.

(. Okoshi and S. Fukuil? in 1933 maae photoelastic
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tests, took stationary and moving pictures together with
force measurements and also observed the deformation of the
material using a network of lines on the woripieces. Okoshi
prepared a diagram oi the principal shearing stresses. It
was found by comparison with motion pictures that the frag-
ments sheared along one of these lines. The shear lines
always start at the cutting edge at a slight curve away from
the edge towards the work surface.

A, Rupp14 in 1937 working with A. Scnwerd utilized three
principal methiods for investigating elastic and plastic defor-
mation of the sbtress field, namely 1) network of lines on the
workpiece, 2) photomicrographs and 3) roughness produced on
a polished and etched disc when planed on a lathe.

r, Schwerd15 in 1932 worked with high speed motion pic-
tures using a spark illumination method wiitich allowed exposures
of 107 seconds and time intervals between frames of as little
as 1/10 milli-seconds. Schwerd attempted to simplify chip
types by using terms indicating the type of stresses which
cause the formation of the respective type chip, namely "ten-
sile chip", "shear chip" and "segmental type chip". The
tensile type chip is produced by tensile stresses and occurs
primerily in the case of brittle materials. ‘rhe shear type
chip develops when the tangential stresses are greater than
the tensile stresses. The built-up edge may or may not occur
with this tvpe. The segmental type chip differs somewhat

from the shear type chip although both result from tangential
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stresses. Segmental type chips are produced when steady

flow of the shear type chip 1s interrupted at regular inter-
vals causing a break in the chip. This type chip is producead
by vibrations within a tool or worik holaing system.

E. Ernst and . Martellottil® in 1935 studied the process
of formation of the built-up edge. They took motion pictures
of bronze being planed 1in which a discontinuous chip was pro-
duced. These photos, Fig. 1, were used by the author to
initiate the study of the discontinuous chip.

E. Ernstl? in 1938 clearly described and classified what
are now considered Lo be the three basic forms of chips: Type
1, the discontinuous or segmental chip; Type 2, the continuous
chip; and‘Type 3 the continuous chip with the built-up edge,
Fig. 2. Brust stated that a compressed layer or "built-up

edge" is formed with all three types oI chips. Kowever, with

Figure 2
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Type 1 chip this initially compressed layer passes off with
each segment. 1ith Type 2 chiip the layer continuously es-
capes with the chip. With Type 3 chip this layer remains
anchored to the tool face to form a built-up edge wnile the
chip body shears away from it and passes off above. As the
stationary pile of compressed material (or built-up edge)
increases in size 1t also becomes more and more unstable.
Aventually a point is reached where failure occurs and freg-
ments tinereof are torn off and escape both with chip and with
workpilece., This intermittent building up and breaking down

of the forward end of the bullt up edge occurs at an extremely
rapid rate. Thus the-surface of a workpiece finishea under
these conditions is covered with a multitude of fragments of
built-up edge. It is these fragments that constitute the so
called ""roughness" of a machined suriace, the degree of
roughness being'solely a function of the average size of the
fragments; thelr size in turn being determined by the magiiitude
of the built-up edge from which they were torn.

H. Zrnst and ia, E. Herchantl®» 19 in 1940 revealed that
extremely high values of coefficients of friction usually exist
between chip and tool and that this is responsible for the
existence of the built-up edge. A study of friction revealed
that the hardness of the mating surfaces and the resistance
to shear at their areas of actual contact are the variables
of greatest importence in dry friction. For ordinary d4dry

metal surfaces in contact, resistance to shear is low because
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of the pressnce of strongly adsorbed films of low shear
strength materials which always cover such surfaces. ihen
under unusual conditions (such a&s in metal cutting) these
films are practically absent, the coefficient of friction
rises to very high values because the opposing metel surfaces
have united at their points of contact and thus the metal it-
self must be sheared. Coefficients of friction exceesding one
are common in metal cutting.

A simplified force diagram was devised which indicated
the relationship of all the forces that existed between the
tool and the workpiece. Thece papers are the start of the
guantitative treatment in metal cutting. By utilizing the
principle of minimuwn energy, a relationshiy between the
shear angle @, the friction angle 7 and the rake angle o was
developed: 2 + 7 -a = 90°.

V;Piispanenzo in>l937 independently presented a mathemati-
cal analysis of the ractors that determine the shear angle.
This engle was assumed to be determined by the condition that
the cutting force be a minimum. He also assumed that thg
shear strength of the work material increased as the compres-
sive load on the shear plene increased and graphically deter-
mined the minimum cutting force per given material taking into
account the aforementioned increase of shear strength with
compressive stress. FHis anaslysis was remarkable in view of
the lack of experimental work to ascertain his theory.

. E. Mercnantzl in 1944 made a mathematical analysis of
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the geometry and mechanics for two types of metal cutting
processes, ortnogonal and oblioue. He developed expressions
for the various forces, velocities, stresses, strains, and
energy relationships that exist in metal cutting.

In two later papers Merchant?3s 2k in 1945 completely
worked out the mechanics and placticity conditions that exist
in orthogonal cutting with a Type 2 chip. It was shown that
if the spear strength of the work material was assumed to be
constant then the application of the principle of iinimum energy
provided the plasticity condition 28 + 7T - a = 90°, which is the
game as that presented in & previous paperlg. This condition
was found by experiment to be a poor approximation in a case of
polycrystaline metals. 4 good approximation was obtained, how-
ever, if use was made of the fact that the shear strength of
the pdlycrystalline metal is actually a function oi the compres-
sive stress on the shear plane. The resulting plasticity con-
Gition is 20 + 7 - o = C, wiere "C" is the complement of the
slope angle of tie liﬁear curve relating shear strength to
compressive stress. '"C" turns out to be & constant of the
work material.

Such a plasticity condition establishes a relatlonship
between the force system and the geometry of chip formution
so that if C and the shear strength is known for the given
material, &ll forces involved in cutting can be calculated
with reasonable accuracy directly from chilp measurements
without the use of the tool dynamometer.

Merchant and Zlatin®% in 1946 described new experimental
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methods for the analysis of the machine processes. They

used a tool dynemometer to measure the force system that ex-
istec in continuous cutting. The shear angle was determined
by measurements on the chip. They prepared nomographs which
simplified the evaluation of various stresses, strains, cutting

ratio, etc. from their basic measurements.

PART T: THEEORY OF THE DISCONTINUOUS CEIFP

The geonetry, mechanics, and plasticity conditions for
the continuous chip have been analyzed by ierchant. His
analysis has been found to agree very well with experimental
results in actual cases where a continuous cihip is obtained.
In fact his analysis has been found.to be a close. approxima-
tion for the case of the Type 3 chips, i.e.,the continuous
chip with the bullt-up edge.

There remained then the problem of the Type 1 chip; i.e.,
the discontinuous chip wihich analysis is treated in the study
that follows. The iiportance of this study can be reaiized
by the fact that probably 80% of all the tonnage machining is

performed on cest iron whicli produces only discontinuous chips.

NOMENCLATURE

The following nomenclature 1s used in this paper:

"

Instantaneous cross-sectional area of "chip" before
removal Iroi workplece = twl

Cross-sectional area of '"chiyn'" before removal from

.
"

workpiece = tiw;
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A, = Cross-sectional area of chip after removal Ifrom
work-piece = t2w2
Ag = 4rea of the shear plane
C = Machining constant = arc cot K
d = Distance travelled by tool umeasured from instant
of chip rupture
dy = Distance travelled by tool at instant shear shifts
from shear angle ¢2 to @

D = Maximum daistance tool can travel at shear angle ¢2

F, = Cutting force; force component acting in direction
of motion of tool relative to workpiece.

¥, = Force component acting in direction normal to shear
plane.

Fy = Shearing force; force component acting in direction

of shear of metal, in shear plane.
Ft = Thrust force; force component acting in direction
perpendicular to ¥, and %o surface generated.
k = Slope of linear curve relating shear stress to
| compressive stress
L; = &rbitrary distance measured in direction of relative
motion of cutting tool and workpiece.
L, = Distance tihrough which point on chip moves relative to
cubting tool, when tool advances dlsteance Ll
N = lormal force; force component acting perpendicular

to tool face

R,R' = iesultant forces; forces acting between chip and
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tool and between chip and workpiece.

cutting ratio = ry,

chip length ratio : Ly/ILp

chip thickness ratio = t1/t2

Shear strengbh of metal at atwmospheric pressure
Compressive stress acting perpendicular to shear plane
liean shear stress on shear plane

wgan shear strength of metal being cut
Instantaneous tnickness of "chip'" in discontin-
uous cutting

Thickness of "chip" before removel from workpiece =
meximum depth of cut for discontinuous chip. |
Thickness of chiy after removal from workpiece, as
measured in dairection perpendicular to face of
cutting tool

Cutting velocity, velocity of tool relative to
workpiece

Chip flow velocity; velocity of chip relative to
cutting tool

Velocity of shear; velocity of chip relative to

the workpiece.

Widtii of chiip before removal from workpiece

Width of chip after removal from workplece

work done in cutting, per unit volume of metal

removed

Work done in overcoming friction betwieen chip and
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tool, per unit volume of metal removed.

Work done in shearing of metal, per unit volume

of metel removed.

Oblicue rake angle of tool measured in plane per-
pendicular to its cutting edge = True rake angle
for case of orthogonal cutting |

Shearing strain undergone by clilp under process

ol removal

Shearing strain of metsal at rupture under atmos-
pheric pressure

Slope of linear curve relating shearing strain of
metal to compressive stress under rupture conditions
Coefficient of friction acting between sliding chip
and tool face = F/N

Friction angle‘= arc tan/p

Shear angle; angle between shear plane and surface
veing generated measured in plane perpendicular to
cutting edge of tool = shear angle to horizontal
surface

Shear angle at rupture

Shear angle to inclined surface

Direction of crystal elongation in chip

REVIEW OF CONTINUQOUS CHIP THEORY

analysis of the discontinuous cnip theory must necess-

arily be preceded by & review of the geometry, mechanics, and
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plasticity conditions that have been developed for the contin-
uous ciiip. Only the case of orthogonal cutting will be dis-
cussed, l.e.,, cutting with a straight edge tool moving relative
to the workpiece in a direction perpendicular to its cutting
edge. The mathematical approach for this problem has been

21, 22, 23

carried out by Merchant and his nomenclature will

be retained wnenever possible.

Geometry of Formation of the Continuous Chip

The tool with rake angle o« moves in a dairection shown

by the arrow, taking a depth of cut t;, Ffig. 3. During the

Figure 3

formation of a continuous chip the metal is found to fail by

a process of shear confined essentially to a single plane ex-
tending from the cutting edge to the horizontal work surface

making an angle @ with respect to the horizontal surface.

The thicknesg of the chip after removal is designated as t2,

and the ratio of the depth of cut t; to the chip thickness

t, 1s called the chip thickness ratio, ry where

E__}__ = sin QS (l)
to cos (g-a)
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This ratio 1s the same as the ratio of the length of chip L,
to the lengtiu of patn from which it was cut Ly which ratio
is konown as the chip length ratio, T The ratios ry and Iy

are cogmonly called the cutting ratio r,.

rLé"‘*’t“g'rt'—'rc (2)

Shearing strain € occurs in the chip by the displacement of

an element of thickness AX through a distanceA S, Fig. L.

Figure 4

(In actual cutting 4X-0)

€ =45 = cot @ + tan (@ - a) (3)

———
pi

The crystal structure of the metal 1is elongated by the
shearing process but at a different direction then the shear
angle, Fig. 5. The direction of chip elongation, §U , 1s

determined by

cot Y = cot § + tan (@ - a) (L)
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Figure 5

From (3) and (4) it is seen that
€ = cot ¥ (3a)

e shown in Fig. © where Vo is

- The velocity relationships ar

. ~

Figure 6

| ]
WORK PIECE '0
the cutting wvelocity,V

s the velocity of shear, and Vg the

velocity of chip flow up the tool face.

o COS G

Vs - Ve T5s (g - a) )

Ve = sing = Vo (6)
T ¢ cos (@ - a) ¢c-c
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Force Relationships in Orthogonal Cutting

The fbrces acting between the tool and the work have been

conveniently represented by the diagram in Fig. 7 vhere Fo is

i e+ e, —

Figure 7

the cutting force acting in the direction of the tool travel,
Fy 1s the thrust force perpendicular to the travel, R is the
resultant force, F is the forece of friction between the chip
ena the tool face, N is the force normal to the tool face,
Fg 1s the force tending to shear the metal along thé shear
plane ana F, is the force perpendicular to tune shear plane.

The following relationships have been deriveda from this

diagram: -
A= F/W = tan T (7)
Fo=Fy cos o + Fo sin a (8)
Fg = Fg cos a - Fy sin o | (9)
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where:
y il

_19..

Fg/hg = (F, sin @ cos @ - 7y sin® 8)/Ag (10)

#n/ag = 3¢ tan (§ + 7 - a) (12)
F ro/Ay = ¥/ig | (12)
- Se€ (13)
Sg€ + F/A, = Wg + Wir (14)

coefficient of friction between chip and tool
face

mean shear strength of material

area of shear plane = Ag/sin §
cross-sectional area of "chip'" before
removal = tlwl

mean compressive stress on shear plane

work expended in friction between chip and
tool per unit volume of metal removed
cross-sectional area of chip after removal

= Ao/,

work expended in shearing the metal per unit
volume o1 metal removed.

total work expended in cutting per unit

volume of metal removed.

Attention should be called to the Tfact that the total

work done in cutting is expended at two sources: in overcom-

ing friction between ciiip and tool ana in the shearing process

on a shear plane as shown in Equation (14).
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Plasticity Conditions in Orthogonal Cutting

In the formation of a continuous chip the shear angle
will assume a value so as to make the total work done a
minimum. Since the cutting force component ¥, is alone re-
sponsible for the work done in cutting, the shear angle will
take on a value as to meke F, a minimum. F, can be expressed

in terms of Sg, T , @, and « as

- 9s Ag cos (7 - a)
Fo = St 8 cos (B +7 - aJ (15)

Merchant23 first assumed that the shear strength along

the shear plane was a constant, i.e.,
Sg = 84 = constant (1o)

where S4 = shear strength of the material. Substitution of
(16) into (15) gives

_ 8% Ay cos (7 - ) ‘
¢ Sin @ cos (p + 7 - a) (17)

il

The minimum value of Fe is found by differentiating F,

with respect to @ snd equating to 0, yielding

cos (28 + 7= a) =0

or: 2¢ + 7 - a = 90° (18)

Expression (18) was found to be a poor approximation for
cutting most polycrystaline materials.

Merchant then made use of the fact that the shear strength

of a metal increases when the metal is subjected to high
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compressive stresses. Tests made by P. W. Eridgman25 showed
that the relation between the shear strength and the compres-

sive stress to be close to lianear for polycrystalline materials.

w000 ) )
z DRILL ROD
> BRIDGMAN
]
-4
-2 ¢ O
o Y& /_’,_—Q
A [ I I
]
-
‘o
b
w
@ $0000
. |t
(7]
-
4
‘ w
1 X N
{ [7:] L X v
i 0 £0000 Q000 60000 40,000

COMPRESSIVE STRESS-S,, LBY/IN'

Figure 8

See Fig. 8. The shearing strength of the metal in cutting

was, therefore, assumed to be of the form

Sy = Sy + kSp (19)

where S, is the shear strength of the metal at zero compres-
sive stress, S, i1s the compressive stress and Kk is the slope
of the curve relating shear strength to compressive stress.

Substituting (11) into (19) and solving for Sy

2

o)
1 =
S 1 -X tan (@ + 7= a)

|
N
C

substitute (20) into the expression for F, in (15)

_ S50 Ay cos (77~ a)
¢~ sin @ cos (f +7 - ) - k sin § sin (P +7-a) {(81)

Applying the minimum energy condition to F, in Bquation (21)
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gives
cot (2¢ + 77 - a) =k (22)
or o
20 + 7-a=¢C (23)
where
C = arc cot k (24)

The constant "C" in equation (23) is a physical constant
of the work material. Values of "C" have been determined by
means of cutting tests for many types of steels. By making
use of (23) the force and energy relations that have been
previously deriveé can ve transiommed to a forw that is de-
pendent only on the physical properties of the work material

together with the easily measured shear angle.

The Discontinuous Chip and Orthogonal Cutting

The discontinuous chilip is produced whean cutting inher-
ently "brittle" materials such as cast iron or when machining
ductile materials at low cutting speeds in the abseunce of
cutting fluids. In the latter case the discontinuous chip is
associated with the high friction that is kuowui to exist be-
tween the tool and chip. It was the object oi this investi-
gation to Tormulate an analysis consistent with the above facts.

The cutting actlon which produced a daiscontinuous chip
was studied by Ernst and Martellottil6 by taking moving pic-
tures through a microscope oi bronze being cut by & plener
type tool. As the tool advances with respect to the work,

chip segments are produced at approximately a uniform rate.
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A complete cycle showing the formation of & segment is illus-
trated in Fig. 1. The tool advances into the inclined surface
which was proauced by the ruptured chip. The metal is deformed
as indicated by the distortion of the network of scribed lines
on the workplece and eventually a segment ruptures at approxi-
mately the sawe angle as in the previous case.

The analysis of the discontinuous cnip wzs begun by
assuming that as the tool first advanced into the workpiece,
shear would occur along a plane extending from the cutting

edge to the inclined surface as in ¥ig. 9b. During this time

Figure 9

the shear angle would gradually decrease because the Triction
between the chip end the tool face would gradually increase
due to the self cleansing action of the cunip sliding up the
tool face. It was further assumed that the shear angle de-
creased until the shear plane eventually extended to the
horizontal surface)after which the shear angle was designated

as @, fig. 9¢. The continued advence of the tool was
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accompanieda by a continued decrease.in shear angle until
the value oI the shear angle became so low that rupture
occurred.

The criterion Tfor rupture or the work material with de-
creasing values of shear angle was attributed to be the be-
havior of the shearing strain. As'the siiear angle decreased
the shearing strain increased in accordance witn equation (3).
If the work materizl were ductile and if the friction were
not too great, the shearing strain corresponaing to the
equilibrium shear angle would be less than that necessary
for rupture. However, if the materiasl were brittle, a strain
would be reached which would cause rupture before the shear
angle could seek an equilibrium value.

Several modifications were necessary in these original
assumptions to satisfy the actual cutting conditions ané they
‘will be brought out later.

4 mathematical analysis will be necesgsary for two tondi-

tions: - Condition & when the shear is occurring from the cut-

ting edge to the inclined surface and Condifion B when shear

is occurring to the horizontal surface. Condition A is the
situation that exists during the start of the chlp segment
formation while Condition B exists during the latter stage of
the segment formation.

Condition A - Shear Occurring to the Inclined Surface

Fig. 16 shows the tool with rake angle a after it has

advanced a short distance 4 into the workpiece which originally
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had the shape 0CE.

Figure 10

Let t1 = total depth of cut
t = Instantaneous depth, i.e., vertical distance
Trom machined surface to the intersection of
shear plane AB with inclined surface OC.
ﬁl = 3hear angle of rupture
¢2 = Shear esngle while shear plane extends to
inclined surface
@ = shear angle while shear plane extends to
norizontal surface
d = Distznce travelled from point O
w = widtih of workpiece
t can be expressed in terms of ¢l, ¢2, and 4 as follows:
In triangle OAB, angle (4B2) = (@, - #7)

. sin (fo = $1) _ sin @y
a AB

ct
i

LE sin ¢2

d sin @, sin #; (25)
sin (@2 - 1)
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the instantaneous cross-sectional area A is

_w ad sin #1 sin @5
sin (g, - 871)

A = tw (20)

the instantaneous cutting force F, becomes on substituting

A from (20) for Ay into egquation [5)

sin @ cos (77- )

AT 1 (P2 - P17 cos (P + 7 - @) (27)

where @ indicates that shear is occurring to the inclined

surface rather than the horizontal surface. The value of the
shear angle ¢2 will be determined again by the minimum energy
principle, or since the Tforce Fc is responsib;e for the total

work then Fc must be a minimum.

Case I - Assume the shear strength S§ of the work material to
be inveriant with respect to @ and 7, i.e., Sg = 8§ = constant
Then (27) becomes

7N *
S§ wd cos (/- a) sin @

Yo = ST P = P17 cos (B F - a (28)
Differentiate ¥, with respect to ¢2 and eguate to O.
aF, - SL w d cos (7~ a) sia ¢;
a @2
< cos(fy-f1)cos(@y+7-a)-sin(fy-4) ) sin(fp+7=a) _
[sin (f,-p;)cos(@y+7=a)] 2
cos [(ﬁg-ﬁl) + (¢2+7:aﬂ== 0
cos (28p +7=a-@1) = 0
or 2y Taegy = 90° (29)
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Bouation (29) would not be expected to provide asn accurate
evaluation ror ¢2 since the shear strengtii of polyerystaline
materials are known to be a function oi tThe compressive

stresses acting on the shear plane.

Case II - Assume that the shear strength 3§ 1s & linear
function of tiie compressive stress acting on the shear plane
or

SL =8, + k 8y (19)

ané as with the continuous chip

= SO (30)

S’
S T - K tan (Pp + 7 - a)

where ¢2 has replaced @ of equation (20). Substitute (30)
into (28).

. So w d sin #) cos (7=a)
¢ = SIn(P,=P1 1008 Po%/5a)-k sinlP,-P; sinlpy+7—a)  (31)

apply the minimum energy principle to (31) and get

cos(2@,+7-a~f1) = k sin(2@5+7-a-@7 )

cot{2@a+7=a=f1) = k (32)
2¢2+7—_a_¢l= C (33)

Wi as ) .
hereas be%ogearc cot k (24)

Condition B - 3lear Occurring to the Lorizontal Surface

As the tool advances into the workpriece eventually the
shear plane i1s observed to extend to the horizontal surface

instead of to the inclined surface. Under tuis condition the
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depth of cut becomes t; and the shear ansle is called @
instead of ¢2.

The continuous chip theory is assumed to hold for this
condition up to the time of rupture. The shear angle @

1s thus expressed as in previous ecuations.
28 +7 - a = 90° (18)

for the assumption that the shear strength of the material

remains constant and
20 +7 - a =6 (23)

Tor the more general case where the shear strengtir of the
material is assumed to be a linear function of the compressive

stress acting on the shear plane.

Changeover of 3Shear Irowxm Inclined Surface to Horizontal Surface

At first it was assumed that the shear angle §, gradually
decreased as the tool advanced until some position of the tool
was rea¢hed when the dewth t = t) ,and #, became coincident
with @. 1In fact it was thought that the shape of the upper
surface of the chip was prodauced during the time that shearing
was occurring at angle ¢2 to the inclined surface. This trend
of thought was influenced by the rounded concave-dowil apoear-
ance of the chip segment of Fig. 1. However, a graphical
analysis of the ciilp shape that would result from shear to
the inclined surface inaicated that the upper surface of tiie

chip segment would te concave-up as in Iig. 1lb rather than
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concave=- down as in Fl#. lla. The analysis for the upper

<N <A

'Figure 11

surface of the chip shape when shear is occurring to the in-

clined surface 1is as follows:

When the tool edge, Fig. 12, advances from its starting

. All o‘
C B'
Q Al |
=} -
LYNR
L K A
ady | ad,
Figure 12

point A to point K through & distance Ad) then the increment
of the workylece at point A moves up the tool face to point

A' by an amount A'X where
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A'K _ sin 167
Ad; T sin (1Pp-a]

= average cutting ratio during
travel 4.

Whnen the tool edge is thus at point L the shear plane at
this instant is KB making an angle l¢2 with' the machined
surface. The shape of the upper surface of the chip at this
instent would be A'B. 4after the tool moves through another
increment Ad, (=Ad;) so that the cutting edge reaches point

L, then the particle of the workpiece at A' moves still

ferther up the tool face to A'' where

al'’ al'’! sin 1¢2 o s : s
= = = cutting ratio durin
aA' do cos (pfo-a) & =
- movement Ad,. Furthermore the previous upper surface of the

chip represented by the line A'B moves parallel to itself to
position A'!'B'. Thus when the cutting edge is at point L the
shear angle at this instant is 2¢2 and the upper surface of the
chip is A''B'C. Now the shear angle continueally decreases as
the tool advances, i.e., 18,2 f, >3Q52> *** <ince the friction
angle [ continaully increases. By making graphicel analysis
in this manner and teking into consideration the Tact that
the shear angle decreases ag the tool advances the upper
surface of the chip segment always turned out to be concave
up as indicated in Fig. 1llb and also by the lige A"B'é of
fig. 12.

I shear were to occur to the inclinéd surface during an
appreciable portion of the tool travel this concavity would

have been plainly visible in the final chip shape. ILowever,
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no such concavity was observed on the upper surface of the
chi,. It was, therefore, concluded that the shearing pro-
cess must shift from the inclined surface to the horizontal
surface after a very short tool travel. Such a shift could
only dccur if the energy required to shear to the inclined
surface were greater than that necessary to shear to the
horizontal surface, i.e., the snear angle would at all
tines be\determined by the minimum energy principle.
Determination of Digtance Tool Travels VWhen Energy to 3hear

to Inclined Surface Becomes Fcusl to Energsv to Shear to
Horizontal Surface

Shear will change over from tThe inclined surface to the
horizontal surface when the energy per unit distance travelled
by the tool to shear to the horizontal surface becomes equal

to the energy per dnit distance travelled by the tool to shear

to the inclined surfeace, i.e., when

F Ve FoV
’ [ ji‘z (34)
or when [chg _ (:FC]¢2

where

[ J¢ and | :}ﬁz indicate shear at angles # and
@, respectively.
From equation (21)

S t1 w cos(/7-a)

Efélﬁ B sin@cos(@P+ 7 - )~k sin@sin(@+7-a) (35)

where A, has been replaced by tq wsand from equation (31)
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30 w 4 sin gy cos (7-c)
[f;Lf Sin(fo-P1)c0s B/ -a)-K sinl(Py-P1lsin(pr7-«)  (31)
2 .

As seen in Fig. 13 changeover occurs when the tool reaches

Figure 13

some position where 4 = d;. At this instant let g = ¢, end
@o = Ppo, the subscript ¢ indicating the instant of change-
over.

Now equate (35) and (31) and solve for dj .

a; = by sin (Bpc - f1)
sin ﬂl sin ¢C

cos{fiy *7-a)-k sin{@, +/-c)

cos(¢C+7:a)-k sin (¢c+71q) (36)

- X

Equation (36) expressss the distance dj that the tool travels
at which time the energy to shear at angle ¢, equals the
energy to shear at angle #.

However, as seen in Fig. 14 the shear to the inclined
surface coula possibly continue until d =.D, i.e., until the

shear plane reached the intersection of the inclined and the
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A
L
B i ®,
4 eottmin| N | D
< 7, cot g, .
Figure 14

horizontal surface. The angle f, at this instant would be
the minimum value ¢2 could attain. Call tihls velue ¢2 mini-

mum., From Fig. 14 it is seen that

D=1ty (cot @; - cot §, min.) (37)

Thus shear would siift abruptly from angle ¢2 to angle @ if

Dyd,, i.e., if the distance dl from equation (36) is less than

l,
the distance D. Applying this condition to equations (36)

and (37)

sin (fy, - #1)

(cot f1 - cot @y min), : :
: sin @, sin @,

cos(¢2047:a)—k sin (fze+/-aF

: - 3
cos (BgtT-a)-k sin (gt 7 -a) (38)

but by trigonometry
(cot @1 - cot P min) = sia (fy min. - §) (39)

sin @1 sin @, wmin,
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substitute (39) into (38)

sin (fo min - g1)_ sin (@, - #1)
sin #, min sin @,

cos(@,pt/-a)-k sin(¢20+71a7

X (40)
cos(@e+7-a)-k sin (f,+7=-a)
in eéuation (4L0)
let 3 E(COS ¢23+7:a7—k sin k¢20+7la) |
(41)

cos (Be +/-a)~k sin (#, +7-a)

cos(20,+7-a)

but k = cot (2¢C+7:a) =
sin(2f,+7-a)

sin(2¢c+71a)cos(¢2C+7—a)—GOS(2¢¢+71a)sin(¢20+7la)

- .. I\'I =

' sin(2¢c+7?a)cos(¢c+71a)-cos(2¢c+7;a)sin(¢c+71a)

but at the instant o changeover

2¢c+7~a=25520+7-a-¢1=c $

‘(C may not sctually be the saume for both ¢2 and @
because of strain hardening of the material sur-
rounding the zone of deformution. However, its
variation is neglected as a first.apﬁroximationJ

sin(2@zq+/-a-@1 )cos(Boet/~a)-cos(2fzg+/~u=@1 ) sin(Bpot/~q)

N
sin ¢C
_ sin (g,, - £7)
= 20 1 (Lpla)
sin @,
Substitution of (4la) into (40) gives
sin (@, nin - @) sin? (B, - 1)
- 2
sin @ nin sin® Be (42)
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Equation (42) is the condition necessary for abrupt change-
over of shear plane from inclined surface to horizontal surface.
As a limiting case of changeover consider the condition
when the shear plane gradually moves up the inclined surfacs to

o . 2 - PR & 3 ol = = = ~ .
che horizontel surface. At this instant ¢c ¢20 ¢¢ min.

'¢C = ¢ic: ¢2Im;n.

Figure 15
(Fig. 15) and equation (42) becomes

sin (YSC -ﬁl) 2 sin? (¢c - ¢l)
sin #, - sin? g,

1 Z sin (Po = £1)

sin ¢c

or

If @, has any positive value tlre right hand side is al-
ways less than 1. Hence the equal sign will never hold. This
means that the condition indicated by Fig. 15 can never occur
or that shear plane ¢2 cen never gradually blend into the
shear olane @#. In other words, the shear angle abruptlyfshifts
from the inclined surface to the horizontal surface.

Another prooX of tuis is as follows: at the instant of

changeover from shear to the inclined surface to shear to the

horizontal surface equations (23) and (33) must simultaneously
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be satisfied, i.e.,

2, + /] -a=0C=28,, */ -u-f

»

but / is the same on botlL sides of this equation

N
=
o
1
0
=)
0
o
I
=

and 6, = #, + PL (43)

- [rag - - o« - - . -
but if / is au increasing function as the tool advances to

form the segment,

1 , (L44)

Bquation (43) indicates that an sbrupt changeover wmust
occur without the shear plane extending to the Iintersection
of tie inclined end horizontal surface, i.e., ﬁzc #’ﬁc. It
should be noted that if ¢Zc = % #1 , the segment would immedi-
ately fupture at the instant of changeover.

The above analysis which shows that the changeover of shear
plenes 1s abrupt is based on the assumption that at boti: planes
of changeover the following factors are egual: the friction
angle7“, the shear stress at zero compressive loed 30, and the
mecehining constant G,

The assumption that /" is the same for both shear planes
is ouite accurate. Lovwever, S, and C are affected by the
viork hardening of the material which i1s known tO surround the

region of shear. Hence these values may not ove the same on
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the two possible jplanes of shear ﬁZC and ¢c, with the result
that in actual metal cutting the shear plane may graaually
decrease rather than sbruptly changeover from shezr to the

inclined surface to shear to the horizontal surface.

Maximuh Value of dj

By making use of equation (4la), (36) can be written

as
. t] . sin? (f.. - &)
Qa = . <C l . 2,

The maximum vossible value of d; can be determined by

using the condition of equations (44) and (#5) that

(Bac)yin = 5 8, and (Belgin = 61
.2 B,
ty s1n” (=)
or d, max = — i L
1 , 31nﬁl sin? ﬁl

t1 (1 - cos £1) (46)

or dl nax =
2 sin’

Equation (46) is plotted in Fig. 16. It is seen that
at rupture angles grester than 25°, d; pgx = 1/2 t1. From
experimental results taken from Lrnst and szartellottil6 and
our own tests the total distance that the tool travelled to
form a chipy i1s oI the same order of magnitude as the depth
of cut t;. Therefore, shear occurs to the inclined surface

less than half the total distance of tool travel.
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Conditions for Rupture of Chip Sefment

Both the tiheoretical development as well as experimental
evidence assures that the metal is shearing at angle ] t5
the horizontal plane prior to rupture. In fact both offer
evidence that shear occurs to the horizontal surface during
the major portion of the chip segment formation. It is thus
possible to epply the continuous chip theory to the cutting
action during this time keeping in mind, however, that the
friction angleT', and the shear angle @ are constantly changing,
i.e., T continues to increase and @ continues to decrease. At

any instant @ and 7 are related by the plasticity condition:
RE+7 -a=¢C (23)

As previously aiscussed the chip is assumed to rupture when
the shearing strain developed in the chip reaches a value at
which rupture must occur. The shearing strain in the chip

is given by ecuation (3)
€ = cot § + tan (4 - a) (3)

However, tihe shearing strain necessary to produce rupture
within a polycrystalline material has been shown by P. W.
BridgmanZé to increase with the application of compressive
stress.

4s an approximation sssume that a linear relation Lolds for

the behavior aféfvﬁﬁh conipressive stress, l.e., assunme
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€= ¢+ Ks, (47)

where A = the slope of the € vs. 8, curve and €, = shearing
strain at zer: compressive strain.

¥rom ecuation (11)

S, = Sk tan (§ + 7 - a) (11a)
i So
iy =

but s T -XKtan (B +7 - a) (20)

where as before Sé 1s the shear strength of the material under
compressive stress and SO is the shear strength of tine materisal

at zero couipressive stress,

Combining (1lla) ana (20)

So tan (6 +7 - a)
n 1 -k tan (p +7 - o)

or = So —
P ot (B F T - @) -~ x (48)

Inserting (48) into (47) and changing € to ﬁl

[6}rupture i €O E cot (551/{ ﬁo_ a) - k /#7)

Usging tlhe plasticity conditions

2 ¢l +] - u=¢ anda k= cot C, (4Y) becomes

[2jprture =éﬂ>+ Got (T 56;1)9 ST T (4L9a)

The chip segment will rupture when the shearinsg strain
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in the chip as determined by equation (3) reaches the value

necessary for rupture as determined by ecuation (49) or when

S
cot.¢l+tan(¢l-a) - €o + cot(g;+o-a)-k (50)

or inserting the plasticity conditions

K S
cot fy+tan(fi-a) = €, + cot(G-ﬁi)-cot C (50a)

Equation (50a) makes possible the determination of the
shear angle at rupture ¢1 from the physical properties of the

work material.

Geometry of the Discontinuous Chip

In general the chip is observed to have the trapezoidal

shape OPQR, Fig. 17. The long leg of the trapazoid OP is an

Figure 17

accurate indication of the length of the shear plane at

rupture. Hence the shear sngle at rupture can be determined

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



from the relation

. &
sin @) = 'c% (51)

OF can be measured fairly accurately on the chip by using a
Brinell microscope. A better method, however, is to first

mount the chip in a plastic end then polish the surface to

give better definitibn to the cross-sectional area.

The dimension OR on the chipy divided by the average tool
travel for chip rupture is a measure of the average cutting
ratio. The distance the tool travels to rupture a qhip may be
determined in some cases by counting the number of chip seg-
ments per inch of tool travel, either by counting the number
of "clicks'" as the rupture occurslor by noting the distance
between rupture marks on the workpiece.

Another method of determining the average cutting ratio

. 1s to use the welght-length method deséribed by Merchant and
Zlatin?% for continuous chips. However, the voids between the
chip segnents must be deducted from the overall length of the

chip if this method is used.

Experimental 3Study of

Discontinuous Chip Formation

A thorough study of the discontinuous chip makes necessary

the simultaneous determinstion of the Iorces acting between

to00l and work as vwell as the conditions of shear within the
workpiece,

The arrangement shown in Fig. 18 was used in this study.
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Figure 18
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The workpiece was clamped in a dynamogeter which deflected
under load. The deflection was amplified by an integral
mecnenical lever arrangement and the amplified deflection
wag measured by a 1/10,000" dial indicator. The tool was
carried in enother dynamometer attached to the overarm of a
miliing machine. This dynamometer measured the horizontal
deflection of the tool by means of another 1/10,000" dial
indicator. By suitable calibration the deflections of the
tool and work dynamometers gave the cutting force ¥, and the
thrust force Ft respectively.

The two orthogonal force readings F, and Fy were suffi-
cient to determine the entire force system of Fig. 7, and
togethier with the Xxnowledge ol the depth of cut, width of cut
and cutting velocity provided all the data necessary for the
determination of the velocitiesg, coefiicient of friction, etec.

The deformation of the workpiece while cutting was ob-
served through & low power microscope which was likewise attached
to the overarm, Fig. 18. Through this microscope the shear
angle-at rupture was easily discernable. However, the instan-
taneous shear angle during the formation of the ssgment was diffi-
cult to observe. After attempting many procedures 1t was
found that the shearing zone could be approximately determined
in the following manner. The side of the workpiece which Taced
the microscope was roughened by hand polishing on 120 grit
abrasive cloth so as to produce vertical scratcles on the work-
piece. The workpiece was illuminated by oblique lighting from

a pen light placed two inches from the tool (with power
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subplied by a 3 vélt transformer), and also from a No. 2
photo flood lamp placed 30" from the workplece. Ag the work
advanced into the tool, the deformed metal bulged sideways
slightly so as to smooth out the scratches in that region.
The deformed zone was thus observable by the increase in its
reflectivity.

Various types of bronzes and cast irons were cut and it
was found that the best material for observation was Aumpco
No. 15 Bronze having a composition of 87% Cu, 10% 4l and
3% Fe. This wmaterial has a tensile strength 80,000 lbs. per
square inch, a yield point of 45,000 lbs. per square inch and
a hardness of 175 Brinell.

The workpiece Was 1/2" 1lang, 3/16" thick and 3/4" high.
The top of the workpiece was machined as shown in Fig. 19

l«— 050

‘Figure 19

so that the actual width of cuﬁ was 0.050". Various depths of
cuts from 0.005" to 0.020'" were used. The cutting velocity
was held constant at 0.515" per minutes. This speed was
obtained by feeding the table toward the tool.

The cutting tool was made of high speed steel and had a

true rake of +14° and a clearance angle of ©6°.
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Two "Cine Kodek Special" movie cameras, Fig. 20, were
used to simulténeously record the cutting action through the
ricroscope and the deflection of the tool and work indicators.
The microscope camera was attached to the overarm by a bracket
so that the axis gf the microscope was in line with that of
the camera shutter. The lens was removed from this [ovVie callers.
focusing of the cawera was accom;lighed by viewing the object
through the regular ground glass provided .itih this caumera.

The second movie cemera was set up on a tripod (Fig. 20)
and was focused on the two dial indicators as well ag on a
stop wateh which was attached to the milling machine table.
This cemers had a f 1.9, 25 ma. lens. The illumination for
this~lattqr camera came from the same No. 2 photo flood lamp
previously mentioned.

The syncronization of the force readings with their cor-
responding chip segments was accomplished as follows: The
cut was first started and at the same time the stop watch
was started and then both movie cameras were turned oia., Uext
the entire illumination system was switched on from & single
switeh. After cutting for aboubt one half minute the lignhts
were switchied off after wuich the movie cameras were stopped.
The interval of iliumination produced by the switching on and
off of the lishts was clearly visible on each of the movie
films so that a dqfinite position of starting ana stopping
of tiie oufting action could be accurately determined. About
one to two seconds wererequired to iform a single chilp segmepnt.

The speed oi the movie Tilms was 24 Irames per second so that
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there were between 25 and 50 frames showing the foruwation of
eacii segment.

Tne deilection reedings corresponding to a given segment
were determineda by associating the deflection and the segment
at the time that tl:e lights were turned on. Fron thén on the
correspondence between Tforce readings and segments was made by
counting off force cycles and chip segments on the movie film.
The stop watch gave tihe time intervel during the cutting action
so that the average film speed for each carers could be checked.

Selected frames from & scene showing the Tormation of a
single chip segment are shown in Fig. 21. Here the depth of
cut wasg .0l5" and the canera speed was 24 frames per second.
HFreame 1 shows the tool at the start oi the segment with the
previously ruptured segment still in view above the rupture
plene. In freme lo the tool had advanced & distance d = 0.001%"
and shear is occurring to the inclined suriace. The fact
thiat shear is not occurring to the hnorizontal surface is
incicated by the absence oi deformuation of the norizontal
surface. In freme 20U wnere d = .00206" the shesr has shirted
t0 the horizontal surface as witnessed by the upward motion
of the right hand portion of tvhis surface. In successive frames
the upward tilt of the norizontal surface becomes steeper and
steeper. The intersection of this tilted surface and the
horizontal surface is taken as the intersection of the shear
plane with a horizontel surface. Frame 38 is the last frame

prior to rupture. HRupture ies observed to occur along a line
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extending from the tool point to the intersection of the
norizontal and the tilted surface.

It should be noted that as the segment progresses tae
contact area between the cihip and the tool face becomes
larger and larger. As the chip slides across the tool face
the coefficient of friction should increase Gue to the chip
wiging off of all the contaminating agents from the tool face.

The photographs of Fig. 21 were enlargec from the movie
frames and a good deal of the deteil in tie Tilm was lost by
reproduction. Thus the reflective surfece on the deformed
portion of the chip segment is hardly visible on these
reproductions.

The actual study of the chip formation and the force
reédings was accomplished by placing both movie films side by
side in a microfilm reader and lining up the frame of the
force reading corresponding to that of the tool position, The
image of tlie tool and chip segment was then traced onto drawing
paper (the image was approximately 45 times larger than the
original microscope scene). The chip segment shape and the
shear and rupture planes were indicated on the sketchi. The
sketches corresponding to the photographs of the previous
Fig. 21 are shown in Fig. 22.

A typical data shest for thiis same segment is shown in
Table I.

The behavior of the forces during tie formation of a

s

segment is shown in Fiz. 23 where F, and Fy are plotted
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egainst the tool trevel d for two dezths of cut, .015" &and
+020", The cutting rorce FC rises rapldly at the start of
the cut but tapers off to a very slow rise at about nhalf the

total tool travel. The cutting force was never observed to

decrease bpetween the start of a chip segment and the time of
rupture. Tuis was true Ior every cut taken and is evidence
ol the concdition that the minimum energy princi.le nolds
tnroughout the Tormation ol a segment. Tiie observed thrust
force Ft had a2 positive value immediately after rupiture. This
value 1is due to tine elastic deflection of the work and tool
dynamometer and is an inherent characteristic of discontinuous
ciiip Tormetion. However, in this study the initial thrust wvalue
represented an error as far as the analysis 1s concerned. The
thrust force assumes its correct value sowetime after the tool
enters the cut and for some distance prior to fracture the
thrust force 1s the true value for that perticular segment. The
effect of the error was greatest on theevaluation ol the correct
friction angle 7'or the coefficient of friction.ﬁ.especially
quring: the Iirst portion of the tocol travel, Filz. 24. The
actual velues of the coefficient of friction can only be sur-
nised in the region near the start of the seguent.

The accurscy of the force resaings 1ls greatest prior to
the time of rupture. This is fortunate since the rupture con-
ditions are the most important, for herein llestie characteristic
difference between the continuous and tie discontinuous cuip.
The accuracy of the force rexdings at rupture are at tieir
niglhest since the dynemometers have Lad time to steady tiemselves

2
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TABLE IT

MOVIE SCENE G. RUPTURE CONDITIONS, DEPTH CUT = .015"

}

'

OBSERVED CALCULATED

o | A
negi | 1%, | 1B, | Sbe. | Gem | 0de |* | € 3 | om | ST
1 84,7 2.27 L2 1.5 15.5 277 % 1.64 49600 47000 | 85.5

2 84 .7 5.38 30 3.6 17.6 317 é 2.02 42700 28300 | 63.6

3 Bi.7 | 8.22 | 42 | 5.6 | 19.6 | .356 . 1.64 = 46500 | 46800 | 89.6
b, 95.2 2.83 41 1.7 15.7 .281 é 1.66 55500 ? 51200 | 83,7

5 95.2 5.67 48 3.k 17.# 313 i 1.58 53300 66800 @ 99.4

6 100.5 | 2.27 | 52 1.3 | 15.3 | .273 i 1.56 | 57200 | 76700 | 105.3
7 100.5 | 4.53 | 43 2.6 | 16.6 | .298 | 165 | 58200 | 59200 | 88.6

8 105.7 | 8.78 | 39 %.7 | 18.7 1.339 | 1.70 | 58200 | 55500 | 82.7

9 105.7 3,12 35 1.7 15.7 .281 1.57 58800 | 37700 | T71.7
10 105.7 | 3.12 ' 5 1.7 | 15.7 .28 | 1.60 | 61700 | 65500 | 91.7

Average C= 86,20
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from the shock ol the previous rupture. Likewlise the shear
angie at ruptufe can te directly measured rather than inferred.

A typrical data sheet for the rupture conditions for a

~ 015" depth cut 1g skown in Table II. After exemmining such
data ilmmediate interest was aroused by the wide variation
that was obtéined for ﬁl, the shear angle at rupture. The
variation in ¢l in this series of segments is seen to be
between 30° and 52°. Similar wide varictions were observed
when taking the other cuts. These variations in dl recuired
a clear cut explanation il the developed theory was to have a
rneaning.

The shearing strain corresponding to the 1l4° rake angle
tool is plotted in Fig. 25. For the most common rupture
angles o 30° to 50° that were observed in tie cutting tests,
the shearing strain at rupture is seen to be between 1.0 and
2. . It siould be noted Ifirst of all that the large difference
in shear angle at rupture produced a sweall difference in shearing
strain because the € vs. @ curve is fairlv flat in the region
in which rupture occurred.

If next the snearing strain vs. compressive stress rela-
tionship at rupture is examinea, Fig. 20, it 1s seen tnat the
shearing strain is practically constant over what appears to Le
e wide renge in compressive stress (40,000 to 80,000 1lbs. per
souare inch).

No further enlightenment is obtained by investigeting

ting between the shearing stress anda the

wn

the relationship exi

compressive stress at rupture, fig. 27. A small Increase in
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shear stress was Observed with the increase of compressive
stress. The machining constant "C¥ for the bronze obtsined
Irom the slopes or these S ve. Sp curves is seen to be 65.5°
for .010" depth, 84.3° for the .015" depth and 88.2° for the
.020" depth. This should be compared to the counstants ob-
teined from the reletion C = 2 @ +/ - a. The average value
of "C'" calculated from this ecguation for &ll the chip segments
wa s found to be 78.1° for .0L0" depta ana 86.2° Tfor the .015"
ana .UZ20" depth. The correspondence between "{' as obtasined
from the 5% vs. 3y curves and that calculated from C = 27 +/ -a
is considered to be a close correlatiou for the physicel be-
havior of the metal at the instznt of rupture.

Fig. 28 shows the chearing strength plotted against the
shear angle at rupture. At a given depth of cut the shearing
strength 1s observed to be fairly constant over the complete
range ol rupture angles. The shearing strengtii, however, was
smaller at tie grecter depths of cut.

For an understanding as to the nature of rupture} the
investigation has to go back to the nappenings during the
Tormation of the individual chip segment. Referring to the
lower curve oi Fig. 2Y it is seen that in the early stages of
the segment fomation tile compressive stress acting on & shear
slane 1s very high (over 200,000 lbs. per scuare inci end as high
as 400,000 lue. per scuare inch). This high compressive stress
is associated witu the high shear angles thwet exist at tie early

part of the cut. accowpanying the hisgh shear angle is a high

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwiad noyum panqiyoid uononpoldal Jayuns “I8UMO 1ybuAdoo sy} Jo uoissiwiad ypm paonposday

(IR R Y IR YA LY [P R AY N RA

WV Jid

H

ol

N

(o) SCENE F 2" SEGMENT,t, =.0l0"
(0) SCENE G, 7" SEGMENT,f = 0IS
(X) SCENE H, 2™ SEGMENT,t,= ,ozo"/f
_~<_ ASSUMED RELATION
S AT RUPTURE
24 '
A € VS Sn FOR RUPTURE
y S = 50000 tan (86-¢,)
| //// FROM{e"=cot @ + tan(¢,-'-|4)
" *soerore | DURING FORMATION OF CHIP SEGMENT
RANGE (Sn DECREASES AS TC{OL ADVANCES)
0 50000 100000 150000 200000

Sn = COMPRESSIVE STRESS

-~ PSi




shearing strain. In fact the strain in the early stages of

the cut are nhigher than the strain value:s at rupture. The
metal does not rupture, Lowever, veceuse 1ts auctility has

been enormously increased by the presence or tiic aforementioned
high compressive stresses acting on the shear glane. As the
tool advances the shear angle decreases aue .to the shape of the
wofk surface together with the continual increase in friction
acting between the chip and tool face. This decrease in spear

e =

angle 1s accompanied by & ra.id decrease in the comprecssive
étress. When the shear angle reaches values of 50° down to
about 30°,rupture occurs. Within this shsar angle range the
shearing strain remains fairly constant. However, rupture is
caused by the rapid decrease in ductility that accompanies the
decrease in compressive stress which in turn allows the work
meterial to rupture at the same strain valuss.

The € vs. S, curve for rupture for our work material is
not available and has to be obtained by a Bridgman26 type test
(such tests will get under way in our laboratory in the near
future using an apparatus bullt by J. Kemeny27). However, the
asproximate behavior for the shearing strain with compressive
stress Ior rupture was computed from the relations 5, = Sg tan
(C - #;) and € = cot g + tan (¢, - a) by assuming a constant
value of 50,000 for Sé and a value of 86° for "C" which are
the approximate values observed at rupture, see Fig. 27 and 23.

The resulting € vs. S, curve necessary for rupture is also

rlotted in Fig. 9. It 1s seen that at the Lizgnh compressive

stresses existing at the start of the chip segment the shear-
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ing strain within the chip is insufficient to produce rupture.
However, as the compressive stress acting on the shear plane
caecreasss the shearing strain in the chip becomes sufiicient
for rupture. Rupture occurs when the two curves intersect.

‘he apparent wide range in shear engles at rupture can
be explained as rollows: the range or compressive stress ror
the same ¢l range (40,000 to 80,000 lbs. per square inch)
is small compared to the compressive stress that existed at
the beginning oi the chip seément. The € vs. 3, curve for
rupture crosses tie é’vs; 5, curve ior tie chip segment at a
small angle. Any variation in the &€ vs. Sn values for rupture
will thus result in a wide variation for the compreszive
stress within the chip for rupture to occur. Such variations
in the € vs. S, rupture condltions can be present in the work
material due to inhomogenities from polint to point witiiin the
work material.

It is interesting to see how closely the rupture condi-
tions agree with the equation developed on the basis of shear-

ing strain, equation (4%a)

_ K S .
¢ _66 Mlrvsrs (C - Ql? -~ cot C . (L9a)

By extencaing the straigoet line portvion of the & vs. Sy
curve for rupture of Fig. 2% 6'0 and K can be avproximately

0.50, K = 2.27 X 1072 E’an lb’l]

]

deteriminea as Cfo

Use Sg = 50,000 los./sq. in. from #ig. 28

1

86° (average “C¥ for .0l5" and .0R0% depth
cuts)

C
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Substituting these values in (49a) gives the following
relation between € and ﬁl for our woru material.

1.14
€ = 0.50 * Tt (86 - #1) - 0.07 (51)

Tatle IIT shows the comparison between the shearing
strein calculated from the actual strain velues within the
chip, (colwun 3) and the shearing strain calculated from
equation (51) (column 2). A close correlation is obtained
for the shear angles of 35° to 50° which include the region

in whicir practically all the segments rupture.

TABLE IIT

COMPARISON OF  CALCULATED FROM EQUATIONS (51) AXD (3)

¢l : € from (51) & iroa (3}
25 | 2.9 2.3
30 Rely 2.0
35 2.0 1.8
L0 1.8 1.7
L5 1.6 1.6
50 loi 1.6
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Summary of Discontinuous Chip Formation

The geometry, mechanics and plasticity conditions for
the discontinuous chip have been worked out.

After the rupture of & chip segment, the tool advances
into the metal whose immediate upper surfzce is inclined at the
rupture angle #; with respect to the tool travel. As the tool
advances the metal fails by a process of shear along a plane
extending from the cutting edge to the inclined surface. Dur-
ing this time the depth of cut increases since the shear plane
continually extends iarther and farther up the inclined surface.
All during this period the instantaneous shear angle ¢2, the
friction angle 7, and the rake angle o are related by the
plasticity condition 2¢2 + - a - ¢l = C where "C" is a con-
stant for the work material. As the tool moves along, the
friction between the chip and tool increases and the shear
angle thus decreases in accordance with this plasticity condi-
tion. When the tool reaches a certeln distance the energy
required for siear to occur to the horizontel surface becomes
less than the energy recuired to shear to the inclined surface.
From that point on the shear ansle and the Ifriction angle are
related bty the plazticity condition 2¢ + 7 - o= G {(which is
the same condition that exists in continuous chip formation).
Agein as the tool advances the shear angle continues to de-
crease and eventually rupture occurs.

The shear angle at rupture is determined by the shearing

strain and the compressive stress on the shear plane. Every
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material has a characteristic shearing strain for rupture

vs. comuressive stPess curve. The ductility of most mater-
ials i1s increased with increasing compressive stress, i.e.,
they will withstand a much higher shearing strain before
rupturing it subjected to compressive stress. In the early
stages or the chilp secgment formation the compressive stress
on the shear plane is very high ang may, in fact, reach

values between 200,000 and 400,000 lbs. per scuare inch. This
nign compressive stress increases the ductility of the metal
and hence inhibits rupture. As the chip Tormation continues
the compressive gstress decreases raplély primarily because of
the raplid decrease in shear angle. Lventually the compressive
stress decreases sulfficlently to allow the existing shearing
strain in the’ metal to produce rupture.

"Brittle" materials such as cast iron will not withstand
very high shearing strains at low values of compressive stress.
Hence brittle materials invariably proauce a discontinuous
chip. ™"Ductile' materials such as steel may procuce either a
continuous or discontinuous chip depending upon the eguili-
brium value of the shear angle. Thus in steels the shear
angle reaches an equilibrium value which is high enough so
that the existing shearing strain is insufricient to produce
rupture, and a continuous chip is hence forned. Lowever, if
tie friction between the cihip and tool is increased (e.g. by
cutting dry with a Ligh speed steel tool at low speeds) tie

shiear angle tends to drop to a value so low that the resulting
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shearing strain becomes great enough to produce rupture and

a discontiauous chiy is then forumed.
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PART T1: X-RAY STUDY OF WACLINED SURFACES

Introduetion

The object of any machining operation is to produce a
surface ihaving a specified contour, dimensional accuracy
and surface finisui. Previous studies nave been directed to-
ward the mechanism of the metal cutting process in which
attention was focused on the region surrounding the shear
plane, ouring tiie same process, however, a finished surface
is proauced and it is on-the quality of tils surface that
tils pregent study ls directea.

It has been shnowll by Hrnst and hercnantlé’ 19 that the
grmoothness or the surface produced is a function of the "Built
p Edge" which forms in the cutting process. Tnese particles

of "Built Up Edge" are severely work hardened by the cutting
process®, increases in hardness of as muck as 30U times having
been observed by Zlatin and Merchantzg. Fragments of this
"Built Up Edege" are eventually sloughed oIf onto the workpiece
and lwepart roughness to the finisied surfacelg.

During the metal cutting operation the work material is
severely deforred and although the mejor portion of this de-
Tormed metal 1is removed in the cutting process, a considerable
swone of worx hardening is left on the maciined surface.

Lven the most superficial metel work operation, such as
2y

metallographic polishing, leaves a cold worxed layer. k. Vacher

found that the ordinary usechanical metallogruphic polisihing
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procedaures proauced a cold worked region of 2 to 25 zicrons
(0.00008" to 0.001"™) on steel, and 5 to 95 microns (0.0002"
to ,0037") on aluminum specimens.

Thomsssen and McCutcheonBO found depths of cold work up
to 0,010" in milling brass and up to 0.0<0"™ in turning brass.
In the milling tests a threefold ilacrease of depti of cold
work was observed on using a dull cutter insteaa of a sharp
cutter. Zanki, Barkow and 5chmidt31 report depths of cold
working of C.003" to 0.005" in carbide milling Dowmetal sur-
faces and 0.C02" in carbide milled SAE 10<U steel surfaces.
In &ll of these studies x~ray diffraction back reflection
techinicue was used to determine the depth of cold work.

J. ‘ulff3? studied the depth and nature of the surfaces
deformed by grinding, honing, and metallographic polishing.
He employed the electron diffraction technicue. For 18% Cr,
8% Ni stainless steel he found that dry grinding produced a
deformation 11 microns deep, wet grinding 8 microns deep,
honiﬁg and metallograzhnic mechanically polishing about 1 1/2
microns deep. Originally the steinless steel had a coerse
grained austenitic structure. In all of the surfeace finishing
operations the worked region wasg composed of deformed austenite
vlus cold worked ferrite. (Austenite will transform to ferrite
by cola worxing at temperatures under 200°C). Only in the case

vag & surface oxide 7ilm founa. The Tilm weas

A

-t

of dry grinding
approzimetely 0.2 microns thick and was caused by & flaszu sur-
face temperature exceedalny L0L°C.

The working oif any metal is accompanied by any one or
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more of the Tollowing: 1) Reauction in grain size, 2) De-

Tormation of the crystal, 3) Preferred orientatioun,

O

L) Phase change.
1) ieduction in grein size - During the working of a

metal the grains are alsbursed into crystallites of smaller

ct

size. . ‘:food33 nag found that it 1s impogsible, even after
the most severe deformation, to break down the crystaliite
size below e&bout 10’5 cite Hence the crystallite must be
regarced as & fundamental unit of the metallic grain. 1/00d
iound¢ that the size of the fundamental crystallite vag 0.7

X 1074 nmn. Tor copper;.l.z 1074 ma. for uickel, 1 X 1072 mm.
for aluminum, and 3.2 X 10™% rm., for iron.

2) Grain distortion - Working in metals proauce "micro-
strains' or strains within the individual grzins, and "macro-
streins® which result from elastic distortion. Hicrostrains
cause line broadening of the x~rsy photogrems while macrostrains
result in line ghifts.

The nature of the surface mecrostresses can conveniently
be determined by the x-ray method. S3uch studies are imgortant
on machine parts that are to be subjected to repeated stresses.
Almeth nas shown that residual cowmpressive stresses at the
surface increase the fatigue strengthx of a metal whereas
resicual tensile stresses seriously decrease tie Tatigue
strengbli.

The x-rayv stress measurenent method is non-destructive
and in addition can be used to determine tlie stress in very small

arezs (as little as 1/2 mm. disameter circle). Iience a stress

o
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o’

traverse can be made over various zarts of & body. Such
studies have been made of residual stresses proauced in
welded structuresB5.
3) Preferred Orieatation - Preferred orientation re-
sults from tiie tendency for the metal crystals to cleave and
g¢lide or slip along certain crystallograrhic lancDBO. Such
planes of slip are usually among the most aenscly populated
sets, i.e., sets of planes having more atoms »er unit area
than other crystallogrsphic planes. The special direction
of rragmnentation and slip results in the rragments acquiring
preferred orientation witih respsct to certain directions of
the worxking proceés, e.g., with respect to the rolling axis in
the casge of roliing or metal. Thig preferred orientation may
be beneficial or uetrimental. Thus N. Goss37 has found that
the electrical properties o1 silicon sheet steel for transfior-
mer laminae are improved by ellowing i1t to retain its preferen-
tial orientation. JSuch steel has e considerebly Ligher magnetic
permeability in the direction of roll. J. ,Joek38 hes found
that the resistance oi nickel steel to corrosion improves wien
the orientstion is preferential. In general, however, pre-
ferential orientetion is objectionabvle because it weakens a
mnetal and reduces its ability to withstand furtioer deformetion.
L) Thase changes - Usually result rrom temperature changes
tnav accompany metal working, and in some cases phase changes
may occur by the ap;lic;tion of extreme pressures, for exanpgle,

transofmration of austenite to ferrite.

In the nachining of metels it was anticipated that any one
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or all of the above four effects of metal working woula te

produced in tine vicinity of the surface.

Machining Tests

were chosen
as the work material. All were of tie 18 Cr, o i veriety:

A.J.5.T. 302, 303 Se and 303 3. The latter two were Ifree
machining types and contained selenium and sulphur acditives.

Tiie complete cliemical and physical properties of these
meterials are given in Tavle IV,

The stainless steel bar stock was 0ot rollea ana annezsled.
Test pleces were cut oif six inches long and the sides were
milled to 1/2 X 2 1/2". These test pieces were clazped in a

vise and face milled on a Cineinnati ;3 Vertical Dial Type
Milling lachine with a single tooth face milling cutter. The

cutter radius was 2.1" and the cutter was positioned centrally
with respect to the work. |

v . N

]
\Q ' !

D

FEED ™~

Figure 30
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TABLE V
Cutting Data on Stainless Steels *
Run | AISI True Cutting | Cutting | Surface Finish**
Rake Speed f
No. Type Degrees Ft/Min. . Ratio D n
1 302 -30 300 § .51 35 170
2 " -30 1000 ; -- 45 | 45 g
3 " 0 500, .5 18 |30 |
y " 0 1000 .5k 16 |20 i
5 303%e | <30 | 300 g ¥ 165
6 " -30 | 1000 | -- 50 |5
7 " 0 300 .54 32 130
8 " 0 1000 .60 25 27
.9 3033 -30 | 300 | .51 50 45
10 ~30 - 1000 § - 32 143
§11 § L % 300 é .5k 25 30 |
12 v o 1000 60 |25 29 |

#* Depth cut® .125"; Feed per tooth= .008"
%% Surface finish in micro-inches, rms by Profilometer test;

(p) is reading parallel to tool travel; (n) is reading
normal to tool travel.
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Carboloy 7& was usea &s the cubting material. Milling
cuts were taken 0.125" deep, 2 1/27 wide, at a feed per tooth
of .008"., Two types of cutters and two cutting speeds were
used on esch wori material. The first tool nad a 229 negative
axial and radial rake, a 45° corner angle ana a true rake of
=30 degrees39. The second tool had a zerod degree axisl and
redial rake, a 45° corner augle and a zero degree true rake.
With escn cutter a cut speed of 300 anc then 1,000 ft. per
minute was used. The pertinent cutting deta is gilven in Table
V. The tool was sharpened witn a diamond grinding wheel be-
fore ezch run. _

After the test bars ﬁere milled,.a cylindrical sanple
5/8“ diameter by 1/2" high was teken from tie center of the

test bar, Fig. 31, using a hollow mill for tanls purpose. The

s

e

S
g

Figure 31

side of the specimen opiosite the test cut was electrolyticelly
polished using & solution consisting oOr 504 citric acid, 15%

sulphuric acid and 35% water@o with a current density of 1.8

amps per souare ineh. A total of .008" wasg polishec ofT at a
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rate or .L06" per hour.

Instruments availlavle for X-Ray Studies

Two Z-ray difriraction instruments were available for
these studies. The first was a North american fhillips Co.
type 12031 Diffraction Unit eduipped witi a precision back
reflection camera, & powder camera, & Ilat trensmission
camera and a ilat packK rerflection ceamem Tne X-ray tubes
were water cooled with: non-removable targets. 4 copper,
molybdenun and an iron tube were on hand.

The second instrument weas a North American Phillips
Geiger Counter X-Ray Spectrometer type 12021, equirped with
a Zrown Recorder. ith this were two air-cooled x-ray tubes,

coprer and iron.

Lattice Constant for Stainless 3teels

The unit cell dimension ay was Iirst obteined for each
type of steel on a separate rectangular scection 1/4 x 1/2 x 3/8".
The 1/2 x 5/81 face was ground to & 5 cm. radius on a cutter
grinder to conform with the periphery oi the Phillips Precision
Back Rel'lection Camera. The curved face of the specimen was
electrolytically polisned to remove .005". The following

lattice constants were found using Fe-X, radiation.

- Crystal
A.I.5.1. Systemn 8o - Angstroms
302 ®.¢.C. 3.57
303 Se ¥.C.C. 3.¢0
303 S F.C.C. 3.02
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General Considerations

Imaediately after starting the x-ray study two impor-
tant Tacts were realized.

1) Almost all studies would have to te by the reflection
rathier than the transmission method. This was not so nuch a
matter o1 convenience as it was a necessity vecause of a) the
thick samples; b) the worked region that was to be investigated
was conrined to within .CO5" of the surface; c¢) any attempt to
remove a thin leyer of the surface for transmission studies
might introduce errors oI greater magnitude then the distur-
baﬁce that was being studied.

2) None or the x-ray tubes on hand was suitable for this
work. The wmolybdenum terget tube was unsuiteble for back re-
ilection work. The cop.er target tube proauced fluoresecnce from
the iron. The iron target tube was Iound to prodauce considei-
able fluorescence vecause oi the high chiromium content of the
stainless steel. A chromium terget tube secemea to nave tae
necessary qualiiricetions for back reflection study on the .
stainless steels. T. G:’LsenLPl had reported that chromium rsdia-
tion producec¢ sharp lines in heat treated steels. A chromiwa
terget tube was, thererore, ordered from Norti american rhillips
Co. However, Fiiillips Co. nas not been able to supply us with
a chromium tube Tfor they are experiencing aifficulty in making
such a tube. It was necessary, therefore, to use tie iron

target tuoe Ior the back reflection studies.
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Residual Stresses in Ilachined Surfaces

Residual elastic stresses are measured in x-ray dif-
fraction by a precise measuremnent of lattice dimensions.
Back reflection is most sensitive for detecting small changes
in atomic dimensions. This can be seen by differentiating

Bragg's law: n A = 2d sin &

a8 = -2 tan o
but 4

89 - € = strain

a

d6 = - € tan 6

f'or o given strain, d6 will be proportional to tan .
Hence the largest values of 48 will occur as 6->90°, for then
ten 6> e,

The sum of the principal stresses in the plane of the
surface can be computed by placing the s, ecimen face perpendi-
cular to the X~-ray beam at a predetermined distent, D, from
tue filw, Fig. 32. Ir 97 and o3 are the principal stresses
acting at a point in the specimen their sunm cen ve determined
2

.
.

fromb

where:
modulus of elasticity

3]
n

V = Poigson's ratio
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d, = ospacing of atomic planes lying
parallel ©o the surface Ior tie
unstressed metal
ds = ppacing for stressed metal

Y . deg - d . . ,
In this relation -2 -2 4is the strain normal to the
0

surface produced by the surface stresses CTi and Gré. (The
stress CT} normal to the surface is zero.)

The accuracy of this method depends first on working with
values of 6 close toc 90° so that tre spacing between tﬁe
planes perpendicular to the surface is measured, and éecond on
the accuracy oI determining d. and do. This latter accuracy
in turn is a fuaction of the specimen to film distance, D, and
the sharpness of tiic diffracﬁed ring on the film. Various
methods are availatle for determining D. The metiod Tinally used
was one suggested by Thomas‘"rj in which D was set to witnin
L001" by means oi a gauge, fig. 33. D can be accurately de-
termined by plecing an annezled powder such as gold or silver
on the surface of the specimen and cslculating the distance to
the film correswponding to the ring diameter of the powder 43,4t
It was founa in our study using Fe radiation that a sharp
calibrating ring could be obteined from molybdenum powder
sprinkled on scotch tepe which in turn was placed on the speci-
men Tace. However, this was not used in this stress
determination. )

The sharpness of the diffracted ring in the photograph

is dependent upon the grain size of the specimen and its
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Figure 34
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freedom from microscopic stress. Large grains produce a
spotted ring whicii can be offgszt somewhet by oscillating the
filw. However, 1I the grain size is very small, or if micro-
scopic stresses are present, the lines broaden and the

K,1 - Kyp aoublet merges into one broad line. This is just
the condition that exists in cold worxed metals or in machined
surfaces. Unwuer such 'conditions high accuracy in stress mea-
surements is not rfeasible., Nevertheless, it 1s possible to
aetvermine tlie character of the stress, i.e., tensile or com~
pressive and its geuneral meen nitude™?.

In our studies a circular cassette, ¥ig. 33, was used
which could be oscillated = 15° at a rate of one cycle per
minute. The specimen was held in & goniometér and the speci-
nen face was positioned parsllel to tie rilm. The filwm to
specimen distance was set to 5 cm. by means of tlie gauge tre-
viously mentioned. A circular collimating tuve 1 mm. in aia-
meter was used. Tne general setup is siown in Fig. 34.

The unstressed side of this specimen wihich had previously
been electrolyticslly polished to remove .008" wag first pre-

1

sented to the X~-ray beam. Only one-half of the ilm S ex-

'_J
Q‘I

)

poseq, the other u&alf being covered by two seguents, Fig. 33.
The specimen was then turned end for end to bring the machined
{or stressed) surrace into position, &t wixichh time the two
segments of Fig. 33 ..ere shiftea 9U° so as to cover tThe pre-

S

U‘/

viously exposed Tllm. Thus the stressed and unstress:
catterias were obtained on the same Iilm, Xig. 35. The gu-
posure time wasg 4 hours.
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Figure 35

In all of the millied surfaces only btensile stresses vere
producec, tne iapproiimate) values varying Irom 11000 to
L5000 1lbs. per scuare incli.

The tensile stresces that resice in the surface after
milling mey ce ezpleained as follows: In the milling process
the surface ol the metal is brought t. a high temperature and

is plustically deformed. The initial thermal stresses in tiis

expanded metal are relieved by the working process and the
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high témperature. This layer, in its stress relieved stute,
is then frozen by the cuencaing action oi the bage metal be-
low the surface =ad so tries to contract. Howcver, this
contraction is prevented by the underlying metal and so the
suriace is left in a svate of tension with respect to the
base metal.

On the other hand if the surface were truly cold worked,
i.e., if plastic deformation took place at room temperature
(as in shot blasting) then the surface layer would try to
expand but would be prevented from doing so by the base metal.

Hence, in this case the surface would be held in a state of

compression by the base metal.

Depth of Vorked Layer

In the process of this investigation a new method46 was
devised for measuring the depth of the worked layer of a
metal. This method utilized the CGeiger Counter X-Ray Spectrometerh7
to measure the depth of cold work more rapidly than is possible
with the x-ray difTraction camera tecuinioue.

A fixture, Fig. 30, wag designed to position a flat
specimen at the Eragg aungle, and in adoeition to rotdte.the
specimen about &n =zxis normsl to its flat surface (sec insert,
Fig. 39). By elevating the fixture so tast tie incident X-xay
bean strucx the gpecimen below the axis of rotation, the
rovation provided the effect of scanning the specimen surfacs.

Using this fixture it wag found that if the specimen was

positioned to one of the Bragg angles corresponding to the
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"\ SPECIMEN
. \\

characteristic X-Ray radiation, then the outrut of the Geiger
counter varisd as tie specimen wes potateda slowly, i}e;, a3 tie
specimen wes scasned., It was alsc founa that tie amount of
variation oi the Geiger counter output, or of tie intensity
recorded by tie poteutiometer, wos a iunction of the grain

size oi tiue svecimen; small grain sizc produced a zmall var-
iation in invtensity ana large grain size proauced a large
variatlomn. Furthermore iﬁ wes found that tils method of
detecting grain size uy variation of intensity is most sensi-
tive to grain size larger than 1073 mh., i.e., to the size that
produces & discontinuous ring in an x-ray diffraction photo-

graph.
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Thius fer it has not been possible to correlave the
variation in linteansity with the actual grain size. however,
the method has been found to provide a raplid means or deter-
mining the depth of cold 'work on a metal surface. The pro-
cedure is to recora tne intensity variation as tne cold worked
surface is slowly scanned. The surface i1g then etched to re-
move a known thicgness of the cold worked layér, after which
the intensity variation during‘scanning is agaln recordced.
Tiils process of alternately etching and scanning is repeated
unt il the variation in intensity from the Geiger counter Le-

comes a constant cuantity.

VY]

An exanmple of the method is shown in Fig. 37. Fig. 37a

shows the intensity over one cycle of rotation of an 35.4.H.

]

1020 steel specimen that had been sand blasted. The speclmen
was positioned at the Bragg angle, 8 = Z3.4°, corresponding
tlie the (110) planes for Fe - K, radiétion. The specimen
was rotated at a speed of one revolution in fifteen minutes.
(4 somewhat faster rotation speed is ecually practical. In
fact the specimen can be rotated by hand and an observation
made of the maximum and minimum intensity in less than one
minute.) The variation in intensity is ¢ micro-amps. Fig.
37¢ shows a forward reflection x-ray .hotograph taken of this
same sand blasted specimen surface set at approximately tiie
same Brage engle to the xz-ray beam. A continuous ring is ob-
tained for the (110) plane using Fe - K, radiation.

Pigs. 374 and 37f show the spectrogram and the forward
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(a)

4
4

- 6 ;L amps
4

(b)

. COLD WORKED SURFACE

(d)

44 amps -~
PRE ]

(e)

0045" ETCHED OFF COLD WORKED SURFACE

Figure 37
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reflection vhotogravh of tiie steel speciman sfter .COL5™
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in intensity in Fig. 37d.corresponds tO w4 alcro-amps.

The ring in the photograpvh of fig. 37 is now dis-
continuous indicating a large grain size, By similar investi-
gations of intermedia@e steps, the depth of cold work due o
sand blasting wag found to be .002".

The major advantage of this method of measuring depth
of cold work lies in the short time necessary to obtain the
spectogramns compeared to the time required for the diffraction
photograpns. Thus 1 1/2 kours vere recuired to determine the
depth of cold work by etcihing 5 times and checking the sample
on the x-ray Spectrometer © times, rotating the specimen by hand.
A similar study by means of x-ray diffraction photograpghs would
recuire apout 10 hours.

The usual method of measuring changes in grain size by
measuring the broacening oi the line of tie X—rayrspectrometer
is not expecially sensitive Ior the study of deptihh of cold work

in

4}

imetal surface, since the grain size is seldom smaller than

. 104 mm. (the upper practical limit for iine-broadening studies).
Thus in this sand blasted steel spscimen no appreciable line
broadening was found with the specctrometer between tlie sand
plasted and the deeply etched surface (compare Figs. 37bL and
37e). To obtain these spectograms the speccimen was rotated at
a fast rate of 50 rpm. while the Geiger counter arm traversed
along its sector arm at the rate of 1/4 degrees per minute in

the normsl manner.
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It shoulda be pointed out that a slow rotation of the
specimei in a TixXture or this types does not provide a method
of determiningpreferrsd orientation (as might appear to be
possible at first glance and as has sometimes been clalmed.)
This is because the only planes in the specimen which can
Giffract at a given © are the planes which are parallel to tiae
surface of the specimen, which itself 1s at the Braugg angle
& to the incicdent beam. Thus any of these planes oriented in
a preferred manner at some particular angle with respesct to the
surface can never aiffract. The intensity o1 reflection is
nerely a measure ol the number of planes with a given set of

Miller indices that lie parallel to the surface.

Preferred Qrientation

The preferred orientation produced within the worked
metal is perhaps the :0st intriguing of all the problems that
were worked on. The usual method of making such a study has
been to take a series of transmission photographs at difrferent
angles of the specimen in order to obtain surficient iniormation
to construct a pole iigure for the low order planeshs’49’5o.

Sueir a procedure is long and tedious and is subject to
various errors®l. Thus J. ¥Wood”?2 took 112 photographs for
plotting a single pole figure. If 1t is necessary to use a
specimen in the form of a sheet then the density of the rings
on the rilm must be corrected for the increased absorption as
the ineclinetion of tiue semple to the beam 1s increased5l.

Furtherimore the relative intensities oi the various portions
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Figure 38a

Figure 38D
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of the diffracted ring are either estimated irom visual ex-
amination or must be further analyzed by means o &
photodensitoneter.

The pole figure is a circle which is the stereographic

projection of an ilmaginary spherical surface &t the center of

which a crystal is assumed to be placed. DBach point on the
sphere represents the orientation oif tihe normal to one of the
crystal planes. Tihe relative number of planes 1ln the sample
is represented by the density of spots in tue pble Tigure.
For random orientetiou tiere is a uniform density over the
entire pole Iigure. The pole figure ol & single crystal con-
tains regularly placed points of waximum density and the re-
mainder of the figure would have zero density. In a cold
worked wetal the orisntation is only partially preferred.

A preliminary examination for preferred orientation was
made using tne rorward rerlsction camera witu the specimen
face inclined at 15° to the ilncident x-ray beaw, using Lio = Ka
radiation. Fig. 38a shows the unstressed surface of ain A.I..5.T.
302 stainless steel sample and Fig. 3¢b shows the preferred
orientation resulting after run No. 1. A major weaxness of this
mbdthod was the fact that the greater pbrtion or the diffracted
ring was cut off by the specinen face.

An ettewpt was next made to remove tine thin workea layer

-

ifrom the mechined surface of the specimen and to make a
transmisgion study for yreferred orientation. Altaouxn s
procedure was carried out which enaolea us to obtein a strip

as thin as 003" to .U05" it wes felt tnat tioe deformation
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produced by tie specimen preparation woula interfere with the

original deformefion vroduced in the milling process.
Attention was, therefore, turned toward divising a more

suitable metiiod for determining preferred orientation by using

a reflection tecinique on the x-ray spectrometer.

Determination of rreferred Orientation on

X-KRay 3nectrometer

The specimen is positioned in the same fixture as shown
in Tig. 30. rowever, the Tixture was redesigned to allow the

otrude beyond the fixture bvoqy, <ig. 39.

b1 &
3

specimen face to pr

Figure 40

to the T the bushing, Mig. 40b. Toe specimen is held

o™
a
O
)
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in the bushing by means of a material having & low melting

6]
)

vuyint such as sulphur. The plate, Pig. 40c, is usea to

poglition the specimen in the bushing during the mounting process.)

[ Y

The fixture is-so designed tnat tie specimen can ve rotated
wbout an axis normal to the specimen face as indicated in the
insert orf I"ig. 36. This axis of rotatiun is at the same hneight
ag the azxls of twe incident x-ray veam. The fixture cean also
be swivelea about a vertical axis, i.e., the faqé ol the
specimen can ve positioned so0 as to cepart from angle . An
index plate is provided so that o, the aﬁgle oI departure from
8, can be determined.

In making a preferred orientation study the fixture is
first positioned so that the specimen face 1s at an angle ©
with respect to the incidentvx—ray beamn. At this time the
Geiger lMueller tube is at 29. The 6, of coufée, corresponds
to a definite (hkl) plane whose preferential orientation is
being studied. The specimen is then rotated by means of the
syncronous notor ana géar reduction of Fig. 3% so that tine
specimen makes one revolution in 7 1/< minutes. lieanwhile
the inteuslity output oi the Geiger Tube 1s recorded on the
Brown recorder. Ii the grain size 1s swall (ana it wiil be
for a worked surface) a uniform intensity is recorded. The
Pixture iz then swivelec away Trom 6 by angie o but the
Geilger tuce 1s hela at angle 28. The gpeclmeil 1s agaln ro-
tated one revolution apout its own axls. Any preferential
orientation of the ihxl) planes at this angle o will result
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in a variable intensity recorded by Brown recorder. The in-
tensity 1s in fact a measure of the number ol (hkl) planes

in position to diffrasct. Since the krown recorder record

also travelg at a syncroaous speed it is possible to corre-
late the recorder record witii respect to a reference posi-

tion on tne specimen surface. The specimen is then swiveled to
a nei. angle o and tiie procedure repeated.

Now when passing from cne angle of swivel o, to aunother
there is a change of intensity even ir thnere is no preferred
orientation. Thls clhiunge 1s caused by several conditions:

1) the focusing effect of the spectrometer is altered;

2) the area of tue specimen irradiated by the incident
X~ray beam 1s changed;

3) the lengtih of path that the X-ray beam must travel
through the surface of the specimen is altered and
hence there is o change of intensity due to absorp-
tion witiain the specimen.

It is, therefore, nscessary to correct for the change in
intensity cuased by swiveling the sample to the various a's.
After this correction is made, the intensity recorded for any
positicn of the specimen Tace can be related to the relative
number of (hkl) plenes at that same position. The position
of the plane ig represented by the position of H)the normal
to the plane. N is specifled by angles « ana £ where o is
the angle of swivel, i.e., the departure of the specimen face
and 5 is the angle of rotation of an arbiltreary

9!

from angle 9

)( axis on the specimen surfece rrom the incident beam, see
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Fig. 41. ‘lien the specimen 1s at angle & with respect to

he incident beam (i.e., o« = Q) then the diffracted intensity
I, corresponds to the plenes whose normal N, is perpencicular
to the specimen face, Fig., LZia. Gihen tne specimen is

swiveled to an angle +¢ then the diffracted intensity I+a

corresponas to the plenes whiose normal 1s represented by Nyq»

"ig. 42D. Ginien the specimen 1s swiveleda to an angle -a then

)
T

the diffracted intensity I_, corresponds to the planes whoge
normal is represented by N—a’ Fig. L2c. |

The location of these normals can Ee revresented in
stereograghic projection by meang oi & polar net, Fig. 43, in
which the north-south axis of the reference sphere 1s perpen-

y

dicular to the projection planeh9. The concentric circles on

4

-

the net are the latitude circles ana tie radial lines are the
meridians. Thus tie ilntensity at o = O‘wou;d ve represented
at the very center of the polar net.. Intensit& at a = +10°
would ce represented on the latitude circle ten degrees from
the Nortu Pole. The intensity at o = 10° and ; = 40° would Uue
representved on the 1u° latitude circle and at a meridian 40°
away from the zero meridian. (The zero meridian is made to
correspond to a given direction on the specimen face, Tor
example, the direction oi tool travel).

It should be noted that the intensity at & given a and
¢ is repeated at -o and (B + 180°). This ameans {Fig. 4Rd)
that at & given o the plane represcnted by N,, is again picked

up as H_, when the spscimen ic rotated 180° about 1its own

.
s
a L.LS.

It is, therefore, necessary to use either +a or -o but
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not botikx swivel vositions to complete a preferred orientation.
study.

The correction for change in intensity with ¢ (the depar-

ture of the specimen face from 8) is determined as follows:
Consider the case where the specimen face 1s at tle angle o
to the incident x;ray beam, i.e., o = 0, Fig. Lha.
Let
A = Incident intensity
dI, = Incident intensity diffracted from
an elenment of tinlckness dx.
x = Pati length witiin sample before
diffraection occurs.

Coefficient oif absorption of

=
]

materiel.

The incident diffracting intensity after penetration
- T S c o tae APTHX
into specimen a distance, x, is: AE /T,
let D ve the fraction of the incident intensity per
unit thickness at any point in ithe sample. "D" is a constant
for random orientation. Then for a diffracting element dx,

the diffrecting intensity transmitted is

I, = A€ H* paxeM* (1)
= sDe”P* ax
_ X
ana IO = AD‘[ e"é}lx dx
A —%px X
==—1C } (2
-L}l[ o ( )
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Let dI; = intensity aue to dirfraction from element
at surface of specimen
4I; = ADdx (3)

Lssume that the x-ray beam penetrates into the specimen until

Lo

P% of I3

or

fl

dI, = Pal; (4)

(o)

substitute (1) and (3) into (4)

4De" X ax = FAD ax

C-Z)J‘X = P
1inP
X = - 2u (5)

substitute (5) es the upper limit into (2) and get

or : AD (o)

laal
)

g
!

=

If the specimen is swiveled so that its face departes

from € by an angle +c, Fig. L4D, then from triangle 0P%,

sin (8 + «) (7)

vEX sin (§ - a)

By similar reasoning that led to equation (1) it is

founda that

sin(e + a)
dI, = A PE paxe P sin (6- a)
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sin(® + a)

or
dI4q = ADdx ‘Tnf[)* sin{e - a), (8)

let N [1+58in(6+ )
sin (8 < a)

then (8) becomes

aI, = e M gy (8a)
and :o- f.ﬂ.{__. [e_PNX]X-:—o( o)
o T =l o

Again let dIl = intensity due to diffraction from

element at surface

dI; = AD ax (3)
Assume
aI, = PdI, (10)
substitute (8a) and (iO) into (3)
ADeMIE gy = PAD dx
. =.-1nF (11)

}.lN

Substitute (11) as the upper linit into (9) and get

Leq = S (B - 1) (12)

Divide (12) by (6)

I, 2
o T 7 ST (o ¥ af
sin (8 - a)

Bquation (13) is the ratio of the diffracted intensity
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when the specimen I'ace is at angle «, to the diffracted
intensity vhen the svecimen is at angle o = 0.
If the specimen i1s swiveled so that its face departs

Trom © by an angle ~-a, Fig. Lic, then by similar reasoning

[

I, 2 .

I, 7 1+ 511 (8 - @) (14)
sin (9 + o)

Equations (13) ané (14) can be cpmbined to give

Iy

ge A 2.

I, 1 4 812 (6 = o) (15)
sin (& ¥ a)

Houstion (15) is plotted in Fig. 45 Tor 8 = 30° and

& = 00° It is interesting to note that for negative values

o I., ‘ - . . ‘
of a, ZZ%>1 or the intensity I-, increascs with respect to
40

Y5. The maxiaum possible value of I-y is seen t0 be 2 when
tue magnitude of - equals ©. Other facts relating to equa-
tion (15) should be noted: 1) the ratio of intensities is
independent of the mass absorption coeificient; 2) when o = €

the ratio becomes unity; 3) when 6 = $0° then “*a _ 1 Tor all

values of o including o = ¥90°, L) the magnitude of the swivel

angle o can never be greater than &. IFhysically this .weans that
when the specimen is swivelled to an engle +o = 8 the specimen
face cuts off the reflected beam I,,. when tine specimen is

swivellea to angle ]—a' = © then the specimen face cuts off

the incident x~rav Leam A.
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Now in order to make a complete preierred orientation
study by reflection methiods tihie specimen must be swivelled
through angles o = 0 to 90°. This means that © must also
reacli 90°. Iiowever, the Gelger Counter Spectirometer in our
Laboratory has a range of angles up ﬁo_e = L5°. nence this
spectrometer placed a limitation on the extent or the pre-
Terred orientation that could Be investigated. L.owever,
North American Phillips Co. has recently announced a “High
Intensity Geiger Counter Spectrometer with Extended Angular

Range" which will ilncrease the usefulness of tihis metnod.:

Comparison petween Hcuation 15

and sxperimental Results

A specimen of A.I.3.I. 302 stainless steel was mounted
in the fixture of Fig. 3% witi: its annealed and electro-

polished surface gxposed tu the x-ray veam. e - K; radiation

N

was employed and the Geliger tube was set at 29 = 55.25° corres-

ponding to the (11l) plene. The specimen was rotated at LO
revolutions per wminute avout its own axis so as to minimize
the effects ol the large grain slze. The siiv in front of
the x-ray tube was adjusted to 3/4 mm. wiath and <.5 um.
neignt. The slit heiglit in front of the Geiger tube was
maintained at a height oi 2.5 mm. but the width was varied
from a minimum of 1 wm. to the maximwi possible widtn of 10
mm., The resulte are shown in Fig. 46 where Ita/Io is plottea

against positive and negative values of a. In the region of
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positive.a)a close correspondence was Iound between the in-
tensity ratio based on eguation (15) and tiue experimental
results for the 1 mu. . ide Geiger slit. The corrsspondence
was poorer in tne +u region while using the wide Geiger slit,
probably because ol the background efiects. In the region
Oor negative a there was a poor correspondence between equation
{15) and the experimental results while employding the 1 mm.
Geiger slit, because ac the specimen is swivelled in the
direction of -, the difrracted beem widens and only a small
portion of the beam is received through the narrow slit at
the Gelger tube. Howeyer, if the 10 mm. slit at the Geiger
tube is employed then a close correspondende is obtained in
the region of -a until this angle bgcomes so great that the
specimen face cuis off the inci@ent-x—ray beam,

The nmost accurate combination was tnus found to be the
3/L mm. wide x-ray slit and the 1 wm. wide Gelger slit and +d
this combination was used in the preferred orientation studies
of the maclhiined surfaces. A4s previously nmentioned it was not
necessary to use negetive values of « for this region could
be explored by setting the sample at +a and rotating to

(2 + 180°).

rreferred Orientation in milled Surfaces

Preferred orientetion stucdies were made on &ll oif the
specimens of “able ¥V using Fe - X, radiation. Two plenes
were investigated: the (111) plane for which 6 = 2£.06° and

the {(200) plane for whicn 6 = 32.4°. The orientation was
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deternined from ¢ = 0 to a = 25° for the (111) planes,
and from a = 0 to a = 30° for the (200} planes. The pole
Tigures for tiese respsctive planes are 1llustrated in Tigs.

e 47

)

I

47 and 48 for run No. 5, Table V. The (11l1) gplanes, Fi
were Ifound to be inclined &t an angle of 15 to 20° to the

milled surface in the airection of the tool travel. Their
orientation was symeﬁrical with the Cdirectlioun of tool travel.

The (200) plene orientation, Fig. 48, is in accord wita the
restrictions set up by the (11l) orientation of Fig. 47.

The pole iigures o1 tune other runs ol Table V were
similar t. tost shown 1n Figs. 47 and 4d8.
While the writer was engaged in aivising a metlod for

determining preferred orientation by reflection methodas on

the x-ray spoectrometer, two other groups worked out & trans-
mission method for determining prererred orientation on the
- same instrwaient. They were J. T. Horton at M.I.T.; ana Lecker,
Asp and Harker at General mlectric. The General Slectric group
presented a paper at the Summer, 1947 lieeting of the American
Society for i-Rey and ZElectron Diffraction53 (as yet unpublished)
describing their transmission methods. Their procedure likewige
affords a simple and accurate lheens for determining pole figures.
They present & correction foraula whicih takes into account
absorptioin change and change in Wiffracting volume &z the

sample chenges position with respect to the x-ray bean.
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summeary of X-Ray Study oI iachined Surfaces

Stainless steels of the 18% Cr, 8% Wi class were ma-
chined with carbide milling cutters at various cutting speeds.
Tie milling procegs produces a deformed layer of metal .003"
to .005" deep. The efrect oi this deformstion is to produce
line broadening when back reflection piiotographs are made on
the x-ray diffraction w:it. The line broadening is caused by
a reduction in grain size combined witi the setting up or mi-
crostresses witi:in the austenitic grains or the stainless
steel. The line broadening furthermore produces a merging of

the Ka - Kaz doublet. The determination oi the residuzl

1
stresses in the machined surface cannot be accurately accom-
plished because of the impossibility of obtaining & precise
measurenent of the aiffracted ring diameters. However, the
study revealed that residual tensile stresses are set up in
the maciiined surface of the order of magnitude of 10,000 to
45,000 lbs. per scuare incii.

4 distincet preferred orientation was observed witinin tie
ageformea surface layer. It was mandatory that relflection
ratiler than transmission methods be employed to investigate
tiie nature of this preferred orientation, since any atiempt
to isnlate a strip of the thin surfece layer might alter the
preferrea orientation droduced by the original machining
operation.

A new metnod was hence devised Tor determianing prerferred

orientation by reflection tecimioue on the Geiger Counter
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Spectrometer. This metnoa wag found to be fester and more
accurate then that possible by means oi the photographic
procedure with the diffraction unit.

By employing the new preferred orientation methnod it
was found tiat the (111) planes are aligned at an angle of
15 to 20 degrees to the milled surface in the direction of
tool travel. Tie orientation of the (11l) planes was found
to be symetrical with respect to the directiou or the tool
travel.

In the course oi this investigation another new method
was devised for determining the depth of the worked surface
layer of metal by means of the x-ray spectrometer., This new
method is far more rapic than the previous procedure in which
the back reflection diffraction photographic techniocue was
employed. This new teciinicue further offers a possibility
for the determination of grain size in the region of grain

size greater than 1072 cn.
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cART TTT: L s CT O LTORCOSTRUCTURG ON

Thoh MACRINATTIIITY OF CAST IRON

Introduction

This study is one of a scries conducted at the University
ol Cincinnati to determine the basie factors afiecting the
mechining properties of cast irom. A& discoantinuous chip ié
cinaracteristic to the milling of cast iron and the theory of
Part I was concurrently developred to aid in the understanding
of the overall machining provleti.

At the time that this study was begun there were no
available methods for evaluating the expected tool life,
surface finish or power requirements in milling cast iron.
This invegtigation revealed the fact that the wicrostructure
of cast iron is a reliable criterion for prediding the above
mentionea machinapiiity factors. As & further consequence
oi these rindings verious industrial consumers have pegun to
demend controlled cast iron structures which héve suitable
machining characteristics.

The two papers which follow are reprints from Trensactions
LoB.H.EL, August, 1947, sna contain a detalled account of the
entire investigation. This research was conducted in conjunc-
tion with Dr. i. &, Stansbury, former aAssistant Professor of
lletellurgical dngineering at the University of Cincinnati, who

is now at the University of Tennessee.
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Effect of Microstructure on Machinability
of Cast Irons—I

By MICHAEL FIELD! anp E. E. STANSBURY,? CINCINNATI, OHIO

Test bars were prepared to study the effect of the follow-
ing structures in the milling of cast iron: Graph-
ite-pearlite of various gradations of coarseness; graphite-
pearlite plus about 5 per cent of free-carbide segregation;
graphite-ferrite. Quantitative results of the relative
machinability of these structures are presented in terms
of (1) tool life, (2) power requirements, (3) surface finish.
Tool life was found to increase as much as 2:1 as the graph-
ite-pearlite structure was varied from fine to coarse. For
the same graphite-pearlite size, the presence of free car-

" bides had no effect on tool life at a cutting speed of 200

fpm but seriously reduced tool life between 250 and 1000
fpm. The increase in tool life for the graphite-ferrite
structure as compared to all other structures was out-
standing, e.g., at 1150 fpm the increase was of the order
of 8:1, compared to the pearlite structure, while at 300
fpm the increase was of the order of 50:1. All of the
graphite-pearlite structures required the same amount of
power to mill at a constant rate of metal removal for the
same feed per tooth. The graphite-ferrite required ap-
proximately 1/; to 3/s the power per cubic inch for the same
feed per tooth compared to graphite-pearlite structures.
The sharpness of the cutter played an important role in
power requirements. A “dull” cutter required as high as
3 times the power as that for a sharp cutter at 0.002
in. feed per tooth, and 1.3 times as much power at 0.020 in.
feed per tooth. Surface finish improved as the cutting
speed increased and as the graphite distribution became
finer.

INTRODUCTION

N previous investigations®4 forming a part of the carbide-

milling project at the University of Cincinnati, it was ob-

gerved that cast irons having similar physical properties often
differed in their machining characteristics. For example, it was
noticed in certain cases that appreciable differences in tool life
occurred with cast irons having only slight differences in Brinell
hardness. Therefore Brinell hardness, as such, was found to be
an unreliable index of relative machinability, although, as a gen-
‘eral trend, tool life was observed to increase as the hardness de-
creased. It seemed logical, then, to continue the research on the
fundamental factors controlling the milling of cast irons by in-
vestigating a possible direct correlation of machinability with
their microstructures.

1 Cincinnati Milling Machine Company; Research Fellow, Univer-
sity of Cincinnati. Jun. A.S.MLE.

2 Agsistant Professor of Metallurgical Engineering, University of
Cincinnati.

3 “Milling Cast Iron With Carbides,” by Michael Field and W. E.
‘Bullock, Mechanical Engineering, vol. 67, 1945, pp. 647~658.

4 “Speed and Feed Selection in Carbide Milling With Respect to
Production, Cost, and Accuracy,” by Hans Ernst and Michael Field,
Trans. A.S.M.E., vol. 68, 1946, pp. 207-215.

Contributed by the Research Committee on Metal Cutting Data
and Bibliography and presented at the Semi-Annual Meeting, Detroit,
Mich., June 17-20, 1946, of THE AMERICAN SOCIETY OF MECHANICAL
ENGINEERS. )

NoTe: Statements and opinions advanced in papers are to be
understood as individual expressions of authors and not of the Society.
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Two experiences in the milling project accelerated interest in
this investigation. At one phase of this work it was observed
that two different groups of alloy cast-iron test blocks with
virtually identical chemical analyses and physical properties
gave widely. different values of tool life, An examination of the
microstructure of the two groups revealed that the set of blocks
which had inferior machining characteristics (designated as C-
304B in Fig. 1), contained free-carbide segregations, while that
of the superior group, designated as C-304A, contained only small
traces of free carbides. It appeared therefore that the presence
of the large hard free-carbide formations seriously reduced the
tool life.

At another phase of the earlier investigation it was observed
that an alloy cast iron of analysis C-309 (sece Table 1) had the
same tool-life curve as that of the C-304B (sce Fig. 2). A check
on the microstructure revealed a marked similarity in spite of
the fact that the two materials were of different chemical com-
positions and had been cast in different section sizes.

These indications of a dependence of tool life upon micro-
structure therefore spurred the separate investigation of the ef-
fect of microstructure on the machinability of cast iron, the speci-

665
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- TABLE 1 CHEMICAL ANALYSIS AND PHYSICAL PROPERTIES OF CAST IRONS USED IN
MILLING TESTS

Ult.
: Per cent tensile
Total ) strength,
Analysis carbon, Si 8 P Mo Mo Ni Cr Cu psi¢  Bhnbd

. 1.37 0.126 0.14 0.85 0.10 ... 0.07 “ee 50000 190
.15 2,62 0.083 0.20 0.8 0.49 0.60 45000 228
. 2.58 0.088 0.20 0.87 0.51 0.70 45000 240
. 1.97 0.105 0.18 1.02 0.05 0.65 2.77 40000 235
. 1.82 0.162 0.13 0.92 40000 195
. . 1.80 0.160 0.15 0.96 42500 215
C-/4 . 1,76 0.156 0.18 0.92 41000 218
C-31/¢annealed 2.98 1.73 0.149 0.14 0,90 23300 121

8 Average values from 1.2 in. arbitration bar.

b Average Brinell hardness values from machinability test blocks.

- fic object of which was to determine quantitative relationships
between microstructure and machinability, thereby obtaining a
relisble index for the relative machinability of cast iron.

PreraraTION OF TEST BLOCKS

The metallurgical phase of this investigation involved the

production of a number of sets of machinability test blocks of .

cast irons having different microstructures. The blocks in each
set were required to bave the same microstructure, and the
microstructure throughout each block had to be as uniform as
possible. To meet these requirements the inherent metallurgical
characteristics of cast iron were used as guides to the production
of the test blocks.

Cast irons are characterized by their relatively great sensitivity
to changes in microstructure with slight changes, in chemical
compdsition, melting practice, and rate of cooling. In general,
the basic structure of a gray cast iron may be considered as one
having a pearlite matrix in which graphite flakes are embedded.
In addition to these two major microconstituents, the following
ones may also be present: Ferrite, carbides, steadite (iron-phos-
phide eutectic), martensite, manganese sulphide, and various
inclusions. In the “as-cast” state, conditions may be varied in
some cases so as to allow the presence and distribution of these
microconstituents to be regulated as desired. For example, in-
creasing the phosphorus content of the iron will increase the
amount of steadite present. On the other hand, the remaining
microconstituents are so related to the same casting variables that
they may be separately varied only over narrow limits. Particular
reference is made to the simultaneous appearance of fine graphite
with fine pearlite, and coarse graphite with coarse pearlite.

The microstructures produced in & cast iron of a given analysis

depend upon the rate of cooling of the material through two.

temperature ranges. The rate of cooling from the melt down to
about 1600 F controls the graphite-carbide relationships, and the
rate of cooling from 1600 F down to room temperature controls
the matrix structure. Since the machinability tests covered
in the present investigation were confined to the gray cast irons,
it was not nccessary to consider the formation of white cast iron
resulting from the casting of iron low in carbon and silicon.
Very slow cooling of a cast iron of normal composition will
produce a structure of graphite and ferrite. Under these condi-
tions the graphite forms partially on solidification, then by
precipitation from austenite on cooling from the freczing tem-
perature down to the lower critical temperature, and the balance
- by decomposition of austenite into graphite and ferrite on coolitg
through the critical-temperature range. As the rate of cooling
is increased, the separation of graphite is first prevented at the
utectoid, producing a structure of graphite and pearlite. With
still greater rates of cooling, the separation of graphite from aus-
tenite (on cooling from the melting temperature to the lower
critical temperature) will be suppressed, resulting in a structure of

graphite, carbide, and pearlite.
In general, an appreciable increase in cooling rate is required to

gofrom the condition of graphitc-pearlite to graphite-pearlite-f Tee
carbide. As rates of cooling are increased within a range extend-
ing from a rate which just prevents ferrite formation, to a rate
which just dllows carbide formation, the pearlite-graphite dis-
tribution becomes finer. Increasing the carbon and silicon con-
tents have the same effect as reducing the cooling rate. By
decreasing the carbon and silicon content, and by adding carbide-
forming alloying clements, the mierostructure will be changed in
the same manner as if the cooling rate had been increased. Since
the fineness of the pearlite depends mostly upon the rate of
cooling as such, the addition of carbide-forming alloying ele-
ments allows the production of cast irons with structures of
varying graphite-pearlite distributions together with varying
amounts of free carbides.

The size of the graphite flakes and their distribution may be
controlled further by adding inoculating agents to the melt just
before casting. These additions produce a finer graphite distri-
bution and hence a higher-strength cast iron. Furthermore, the
melt so treated is less affected by differences in cooling rates as
exist between the outside and ccnter of a given section and so
will produce a casting of more uniform structure throughout. All-
of the cast-iron test blocks used in this investigation were cast by
the Meehanite process in which inoculations of ealeium silicide are
used. These blocks were cast in the foundry of the Cincinnati
Milling Machine Company.

The initial milling tests were carried out on 61/2 X 61/ X 201/,
in, castings of analysis A and C-309 which had been poured into
green-sand molds. The chemical analysis and physical proper-
ties of these materials are given in Table 1. With the exception
of the hardnesses, the physical properties refer to those shown by
the arbitration bar and represent comparative properties of the
various materials tested rather than the properties of the actual
test blocks. The hardness values given refer to averages taken
from the actual test blocks. The graphite distributions of these
two materials are shown in Fig. 3, and the microstructures in Fig.
4. Both materials had average graphite-flake sizes correspond-
ing to AFA No. 4.

The microstructure of the analysis A cast iron was essentially
graphite and normal pearlite with very little phosphide eutectic
or free carbide present. The analysis C-309 material had about
the same matrix structure as the analysis A but in addition an
appreciable amount of free carbide was distributed throughout
the structure.

Subsequently, in an attempt to produce a harder cast iron with
a correspondingly finer structure, analysis C-304 was cast into
skin-dried molds to produce test blocks 31/; X 61/, X 20/, in.
The analysis of this material is given in Table 1. In two separate °
pourings of the C-304 great differences in tool life were found,
Fig. 1. These two pourings were made from two separate heats,
both within specifications; however, slightly different foundry
conditions resulted in materials with different machining charac-
teristics. The microstructures of the test blocks produced by
each heat are shown in Fig. 4.
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F16. 3 PHOTOMICROGRAPHS OF GRAPHITE DISTRIBUTION
(a, Analysis C-3044, 225 Bha. b, Analysis C-304B, 240 Bhn, ¢, Analysis C:309, 235 Bhn. d, Analysis A, 190 Bhn. Unetched; X50.

. @ ®)

@ (d)

F16. 4 PHOTOMICROGRAPHS OF MICROSTRUCTURE
(e, Analysis C-3044, 225 Bhn. b, Analysis C-304B, 240 Bhn. ¢, Analysis C-309, 235 Bhn. d, Analysis A, 190 Bhn. Nital etch; X375.)

F1c.5 Sxin-Drixp MoLp ASSEMBLY

As shown in Fig. 3, the graphite distribution was about the
same, in both sets of blocks, A relatively small amount of free
carbide was found in blocks produced by one heat, as shown
in Fig. 4. This material will be referred to as analysis C-304A
to differentiate it from the material of the sccond heat, which

Fre. 6 Core-Sanp-MoLb INSERT

showed a greater amount of free carbide, Fig. 4. This latter
material will be referred to as analysis C-304B.

The results obtained on the analysis C-304 blocks emphasized
the need for close control in the preparation of test blocks if
definite structures were to be produced. Therefore subsequent
test blocks were cast into a different type of mold which consisted
of baked core sand inserts in a skin-dried mold. The final mold
assembly is shown in Fig. 5, and the core-sand insert in Fig. 6.
The metal was poured through a bhaked strainer core (shown at

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




- 119 -

668

F16. 7 TRANSFERRING METAL Frox MixiNe RESERVOIR TO LADLE

center right in Fig. 5), and then gated to ﬁve or six mold cavities
from a common runner.

. In order to obtain sufficient castings for a complete machina-
bility test, it was necessary to pour two ladles of metal. Close
control of chemical composition from ladle to ladle was obtained
by drawing the metal from a continuously fed mixing reservoir,
as shown in Fig. 7. Since the amount of metal withdrawn from
the mixing reservoirs into successive ladles was small relative to
the amount of metal added from the cupolas, a satisfactory de-
gree of uniformity of chemical composition was obtained. The
castings were then cleaned and machined to a depth of !/sin. on
all surfaces to produce the final test blocks.

The large section sizes used for the bldcks of analyses A, C-309,
and C-304 would not permit the range of cooling rates desired.
The limitations, imposed by the use of large test blocks necessary
for the milling tests, forced consideration of the use of smaller
sections which would allow the production of blocks of more
uniform structure from surface to center due to a more uni-
form casting rate, and would allow a greater range of structures
to be produced. These thinner sections were stacked together
to form a laminated test block of the desired section.

In order to establish the range of structures which could be
expected due to changes in the rate of eooling, these blocks were
cast 201/, in. long, 4!/. in. wide, and in the following thicknesses:

TRANSACTIONS OF THE A.S.M.E.

" 81/, in, 21/, in., 1Y/, in.,

AUGUST, 1947

lin. and 3/sin! Of these, the 3%/, in.,
1'/; in. and 3/4 in. sections were found to give a representative
range of structures, and sets of bars were subsequently cast in
these sections to produce bars for the cutting tests. The uni
formity of any set of test blocks was checked by taking Brinell
hardness readings across each block and by microexamination of a
sample from the same position of each block for graphite distri-
bution and microstructure. In addition, the uniformity of graph-
ite distribution throughout a given block was checked by tak-
ing samples at four points on the block. This was done on several
blocks chosen arbitrarily from each set. Approximately 650
specimens were prepared for microexamination in this investiga-
tion. Any gross deviations of either hardness or microstructure
were thus detected, and the bars in which they were found were
rejected.

Castings of analysis C, Table 1, were made in these three
sections thus producing three sets of bars, each set being of uni-
form structure but producing different graphite-pearlite distri-
butions in each of three sets.

Fig. 8 shows the graphite distributions produced in the 3!/,in.,
1*/¢in., and 3/4in. sections of this material which correspond to
AFA graphite size numbers 4, 5, and 6, respectively. These
structures not only represent the average graphite distributions
found in the respective test blocks but are representative of the
graphite size and distribution found throughout most of a given
section. Deviation in graphite distribution occurred along the
edges and on the corners of the blocks, but these were small com-
pared to the differences found from one section size to another.

Representative etched microstructures for these three sections
are shown in Fig. 9. There is a definite gradation of pearlite
lamellar spacing in going from the thick to thin section. Most
of the pearlite in the 3/,in. secticn was too fine to be resolved at
375 magnification.

A duplicate set of 3!/,-in. blocks of analysis C were annealed
to break down the pearlite completely into ferrite and graphite.
The annealing cycle consisted of heating to 1600 F, holding at
this temperature for 8 hr, followed by a furnace cool. The in-
creased amount of graphite produced in this manner may be seen
by comparing the annealed set with the as-cast set in Fig. 8.
The etched structure is shown in Fig. 9 for comparison with the
etched microstructures of the other materials used in this investi-
gation.

EquirmeNT Usep aNp METHOD OF CoNDUCTING TESTS

The cutting tests were run on 2 Cincinnati 5-60 hydromatic

T (@ ®)

F16. 8 PHOTOMICROGRAPHS OF GRAPHITE DISTRIBUTION

(a, Analysis C-3/;, 218 Bhn. &, Analysis C-1t/4, 215 Bhn.

¢, Analysis C-31/4, 105 Bhn. d, Analysis C-3!/« annealed, 121 Bhn.

(e) @)

Unetched; X50.)
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(@) ®)

(e) (@)

F16. 9 PHOTOMICROGRAPHS OF MICROSTRUCTURE

(a, Analysis C-3/¢, 218 Bhn. b, Analysis C-1/, 215 Bhn.

Fre. 10 MiiLine MAcHINE, CUTTERS, AND FixTure USED FoOR
MACHINABILITY TESTS

milling machine. A 6-in-radius single-tooth cutter held in a 500-
Ib flywheel was used for the tool-life and surface-finish tests, Fig.
10. The tooth had a +3-deg axial and radial rake, a 30-deg corner
angle, and a +-4-deg resultant rake. In all tests a cut was taken
3/ in. deep, 6 in. wide, and 20 in. long with the cutter positioned
centrally, relative to the work. The feed per tooth was held
constant at 0.015 in. Carboloy 44A was employed as the car-
bide and was induction-brazed to the shank, using a silver-solder
brazing alloy. The carbide was ground with a diamond grinding
wheel.

All defects plus 0.010 in. were ground off the tool face as
well as all the clearance lands in resharpening. A 7-deg clearance
angle was ground behind all the cutting edges. All milling was
done dry.

Fizture for Test Blocks. The C-309 A and C-304 test blocks
were individually bolted to a massive fixture for their respective
milling tests. The C-3/;, C-11/5, and C-3!/, test bars, which had
to be built up into a composite test block, were stacked into a
special fixture to form the test block 4!/, in. wide, 20 in. long, and
6 in. high. Thus twelve !/in. slabs, six 1-in. slabs, or two 3-in.
slabs were stacked to form the 6-in. high block. Fig. 11 shows the
six 1-in. blocks in position. The slabs were securely clamped by a
series of screws along the front of the fixture and by a long
clamp at the rear of the fixture. The resultant test block was
positioned to overhang the fixture by only !/ in. so that when
the 3/i-in. depth of cut was taken, the cutter cleared the front

¢ Analysis C-31/,,195 Bhn. d, Analysis C-31/: annealed, 121 Bhn. Nital etch; X375.)

F16.'11 Fixture For TEsT BLocks

of the fixture by !/isin. Means were provided to relocate the test
block to the same position after each pass.

Tool-Life Measurement. The width of the wear land on the
clearance of the carbides was measured with a calibrated eye-
piece microscope after each pass. When the width of the uniform
wear became 0.030 in., the tool-life test was stopped. In general,
a uniform wear over the whole carbide clearance land was ob-
tained at cutting speeds of 290 fpm and higher. However, at 210
fpm, localized breakdowns occurred at one or more positions along
the clearance land. These localized breakdowns developed into
grooves which eventually exceeded the length of the uniform wear.
These grooves were permitted to develop to 0.040-0.050 in.,
depending upon the width of the grooves, provided the uniform
wear remained under 0.030 in.

MACHINABILITY RESULTS

There are three important elements of machinability, namely,
tool life, power requirements, and surface finish. Knowledge of
these three elements is necessary to appraise completely any
milling operation and to caleculate the most economical combina-
tion of feed and speed. -

Tool Life. The effect of the graphite-pearlite size on tool life
of the “C” analyses is shown in Fig. 12 where cutting speed is
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[Cutter: Single tooth, 8 in. radius; (43, +3, 30, +4). Cut dimensions:
1/1e in. depth, 6 in. width, 0.0135 in. feed per tooth.]

plotted against volume of metal removed to produce a 0.030 in.
dulling of the tooth. This log-log chart shows that the tool life
increased as the graphite-pearlite size became larger. At290fpm,
the life for C-3!/; was twice as much as for C-3/,. At 1150
fpm, the life for C-3!/, was 1.5 times that of the C-3/,. The curves
are straight lines on log-log co-ordinate paper from 1150 down to
290 fpm. Within this speed interval the wear on the carbide was
uniform over the whole edge. However, at 210 fpm, the tool
failed by a localized breakdown; the effect of this is indicated by
the turning back of the curve. This same break in the speed-life
curve has been reported in previous papers.3:4

The curve on the extreme right is that of C-8!/,annealed. The
enormous increase in tool life produced by the transformation of
pearlite to ferrite is obvious. For example, at 1150 fpm, the life
for the C-3!/, annealed was 7.5 times as much as the C-3!/, and
11.5 times as much as the C-3/;. The tool-life curve for the

annealed material is only drawn down to 500 fpm because at

lower speeds the tool life was so great that sufficient test blocks
were not on hand to obtain a 0.030-in. wear. A test was made at
290 fpm, and all the available test blocks were cut up to produce
a mere 0.005 in. of wear on the carbide tooth.

A truer representation of the relative tool life of the four cast
irons under discussion is brought out by replotting the cutting
speed versus volume of metal removed, on rectangular cc-ordinate
paper, Fig. 13. It is evident here that the change in tool life
is small for large speed differences at high cutting speeds, whereas
it is very much greater for the same speed difference at low cut-
ting speeds. The actual tool life at high speeds for all the graph-

ACTUAL CUTTING TIME~MINUTES

F16.14 CurriNG SPEED VERSUS ACTUAL Curring TiME FOR 0.030-
IN. WEAR LaAND

[Cutter: Single tooth, 8 in. radius; (43, 43, 30, +4). Cut dimensions:
‘}xu in. depth, 6 in. width, 0.015 in. feed per tooth.)

ite-pearlite structures was very small so that the percentage
difference in tool life between them is of slight significance.
However, at low speeds, e.g., 300 fpm, the tool life is of
practical significance, so that a 2-to-1 difference in life is very
important.

The actual increase in tool life produced by annealing to a
graphite-ferrite structure is also emphasized in its true propor-
tions by Fig. 13. It is interesting to note that the tool life for
this structure at 1150 fpm was the same as the C-31/; analysis at
a speed of 360 fpm. .

Tool life is plotted against the actual cutting time in minutes
for the same four materials in Fig. 14. Within the cutting-
speed range of 1150 down to 290 fpm, the curves are represented
by the following equations:

Angdysis Equation
[ V7043 = 980
[0 V103 = 1060
[0 2 . VT036% = 1160
C-3'/iannealed...........cooil .. eeen V10483 = 3000

As mentioned in a previous paper,® 0.030 in. wear was taken
as a limit for tool life, and the choice of this magnitude permitted
comparison of results with those of other investigators. How-
ever, in actual shop applications it frequently happens that
carbide milling cutters must be removed from service before a
wear land of 0.030 in. has been reached. On some jobs, for ex-
ample, where the thermal distortion caused by an excessive wear
land would produce dimensional inaccuracy, the wear land cannot
exceed 0.015 in. It is therefore desirable to know relative tool
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F16.13 Currine Speep VErsus Various Toor-Lire CriTERIA For 0.030-IN. WEAR LanND; RECTANGULAR Co-ORDINATES
[Cutter: Single tooth, 6 in. radius; (43, +3, 30, +4). Cut dimensions: ¥/1s in. depth, 6 in. width, 0.015 in. feed per tooth.]
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life for the various structures at any and all wear lands. This
was achieved by keeping a record of the progress of tool wear with
tool life.

A typical set of tool-wear versus tool-life curves is shown in
Fig. 15 for the C-3!/ analysis. At high cutting speeds the tool
wear progressed at practically a constant rate, but at low cut-
ting speeds the rate of tool wear was not steady, as exemplified
by the irregularity of the curves. By means of such curves it is
possible to plot cutting speed versus tool life for any constant wear
land.

Thus in Fig. 16 is shown a set of curves for 0.015-in. uniform
wear land, again for the four previously mentioned structures.
The relative tool life at 0.015-in. wear is similar to that of the-
0.030-in. wear except that no break in the curves appears at the
low speed. The break in the curves is absent because these
curves represent only the uniform wear and not the localized
breakdown, which usually determines the end point at low speed
for the 0.030-in. wear test. Localized breakdowns were present in
some cases, also at the 0.015-in. wear point, but their magnitudes
were not much more than 0.015 in., and in no case were they
sufficiently large to justify a withdrawal of the tool from service.

Cutting speed - tool life curves for 0.005-in. wear land are pre-
sented in Fig. 17. In these cases localized breakdowns had not
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[Cutter: Single tooth, 6 in. radius; (43, +3, 30, +4). Cut dimensions:
}u in. depth 8 in. width, 0.0135 in. feed per tooth.]

that of the C-31/(analysis. The tremendous improvement in tool
life produeced by annealing should certainly find applications on
many machine or structural parts where the lower physical proper-
ties of the graphite-ferrite structure can satisfactorily be em-
ployed.

The effect of free-carbide segregations on tool life is shown
in Fig. 2 where the cutting speed - tool life curves for 0.030~in. tool
wear are presented for the C-309 and C-304B materials. While
these analyses are considerably different, as shown in Table 1, their
microstructures are much alike and, as previously mentioned,
their tool-life curves are remarkably similar. As shown by their
photomicrographs, Fig. 4, both structures contain relatively large
carbide segregations which may account for the appreciably lower
tool life in the normal speed range between 250 and 1000 fpm,
as compared with the C-1*/, analysis. These carbides have a
Knoop hardness of the order of 1000, while pearlite has a Knoop
hardness of only 300 to 400. It is also significant that the cut-
ting speed - tool life characteristics no longer give a straight-line
relationship on log-log co-ordinate paper.

The tool life for both the C-309 and the C-304B at 210 fpm
was about the same as that of the C-1!/; analysis. An examina-
tion of the microstructure revealed that the lamellar spacing and
grain size of the pearlite in the C-309, the C-304B, and the C-11/,
analyses were all of the same order of magnitude, Figs. 4 and 9.
The presence of free-carbide segregations embedded in a given
graphite-pearlite structure does not appreciably alter tool life at
210 fpm, but seriously reduces tool life in the neighborhood of 250

started so that the wear was uniform over the entire edge. The
curves are thus continuous throughout the speed range of 1150
down to 210 fpm. It is only in this set of curves that the tool life 2908
of the ferritic structure can be compared with that of the pearlitic £ 1900 ~d-ay
structures at 290 fpm. At this speed 1550 cu in. of the C-3t/, £ oo S
-annealed material was removed with one tooth, with a wear of § so0 x R3S
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F1a. 17 Currine SpEED VERsUus Torar VoLumMe METAL REMOVED BETWEEN

GRrInNDS For 0.005-IN. UnirorM WEAR LAND

Single tooth. 8 in. radius; (43, 43, 30, +4).

{Cutter:
depth, 6 in. width, 0,015 in. feed per tooth.]

Cut dimensions:

MeraL REMoveEDp BETWeEEN GriNps For 0.030-In.
WEeaRr Lanp

[Casting size: 6!/2 X 61/ X 20'/: for annlgsns A, 31/¢ X

4Y/2 X 201/, for nnnlysm C-31/4. Cutter: Single ‘tooth, 6

in. radius; (4 0, +4) Cut dimensions:
depth, 6 m wndth 0.015 in. feed per tooth.]

3/16 in. 3/16 in.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 123 -

672 TRANSACTIONS OF THE AS.M.E. AUGUST, 1947
g 250
£ ARP
g 0 —c-spann + 20305 g N
= 4 ouLL ] ~
< 30 I C-33ANN. + COTieR € 200 i
g N z AN
; _‘_____,-——"‘ ’—_’__‘_*_/ 0-3} N =z \\ \‘\"\
S o= Xpo c-1% a EY ~ ~=d]..
Z 20 - 5/(,",-: ™ c-3 o} SHARP o . \‘\
3 P N coa09 x| CUTTER z 0 \ Ly C-3%, 2" FACE ANGLE &
P ) T - « oy
2 ST V_/", 24N s 1:I°“’ : 8 ‘ ‘L‘_T'T" p |c~3,2°FacEANGLE ©
© o ol e ~lz @ S
v = {0-309 xiouth o u oo e C-34, 0°FACEANGLE &
3 o8 e w e —] Se-d
- L]
g or e c-3048 z [T |C-3,0°FACE ANGLE ®
Z o6 S 3
% os s s so
2 2] g
w 0.4 o Y
= '3
5 03 o
5 o 200 400 600 800 KGO 1200
g ool 002 003 005 007 010 920 020 CUTTING SPEED -FEET PER MINUTE
™
& . .
O] FEED PER TOOTH-INCHES F16. 20 ProrFiLoMeTER READING VERSUS CUTTING SPEED

F16.19 Erriciency oF Merar Removay VErsus Feep Per Toots

Cutter: 8 teeth, 91/w in. diam, +3-deg axial rake, +3-deg radial rake, 30-

eg corner angle, -+4-deg resultant rake; carbide = 44A. Cut dimensions:

3/1sin. depth, 6 in. width; cutting speed = 220 fpm; dull cutber had 0.030-in.
wenr land on carbide teeth.

to 1000 fpm. Furthermore, it appears that the tool life would be
the same in the vicinity of 1700 fprm.

An additional confirmation of the dependence of tool life
on microstructure ean be seen in Fig. 18 where the cutting speed-
tool life curves of the C-3!/;and the A analysis are shown. These
materials also had almost identical tool-life curves and quite
similar microstructures, in spite of their differences in chemical
composition and section sizes.

Power Requirements. The power required for milling the vari-
ous cast irons was determined, using an 8-tooth, 9!/)sin-diam
carbide-tipped solid-body face mill, Fig. 10. The tool angles on
the multitooth cutters were the same as that of the single-tooth
cutter, i.e., +3 deg axial and radial rake and 30-deg corner angle,
giving & +4-deg resultant (or ‘““true’’) rake. The power at the
cutter was measured in terms of the kilowatt input to the motor,
the milling machine having been calibrated by means of a Prony-
brake test. Cuts were taken 6 in. wide, 0.187 in. deep at a con-
stant cutting speed of 220 fpm, and at feeds per tooth of 0.002
to 0.030 in. The results are shown in Fig. 19 where the “effi-
ciency of metal removal” (in cubic inches per minute per horse-
power at the spindle) is plotted against feed per tooth for both
sharp and dull cutters. For the sharp-cutter test, the cutter was
ground immediately before each run. The dull-cutter tests were
made with a cutter in which the carbide teeth had pre-
viously been worn to 0.030-in. wear land. All the

sharp-cutter curves were straight lines on the log-log ‘ S

co-ordinate paper. The efficiency of metal removal
for the C-3!/; annealed test bars varied from 2.4 cu
in. per min per hp at 0.002 in. feed per tooth to 3.0 at
0.030 in. feed per tooth. The entire group of the
graphite-pearlite analysis, including the C-309 and
the C-304B which contained the free carbides, had R
about the same “‘efficiency’’ curves when milled with )
the sharp cutter, the values increasing from 1.2 at
0.002 in. feed per tooth to 2.1 at 0.030 in. feed per
tooth.

The sharpness of the cutter was observed to exert
a very great effect on the power requirements. At
0.002 in. feed per tooth, the efficiency for the C-31/,
annealed bars dropped from 2.4 to 1.4 owing to the
dulling of the cutter, while at 0.020 in. feed per
tooth, the efficiency dropped from 3.0 to 2.3. This
means that the dull cutter required 1.8 times as
much pewer per cu in. per minute at 0.002 in. feed
per tooth, and 1.3 times as much power at 0.020 in.
feed per tooth while milling the ferritic structure.

‘ .

210FT/MN |

[Cutter: Single tooth, 6 in. radius; (43, +!‘fi 30, +4).

{Cutter: Sin}le tooth, 6 in. radius; (+3, +3, 30, 4-4). Cut dimensions:
3/is in. depth, 6 in. width, 0.015 in. feed per tooth.]

The drop in efficiercy, or the increase in power consumption,
due to dulling of the cutter, was even greater with the pearlitic
cast irons. Thus at 0.002 in. feed per tooth, the power
per cubic inch per minute increased 3 times with the dull
cutter. .

Two important conclusions can be stated on the subject of
power requirements:

(a) Graphite-pearlitic cast irons differ little in power consump-
tion for a given cutter under given cutting conditions.

() The increase in power consumption due to dulling of the
cutter may be as much as 3 times at small feeds per tooth, but the
increase is much less at high feeds per tooth.

Surface Finish. The surface finish produced on the work was
measured with a profilometer at the start and end of each run.
In addition, a Faxfilm repliea was made of the surface finish after
the first run. In general, the surface finish did not change appre-
ciably as the run progressed. The method of grinding the face-
cutting edge had an important bearing on the finish obtained, and
in fact, was found to be as influential as the microstructure. All
tests were made first with a 2-deg face angle and then with a 0-
deg face angle, or flat land 0.040 in. long. In general, the surface
finish was better for the fine graphite-pearlite structures. In
Fig. 20 is shown the combined effects on profilometer reading of
cutting speed, face angle, and microstructure. For all materials
the finish improved as the speed was increased. For the C-31/,

©~ ANALYSIS C-34.

ANALYSIS C-}

Fra. 21 Svurrace Finise Repropucep From Faxrinm REepricas

Cut  dimensions: 3/;s in.

depth, 8 in. width, 0.015 in. feed per tooth; X23.]
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bars milled with a 0-deg-face-angle cutter, the profilometer read-
ing decreased from 195 microinches at 210 fpm to 90 microinches at
1150 fpm. By using the 0-deg face angle, it was possible to obtain
almost as good a finish on the C-3!/4 bars as on the C-3/; test bars.

Photomicrographs of the Faxfilm replicas are shown in Fig. 21
for the C-3/, and the C-3'/; test bars at 210 and 1150 fpm. These
photomicrographs are good reproductions of the actual appear-
ance of the surface finish on the test bars. The similarity in
finish on the C-3/; and C-31/, test blocks for the same cutting
speed and face angle is readily observed.

CoONCLUSIONS

The results of this investigation show that microstructure rather
than chemical analysis or physical properties of & cast iron is the
major factor governing the tool life in carbide-milling. For each
microstructure there exists a characteristic cutting speed versus
tool life curve. These curves must be known in order to predict
the relative tool life in milling. the various cast irons employed
commercially. The results thus far have shown: that for cast
irons containing graphite and pearlite only, the tool life was
doubled in going from a fine to a coarse distribution of these
microconstituents. The complete graphitization of these struc-
tures by annealing resulted in a material containing ferrite and
graphite only, which had a tool life as great as 50 times that of
the graphite-pearlite structure. )

The presence of free carbides in an otherwise normal pearlite-
graphite cast iron was shown to have relatively no effect on
tool life at a cutting speed of 210 fpm, but seriously reduced
the tool life in the range of 250 to 1000 fpm.

The power required for milling at a given rate was found to
be the same for all the graphite-pearlite structures, including the
ones with the free carbides. The power per cubic inch per minute
required for all structures decreased as the feed per tooth increased.
The graphite-ferrite structure required one half to two thirds the
power per cubic inch for the same feed per tooth. The sharpness
of the cutter was found to play an exceedingly important role in
power consumption. At small feeds per tooth; for example,
0.002 in., dull cutters required 3 times as much power as sharp
cutters, whereas at high feeds per tooth the increase in power was
of the order of 1.3. -

The surface finish on the work was better for cast irons having
the finer graphite distribution. The surface finish improved as
the cutting speed increased for all structures. In addition, the
surface finish was found to be improved by grinding a flat land in
the face-cutting edge of the cutter.

In order to extend the knowledge of the effect of microstructure
of cast irons on their machinability, additional work is in progress
on irons containing varying amounts of steadite or phosphide
eutectic, and martensitic segregation. In addition, various
melleable cast irons are to be investigated. The relative machina-
bility of these structures have been correlated into those already
studied and the results are presented elsewhere in this issue.®
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Discussion

A. O. Scemipt.® These careful and well-evaluated tests of
the milling of cast iron invite a thorough study. They will pro~
vide an answer to many cases of unexplained production troubles
in machining castings. The authors have made an especially
fine presentation in plotting their data, showing not only the
general tool life - cutting speed charts but bringing out the inter-
relationship of number of passes, volume of metal removed, and
other pertinent factors. The grapbs can be read with under-
standing without looking at the text, which in itself is a worth-
while achievement.

- The metallurgical analysis of the test pieces should be a guide
to many foundrymen, engineers and foremen, who are engaged
in the production and subsequent working of cast iron.

Concerning feed per tooth, the authors’ findings of a high in-
crease in tool wear with thin chips, accompanied by a subsequent
increase in power consumption of as much as 300 per cent, agree
with the observations of the writer. In many cases the small
feed per tooth used in early experiments with negative rake angles
in milling at high speeds often led to erroneous conclusions,

The fact that free-carbide segregations in a graphite-pearlite
structure do not appreciably alter tool life at 210 fpm cutting
speed but do have a pronounced influence in reducing tool life
ot cutting speeds above 250 fpm might be attributed to the in-
creased temperature the tool tip will have at the higher cutting
speed.

The writer believes that an investigation of tool tempera-
tures would shed further light on the interdependent factors of
machinability.

AvuTtHORS' CLOSURE

The kind remarks of Dr. Schmidt are appreciated. The reduc-
tion in tool life due to the presence of free-carbide segregations in
cast iron is undoubtedly caused by the inherent abrasiveness of
the hard free-¢arbide constituents within the cast iron. These
free-carbide segregations have & Knoop hardness ranging from
1000 to 1300 while the pearlite matrix has & Knoop hardness of
the order of 400. The prevention of the extremely hard carbide
segregations in cast irons is of course desirable in order to prolong

. tool life. This can generally be done by the proper selection of

analysis for the section size of the casting.

¢ Research Engineer, charge Metal Cutting, Kearney & Trecker
Corporation, Milwaukee, Wis.. Mem. A.SM.E.
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Effect of Microstructure on Machinability
of Cast Irons—II

By MICHAEL FIELD! axp E. E. STANSBURY,? CINCINNATI, OHIO

The general investigation of the effect of microstructure
on the machinability of cast iron reported in Part I was
continued on structures of varying pearlite and graphite
size but with the addition of about five per cent of free
steadite, the iron-iron phosphide eutectic. Finally,
straight malleable iron and one type of pearlitic mallea-
ble iron were studied. The straight malleable iron had
a structure consisting of ferrite and nodular graphite
while the pearlitic malleable structure consisted of re-
combined carbon, ferrite, and.nodular graphite. The
tool life, power requirements, and surface finish were
determined for these structures, and comparisons are
shown with the structures of Part I. By means of these
data the expected machinability of a cast iron can be
determined by comparing its microstructure with-those
presented-in this and the previous paper.?

InTRODUCTION

N THE first report of the present investigation, a general
I summary of cast-iron metallurgy was given. It was pointed
out that the microstructure and the mechanical properties
of cast irons could be varied over wide ranges by changes in
chemical analysis, melting practice, rate of cooling, and by
heat-treatment. Utilizing these characteristics of ecast iron,
sets of test blocks were prepared each having a different micro-
‘structure. ‘The machinability was reported for cast irons of the
following microstructures: (1) Alloyed cast irons having different
amounts of free carbides. (2) Cast irons of the same chemical
analysis, in which the graphite distribution and peatlite fineness
were controlled by varying the cooling rate through the use of
castings of different section sizes. (There were no free micro-
constituents in these cast irons other than graphite and péarlite.)
(3) Cast iron having a structure of ferrite and graphite in flake
form. This was produced by annealing a straight cast iron until
all of the pearlite had broken down into graphite and ferrite.

PrerarAaTION OF TEST BLOCKS

In continuing the general investigation into the machinability
of cast irons, it was thought desirable to produce structures of
varying pearlite fineness and graphite size as in item (2), but in
addition to have a dispersion of steadite, the iron-iron phosphide
eutectic, throughout each structure. Accordingly, melts having a
base analysis similar-to that of the “C” cast iron used previously
were prepared using a higher percentage of Southern pig iron. in
the cupola charge, which increased the amount of phosphorus,
thus producing the desired amount of steadite. -The melts were

1 Cincinnati Milling Machine Company, Research Fellow, Univer-
sity of Cincinnati. Jun. AS.M.E.

2 Assistant Professor of Metallurgical Engineering, University of
Cincinnati.

3 Part I, pp. 665-674. ‘

Contributed by the Special Research Committee on Metal Cutting
and Bibliography and presented at the Annual Meeting, New York,
N. Y., December 2-6, 1946, of THE AMERICAN SOCIETY OF MECHANI-
cAL ENGINEERS.

NotEe: Statements and opinions advanced in papers are to be un-
derstood as individual expressions of their authors and not those of
the Society.

TABLE 1 CHEMICAL ANALYSIS AND i’HYSICAL PROPERTIES
OF CAST IRONS USED IN MILLING TESTS

" Ultimate

Per cent. tensile

Total X strength,
Analysis . carbon Si s P Mn psi Bhn

E-3Y4...... 3.40 1.85 0.185 0.34 0.74 36000 176 .

E-11/4.. .. .. 3.36 1.82 .20 0.31 0.70 36000 197
L TR 38 1.74 0.19 0.35 0.72 36000 197
M......... 50  0.90 0.09 0.12 0.37 54000 113
PM........ 2.23 0.98 0.1G0 0.18 0.27 75000 172

treated with calcium silicide as the inoculating agent by the
Meehanite process.

Three sets of test blocks of this material were prepared, each set
consisting of a sufficient number of bars to allow complete ma-
chinability tests to be run. The graphite and pearlite distribu-
tions were varied by casting the bars in the three thicknesses that
had been previously used, i.e., /4 in., 1}/, in., and 3!/, in., each
bar being 201/, in. long and 41/, in. wide. The bars were cast into
a skin-dried mold with the test-bar cavities lined with a baked-
core-sand insert. Previous experience had shown that such an
assembly produced the most uniform castings. The metal was
poured through a baked strainer core and then grated to five or
six mold eavities from a common runner. The eastings were then
cleaned and machined to a depth of 1/ in. on all surfaces to pro-
duce the final test blocks.

The chemieal analysis and physical properties of these three
sets of bars are given in Table 1. With the exception of the hard-
ness values, the physical properties refer to those shown by the
arbitration bar and represent comparative properties of the ma-~
terials tested rather than the properties of the actual test blocks.
The uniformity of any set of test blocks was checked by taking
Brinell hardness readings across each block. . Blodks whose av-
erage hardness or hardness distribution deviated unduly from the
average for the lot were rejected. The hardness values given in

- Table 1 refer to these averages on the actual test blocks.

Sections were cut from each bar for microexamination as a
check on the uniformity of structure from bar to bar in the same
lot, and as a means of getting the best average structure for each
set of test blocks. Several blocks from each lot were sectioned at
the corners, along the edge, on the face, and in the center, to as-

*certain the degree of uniformity that was being obtained in the

various section sizes. The graphite-flake sizes and distributions
for the analysis E iron in the three section sizes is shown in Fig. 1.
Since the earbon content of the analysis E material was slightly
higher than that of the analysis C material, the graphite was
coarser for the same section size, being AIF'A graphite size num-
bers 3, 4, and 5 for the 3!/sin., 1}/-in., and 3/,-in. sections, re-
spectively. Representative etched microstructures for these three
section sizes are shown in Fig. 2.

It is to be noted that the interlamellar spacing of the pearlite
increases as the section size increases. A comparison of these
structures with those in Fig. 9 of part I indicates that the inter-
lamellar spacing of the analysis E cast iron is greater for a given
section-size casting than the analysis C material. Thus the pearl~
ite-graphite size in the analysis E-3/cin. bars is comparable to
the analysis C-1!/, in., the analysis E-1'/, in. to the analysis C-
3!/, in., while the analysis E-3!/,-in. bars had a coarser structure
than any other material studied. All of the analysis E bars con-
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E-1v/,
Fie. 1 PHOTOMICROGRAPHS OF GRAPHITE DISTRIBUTION
(Unetched; X50.)

tained particles of steadite as a discontinuous network around
the grain boundaries. Such a distribution is quite common in
iron of this analysis, since the steadite which is the iron-iron
phosphide eutectic is the last material to solidify and herice of
necessity must be at the grain boundaries. . Based upon the analy-

sis of the material and from microstructural examination, it is es- -

timated that 3-5 per cent of steadite was present in these struc-
tures.

In part I of this investigation, the results of milling tests on

annealed C-31/, analysis were reported. The microstructure of
this material consisted of ferrite and graphite in flake form. Since
such a structure may be considered a simulated malleable iron,
it was thought that additional milling studies on several grades
of commercial malleable cast iron would be valuable for compari-
son. Accordingly, a sufficient number of test blocks of standard
malleable iron were procured to allow complete milling teststo be
made upon them. These bars were 1!/, in. thick, 201/, in. long,
and 4!/, in. wide. The iron was melted in and cast from a con-
ventional type, pulverized-coal-fired air furnace, and the resulting
castings were heat-treated by packing in tightly sealed pots in a
pulverized-coal-fired pot oven using a 7-day anneal cycle.

The unetched and etched structures of the standard malleable
iron (designated by “M”’) are shown in Figs. 3 and 4. These pho-
tomicrographs show the ferrite grain structure, and the temper

E-11/4
F16. 2 PHOTOMICROGRAPHS OF MICROSTRUCTURE
(Nital etch; X3875.)

carbon (nodular graphite) particles resulting from the decompo-

sition of iron carbide during the annealing cycle. The chemical
analysis and physical properties of this material are given in

‘Table 1. Figs. 3 and 4 also show the photomicrographs of

the etched and unetched structures of the C-3!/, annealed
material so that comparisons can be made with the malleable-
iron structure.

In order to continue the studies on the milling of all types of
cast iron, test blocks of a heat-treated malleable iron were pro-
cured. Since the object of this investigation was to correlate the
microstructure of the various cast irons with their machinability,
the study of a heat-treated malleable iron introduced a material
having a different type of graphite distribution and a different
matrix. The structure of the material was obtained by reheating
the malleabilized iron above the critical temperature, quenching
and then drawing to the desired structure and physical properties.
This treatment causes recombination of carbon (mostly at the
grain boundaries) such that a high-strength tempered structure
surrounds and partially fills the grains. The material was sup-
plied in bars 201/, in. long, 41/ in. wide, and 3/, in. thick; 1/5in.
was machined from all surfaces in order to produce test blocks
which could be built up into a composite for the machinability
tests. - The unetched structure of this material is shown in Fig. 3
(designated “PM?”), in which it is to be noted that there is less free
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C-31/¢<ANN

Fi16. 3 ProroMicROGRAPHS OF GRAPHITE DISTRIBUTION
(Unetched; X50.)

C-31/:,ANN

F1c. 4 PHOTOMICROGRAPHS OF MICROSTRUCTURE
(Nital etch; X50.)

F1c.5 PHOTOMICROGRAPH OF MICROSTRUCTURE OoF PM
(Nital etch; X375.)

graphite than in any other of the cast irons considered in this in-
vestigation. The etched structure at the same magnification is
shown in Fig. 4. The dark areas other than the nodular graphite
are recombined carbon and the white areas ferrite. The strue-
tural details of the etched material may be more clearly seen in

Fig. 5, at 375 diam. The chemical analysis and physical proper-
ties of the pearlitic malleable are given in Table 1.

Since the cutting process involves the flow of the chip across the
face of the tool and the abrasion of the clearance land by the cut
surface, it was thought that the hardness values of the individual
microconstituents might correlate to some degree with the tool-
life results. Accordingly, the hardness of the individual micro-
constituents were measured with a Tukon microhardpess tester.
Several hundred readings were taken on the samples and aver-
aged to give the following Knoop hardness values for the indi-
cated microconstituents:

Pearlite..oevnceeniieniiininciiniineenn, 350

FOrTite. e e iceeenneeeeeeeenanaaeoesncnnnnnns 200
Graphite................ e e iieirenereeieaen 20
Carbide..cceeernrnn it e 1000 to 1300
Steadite......ovveiiii it i i 880
Recombined carbon areas of pearlitic malleable 425 °

These values represent the hardness of these constituents at
room temperature. Their relative hardness may change considera-
bly at the elevated temperatures present in the cutting process.

TEsT CONDITIONS
The cutting tests were conducted under the same condltlons
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these three elements is necessary to.appraise any milling operation
and to calculate the most economical combination of feed and
speed.

Tool Life. The tool-life values observed when milling the vari-
ous irons are plotted in Fig. 7. In this rectangular co-ordinate
chart it is seen that at a cutting speed of 1150 fpm all of the ma-~
The change of tool life with cutting
speed is small at the high speeds, but the curves flatten out at the
low speeds. The same data are shown on logarithmie paper in
Fig. 8 where cutting speed is plotted against total volume of
metal removed by one tooth before ultimate dulling. The wear

“on the clearance land of the tool was uniform for the E-3/, E-

11/,, and E-3'/, materials over the speed range of 1150 down to
290 fpm. However, at 210 fpm localized failures occurred at one
or more points along the carbide cutting edge which resulted in
the turning back of the curves at the low speed.

The tool life of the high-phosphorus “E’ materials varied
with the coarseness of the pearlite-graphite distribution, the
coarsest (E-31/,) having the highest tool life, and the finest (E-
3/,) producing the lowest tool life.

B
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{Cutter:

as described in detail in the previous paper? and hence will only
be summarized here. The cutting tests were run on a Cincinnati
5-60 Hydromatic milling machine. A single-tooth cutter, held in
a 500-1b flywheel at a 6 in. radius, was used for the tool-life and
surface-finish tests. The tooth had 43 deg axial and radial
rakes, a 3-deg corner angle, and a 4-4-deg resultant rake, Fig. 6.
In all eases the cut was 3/)¢ in. deep, 6 in. wide, and 20 in. long
with the cutter positioned centrally relative to the work. The
feed per tooth was 0.015 in. Carboloy 44A was employed as the
carbide and was induction-brazed to the steel shank. A 7-deg
clearance angle was ground behind all cutting edges. All milling
was done dry.

The test bars were stacked and clamped into a fixture to form a
test block 41/, in. wide, 20 in. long, and 6 in. high.

The width of the wear land on the clearance of the carbide was
measured with a calibrated-eyepiece microscope after each pass.
When the width of the uniform wear reached 0.030 in. the tool-
life tests were stopped. However, if localized breakdown oceurred
on the clearance land, the tests were stopped when these grooves
reached 0.040-0.050 in. in length, even though the uniform wear
remained less than 0.030 in.

MACHINABILITY RESULTS

There tire three important elements of machinability, namely,
tool life, power requirements, and surface finish. Knowledge of

+3-deg axial rake, -+3-deg radial rake, 30-deg corner angle, +4-deg resultunt rake; 3/i-in. depth, 6-in. width;

0.015 in. feed per tooth.)

00 N o
P
£1000 . —
£ 800 -
3 700 3 " Y
E. 600 "
> ° \‘~\
w 400 . S
w .-
£ 300 ASISE _
s PM /
W . r/ M,
& .200) 7 —~—
@ e-l] efd| et
2
IS
4
3
10 20 30 40 50 70 100 200 300 400500 700 1000

TOTAL VOLUME METAL REMOVED - CUBIC INCHMES

Fr¢.8 Currine SPEED VERSUS ToraL VoLuME METAL REMOVED TO
DuLL ToorH, ror 0.030-In. Toor. WEAR

The pearlitic malleable (curve PM) also exhibited the break in
the tool-life curve at the low speed. Hence a speed of 300 fpm
appears to be the optimum for this material. The malleable iron
(curve M) had such a long tool life that sufficient material was not
available to obtain 0.030 in. tool wear at cutting speeds below 510

fpm. In fact 1575 cu in. were removed at 290 fpm to produce a

tool wear of only 0.005 in.

The cutting-speed versus actual cutting-time curves to produce
0.030 in. wear on the clearance land are shown in Fig. 9. These
curves can be represented by the following equations in the cut-
ting-speed range of 1150 to 300 fpm:
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Material Equation
PM V73 = 790
B3/ ... VT34 = 960
E-1v/, ... Ves» = 1000
E-3Y/s VTear = 1040
M Vo = 1250

where V = cutting speed, fpm; and T = actual cutting time, min.
A record was kept of the rate of wear on the carbide versus the
volume of metal removed. By means of this record the tool life
in terms of volume of metal removed could be evaluated for any
tool wear.

. of 0.015 in. on the tool are shown in Fig. 10. The relative order of
tool life for the various materials was the same as at 0.030 in.
wear. Only two points are plotted for the malleable-iron curve.
At lower speeds the tool life was so great that 0.015 in. tool wear
could not be reached. At the highest speed of 1150 fpm with this

same material, the carbide edge broke down locally before the-
0.015-in. uniform wear was obtained. With the pearlitic mallea- ,

ble, the tool also exhibited this same tendency to break down
suddenly before a uniform wear of 0.015 in. could be obtained so
that no curve is shown for the PM material.

The tool-life curves for 0.005 in. uniform wear are shown in
Fig. 11. A uniform wear of 0.005 in. was obtained for all speeds so
that the curves are complete for all the materials.

The effect of the presence of steadite on tool life is shown in Fig.
12. Here the E irons of the present series are compared with the
C irons discussed in the previous paper.? The E-3/; material had
the same pearlite-graphite size as the C-11/;, but the E-3/; had

" approximately 5 per cent steadite in addition. The presence of
the steadite reduced the tool life somewhat at speeds above 350
fpm but at lower speeds the tool life was improved by the presence
of steadite. The same tendency is observed in comparing the E-
1!/, and the C-3!/; materials. These two irons also had the same
pearlite-graphite size. Again, it is observed that the E-1!/;
which contained about 5 per cent steadite had a lower tool life
than the C-31/, at speeds above 300 fpm but had a longer tool
life at the lower speeds.

-

Thus the life curves corresponding to & uniform wear

TOTAL VOLUME METAL REMOVE D - CUBIC INCHES

Fie. 12 Curring Segep Versus Torar VorumMe METAL
ReMmovED To DuLL ToorH, For 0.030-IN. TooL WEAR

RELATIVE TOOL LIFE WITH FREE CARBIDES

TABLE 2
VERSUS STEADITEs
) Ratio of tool life Ratio of tool life
Cutting speed, of C-11/4 to C-304B of C-11/4 to E-3/¢

fpm (free carbides) (steadite)
1000 1.6 1.25 .

700 2.2 1.21

500 2.4 1.16

300 3.0 0.80

@ Taken from Fig. 12.
Nore: Comparison limited to cutting speeds higher than 300 fpm because
of erratic results arising from localized breakdown at lower speeds.

The effect of the hard (880 Knoop) steadite is quite different
from the effect of the hard (1150 Knoop) free carbide present in
the C-304 B material. (This material was discussed in detail in
part I3). The E-3/,, C-1!/,, and C-304B materials all had approxi-
mately the same pearlite-graphite size, with the E-3/, containing
about 5 per cent steadite and the C-340B containing about 5 per
cent free carbide. From Fig. 12 and Table 2 it is seen that the
presence of free carbide (curve C-304B) reduced the tool life con-
siderably with respect to a given pearlite-graphite size (curve C-
1/,) in the speed range of 750 to 300 fpm. On the other hand, the
presence of steadite (E-3/,) decreased tool life slightly at 1000 fpm
but actually increased tool life at 300 fpm.

The slight decrease in tool life at high speeds and the actual
improvement in tool life at lower speeds due to the presence of
steadite may possibly be explained as follows: Steadite is the
iron - iron phosphide eutectic and hence is the lowest melting con-
stituent present in the iron. The high temperature at the tool
point during the milling operation should be sufficient to reduce
considerably the hardness of the steadite while cutting, This
reduction in hardness may even be so great as to allow ‘the
steadite to “smear” over the tool surfaces to some extent during
cutting, thus in some cases protecting these surfaces instead of
abrading them as the hard carbides do.

In Figs. 13 and 14 tool-life data for the C-3/,, the C-3!/, and the
C-3!/, annealed irons (reported on in part I3) are plotted for com-
parison with the other irons tested in this series. Fig. 13 repre-
sents 0.030-in. tool wear, while Fig. 14 is for 0.005-in. wear.
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The C-3!/; annealed and the malleable-iron structures consisted
only of free ferrite and free graphite, the difference between the
two materials being in the form and amount of the free graphite.
The graphite in the C-3!/, annealed was in the form of flakes,
while the graphite in the malleable iron was in the form of nod-
ules, see Fig. 3. The tool life for the malleable iron was practi-
cally identical with that for the C-3'/, annealed for all speeds,
with the exception of the highest speed tested, i.e., 1150 fpm.
The tool life for the ferritic structures, curves M and C-31/, an-~
nealed, is seen to be at least 5 times as high as the best of the pearl-
itic structures at 500 fpm, and 50 times as high at 300 fpm, Fig.
14. :
The pearlitic malleable which had a structure consisting of fer-
rite and recombined carbon with free nodular graphite gave a tool
life (based on 0.030-in. tool wear) similar to that of the fine pearl-
ite structure of the C-3/in. material, Fig. 13. Based on 0.005-
in uniform wear, the tool life was similar to the E-3/in. mate-
rial, Fig. 14. In all these tool-life comparisons it is important to
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keep in mind the high physical properties of the malleable irons,
see Table 1.

Power Requirements. The E-3/,, E-1!/,, and the E-31/, ma-
terials, as well as the pearlitic malleable iron required practically
the same amount of power to remove metal at a given rate. This
is shown in Fig. 15 where efficiency of metal removed in cubic
inches per minute per horsepower at the spindle is plotted against
feed per tooth for a sharp cutter. The efficiency varied from 1.4
at 0.002 in. feed per tooth to 2.2 at 0.030 in. feed per tooth.
This power curve was determined by means of an 8-tooth cutter
on the calibrated milling machine shown in Fig. 6. The sharpness
of the cutter must be emphasized since it was found that a dull
cutter may require as much as 3 times the power used by a sharp
cutter. The efficiency curve for malleable iron is also shown in-
Fig. 15, the values ranging from 1.8 cu in. per min per hp at
0.002 in. feed per tooth to 2.4 cu in. per min per hp at 0.030 in.
feed per tooth. -

In Fig. 16 is shown a comparison of the power requirements for
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all the structures tested to date (for sharp cutters). The lowest
curve is for the pearlite-graphite structures and the pearlite-
graphite plus 5 per cent free-carbide struecture. The next higher
curve is for the pearlitic malleable iron as well as the pearlite-
graphite plus 5 per cent steadite. The highest efficiency was
obtained for the C-3!/; annealed iron which had a ferrite-graphite
structure. The malleable iron which also had a ferrite-graph-
ite structure had an efficiency lower than the C-3!/, annealed.
The higher power requirements of the malleable iron over the
C-3!/, annealed is attributed to the fact that the former material
-" contained less free graphite, see Fig. 3.

Surface Finish. The surface finish for the E-3/,, E-31/,, pearl-
itic malleable and malleable irons is shown in Fig. 17, where
profilometer reading is plotted against cutting speed. These
data are taken from the single-tooth cutting tests, using a tooth
having a flat land on the face-cutting edge that was 2 to 3 times
the feed per tooth. The pearlitic malleable produced a surface
finish similar to the E-3/, structure, while the malleable iron and
the E-31/ surface-finish curves were likewise similar. The surface
finish versus cutting-speed curves of all the representative struc-
tures are shown in Fig. 18. In general, it was observed that the
surface finish was a function of the amount of free graphite pres-
ent, the greater the amount of free graphite, the poorer the sur-
face finish, see Figs. 1 and 3.

Breakout. In milling all the cast irons, the edge of the test
block was broken away where the tooth left the work. For the
30-deg-corner-angle cutter feeding at 0.015 in. feed per tooth this
breakout was of the order of 0.015 in. to 0.030 in., depending
mainly upon the sharpness of the cutter. However, the malleable
and the pearlitic malleable irons being more ductile exhibited no
such breakout on the trailing edge of the test block, but on the
contrary produced & small burr.

CORRELATION OF MACHINABILITY WITH PHYSICAL PROPERTIES

. It is not feasible to attempt to correlate machinability with
tensile strength of cast iron since the tensile strength is only availa-
ble from arbitration bars, whereas the tensile strength of the
actuel casting is rarely known.

The hardness, however, is readily determined for most castings
and hence a possible correlation was investigated between tool
life and Brinell hardness. It was found that a trend could be ob-
tained between hardness and tool life if only the uniform wear on
the tool is considered, i.e., if all test points are omitted for which
the tool failed by localized breakdown. Thus Fig. 19 shows the
Brinell hardness plotted against volume of metal removed to pro-
duce 0.030-in. uniform wear along the carbide clearance land.
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- tribution becomes coarser;

(a) )
F16.20 PHOTOMICROGRAPHS SHOWING MICROSTRUCTURE OF ANALY-
s1s E-31/,

{a, Specimen taken from test block; b, chip from cut at 210 fpm; nital
etch, X375.)

The Brinell hardness of each material is indicated. It isseen that
at 1150 fpm all the materials from 240 to 175 Bhn had practically
the same tool-life values. At 500 fpm the change in the tool life
was again small over this same hardness range. However, at 300
fpm it is observed that there is a general increase of tool life with
decrease of Brinell hardness, the relation being approximately lin-
ear in the region of 175 to 240 Bhn and can be represented by the

following equation .

H+078V =250 - °

Brinell hardness number
Total volume of metal removed to produce 0.030-in.
uniform wear on a carbide tooth at 300 fpm

This equation is intended to represent the behavior only of
pearlite-graphite cast irons having a hardness range of 175 to 240
Bhn and being machined at a speed of 300 fpm. The hardness
value used in the foregoing equation must be the average hard-
ness of many readings taken over the entire surface of the casting
that is to be milled.

The fact that a useful correlation between Brinell hardness and

where H =
v

- tool life was found only for a 300-fpm cutting speed confirms the

conclusion presented in part I3 of this investigation that Brinell
hardness is an inadequate criterion of machinability.

ConcLusioNs oF CORRELATION OF MICROSTRUCTURE WITH Ma-
CHINABILITY OF CasT IRON

From the results of the investigations reported here and in part
1, it is concluded that the microstructure of cast iron is the most
reliable criterion of the three salient phases of machinability,
tool life, power requirements, and surface finish. It has been
shown that (1) the tool life increases as the pearlite-graphite dis-
(2) that the presence of approxi-
mately 5 per cent free carbide in a given pearlite-graphite distri-
bution decreases tool life considerably; (3) that the presence of
approximately 5 per cent steadite in a given pearlite-graphite dis-
tribution decreases tool life slightly at high speeds but increases
tool life at low speeds; (4) that the ferrite-graphite structure
improves tool life as mueh as 50 times over the pearlite-graphite
structure at low speeds; and (5) that the form of the free graph-
ite has no appreciable effect on tool life.

The power required to mill cast iron at a given rate of metal
removal*is found to be practically the same for all the pearlite-
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)
graphite structures including the ones which contain 5 per cent
free carbide or 5 per cent steadite. The ferrite-graphite structure
requires less power for a given rate of metal removal than the
pealitic-graphite structures. Furthermore, the power is less for
the ferrite-graphite structures containing the greater amount of
free graphite. '

The surface finish is directly associated with the amount of free
graphite present in the structure, the materials with the least
amount of free graphite producing the best surface finish.

Therefore the expected machinability of a cast iron can be de-
termined semiquantitatively by comparing its structure with
those presented in this and the previous paper.? The tool life,
power requirements, and surface finish can then be estimated
from the curves corresponding to the structure involved. .

The structure of the actual workpiece rather than the arbitra-
tion bar must be obtained. A sample can be cut out of the work-
piece by means of a hollow mill or hacksaw and examined under
the microscope. In fact the structure of the workpiece can be re-
liably judged from a milling chip which has been mounted in lu-
cite or Bakelite, for it has been found that the structure of the
body of the chip is not appreciably distorted in the milling of cast
iron (this is not true for the milling of wrought steels). Fig. 20,

TRANSACTIONS OF THE A.S.M.E.

AUGUST, 1947

{or example, shows the marked similarity between the structure
of the workpiece and that of the chip, the latter having been taken
from a cut at 210 fpm.

This paper concludes the formal study of the effect of micro-
structure on the machinability. It is realized of course that
other structures exist in cast irons that were not investigated
here.

However, an attempt was made to cover all of the common con-
stituents of cast irons so as to obtain an understanding of their
effects on machinability. ’
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