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Elements of Milling, Part 2

By O. W. BOSTON! anp C. E. KRAUS,? ANN ARBOR, MICH.

The results are given of a series of experiments in which
a single-point tool corresponding to a single tooth of a
milling cutter was used in removing metal in a dynamome-
ter of a pendulum type. The values of energy as a
function of variable feed, depth, width, and front- and
side-rake angles of the cutter were determined when cut-
ting three steels and a brass, in both groove and land cut-
ting. It is found that all data obtained follow the general
equation for energy in which £ = Cuwf*d¥. Itis shown that

invariably groove cutting requires greater energy than land

cutting. It also is shown that greater values of front rake
on the cutter reduce the energy required to remove a chip,
while the value of side rake for a given value of front rake
exerts no appreciable influence on energy values. The re-
sults of some 24,000 commercial tests made by students
at the Ohio State University in cooperation with the Cin-
cinnati Milling Machine Company are presented and
analyzed. The results are shown to agree substantially
with those obtained with the single-point tool and that
the foregoing energy equation holds for all types of milling,
such as slabbing, groove cutting, half-side milling, and
facing.

HE object of this paper is to extend the tests reported on
in the previous paper, “Elements of Milling,”’8 presented
before the Society in December, 1931.

In that paper, the variables studied, as they affect energy, were
feed per tooth, depth of cut, width of cut, cutting up versus cut-
ting down, and cutting fluids. Those tests were run on a number
of ferrous and non-ferrous metals, including Bakelite and wood
fiber. All cuts were made to form a groove in the work. The
tool shape was constant, being end-cutting and having a 15-deg
rake with no side rake.

This paper contains the results of experiments with cutters
having variable back-rake angles, or hook, and side-rake angles,
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or helix. Tests with each cutter were made when cutting in a
groove and when cutting the top from a land which had been
prepared previously. Several types of metals were included, all
cutting being done with one cutting fluid—namely, an emulsion
consisting of 1 part soluble oil to 50 parts water, No. 3.

Power data also are presented from a series of experiments on
steel and cast iron, in which various types of commercial milling
cutters were used as obtained by cooperative research by students
at Ohio State University for the Cincinnati Milling Machine
Company. The results have been recomputed to a basis similar
to that used by the authors, for the purpose of direct comparison.

CuUTTERS AND EQUIPMENT

The machine used in these tests was the same as used and de-
scribed previously in “Elements of Milling.” This machine is
of the pendulum type, such as an impact testing machine, and
uses a single-tooth cutter. The cutters in all cases were ad-
justed to have a radius of 1.75 in., and all had end- and side-
clearance angles of 4 deg. Nine series of cutters were used, di-
vided into two groups. The first group, consisting of five cutters
with O-deg helix angles and with rake angles of 0, 10, 15, 20,
and 25 deg, were designed to study the influence of variable
rake. The second group had rake angles of 15 deg and helix
angles of 10, 20, 30, and 40 deg, which, together with a 0-deg
helix cutter having 15-deg rake angle, were used to study the
influence of variable helix angles.

High-speed-steel blades 3/s in. wide by 3/, in. deep were used.
They first were ground all over on a surface grinder, after which
the various cutting angles were accurately ground on the same
machine. All cutters were 0.300 in. wide. As this width de-
creased slightly from subsequent grindings, the data were cor-
rected for original width on the assumption that the energy varies
directly as the width. This assumption had been proved previ-
ously.

Mareriats aND CurriNg FLuips UseD

The first material tested was a free-cutting leaded brass and
was selected because it was believed that more accurate data
could be obtained using a metal which would not cause rapid
dulling of the cutter. Three other steels then were tested:
S.A.E. 1020, S.A.E. 1112, and S.A.E. 3250. These metals have
been described previously and are listed in Table 1, together with
their chemical compositions, heat treatments, and hardness
values.

The cutting fluid used consisted of 1 part soluble oil in 50 parts
water, and is listed and described as cutting fluid No. 3 in the
previous paper.

ExXrERIMENTAL METHOD AND ScopPE OF TEST

As in the previous paper, all cuts were made with work locked
in position as the chip was removed. Tests in all cases were
made both cutting up (that is, with the work fed against the
cutter) and cutting down (that is, with the work fed with the
cutter). All of the cuts were taken both in a groove and on a
land to determine the relation between the two types of cuts.

Each test value indicated is the average of from 10 to 30 cuts,
and the data presented represent a total of some 6000 or 7000
cuts. Great care was taken to keep the cutter in the sharp
condition. By sharp is meant the edge produced by the sur-
face grinder with the final slight burr removed by a hand hone.
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TABLE 1 MATERIALS USED IN THE MILLING TESTS
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The values presented, therefore, are somewhat lower than could
be expected from the average cutter condition. The authors
have found that consistent results can be obtained in no other
way, as the degree of cutter wear is almost impossible to measure
ana has such & decided effect upon the energy values when mill-

ing.
Results of Tests

The experimental data for the four metals tested are presented
separately below, _

Tests on Free—Cuttmq Brass (Bar BF). The experimental data
for the leaded free-cutting brass are listed in Table 2. Similar
tables have heen made up for each of the other materials, but

Fig. 1 Energy Required to Mill a Free-Cutting Brass Using
aSoluble 6” Consisting of 1 Part Oil to 50 Parts Water
One serlei of CH”S waa made with a t feed 0f 0.020 |

onst ! enth
R R i s B Y
‘Ev_ 8. [ake angle and no helix.” The Tollowing aS obtaingd:

12
g g ormula
3750, and Cygown milling) ~ 3392

Fig. 2 Effect of Various Rake and Helix Angles of the
Cutter on the Exponents of Feed and Depth and the Constant
OF THE MILLING-ENERGY EQUATION WHEN MILLING FrEE-CoTTING
Brass, Bar BF
(Data taken from Table 3))
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TABLE 3 RESULTS OF TESTS WHEN MILLING FREE-CUTTING BRASS

Tool (An ergulsion of 1 part soluble oil to 50 parts water, cutting fluid No. 3, was used. The width of the cutter was 0.300 in')Horsepovger

angles, Metho . Formulas, enerqy E. —----Horsepower per cy in. per-----$ . perey”
HelixggRake cut??ng Erﬁ%@e—poun ’ pg}l Iﬁ'}\% Gm\éeleues OfLgnd Groovpemln f%rmuLias I_pand Gro'onv'Fe)per mlnLand
0 0 {BBun Cwp* d08 Cuf>-"d*9 W 300 e 33000210 B8R fadit
0 10 LE)%Wn Cwp-3dc* € m>/"-83(20-97 2665 %8?8 330009" 1" 003 33000%“-17d0&3 836% 8%88
0 5 {Bhyy  oures  cutmaex B B emra mnforres D388 DORRS
0 20 (BB Cuf*Sid0d - cusza0.s2 W ss000femow 2000m0B (o4 b3ea
0 5 {Pbun (1" 33038 Cuf*-SdOM B s000peda 330000 -T°4 158 (ol
0 5 [Phyy O™ cwoswos 33 ﬁéé‘ﬁ 3000 phofoe 33000/ ¢E°G §:§3§3 §:§f§?
2 5 W Cwl*-ud0%8 Cwf*-821°% a4l 33000%.io<jo.o7 33000 forfoss ALK 1]
D5 (BB (gt e (1% 300,62 I fo.iyo.oi soofeon Q3 §3bD
40 5 B (170.917L.07 (1%10.89%0.94 i) i 33000/° 0 33000 forfoce 84186 35488

0,020 in. feed, 0.100 in. depth, and 0.300 in. width.

the constants, the formulas for horsepower per cubic inch of metal
removed per minute, and the computed harsepower per cubic
Inch per minute valug for a specific cut 0.100 in. deep, 0.010 In,
feed per tooth, and 0.300 in. wide. The last values are included
In the table in order to furnish a basis of comparison between
the different conditions. 1t is impossible directly to compare
constants or exponents from the equations with energy and horse-
power values computed therefrom, because of the Several vari-
ables involved in the formulas. _ _

[t will be noticed from Table 3 that no difference in the for-
mula was found for up and down milling with a single cutter,
except in the value of the constant. Changing the tool angles,
however, dogs change the exponents of the féedand depth of cut.

Better to indicate the effect of different angles on the exponents
and constants, Fig. 2 has been prepared. [n the upper left part
of Fig. 2 are shown the depth and feed exﬁonents for both up and
down m|II|n1ghfor variable rake angles with a constant helix angle
of 0 deg. The effect on these exponents when the helix anglé is
varied is shown on the right, the front rake angle being constant at

5 deg. In the lower portion of Fl?. 2 are shown"plotted the
constants obtained to show the effect of varying the angles.

. Astudy of these curves indicates several interesting characteris-
tics. Except for a few values, all exponents and Constants are
lower for land cuttm(I] than for groque cutting.  This, of course,
would be expected of the constants, inasmuch as in qroove cutting
It 1 necessary to free the chip along the sides of the groove as
well as on thé bottom. Also, in general the difference 1s greaer
for the Iar%er helix angles, due probably to friction on the side
of the cut because of the_end thrust or'drag. The general ten-
dency of the exgonents IS {0 dr_oR with inCreasing Take angles
above 10to 12 deg, and to rise with increasing helix"angles above
20 deg. This efféct is more noticeable with the depth exponents
than with the feed exponents, but is not great in an¥ case, except
for the 30- and 40- %heljx angle. with“groove cuts which, un-
doubtedly, is caused Dy side friction. The same effect also is
noticed in the values of the constants.

To compare the actual energy and horse[)ower values as affected
by a change In rake and helix“angles for the various cuts, Fig. 3
IS'shown. ~ The difference betweeén up and down milling is very
noficeable.  Increasing the rake angle is found to decrease ener?y
values, first rapidl Ué) to about 20 deg, and thep more slowz/.
This probably would Continue to an opfimum angle, sych as that
formed by the bunt-uP edge on the tool, It _Probably woula
be less pronounced for longer chips where the bui t-u[) edge would
be more effective.  The etfect of a helix angle for this material
anears to be quite favorable, but is consistently upward for
groove cutting.

Fig. 3 Effect of Various Rake and Helix Angles of the
Cutter on the Power and Energy Values When Milling

Free-Cutting Brass o
(Cuts were takencaut%da.ndDdé)t‘éV?aEgrt]hfrlgmaTgtr)?gsv 3,?3 3Oj'l a land as indi-

Tests on S.A.E. 1020 Steel (Bar EF). The complete series of
tests as %resented for the free-cutting brass were duplicated on
the S.A.E. 1020 steel. Table 4 summarizes the formulas and
the values in horsepower per cubic inch per minute. It Is ap-
Farent that for most cuts in steel, 3 different formula is found
or up and down cutting. This differs from the results of the
tests on brass. _

Again, to compare exponents and constants_as a function of
tool"angles, Fig. 4 has been prepared. ~This figure is for steel,
as Fig. 2 is fof brass. The effect on the exponents of variable
rake angles appears sll(I;ht, but greater, with a less definite ten-
dency indicated, when the helixangle is varied. The depth_ex-
ponent appears to drop off with the greatest rake angle. The
constant varies over a wide range as the rake angle is changed
beln% reduced con5|derabl%/ as tfie rake angle Is increased from 0
to 2 deg. The constant of the equation appears to be little
influgnced by the value of helix angle up to and including 30 deg,
but increaseS sharply for groove cutth when the helix"angle s
40 deg. Again, it stiould Be pointed ouf that a direct comparison
of either the exponents or constants with rake an%les cannot be
made, inasmuch'as hoth the exponents and constanits of the equa-
tions vary. _ _

The neét effect on energy values in foot-pounds per chip and on
the values of horsepower per cubic inch of metal removed per
minute 15 shown for variable rake angles and variable helix angles
In Fig. 5. The energy values for the (-deq rake tool are more
than "100 per cent qreater than those for the 25-deg rake tool.
The effect of the hélix_angle, however, appears to bé negligible,
except as affected by side Triction in groove cutting.
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TABLE 4 RESULTS OF TESTS WHEN MILLING SAE. 1020 STEEL, BAR EF

(An emulsion of 1 part soluble oil to 50 parts water, cutting fluid No. 3, was used. The width of the cutter was 0.300 in.)
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°0.010 in. feed, 0.100 in. depth, 0.300 in. width.

Fig. 4 Effect of Various Rake and Helix Angles on the Ex-
Eonents of Feed and Depth and the Constant in the Milling-
nergy Equation When Milling S.A.E. 1020 Steel, Bar

(Milling cuts were mcagteedj.p a[ggtgot\g/ e%nproorﬂ Ia%rﬁg %d in a groove as indi-

Tests on S.AE. 1112 Steel (Bar MF).  The results of the
milling tests on this steel are summarized in Table 5, In which
are given the formulas obtained, the constants for the formulas,
and ‘the horsepower per cubic inch cut per minyte for a specific
cut for both groove and land cutting, as well as for up anddown
cutting. F|([1. 6, similar to Figs. 2"and 4, shows the exponents
and constants for the free-cutting steel as a function of the tool
angles. 1t is seen that the values of the constants are reduced
appreciably with an increase In rake angle up to 10 deg, but only

shgtr;tly for greater values of rake angle. There does not appear
to"be a great difference in general "characteristics between the
curves for land and_ groove cytting. When the constants are
plotted over the helix” angles, however, there is shown to be a
general and gradual increase in value, although a minimum value
is reached In nearI%/ all cases for the helix argle of 10 deg. The
values of the depth exponent appear to be [ittle affected by an
increase In rake angle until an angle of 20 to 25 deg Is reached,
when there 1s a slignt falling off 10 the curves. The feed expo-
nent, on the other hand, seems to increase rather generally for
rake angles above 10 deg. The depth exponent appears to be
Influenced ut slightly for'helix antrlles up.to and including 30 deg,
while the feed exponent seems fo_be increased uniformly for
angles above 10 deg, for which minimum values occur.
comparison 0 _ener%y values in foot-pounds per chip and
horsepower per cubic inch of metal removed_ger minute, as indi-
cated, are expressed as a function of the variable rake angle and

Fig.5 Effect of Various Rake and Helix Angles of the Cut-

ter on the Power and Energy Valu |._LWhen Milling S.AE.
. leZObStﬁgl, Bargﬁ i and s indicated

(Cuts were taken up an%a?zyvt%keoﬁ i 2 %qugeﬂn on a land as indicate



RESEARCH RP-56-1 359

TABLE 5 RESULTS OF TESTS WHEN MILLING S.AE. 1112 STEEL, BAR MF
(An emulsion of 1 part soluble oil to 50 parts water, cutting fluid No. 3, was used. The width of the cutter was 0.300 in.)
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variable helix angle in F'ﬂ’ 7 for hoth groove and land cutting.
The curves for groove cutting are higher than the corres[)_ondlng
curves for land"cutting.  AlSo, the Curves for down cutting ar
uniformly lower than those for up cutting. The energy or power
values are seen to be maximum for 0-deg rake angle,"and to fall
off uniformly, as the rake angle Is increased, to almost a mini-
mum for a Take ant{ﬂe of 25 deg. It appears that for greater
values of rake angle there would be no further appreciable redyc-
tion In energy values. The ener%y values as a function of the
helix angle are shown to be practically constant when cuttin

on.the Iand, indicating that the_helix dngle does not lead to ef-
ficiency from a power point of view. WHhen cutting in a groove,

the energy values for both up and down cutting increase for _ _

Fig. 7 Effect of Various Rake and Helix Angles 0f the

Cutter on the Power and Energy Values When Milling
S.AE. 1112 Steel,Bar MF

(Cuts were taken up and down hoth Jn a groove 2

r}d on a land as indicated.
rom

values of helix angle above 20 deg, due undoubtedly to the dra
o? t?]e chip on one93|de ofﬁw roo%/e. Y !
Tests on S.A.E, 3250 Steel {Bar A-7). The results of the ex-
periments in milling S.A.E, 3250 steel are shown in Table 6, In
which are %lven thé formulas for energy per chip, the values of
the constants for the energy equanon, and formulas for horse-
power per cubic inch per minute, together with specific values
of horsepower per cubic inch of metal’removed per minute when
milling up and down in a groove and on a land. . An analysis
of the"constants ang ex ﬁne_nts of the formulas as. influenced by
varianle rake or variable helix angles Is shown in Fig. 8. _
The depth exponent appears to be nearly constant over a wide
range of rake angles and also over a wide range of helix angles.
For'the largest rake and helix angles, however, the exponent for
(r;roove milling is high. The feed"exponent seems to fall off uni-
Fig. 6 Effect of Various Rake and Helix Angles on the EX- Ormly and _apFreCIabIY as the rake angle IS |ncreasedl but re-
Braray Eouation When g SA £ 111 Saat B (A Al MEGCRORRE Svitunun e cn 25en A
(Cuts were made up and doun g1d o5 Jogd gacgin @ groove as indicated. — 3"nroove The constants of the formula fall o quite uniformly
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TABLE 6 RESULTS OF TESTS WHEN MILLING SAGE. 3250 STEEL, BAR A-7

(An emulsion of 1Eart soluble oil to 50 parts water, cutting fluid No. 3, was used. The width of the cutter was 0.300 in.)
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Fig. 8 Effect of Various Rake and Helix Angles on the
Exponentsof Feedand Depthand the Constantinthe Milling-
Energy Equation When Milling S.AE. 3250 Steel, Bar A-7

(Milling cuts were made up and down and on a land and in a groove as indi-
cated. Data taken from Table 6.)

Fig. 9 Effect0f Various Rake and Helix Angles of the Gut-
ter on the Power and Energy Values When Milling S.AA.E.
3250 Steel, Bar A-7

(Cuta were taken up and down both in a groove and on a land as indicated.
Data taken from Table 6.)

for all cutting conditions gs the rake angle is increased from 0 to
5 deg. The_ constant shg;htlﬁ Increases, however, for up and
down “land mﬂlmg for helix a [gles above 10 aeg. For groove
milling, the constant appears 0 be quite erratic, particularly

for helix ?,ngles of 20 and 40 deg; otherwise they are unaffected
by_the nhelix"angle.

The energy and power values appear to fall off for both up and
down milling, as well as land and groove milling, as the rake angle
IS increased, as shown in Fig. 9.” In up and down_mﬂlmP on a
land, the enerﬂ¥ values for'the 0- and” 10-ceg. nelix angfes are
the same, but e1ybecome reafer as the heliX angle is increased
above 10 deg. The energy values for groove milling both up
and down, as a function of fielix angles, are extremely out of order
for helix angles above 20 deg, as Show'n by the unusual lines of
the curve. “Again it is noticed that the power values for groove
ggtgwpgecag% consistently above those for land cutting as Would

Discussion of Single-Point-Cutteb D ata

In bermn? the discussion, the authars wish to point out and
make clear a fact which has been found repeatedly: if the ma-
terial |s changed, the constants and exponents in’the formulas,
as well as the"energy values, are changed. Also, if the cutter is
changed, the constants, exponents, and energy values are changed.

With this in mind, the object of this particular study in"the
Elements, of Milling has been to compare various tool angles,
various sizes, and methods of cut on only eno_uPh metals t0 be
reasonably sure that the conclusions reactied willhold in general
for most metals. _ _

After a complete series of tests was run on the free-cutting
brass and formulas were determined, it was discovered that the
formula for the 0-deg helix, 15-deg rake tool did_not check the
corresponding formula given in the first report.  The two equa-
tions were as follows:

From the first paper:

From the second test:

A certain experimental error, of course, was to be expected.
A difference In the feed exponent from 0.76 to 0.85, however,
nardly could be considered as an experimental error. = Also, the
energy values and constants varied somewhat. Repeated
checks confirmed the accuracy of the second series as represented
¥ the second formula, The cutters used were the same brand
Ahigh-speed steel, and equal care was taken In each case In the
rinding. ~ Further check tests were run on the {)lece of stock
Used in"the first paper. These tests were found_to give a feed
exponent of 0.77, comparing favorably with 0.76 of the first

b
0
g
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paper.  Obvigusly, the material used.in the experiments for this

second paper had some different physical characteristics from the

?Peumens used in the first paper, showing that the material at
Ifferent Farts of the same bar was not unitorm.

Recently, a series of comparative tests was run on cold-drawn
brass rod “about 7ie in. in diameter, which showed machmmg
differences In different lengths depending upon which end of th
billet was machined.. Differences'in ﬁraln size, in heat treatment,
or small differences in composition all affect the values obtained.
It IS surprising, however, to note the uniformity obtained in the
value of the exponents of feed and depth I the energy equation
when cutting different tyﬁes of steels as explained below, 1t pre-
viously has Deen found that, in determining_equations for torque
and thrust in drifling steel under a wide variety of cutting condi-
tions and covering many t}g)es of steels, the same equations
have been developed repgatedly. .

In order to arrive at the general tendencies introduced by the
varjables of the cutters and“methods of cutting steel, the résults
inthe three steels tested have been correlated. “Of the three steels
tested, S,A.E. 1112 steel gives energy values slightly below the
average for steel, SAE. 1020 gflves_ener vallles presumably
fairly avera('ze for steel in general, while S.AE. 3250 gives power
values sllgh ly above the avera?e steel. Steels S.A.E. 1020 and
SAE. 1112 dive lower values o energ%/ when cuttmq down than
when cuttm? up, while S.AE. 3250 Shows very little difference
In enerqy values for these two tyPe_s of cuts. By averagmg all of
the dafd for these three steels, Tt 1s believed a general picture of
the effect of angles, methods of cutting, etc. i obtained for an
average steel. "This picture may be compared with that for
each Individual steel, = _

Variation of Constant in Energ¥ Equation. The average values
of the constants In the energy formula for the three Steels are
shown Plotted over the rake angle or hook in Fig, 10. ~ The con-
stants for cuttmg down are con5|derabIY,Iower in all cases, ex-
cept that for 0-Oeg rake, than when cutting up.  The constant

Fig. 10 Average Values of the Constants in the Ener

Formula for the Three Steels S.A.E. 1112, 1020, and 32590y,

for Up and Down Milling and for Land and Groove Cutting,

Plotted Over the Rake Angle and Helix Angle in Degrees
as the Variables

gtThFh ISepow r-wr-cut}iﬁ-incq-e\’er-rﬂi%e.value& asoamaﬁ]eddfor the t {ﬁe
el R ST T B U i B P00 -G, end
on an average for the 25-deg rake angle is about 55 per cent of
that for the “0-deg rake angle. Therg is a tendenq{ however,
for the constant curves to become horizontal for the greater
values of rake, which agrees in general with similar experiments
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conducted with an end-cuttlnﬂ]pmner tool in which the back rake
was varied. It also 1S seen that the constants for land cutting
glrjetticnonsmerably lower than the corresponding values for groove

_Theg constants when plotted over side rake or helix an%Ies in
Fig. 10 are seen to remain practically the same, with perhaps a
slight increase, for all side-rake angles up to and including 30 deg.
Ttiere is a marked increase in the value of the constant for the
40-degi_ side-rake angle, due presumably to excessive metallic
distortion of the chip. This same condition was found when
studying side-rake angles on end-cutting planer tools. -~ The con-
%rtfacrt]| Snare higher for groove cutting due undoubtedly to increased

Variation of Horsepower per Cubic Inch per Minute.  Average
values of horsepower per cubic inch per minute when taking™a

Fig. 11 Average Values of the Exponents of Feed and Depth
for the Formulas of the Three Steels Are Shown Plotted
Over the Rake Angle and Helix Angle as Variables

cut 0.300 in. wide, 0.100 in. deep, with a feed per cut 0,010 in.,
when using a tool 0.300 in, wide with various values of side rake
and helix, -are shown in Fig. 10. The power per cubic inch per
minute_1s seen to fall off in almost direct proportion to the 'in-
crease in rake up to and including 20 deg. ~ There appears to be
little increased efficiency due to"a further increase of the rake
angle to 25 deg.  The curve for groove cutting up is well above
that for land Cutting up; also, that for groove cutting down is
above that for land Cutting down.  However, the curves of horse-
Fower per cubic inch per minute for groove cutting down and
and cutting up show: about the samé values. THhe values of
horsepower per cubic inch per minute, as an avera%e show but
a slight increase for the 15-0g rake tool when the helix angle 1s
Incréased from 0 to 20 deg. “For higher helix angles, however,
when cutting in a groove, the power Increases rap|dly due to
side friction, "but forland cutting the same tendency as indicated
for lower helix angles 1s maintained. _

Variation of EXponents of Depth and Feed. With the averaqe
of the exponents for feed and depth plotted over the variable
rake or helix angle In Fig. 11, it Is seen that the exponent for
depth when cutting down’ averages h|%her than when cutting up;
also, that the exponent of the feed when cutting down averages
lower than when cutting up. Except for high depth exponents

for high helix an?Ies n [g];roove milling,” all exPonents_ are
Perﬁgglﬁglle)g constant, with the following Slight but consistent

1 The depth exponents fall off slightly with high rake angles,
and rise slightly for high helix angleS when milling in a groove.
But tWhten e ‘milling"Is done on"a land, they are practically
constant.

2 The feed exponents remain practically constant as the
rake an?l_e increases, although a slight decrease Is ai)parent for
land cutting. The feed exponents Temain practically constant
as the helix Increases, except for extreme values of helix in groove
cutting where the exponent is high.
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CoMMENTS oN FiNisH PRODUCED

No great difference in finish for a given type of cut was noticed
due to changing tool angles. The nature of the tests excluded
any possibility of studying cutter life. An investigation of
finish, cutter life, and pressures is planned on apparatus already
set up.

The difference in finish on up and down milling, however, was
quite apparent. The finish on up milling was, in general, smooth
and shiny or glassy in appearance. Very often it showed distinct
feed marks and scratches which were sometimes quite deep.
The chips had a tendency to cling to the cutting edge, and, if
left on, would be dragged under the cutter on the next cut, mar-
ring the surface. On down cutting, the finish was smooth but
duller with a satin-like appearance. Feed marks were usually
not visible, but on some materials the surface produced was
rougher. Chips had little tendency to cling to the tool and did
no harm, as they would be knocked off at the start of the cut,
whereas the finish is made at the end of the cut.

Chatter marks were more common when cutting up than when
cutting down. As far as chatter and finish were concerned it
was usually possible when milling down to increase the feed con-
siderably over that when milling up.

Shape of Chip. Chips taken by the two different methods
often showed distinet characteristics. When down milling the
screw-stock steel S.A.E. 1112, for example, very tightly rolled
chips were produced. On up milling, the chips were straight
or flat. These characteristics were observed for all variable
back-rake-angle tools, but when the tools of increasing helix angle
were used the chip forms approached each other, the down-milled
chips becoming less tightly rolled and the up-milled chips tend-
ing to curl. Chips from the 30- and 40-deg helix-angle cutters
were almost identical for both methods of cutting.

When down milling the chromium-nickel steel S.A.E. 3250,
the chips were flat, whereas tightly rolled chips were obtained on
up milling. Again these differences disappeared with the higher
helix-angle tools.

In general, it may be said that the down-milled chips are rolled
more tightly than the up-milled chips, the exceptions occurring,
in most cases, with those metals that show little or no difference in
energy values for the two methods.

Builti-Up edge. Undoubtedly, chip form is influenced by the
built-up edge. In general, a better developed built-up edge
forms on milling down. It seems reasonable to expect that a
large, well-developed edge will coil the chip, while a small poorly
developed edge might allow a flatter chip to be formed. This
is borne out by observing the chips. In the case of the S.A.E.
3250 steel, a well-developed edge was formed, the chip was flat in
down milling, but was coiled in up milling. This action was con-
trary to that generally observed. In fact, exceptionally large
edges were noticed for this steel, and the surface left by down mill-
ing was rougher than usual, due to the roughening effect of the
built-up edge.

Because of this roughening effect of the built-up edge, it is
possible to detect from the chip the history of its formation.
The under face of the chips is highly burnished for a distance,
depending upon the metal, up to !/ in., which corresponds to
1/s to 3/i6 in. actual length of cut. Then the surface loses its
luster and reaches a maximum degree of roughness in an added
1/i6 in. of length. Well-developed edges are often found with
depths of cut of 0.025 in. or less, corresponding to about !/, in.
_ length of cut with the 3.5 in. in diameter cutter, but as a rule
somewhat longer length of cut is necessary for the fully developed
edge. After being built up, further increase in depth of cut
does not change it materially. Also, less length of cut to form
this edge is required for down milling than for up milling, the
amount of this difference depending upon the metal and appar-
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ently influenced by tool angles, especially back rake. This dif-
ference usually decreases as the back-rake angle increases.

The burnished length on the chip generally increases somewhat
as the back rake is increased, but some of this increase may be
due to less compacting of the metal in the chip. That is, the
chips are longer for the same size of cut. The edge is usually
thicker for the low back-rake angles, but does not seem to re-
quire much, if any, greater length of cut for its formation.
Changing the side rake or helix angle does not seem to change the
formation of built-up edge to any extent, but does affect the
rolling of the chip.

A more detailed and scientific study of the important factor of
built-up edge has not been undertaken because of the nature of
the tests. The authors expect to do this in the course of tests for
the next paper of this series when a standard milling machine
will be used and cuts will be taken as the work is fed.

ANavysis oFr SoME MmLiNg Dara Osrainep UnpErR CoMMER-
c1AL CoNDITIONS

In 1929, a thesis, “Milling Cutter Efficiency” (Experiment
Station Project No. 85), was presented at the Ohio State Uni-
versity by four men, Otto W. Winter, Charles E. Beard, Howard
W. Allison, and Robert J. Duerler. The work, involving an
expenditure of several thousand dollars, was sponsored by the
Cincinnati Milling Machine Company. A total of about 24,000
cuts were run. )

In discussing ‘“Elements of Milling,”* Mr. Winter® suggested
that a comparison of these data with those given in his report
might be of distinct value.

In the Ohio State experiments, standard coarse-tooth high-
speed-steel cutters were used having spiral and under-cut teeth.
A wide range of feeds and depths of cut were covered. The ma~
terials cut consisted of cast iron and S.A.E. 3125 to 3140 steels.
Power data were presented as calibrated net horsepower at the
cutter for specified cuts, feeds, cutters, and material. All cuts
were taken in the conventional manner—that is, up cutting.
An emulsion consisting of 1 part Sunoco soluble oil to 20 parts
water was used on the steel, but the cast iron was cut dry.

Because the data were taken with standard cutters on a stand-
ard milling machine and because such a wealth of data is available
covering a range of feeds, depths of cut, and widths that were
not possible with a small pendulum tester, the authors believed
that much could be learned and many questions answered by
recomputing these data and comparing the results with those of
the paper.

Apparatus. The apparatus used in the Ohio State experiments
consisted of a no. 2M Cincinnati plain miller of the latest (1929)
inclosed, 7.5-hp-motor type, equipped with a wattmeter for
registering gross power developed.

By means of a prony brake mounted on the spindle of the ma-
chine, efficiency curves of the motor and machine were deter-
mined for every speed and load variation. Power absorbed in
the feed mechanism was neglected. This introduced a small
variable error. Standard cutters of the shell-end, half-side,
slotting, and slabbing types were used.

Procedure. The procedure of the tests was to take four cuts,
from which the average power value was determined. If the
data varied widely, additional cuts were taken. The dimensions
of the cut, that is, the width and depth, were determined from the
size and type of the cutter used, as indicated in Table 8. The
feeds varied from !/; to 20 in. per min.

As stated in the thesis, “Probably the greatest cause of power
requirement variation, and certainly one that caused us much
trouble, was the condition of the cutting edge. Throughout the

¢ Trans. A.8.M.E., vol. 54, 1932, paper no. RP-54-4.
§ Cincinnati ‘Milling Machine Company, Detroit, Mich.
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course of the tests, we endeavored to run each of the four cuts,
constituting a test, at varymﬂ periods of the life of the cutter
between sharpenings.” It follows that the data presented are
not for th_e_shar? ondition, but rather for an average or partially
dull condition of the tool. _ _
Data, The data were presented as a series of curves, as illus-
trated in Fig. 13, for specified widths and depths of cut giving
net horsepower (at the cutter) values plotted over feeds in inches
per minufe. A seParate set of _cvrves was presented for each
combination of cutter and. material. _
In the following analysis by the authors, by depth of cut is
meant the distance of metal cut measured In the plane of rota-
tion of the cutter, and width of cut the distance measured on a
line parallel to the axis of the cutfer, and has nothmﬁ,to_ do with
the shape of the work or the position of the cut. ~This is a logi-
cal procedure and enables direct comﬁarlson of all data including
that of the authors. It is ysual to think of these dimensions &
being reversed in a face-milling type of cut, and consequently
the meaning of the designations d for_depth and w for width, &
shown In F?. 12, should”be k_ePt In mind. _
_ In'Fig. 1Zare shown five different types of cutters, each taking
its typical cut, The principal object of this illustration s t0
Indicate what 1s meant in each case b}/ _demh of cut d and the
width of cut w. In the case of the plain milling cutters at A,

Fig. 12 Illustrations of Various Types of Cuts Showing a

Land Cut Being Made by a Plain Mill, a Groove Cut by a

Side Mill, and a Half-Side Cut by a Half-Side, Shell-End
and Facing Mill

Fig. 13 A Typical Power-Feed Graph as Contained in the
Report of the Ohio State Experiments

s VAP Rl
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where the cut is bemE made on a land, the cuttm% teeth are in
contact with the work only along the face of the land or on the
periphery of the cutter. At B, in which a groove is being cut
with a side or slotting mill, a cutting action occurs on the Cylin-
drical periphery. of thé cutter and also on both ends or faces of the
cutter. At C."in which a halt-side mill 1s being used, the teeth
are cuttlng_qn the periphery and on one end of the cufter. This
same condition maintains with the shell-end mill at D and the
facing mill at E. . o

From an analysis of the cuts A, B, and C, it might be expected
that the half-side cutter would give energy valués intermediate
between the plain mill cut at A”and the Side or groove-cutting
cutter at B, for the same size of cut. Data showing the_reld-
tion of various factors In the energy equations are given in Table
8, and are covered under the discussion of the Ohio State Experi-
mental data. 1t 1s found, however, that the net energy values at
the cutter, as determined by subtracting the frictional power of
the machine from the gross power input as measured by the watt-
meter, give energy and power equations for all five Cuts of the
general type E "= Cwixdv, which corresponds with all energy
Equations determined on the single-tooth pendulum-type tester.

Computations of Ohio Stale Data.  An example follows showing
the method of computmt% energy values ger ch|8 as a function
of feed and deFth of cut from the net horsepower values obtained
in the Ohio Sate tests. L

The cutter in this case was a shell-end mill 5 in. in djameter,
8 illustrated in Fig. 13. It had 12 teeth having 10-deg rake
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Fig. 14 Values op Energy as Computed From the Ohio State Experiments for the Shell-End Mill Having 12 Teeth, 10-Deg
Rake, and 15-Deo Helix, Shown in Fig. 13

1) o 1 L R S T P P 3

angle and 15-deg spiral or helix angle. It operated at 46 rpm,
corresponding to"a peripheral cuttlnqssgeedo 60 ft per min.

The data Cover tests on S.AE. 3125, 3130, 3135, and 3140
steels as shown plotted in Fig. 13. For recomputing, however,
an average of the values was usgd. _ ,

The ntmber of chips removed per minute is the rpm times the
number of teeth In the cutter and equals 46 X 12, or 552, in this
case. The feed in inches per tooth Is found by dividing the feed
In inches per minute by the number of chips removed per minute.
The horsepower 1s eqlal to the energy In foot-pounds per chi
times the number of chips removed per minute divided by 33,000.
In this case, E (the energy per chip) = 60 times hp.

Table 7 shows the feed in jnches per minute and inches per
tooth for 12 different feeds, and the horseFower and energy values
for 4 depths and 3 widths of cut and for all feeds for this Combina-
tion of cuter and material. _

_ Discussion of Ohio State Data. - Data for the shell-end mill cut-
tmgi SA.E. 3125-3140 steels, as taken from Table 7, are shown
plotted in Fig. 14.  Three widths of cut, \Vs, 3i6, and 11 in., were
run, and thé data are %rouped accordingly into' three %roups.
Four depths of cut of 2, 3, 4,and 5 In. were taken for each of 12
feeds ran%mg from V, to 20 n. per min. _ These feeds correspond
to 0.00091 10 0.0363 in. per tooth. In Fig. 14 the three, sets of
curves at the left, indicated by F, show energy values in foot-
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Founds plotted over feed per tooth as abscissas. In the upper
wo cuts, for the /n and /* in. widths, the points are seen o lie
very consistently on straight lines. In the lower set for the
Vs n. width, hovever, the points appear to lie on a line slul;htly
concave for the lighter feeds. The solid lines in this set at the
right have the sanie slope as those of the two upPer gro_uHs, while
the dotted lines represent the energy data for these light feeds.

The average slope of the solid lines is 0.833, while that for the
dotted lines is 0,68.  The slopes of the 4- and 5-In.-depth curves
of the Ji6-in.-wide cuts and the 4-in.-depth curves of the V-i-in.
cuts are sli htl¥ lower than the average. For these lines, it will
be noticed that the energy values are. relatively higher for the
Ilﬂhter feeds, This may ‘ndicate the influence of a dull cutter.
The slope of the 2-In.-depth curve of the I/ 4in.-width cuts IS
hqher and the energy values are also somewhat lowey, compared
with the other datd, toward the lighter teed end of the curve,
which may indicate that the cutter was a little sharper than aver-

age.
_glt is known that the energy Per chip varies. very nearly as the
first power of the width of Cut, gther conditions”remaining the
same. - However, the relativel hl[qh values of the points on the
dotted lines probably are not due o_dulllnq as they are too con-
sistent, but may be’due to the radius of the cutfer teeth nose,
which would have much more effect on this narrow cut, especially
at smaller feeds. _ .

The data for the two widths of Vs and Jie in. have been re-
plotted over the various depths of cut, resulting in the two Sets
of curves at the right in Fig. 14, labeled D.” Apparently, a
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changﬁ in the slope of the variable-feed lings for the Vs-in.-width
cuts "has had little effect on the variable-depth curves. The
average slope for both sets is 0,903, _

From the slopes of the variable-feed and variable-depth curves,
a %neral,mlllmg-energy formula for this material and cutter
can be written as

in which n is in foot-pounds per chip, t the feed per tooth in
Inches, d th? depth of cuf in inches, and w the width of cut in
Inches, as illustrated 1 Figs. 12 and 13,
From Fig. 14 several mterestmg and valuable facts are noted.
A formula of the t Be E = Cwix YIS f?und to hold, even when
the depth of cut eé als the diameter of the cutter. = As IS men-
tioned farther on under “Mathematical Analysis,” for this latter
condition there is no difference In cutting action between up and
down milling. The curves verify the fact that the dulling of a
cutter not only increases the energy values, but reduges the slope
of the curves.” The reduced slope’and high values indicated by
the curves for the smaller feeds of the narrow Va-in.-wide cufs
may involve the effect of nose radius.
1g. 15 shows graf)m_cally on Iog-,log_pa er the ener X_data,for
an alternate tooth slotting cutter 6 in."in diameter and™1 in. wide.
[t has 24 teeth, havmq (-dleg rake and 15-deg alternate helix.
SAE. 3125-3140 steely weré used, and six depths, namely,
S ‘A 1, and [ 1 in. were run; each with 12 feeds varying
from 0.000488 to 0.0195 in. per tooth.  Two sefs of curves are
shown. Those labeled F at the left are for variable feed and

Fig. 15 Values of Energy as Computed From the Ohio State Experiments for Alternate-Tooth Slotting Cutters 6 In. in

Diameter, 1 In. Wide, Having 24 Teeth, Each Having a

(Cutting S.A.E. 3125-3140 st(e)lellstoaga lotted grl(\]/\?a'lsogs&fpe[rﬁ%r
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Fig. 16 Values of Energy as Computed From the Ohio State Ex

Stab Mitl 4 In.in Diam¥eter, 6 In.

ide, Having 10 Teeth, W ith

and a Spiral Angle of 25 Deg

(Cutting S.A.E. 3125-3140 steels and plotted on log-log paper for various combinatipns
width of cut. The I-to-20 emulsion was used. ~The general formula obtained IS «
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constant depth, with the energy
values plotted over the feed, and
those labeled D at the rlqht are for
variable depth and constant feed
with the energy values plotted
over the valueS of depth.

_The data are exceptionally con-
sistent. and, due to the cormpara-
tlveIY large number of depths run,
the slope 0fthe variable-depth lines
IS well defined. ~ The slopes of the
two sets have been measured and
result in the e?uatlo,n for energy
values per chip for this cutter and
material, as follows:

E = 8800 w07 08

It was assumed that the IenﬂEh
of each tooth was equal to the
width of the slot, inasmuch as
definite information was lacking.
This is not correct, however, S0
the constant giwen I slightly lower
than 1s actually true. _

The energy values for a spiral
slab mill when m|II|n% the SAE.
3125-3140 steels are shown plotted
inFig. 16, The cutter was 4 n.
In djameter, 6 in. wide, and had 10
teeth, with 10-de? rake and 25-de
helix. Four widths of cut of 2,
4 and 5 In. were run for each of
three depths of 1», Vi, and < in.
The 12 feeds used ranged from
0.000953 to 0.0381 in, per tooth.
Four sets of variable-feed curves,
labeled F at the left in Fig. 16,
result from the recomputation.
Of these, three sets, namely, the
curves for widths of 2, 3, and 4
In., have agprox_lmately the same
slope of 0.72, while the Set for the 5
In. width is somewhat s_teeFer with
a slope of 0.8L.  Variable-depth
curves are not shown hecause
of Insufficient number of depths
run and general inconsistency of
the data. ~ To estimate what this
exponent would be, ?omts have
been taken from the straight lings
and plotted, resultlng In curves D.
The aver_a%e slope of these lines is
0.81, which probably is not exact.

These same points have been
plotted over variable-width values
In an attempt to check the as-
sumption that energyrvalues vary
directly as width. ~These curves
are shown at W, but the data are
too inconsistent to draw definite
conclusions.  The resultant
straight fines shown have a slope
of L0, which would be expected
for this range of widths.

The milling-energy formula for
this cutter and material is then
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Fig. 17 Values of Energy as Computed From the Ohio State Experiments for the Alternate-Tooth Slotting Cutter
) ]  Described in Fig. 15 o
(Cutting cast iron dry, as summarized in Table 8. The energy equation is E = 2000 w/0-*d0-* )

in which C = 8000. _ _ _

Recomputed values of Hhe Ohio State ExP_enments are given
for the alternate-tooth sott_mq cutter. cutting cast iron™dry.
The values are shown graﬁhlca ly in Fig. 17, With the energy
values for a constant widtn of 11n,, for Various depths from 73
to 1A In,, plotted over the feed in inches per tooth. ~ A series of
%rallel lings are obtained, the slopes of which all equal 0.56.

hen the energy values for constant feed are plotted over depth
of cut ininches, again a series of practically paralle] straight lines
are obtained the Slopes, of which'are 0.66,” This ?wes an energy
equation as developed from these series of lines 0

Recomputed values of energy in foot-pounds per chip for the
half-side mill cutting_cast iron‘are shown Plotted over the feed in
inches per tooth in“Fig. 18. Four sets of curves are shown, for
widths of cut, of Vs, Ji«, ‘A, and ’/«in, These data are se?n to
be mare erratic than any other presented. For each width of cut,
four lines indicate the qeneral tendencies of energ)( fluctuations
over feed per tooth, for Tour depths of cut of V2 1711* and 2 in.
While there are numerous inconsistencies, the general tendenc
of the lines Is to slope from the horizontal at an an(t;Ie whose tan-
gent is.0.71. The results were quite inconsistent for accurate

etermination of the slope of the variable depth lines for constant
feed, although_a slope of 0.91 had been obtained as representing
an averagee. This gives the general energy equation in foot-
pounds per chip as

It is believed that, in the case of half-side miIIin? in which only-
one cutter Is mounted on the arbor, an end thrust'is imposed on

the spindle_ bearing which gives rise to frictional forces which
materially influence the power deveIoF_ed by the motor. This

Influence 1s not accounted for In the calibration. o

Graphs similar to those shown in FI(IJS" 14 to 18, inclusive
were prepared for the half-side mill cutting S.A.E. 3125-3140
steels, and for the shell-end mill, slabbing mill, and a face

mill when' cutting cast iron dry. For brevm{ however, only
Figs. 14 to 18 aré presented here. Data for all of these curves
aré summarized in Table 8. _

_In milling the S.AE. 3125-3140 steels with the 1-to-20 emul-
sign with the shell-end mill, alternate-tooth slotting mill, slabbing
mill, and half-side mill, various formulas and Constants were
obtained as summarized in Table 8. It 15 seen, for Instance, that
the energy in foot-Pounds per chip formulas fo_r_slottm? and slab-
bm% are practically identical wjth the coefficients of feed and
depth and also thé constants of the slotting mill_only shghtl{y
higher than those for slabbing. The rake a tgle of the' two cuf-
ters is 10 de?, while the helix an?Ie i 15 deg for the slotting mill
and 25 deg Tor the slabbing mill. ~The results confirm those of
the author's’ experiments that a difference n_helix anﬁle Causes
very slight, if any, differences in the equations. The enerqy
equation for the Half-side mill cutting steel has exponents onlfy
slightly higher than the corresponding ones in the slotting and
slabbing mill equations. 1t might hé expected that this equa-
tion would be Detween those for sI_ottm? and slabbing, inas-
much as it rePresents only one-half side of the slotting. ~ This Is
not borne out, however, and, the constant jtself bem% consider-
ab_IY higher than the constants_ for the slotfing. an slabbmg
mills, would Iindicate_greater friction on the. spindle bearing
due o end thrust. . There aﬁpears to be considerable difference
between the equations for the shell-end mill and the half-side
mill. This, from analzsw would

not be ex?ected, inasmuch as
they have the same ra

e and helix angles.  The constant for the
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Fig. 18 Values of En
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shell-end mill formula is greatest of all cutters,
due Pre_sumably to greatér end thrust on the
spindle, inasmuch as the depth of cut ranges from

to 5 in., whereas that for the half-side mill is
from Vato2in.

At the extreme right in Table 8 are shown values
of horsepower per cubic inch per minute for each
of the various cutters when takln% 0.010 in. feed
per tooth and a depth of 1in.  The slabbing mill
|sff_m_ostt efficient, while the half-side mill is” least
efficient.

An analysis of the equations resulting from the
use of dlifferent cutters when machining cast fron
EY (I;lven at the bottom of Table 8, shows the effect
of the same tendencies_as when milling steel, as
previously discussed. The horsepower” per cupic
Inch Per minute is least when using the slotting
and slabhing_cutters and greatest when using the
face mill. “That for the face mill is slightly
greater than that for the side mill, due again”pré-
sumably to the additional thrust because of the
great depth of cut, 4to § in, o

From the data shown in Table 8, it is obvious
that a half-side tyFe of cut does not give values
midway  between” that for the slabbing mill and
the slotting mill, presumably due to thé influence
of friction” on the spindle” due to end thrust,
This might be true where the lialf-side cuts are
made b% straddle milling, in which no thrust is
put on the spindle.

A Mathematical Analysis of Cutting
Formulas

In concluding this paper, the authors wish to
Present a mathématical analysis of mlllmg-energy
1Eormulas. These formulas “have all been of the
orm

where, in most cases, the value of the constant C
was different for up and down milling, and often
the values of the ‘exponents x and 'y also were

ifferent.

When d, the depth of cut in inches, equals one-
half the cutter diameter, the greatest difference
between up and down cutting is obtained, but as
it increases beyond one-half 0f the diameter, the
two methods “of cutting aPproach each other.
When d is equal to the cutter diameter, the two
methods are identical, and It is obvious that, for
this cage, the energy values E for a specific_ chip
size will ‘he the same for up and down_milling.
This condition occurs commonly in face-milling op-
erations where the width of thé cut, corresporiding
to the depth of cut in these investigations, is often
the full width or diameter of the cutter. _

L et subscript u denote u‘o milling and subscript
d denote down mﬂlmq. Also, let 1, the depth of
cut In inches, equal D, the cutter diameter in
t|Hches, which 1s a constant. For this condition,

en
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TABLE 8
, A summary of the results of the Ohio State Experiments, together with the recomputed data based on feed and depth of cut
Material ( f th Its of the Ohio S i her with th d data based on feed and depth of cut)
an e o — Cutter- . Value  Horsepower  Horse
cHttJng . Diam Na. Topl angles Range of test data Energ: o# percum.  power per
{id -—SPeRl—  lroromeenn -
Kind V\?Pﬂ teogthﬁ%%%’ﬁ%elﬁ(’Rp%ﬁ)e%n Width |nF|enecj1es Depth %ﬂn%’?ﬁé stce?nnts f%?rrnuﬁns curlnnl.nBer
ghell-end mil Bd 2 10 15 4 6 180 0 §091 25 om0 33000 "o 099
SAE 3125- R¥°tting& mill, alternate 4, & 8.’ 82?88 Ifi o -
344 sl toof tho# oo 58w ] 8 %33 oo g0 g0 € g 0885
i ing mi v d !
Juneco labbing mill %*W 10 10 25 53 5 25 8 %B;g stt? CwWP-Mo-ut 8000 33000(13“ i 0877
H H " 5 i 0 7id0 C
Half-side mill 6'd 24 1 15 3 6 V&L 80%&31 Aifo Cuf7id® 10700 5a50 .50 5 1.0
Stellend mille &6 R w 15 4 60 Vg 8'. %Bﬁ 35 OWPDrD 3100 g3000fp apen0 0592
{ ?OOIH'E Mifl, allernate @'\% U o 15 3 B 1 8%8888 Vﬁ?fk (710.56"0.66 2000 33000%4‘“0‘34 0.460
Ca(frtylron’ Slabbing mill égv 0 10 % 6 65 26 8 %8% VS\}g Cwi05t 6 1600 33000%_*%0 gz 0465
Half-side mill 6 2 D 5 B o0 i o Voo CwPADS 530 33000 ez g 0610
Fago én'BII (inserted §¢ u 15 . ¥ %BS 2 C

O'Plco'm'isfteeenq.' 132‘\?7-‘?&96% é@tg[\{ul(r)]gother slolltsln%mnls [A and Va-in. wide, were tested,

were incons cutter also“was tested.

But, Eu = Ed. Then, by transposing and eliminating w, the
equations become Y Hansposing J

For convenience in this analysis, let

Then
By taking logarithms,

or

Sincelis always less than 1, log/is always negative,

_This becomés a very illuminating equation,”showing that the
difference between the feed ex1ponents for up and down milling
i a function of the log of K. _The farther the value of K is from
]f the greater will be the difference between these exponents.
It K eqials 1, then log K equals zero, and the two exponents must
be equal.  For this Case

I the values of C are not the same, which in ?eneral istrue, then
the depth expanents yuand ya cannot be equa. _

Similarly, when K" does not e%ual 1, xu is greater than Xd if
CLD™ Is greater than CADVA ~ And conversely, xuTs less than xq,
it CL)™ s less than capvi. _

The' equation_also points out that the difference between the
feed exponents in the up and down milling equations is not con-
stant, but is a function of the log of the feed. If the difference
varies, the exponents also must vary and the variable_feed lines
cannot he absolutely straight lines on log-log paper. ~ This effect
will be very small when K’is nearly unity.

Examination of the experimental data will revea| many cases
which do not check this theoretical analysis. The reason Is

0 A 2-in.-diameter shell-end mill was tested also; the data

obvious from the_foregomg analysis, An equation of the form
E = Cwfdv, while accurate enough for all practical purposes,
IS not strictly correct, ‘The exponents themselves are a function
of the variatiles/ and d involved.

Conclusions

There are numerous final_conclusions drawn from the single-
point cutter data and the Ohip State Experimental data which
may be summarized briefly as follows:

Single-Point Cutter gwhen milling the free-cutting brass):

1 Al exPonents of teed and deﬁth and constants in the energy
equations are lower for land than for (I;r,oove cutting, due pre-
sumably to greater friction in groove cutting oy because the chip
IS cut dt each side, as well as-along the periphery when groove
cuttm%, as Shown in F|tg. 2

2 The exponents of the feed and depth are found to be the
same for up and down milling for groove cutting and also different
but the same for land cutting. = | .

3 Constants in the energy equation are lower for down milling
for the same type of cut. _

4 Increasing the rake angle materially decreases the energy
value E, as shown In F|Ig. 3 _ _

5 Increasing the helix angle has no consistent influence on
the_exponents, Constants, or efiergy until high values are obtained
which produce excessive friction.

(When milling S.A.E. 1020 steel): _

6 The conclusions %lven for free-cutting brass hold in general.

I Itisfound that the exponents of feed and depth are Slightly
idr:flf:%renztl when cutting up than when cutting down, as indicated

8 gThe dr_oB in energy. due to higher values of rake angle is
very appreciable, as indicated in Fig. 5. This falling Off of
ene_rgy with increased rake angle ap;%ears to become much less
raE| Wwhen the rake angle is 25 deg.  The value of E for the 0-deg
rake angle is over 100 per cent more than that for the 25-Geg rake.

(When milling S.A.E. 1112 steel):

9 The results obtained, as shown in Figs. 6 and 7, confirm
those for the S.A.E. 1020 steel. The percentage drop in energy
due to rake angle is less pronounced.
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(When milling S.A.E. 3250 steel):

10 There appears to be little or no difference in values of ex-
ponents, constants, or energy values when milling up or down.
For this steel it appears that the values of the feed and depth
exponents are somewhat higher for land cutting than for groove
cutting, as indicated in Fig. 8.

11 The energy values decrease uniformly with increase in
rake angles up to 20 deg, but show that the energy for groove
milling is greater than for land milling shown in Fig. 9.

(By comparing the results obtained from the three steels discussed):

12 It is seen that the S.A.E. 1112 steel gives energy values
slightly below the average for the three steels, the S.A.E. 1020
steel gives values about equal to the average of the three, while
the S.A.E. 3250 gives values slightly above the average steel.

13 Steels S.A.E. 1020 and S.A.E. 1112 give lower values of
energy when cutting down than when cutting up, while S.A.E.
3250 shows very little difference in energy values for these two
types of cuts.

14 The constants for cutting down for all steels averaged as
shown in Fig. 10 are considerably lower than when cutting up in
all cases except that for the O-deg rake. The average constant
for the 25-deg rake angle is about 55 per cent of that for the 0-deg
rake angle. There is a tendency for the constant curves to be-
come horizontal for the greater values of rake.

15 The constants for land cutting are considerably lower than
the corresponding values for groove cutting.

16 The constants, when plotted over the side rake or helix
angles in Fig. 10, are seen to remain practically constant.

17 The average horsepower per cubic inch per minute values
for all steels are shown in Fig. 10 to fall off uniformly with an
increase in rake angle until a 20-deg rake angle is reached, after
which there is little additional reduction in power values for an
increase in rake angle.

18 The power values remain practically constant for various
values of helix angle when the rake angle is constant. For groove
cutting, the energy increases perceptibly for helix angles above
20 deg, due presumably to increased friction.

19 Energy values for groove cutting are shown to be higher
than those for land cutting, due presumably to the types of cut.

20 It is shown in Fig. 11 that the values of the exponents of
feed and depth remain practically constant for all values of
rake and helix. Variations are introduced for high values of
helix angle in groove cutting, however.

The Ohio State Data:

21 After reworking all of the Qhio State experimental data
and plotting energy values on a basis of feed per tooth and depth
of cut as variables, the conclusion is reached that energy equa-
tions of the form £ = Cuwf®d¥ hold for all combinations of feed
and depth, even for values of depth of cut up and equal to the
diameter of the cutter.

22 It also is shown that this formula holds alike for plain
mills, half-side mills, side mills when groove cutting, shell-end
mills, and face mills. It must be remembered, however, that
the depth of cut in these cases is measured in the plane of the
diameter of the cutter, while the width is measured axially, as
shown in Fig. 12. Half-side cuts, as shown at C, D, and E in
Fig. 12, do not give equation values midway between slabbing
cuts as shown at A and groove cutting as shown at B, as might
be expected from an analysis. This is due, undoubtedly, to the
unbalanced effect of a single cutter. This condition would, it
is believed, be rectified if half-side cuts were taken with two op-
posed cutters so as to eliminate the end thrust on the spindle.

General Conclusions:
23 It has been found from all experiments with the single-
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point cutter, as well as from the commercial type of cutter of
various classes, that all milling-energy data can be expressed by
the equation E = Cuf d".

24 It is shown that the net power values of commereial mill-
ing, when reduced to energy in foot-pounds per chip as a function
of feed and depth of cut, agree very closely with corresponding
values obtained from the single-tooth cutter in the pendulum-
type machine. It is believed that for research purposes, the
values obtained with the pendulum-type machine are more
accurate than those obtained with the commercial machine,
particularly where net motor horsepower, as measured by a watt-
meter, is used.

25 It is shown that the different materials respond differently
to the same change in front-rake angle of the tool, as far as energy
is concerned. One metal may be removed much more efficiently
with a high rake angle than with a low rake angle, while another
may be removed with only slightly greater efficiency. This also
has been shown previously in Fig. 26 of a paper, “Research in the
Elements of Metal Cutting.”’®

26 Different exponents and constants are obtained in the
energy equation for the same tool when cutting different ma-
terials. Each material seems to give rise to its own character-
istic constants and exponents. Small changes in structure or
composition of a metal also will produce these changes.
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Discussion

Hans ErnsT.” The investigation described in this paper is an
excellent extension of the field covered by ‘“Elements of Milling,
Part 1.” It is gratifying to see that this investigation has
covered the effect of helix angle on both land and groove eutting;

- also the effect of front rake in both cases.

Many interesting points are brought out in the tables and
charts that accompany the paper. Chief among these is the
very marked decrease in the energy per chip as the rake angle is
increased. This is particularly true in the case of S.A.E. 1020,
the large reduction in this case being probably due to the ductile
nature of this material.

A peculiar feature of the test on free-cutting brass is the
considerable increase in energy value per chip between 0- and 10-
deg helix angle when cutting on a land. It is difficult to account
for this, as one would normally expect a gradual reduction be-
tween 0 and 10 deg, just as has been found from 10 to 40 deg.
The increase in energy with increase in helix angle when milling
in a groove is of course readily explained by the increased oppo-
sition to free flow of the chip by interference with the size of the
groove.

It is hard to account for the slight rise in the energy value
per chip which was found in some cases when the rake angle

¢ Trans, A.S.M.E., vol. 48, 1926, pp. 749-848.
7 Research Engineer, Cincinnati Milling Co., Cincinnati, Ohio.
Mem. A.S.M.E.
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(when cutting on a land) was increased from 20 deg to 25 deg.
In the case of S.A.E. 3250, one might reason that with this tough
material the vertical component of the chip pressure against
the nose of the cutting tool was sufficiently great to deflect it
downward against the work surface, thus possibly causing an
additional drag thereon, but this argument appears to fall to
the ground in the case of the free-cutting brass where a similar
increase in power is noted, yet where the chip pressure must be
very much lower.

The somewhat erratic changes in the values of the feed and
depth exponents (particularly the latter) is likewise difficult
to explain. It is possible that this may be due to chance differ-
ences in the smoothness of the lip surface of the cutting teeth,
when changing from one rake angle to another. In our own
work, we have found that the condition of lip surface has a
tremendous influence on the formation of the built-up edge.
In fact, I have recently found in the case of a special cemented
carbide that no built-up edge whatever was produced under the
same conditions that, with other cutting materials, would pro-
duce a very substantial built-up edge. Obviously, as the forma-
tion of the built-up edge is usually a function of the instantaneous
chip thickness, it would seem that very slight differences in the
character of the lip surface of the tool would have a marked
effect upon the value of the depth exponent.

It is interesting, and important, to note the general cor-
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respondence between the results obtained in the Ohio State
experiments and those obtained with the single-point tool,
though here again the perplexing variations in the values of the
feed and depth exponents show how dependent all the energy
values are upon the particular mechanism of chip formation
existing in the ease of each test.

In commenting on the finish produced on up and down milling
it is mentioned that, in cutting up, ‘“the chip has a tendency to
cling to the cutting edge, and, if left on, would be dragged under
the cutter on the next cut, marring the surface.” From our
experience we believe that such a condition depends largely on
the material, feed per tooth, and cutting fluid used and can
scarcely be considered as a condition inherent in up cutting.
In commercial milling, the finish with down cutting is usually
worse than with up cutting on ductile materials such as the low-
carbon steels, but may be better in the case of high-carbon steels
or cast iron.

In commercial milling we have found that the chips in down
milling are usually flatter than in up milling, which is contrary
to the results reported in the paper. Here again, the action
of the built-up edge on chips produced under commercial condi-
tions may be responsible for the difference.

The authors should be commended for their painstaking
work in the conducting of these tests and their analysis of the
results obtained.




