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Preface

Principal metalcutting operations are milling, turn-
ing, boring, and drilling. Milling is a discontinuous type
of cutting, and drilling is a continuous cutting process.
Turning and boring are either continuous type of cut-
ting (in most cases) or discontinuous cutting processes.
Discontinuous turning and boring are also called inter-
rupted cutting, which takes place when machining
workpieces with keyways, splined shafts, etc. These
metalcutting operations, despite their differences, have
at least two common features:

1 mechanical properties of work materials should
be taken into consideration when selecting cut-
ting conditions,

2 the workpiece must be shaped by means of chip
removal to become a certain product, part of a
machine, or a device.

Engineering formulas for each of the machining oper-
ations will show their differences and similarities.
Formulas developed by the author are included (con-
version of hardness numbers from one type into
another, calculation of tensile strength of work materi-
als, calculations of cutting forces, power consumption,
and other parameters), plus conventional formulas to
calculate cutting speed, feeds, metal removal rate, cut-
ting time, and more.

Metalcutting uses an integrated system consisting
of three elements: a workpiece, a cutting tool, and a
machine tool (lathe, milling machine, machining cen-
ter, and a drilling machine). The formulas are here
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described in the same sequence, so the complexity of
metalcutting will be better understood.

All formulas are presented in both customary U.S.
and metric units of measure. Data in metric units is
based on Systeme International d’Unites (SI).

The level of difficulty of this handbook is low enough
that it can be used by anyone involved in metalcutting:
machinists, technicians, and engineers. Any metal-
working professional will find this handbook handy and
practical. The handbook can be useful for students of
various manufacturing professions at trade schools,
technical colleges and universities.

The original intention was to include as much infor-
mation as possible. However, if some useful formulas,
which you need, were not included, the editor would
appreciate hearing about missing formulas as well as
comments on the book. Any omissions and suggestions
can be added in future edition.

Edmund Isakov, Ph.D., June 2003
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Chapter 1

MECHANICAL
PROPERTIES OF WORK
MATERIALS

Work material becomes a workpiece when it is fixed
in the machine tool (lathe, machining center, milling
machine, etc.) and is being machined. Traditionally,
guidelines for selection of cutting tools (geometry and
grades) are based on tool application considerations
with only limited attention to workpiece mechanical
properties. The most important mechanical properties
from the machining viewpoint are hardness and tensile
strength. Knowledge of hardness, tensile strength and
any relationship between them, adds to the guidelines
for the application of cutting tools, which, in turn,
increases the effectiveness of machining (estimating
cutting forces, torque values, and required power).

1.1 HARDNESS
Hardness of metals is a measure of their resistance to
deformation. From the machining viewpoint, hardness
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Mechanical Properties of Work Materials

is the resistance to cutting. Various static indentation
and dynamic methods are used to measure hardness.
Typical static indentation methods are Rockwell,
Brinell, Vickers, and Knoop hardness testing, which
use different loads and indenters. A typical dynamic
(rebound) method is Scleroscope hardness testing, also
known as the Shore method.

1.1.1 Rockwell Hardness

Rockwell hardness testing is applied to most metals
and alloys, from annealed steels and copper alloys to
cemented carbides. There are two types of tests:
Rockwell standard and Rockwell superficial. The cor-
rect way to indicate Rockwell hardness is with three let-
ters. The “H” indicates hardness, the “R” stands for
Rockwell and the last letter indicates the scale in use.
There are 15 standard hardness scales: A, B, C, D, E, F,
G, H, K, L,M, P R, S, and V. The most common are the
A, B, and C scales. Superficial hardness scales include
N, T, W, X, and Y. The major loads for all five of these
scales are 15 kgf, 30 kgf, and 45 kgf (approximately
33 1Ibf, 66 1bf, and 99 Ibf, respectively) where f means
force. The load value stands after letter “R” and pre-
cedes the letter indicating scale. The most commonly
used scales are N and T. Examples of how to indicate
Rockwell superficial hardness numbers are 55 HR30N
and 86 HR15T, while 84 HRA, 95 HRB, and 65 HRC, are
examples of Rockwell standard hardness numbers.
Indicating the scale with a subscript letter (R, R;;, R,
ete.) is no longer considered best practice.
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Scale A is used primarily to measure the hardness of
cemented carbides, thin steel, and shallow-casehardened
steel. The major load is 60 kgf (132 1bf) applied to a
120° spheroconical diamond indenter. Readings
between 61 HRA and 85 HRA are normal range values
when the hardness of heat-treated carbon, alloy, and
tool steels is measured. Typical hardness values for
cemented carbides range from 83.0 to 94.5 HRA.

Scale B is used to measure the hardness of nonfer-
rous metals and alloys, including some grades of wrought
aluminum alloys and wrought copper alloys, soft grades
of cast irons and unhardened steels. The major load is
100 kgf (220 1Ibf), which applied to a 1/16-inch-diameter
(1.588 mm) ball indenter. Readings between 20 and
100, the minimum and maximum values, are in the nor-
mal range. The Rockwell B hardness numbers for car-
bon and alloy steels in the annealed, normalized, and
quenched-and-tempered conditions are between 55
and 100.

Scale C is for heat-treated steels, cast irons, tita-
nium alloys, and other metals harder than 100 HRB.
The major load is 150 kgf (330 Ibf), which is applied to
a 120° spheroconical diamond indenter. Readings
between approximately 20 and 68—the minimum and
maximum values—are most accurate and are accepted
as the normal range. The hardness of cemented car-
bides and PVD and CVD coatings should never be tested
with Rockwell C scale.

N Scales are for materials similar to those tested
with the A, C, and D scales, except they are of a thin-
ner gauge or case depth. Each of the three major loads
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mentioned above is applied to the same indenter used
for scale A. The Rockwell N superficial hardness num-
bers measured at the 30-kgf load for carbon and alloy
steels in the annealed, normalized, and quenched-and-
tempered conditions are between 42 (minimum) and 84
(maximum) values.

T Scales are used for materials similar to those tested
with the B, F, and G scales, but they are of a thinner
gauge. Each of the three major loads mentioned above
is applied to the same indenter used for scale B.
Readings between approximately 53 and 82—the min-
imum and maximum values—are accepted as the nor-
mal range at a 30-kgf load.

1.1.2 Brinell Hardness

The Brinell hardness value is a combination of a
two-digit or three-digit number followed by two letters:
“H” is for hardness and “B” is for Brinell. 90 HB, 250 HB
and 320 HB are examples of how to indicate Brinell
hardness numbers. Indicating Brinell hardness with
letters BHN or Bhn is no longer considered best prac-
tice. The standard test loads are 500, 1000, 1500, 2000,
2500, and 3000 kgf. The most common loads are 500
and 3000 kgf (approximately 1,100 and 6,600 Ibf),
which applied to the 10-mm ball indenter. There are
two types of 10-mm balls: standard, made of hardened
steel, and tungsten carbide.

The 500-kgf load and hardened steel ball are used for
testing unhardened steels and soft grades of wrought
aluminum and copper alloys. The most accurate read-
ings are between 16 HB, for very soft aluminum, and
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100 HB, for unhardened and soft-tempered steels, gray
and malleable cast irons.

The 3000-kgf load is used for testing hardened and
tempered or annealed steels (except case hardened
steels), cast irons, titanium alloys, and high-temperature
alloys such as nickel-base and cobalt-base. Hardened
steel ball indenters are used for testing materials up to
444 HB. Tungsten carbide ball indenters are recom-
mended for similar materials having a hardness num-
ber ranging between 444 HB and 627 HB.

1.1.3 Vickers Hardness

The Vickers hardness value is a combination of a
number and the letters “HV”. The “H” indicates hard-
ness and the “V” is for Vickers. For example, 360 HV
represents the Vickers hardness number of 360.

The Vickers indenter is a square-based, pyramidal
diamond having an included angle of 136°. The load,
which is applied for 30 seconds, may be one of the fol-
lowing: 3, 10, 20, 30, 50, or 120 kgf.

Vickers hardness numbers for carbon and alloys
steels in the annealed, normalized, and quenched-and-
tempered conditions are between 85 and 940—the min-
imum and maximum values. Vickers hardness numbers
for indexable cutting inserts made of cemented car-
bides are between 1000 HV and 1950 V.

1.1.4 Knoop Hardness

The Knoop hardness value is a combination of a
number and the letters “HK”. Knoop hardness numbers
are similar to Vickers hardness numbers. The Knoop
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indenter is a rhombic-based, pyramidal diamond with
an included longitudinal angle of 172°30" and an included
transverse angle of 130°. The load ranges from 1 to
10000 grams (gf). The most commonly applied loads are
100, 500, 1000, and 3000 gf.

Knoop hardness numbers at the 500-gf load for car-
bon and alloy steels in the annealed, normalized, and
quenched-and-tempered conditions, are between 97 HK
(the minimum value) and 920 HK (the maximum) value.

Vickers and Knoop hardness tests are often used for
measuring hardness close to the edge of a workpiece—
areas where Rockwell or Brinell hardness tests cannot
be employed because their indenters require signifi-
cantly higher loads. Vickers and Knoop hardness tests
are applicable to thin metals, hard and brittle materi-
als, and materials with surfaces that are carburized or
nitrided. The Vickers and Knoop are the only methods
that can be used to measure the microhardness of
superhard materials such as CBN (cubic boron nitride)
and PCD (polycrystalline diamond).

1.1.5 Scleroscope Hardness

The Scleroscope dynamic hardness tests are used
when numerous quality checks must be performed and
for measuring hardness of large forged steel pieces with
a minimum weight of 2.27 kg (5 Ib) or wrought alloy
steel rolls. Two models of Scleroscope hardness testers
are available: Model C and Model D. The major differ-
ence between these two models is that the Model D
Scleroscope employs a heavier hammer and a shorter
rebound height then the Model C Scleroscope. However,
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falling hammers of both models develop the same strik-
ing energy. The Model C Scleroscope employs a diamond-
tipped hammer falling onto the surface of the metal
being tested. The hammer, which weighs about 40 grains
or 2.6 grams (1 grain = 0.0648 gram), is dropped from
a fixed height of 10 inches (254 mm).

The Scleroscope hardness number is a measure of
the height of rebound of the diamond-tipped hammer.
The Scleroscope scale is graduated from O to 140. As the
hammer strikes the metal, it rebounds, and the harder
the metal, the greater the rebound. Readings between
17 (minimum value) and 97 (maximum value) are the
most accurate and are accepted as normal range when
testing carbon and alloy steels in the annealed, nor-
malized, and quenched-and-tempered conditions.

More information about hardness testing equipment
and testing procedures is available in popular hand-
books (Ref. 1, p. 74-108; Ref. 2, p. 517-519) and, prob-
ably, can be found in some other publications.

1.2 HARDNESS-TO-HARDNESS
CONVERSION

Recommendations for cutting conditions, especially,
the cutting speed, are based on the work materials’
hardness. It is recommended that the cutting speed be
selected in relationship to the hardness numbers
(preferably, in Brinell) of the workpieces being
machined. If the hardness of a work material is given
in Rockwell numbers (B-scale or C-scale), Vickers
numbers, Knoop numbers, or Scleroscope numbers, it
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is a good practice to convert given hardness numbers
into Brinell hardness numbers.

Equivalent hardness numbers for Rockwell, Brinell,
Vickers, Knoop, and Scleroscope can be found in Ref. 1,
p. 109-114; Ref. 2, p. 520-523 and in some other pub-
lications. However, the published information is pre-
sented in such a cumbersome way that it is difficult to
use. Converting the above-mentioned hardness num-
bers into Brinell hardness numbers is more practical and
much easier. To express the relationship between Brinell
hardness numbers and any of the above-mentioned
hardness numbers, the author used the linear regres-
sion method to develop necessary equations.

Hardness conversion equations are listed in Tables
1.1 to 1.5. Equations to convert Rockwell B hardness
numbers and Rockwell C hardness numbers into Brinell

Table 1.1. Brinell—Rockwell B Hardness Relationship

Rockwell B Hardness Equations to Convert Rockwell B

Numbers (HRB) Hardness (HRB) into Brinell

From To Hardness (HB)

4 64.9 HB =1.117 HRB + 33.4
65 75.9 HB =2.279 HRB - 38.1

76 80.9 HB =2.727 HRB-71.3

81 85.9 HB =3.364 HRB — 123.1
86 90.9 HB =4.120 HRB — 187.9
91 95.9 HB =5.431 HRB - 307.0
96 100.0 HB =6.754 HRB — 434.2
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Table 1.2. Brinell—Rockwell C Hardness Relationship

Rockwell C Hardness

Numbers (HRC)

Equations to Convert Rockwell C
Hardness (HRC) into Brinell

From To Hardness (HB)

20 259 HB =5.328 HRC + 119.6
26 30.9 HB =7.077 HRC + 73.5
31 35.9 HB = 8.356 HRC + 34.5
36 40.9 HB =8.938 HRC + 13.6
41 459 HB =10.264 HRC — 41.1
46 50.9 HB =12.610 HRC — 149.3
51 55.9 HB =15.829 HRC - 311.9
56 60.9 HB =19.213 HRC - 499.7
61 65.3 HB =17.323 HRC - 386.5

Table 1.3. Brinell—Vickers Hardness Relationship

Vickers Hardness

Equations to Convert Vickers

M Hardness (HV) into Brinell
From To Hardness (HB)

85 149 HB =0.959 HV - 0.8
150 199 HB =0.949 HV + 0.9
200 249 HB =0.954 HV - 0.7
250 299 HB=0.922 HV +7.3
300 399 HB=0.944 HV + 1.0
400 499 HB =0.909 HV + 15.0
500 700 HB =0.935 HV + 2.2
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Table 1.4. Brinell—Knoop Hardness Relationship

Knoop Hardness

Numbers (HK) Equations to Convert Knoop

Hardness (HK) into Brinell

From To Hardness (HB)

97 199 HB =0.920 HK - 8.0
200 299 HB =0.996 HK — 23.9
300 349 HB =1.030 HK - 34.3
350 399 HB =0.871 HK + 21.5
400 499 HB = 0.774 HK + 60.0
500 599 HB = 0.840 HK + 26.5
600 700 HB =0.917 HK - 19.4

Table 1.5. Brinell—Scleroscope Hardness Relationship

Scleroscope Hardness Equations to Convert Scleroscope

Numbers (HS) Hardness (HS) into Brinell
From To Hardness (HB)
17 20 HB =5.000 HS + 26.0
21 40 HB=7.013HS -11.8
4 50 HB =8.260 HS — 62.3
51 60 HB =8.354 HS - 68.3
61 80 HB = 10.593 HS - 207.0

hardness numbers are given in Table 1.1 and Table 1.2
respectively.

Equations in Tables 1.3, 1.4, and 1.5 were developed
to convert Vickers, Knoop, and Scleroscope hardness
numbers into Brinell hardness numbers respectively.
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Converted Brinell hardness numbers calculated by
equations in Table 1.1 through Table 1.5 may differ by
less than £1.0% from the actual Brinell hardness num-
bers measured using a 3000-kgf load.

1.3 STRENGTH-HARDNESS
RELATIONSHIP OF WORK
MATERIALS

When the cutting edge penetrates into a work mate-
rial at a given depth of cut and feed rate, a deformed
layer from the workpiece flows as a chip. The mecha-
nism of chip formation is a complex process of elastic-
plastic deformation of metal removed from the
workpiece. Understanding this process can be simpli-
fied by considering three phases taking place during
cutting.

1. Material in the “cutting zone” (between the cut-
ting edge and the undeformed layer of work
material) is always under compression.

2. The deformed layer in the “cutting zone” trans-
forms into a chip when a cutting edge generates
sufficient stress, to overcome the ultimate ten-
sile strength of the work material.

3. Separation of the chip from the parent material
takes place in the “shear zone” near the cutting
edge due to the shear stress.

Major properties of the work materials that influ-
ence the choice of a cutting insert grade, geometry,
and machining conditions are the hardness and the
ultimate tensile strength.

11
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Steels that have been “fully hardened” to the same
hardness when quenched will have about the same ten-
sile strength regardless of their composition and alloy-
ing elements (Ref. 2, p. 473). The same publication
recommends two formulas (p. 521) for approximate
relationship between Brinell hardness (HB) and tensile
strength (o, psi) that can be applied to steels:

6 = HB x 515 for Brinell hardness up to 175 HB,
6 =HB x 490 for Brinell hardness higher than
175 HB.

These formulas provide an accuracy +6% or better
when used for calculating ultimate tensile strength of
carbon and alloy steels, except for AISI 4340 alloy steel
with the hardness range of (390-600) HB. If these for-
mulas were used for the majority of stainless steels, the
accuracy would be in the range of (10-20)%. These for-
mulas are not recommended to calculate ultimate ten-
sile strength of the majority of tool steels, because the
Rockwell C-scale is used to measure their hardness
(except for P20 mold tool steel, the hardness of which
is also provided in Brinell numbers).

To increase accuracy in converting hardness num-
bers into ultimate tensile strength not only for steels but
also for other work materials, the author applied sta-
tistical treatment of data and linear regression analy-
sis for developing numerous formulas to calculate the
ultimate tensile strength as a function of the work mate-
rial hardness with a minimal error and the maximum
correlation coefficient (Ref. 3, p. 20-24).

The ultimate tensile strength (in psi) of carbon,
alloy, some stainless, and some tool steels should be

12
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calculated by:
o =HB x 500 (1.1)

Formula (1.1) is recommended for low-carbon,
medium-carbon, and high-carbon steels, alloy steels,
some stainless, and some tool steels. The range of
Brinell hardness numbers for these steels is as follows:

® (90-250) HB for low-carbon steels
(130-270) HB for medium-carbon steels
(170-360) HB for high-carbon steels
(140-370) HB for most alloy steels including
(200-580) HB for AISI 4140 alloy steel
(155-595) HB for martensitic 400-series stainless
steels
(250-430) HB for precipitation-hardening stain-
less steels (PH and AM types, and Custom 450)

e (200-250) HB for H type tool steels.

Exceptions were found for AISI 4340 alloy steel with
the hardness numbers between 390 HB and 600 HB, and
for precipitation-hardening stainless steels including
17-7 PH, PH 15-5 Mo (HB > 430), and Custom 455 with
the hardness numbers between 370 HB and 440 HB.
Formula (1.2) and formula (1.3) should be used to calcu-
late the ultimate tensile strength of AISI 4340 alloy steel
and precipitation-hardening stainless steels respectively:

6 = HB x 540 (psi) (1.2)
6 = HB x 550 (psi) (1.3)

The ultimate tensile strength of the austenitic 300-
series stainless steels with the hardness range of

13
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(140-180) HB should be calculated by formula (1.4),
which provides an accuracy of £7% or better

o =B x 560 (psi) (1.4)

The ultimate tensile strength of the austenitic 300-
series stainless steels with the hardness range of (190-
370) HB should be calculated by formula (1.5), which
provides an accuracy of +7% or better

6 = HB x 470 (psi) (1.5)

Formula (1.5) provides an accuracy of +3% or better
when applied to the ferritic 400-series stainless steels
with the hardness range of (140-190) HB.

To convert ultimate tensile strength from psi or 1b/in®
(customary U.S. units of measure) into N/mm? (metric
units of measure), the value of ¢ must be divided by the
conversion factor of 145.0377. For example, AISI 1045
medium-carbon steel with the hardness of 280 HB will have
the ultimate tensile strength calculated by formula (1.1):

¢ =280 - 500 = 140,000 psi

or

140,000

- - _ 4 2
145.0377 205 Nmm?.

Statistical treatment of data and linear regression
analysis resulted in development of formulas for cal-
culating ultimate tensile strength for a variety of work
materials depending on their hardness. These formulas
are shown in Tables 1.6-1.13.
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Chapter 1

The majority of formulas given in Tables 1.6 to 1.13
are the linear regression equations similar toy=ax + b,
where y is the ultimate tensile strength, «x is the hard-
ness number (HB, HRB, HRC, and HK), a is a slope, and
b is an intercept. Other formulas are developed by sta-
tistical treatment of data and are similar to y = Ax,
where A is a coefficient of proportionality based on the
arithmetic average of the ultimate tensile strength to
hardness number ratios.

The raw data of hardness numbers of ferrous and
nonferrous alloys and respective ultimate tensile
strength values can be found in various handbooks,
four of which the author used to develop linear regres-
sion formulas (Ref. 4, pages 7-462; Ref. 5, pages 20,
767, 864; Ref. 6, pages 49-51, 617; and Ref. 7, pages
10-19, 211-220).

The following examples show how accurately the
ultimate tensile strength can be calculated by using
formulas given in Tables 1.6-1.13.

Table 1.6. The ultimate tensile strength for the AISI
type 304 stainless steel with a hardness of 149 HB is
calculated by the formula shown in the 2nd row. For the
same stainless steel with the hardness of 240 HB, the
ultimate tensile strength is calculated by the formula
shown in the 3rd row.

The 2nd row: 6 = 457 HB + 16910 = 457 - 149 +
16910 = 85,003 psi

The ultimate tensile strength is 85,000 psi (Ref. 4,
p. 274)
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The formula provides an accuracy of

[M) - 100% = 100%

85,003 =

The 3rd row: ¢ = 534 HB - 16280 = 534 - 240 —
16280 = 111,880 psi

The ultimate tensile strength is 110,000 psi (Ref. 4,
p. 274)

The formula provides an accuracy of

(Mj - 100% = 98.3%
111,880
Table 1.7. The ultimate tensile strength for the AISI
type P20 tool steel with a hardness of 286 HB is calculated
by the formula shown in the next to last row. For the same
tool steel with the same hardness, the ultimate tensile
strength is also calculated by the formula shown in the
last row to compare the accuracy of these two formulas.
Next to last row: 6 =545 HB - 11770 = 545 - 286 —
11770 = 144,100 psi

The ultimate tensile strength is 144,000 psi (Ref. 3,

p. 146)
The formula provides an accuracy of
144,000 y
—144,100 - 100% = 99.9%

The last row: ¢ =520 HB =520 - 286 = 148,720 psi
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The formula provides an accuracy of

(144,000

il el 0/ — 0,
148,720] 100% = 96.8%

The linear regression formula is more accurate.
Table 1.8. The ultimate tensile strength for the ASTM
A grade 60-40-18 ductile cast iron with a hardness of
143 HB is calculated by the formulas shown in the 2nd
and 3rd rows.
The 2nd row: 6 =450 HB = 450 - 143 = 64,350 psi
The ultimate tensile strength is 60,000 psi (Ref. 3,
p. 152)
The formula provides an accuracy of

60,000
64,350

j - 100% = 93.2%

The 3rd row: 6 =467 HB-4720 =467 - 143 -4720 =
62,061 psi
The formula provides an accuracy of

[60, 000

- 100% = 96.7%
62,061) ’ ’

The linear regression formula is more accurate.

Table 1.9. The ultimate tensile strength for Ti-6Al-
4V (one of alpha-beta titanium alloys) with a hardness
of 32.2 HRC and 350 HK can be found by the formulas
in the 3rd and Sth rows respectively.
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The 3rd row: ¢ =3300 HRC + 35230 =3300 - 32.2 +
35230 = 141,490 psi

The ultimate tensile strength is 145,000 psi (Ref. 6,
p. 617)

The formula provides an accuracy of

141,490
. 0/ — 0
(145’000) 100% = 97.6%
The 5th row: 6 =440 HK+ 2910 =440 - 350 + 2910 =
156,910 psi
The ultimate tensile strength is 154,000 psi (Ref. 6,
p. 617)

The formula provides an accuracy of

[MJ - 100% = 98.1%
156,910

Table 1.10. The ultimate tensile strength for
2024-T3 wrought aluminum alloy (one of 2000 series)
with a hardness of 120 HB is calculated by the formula
shown in the 2nd row. The ultimate tensile strength for
7075-T6 wrought aluminum alloy (one of 7000 series)
with a hardness of 150 HB is calculated by the formula
shown in the last row.

The 2nd row: o = 555 HB + 2150 = 555 . 120 +
2150 = 68,750 psi

The ultimate tensile strength is 70,000 psi (Ref. 6,
p- 49)
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The formula provides an accuracy of

68,750
70,000

j - 100% = 98.2%

The last row: 6 =558 HB - 409 =558 - 150 — 409 =
83,291 psi

The ultimate tensile strength is 83,000 psi (Ref. 6,
p. 51)
The formula provides an accuracy of

(83,000

- 100% = 99.6%
83,291

Table 1.11. The ultimate tensile strength for

242.0-T61 cast aluminum alloy with a hardness of 110 HB
is calculated by the formula shown in the 2nd row. The
ultimate tensile strength for 355.0-T62 cast aluminum
alloy with a hardness of 105 HB is calculated by the for-
mula shown in the 3rd row.

The 2nd row: o = 446 IIB — 4465 = 446 - 110 —
4465 = 44,595 psi

The ultimate tensile strength is 47,000 psi (Ref. 6,
p. 157)

The formula provides an accuracy of

44,595
47,000

The 3rd row: ¢ = 448 HB — 645 = 448 - 105 — 645 =
46,395 psi

J - 100% = 94.9%

27



Mechanical Properties of Work Materials

The ultimate tensile strength is 45000 psi (Ref. 6,
p. 164)

The formula provides an accuracy of

(45,000

. o — 97 ()9
46,395] 100% = 97.0%

Table 1.12. The ultimate tensile strength for G26000
wrought copper alloy (one of C2xxxx series) with a
hardness of 82 HRB is calculated by the formula shown
in the 1st row. The ultimate tensile strength for C48200
wrought copper alloy (one of C48xxx series) with a
hardness of 75 HRB is calculated by the formula shown
in the 7th row.

The first row: 6 =933 HRB - 1990 =933 - 82 - 1990 =
74,516 psi

The ultimate tensile strength is 78,000 psi (Ref. 6,
p. 301)

The formula provides an accuracy of

(74,516

- 100% = 95.5%
78,000

The 7th row: ¢ = 546 HRB + 27820 = 546 - 75 +
27820 = 68,770 psi

The ultimate tensile strength is 67,000 psi (Ref. 6,
p. 320)

The formula provides an accuracy of

67,000
68,770

j - 100% = 97.4%
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Table 1.13. The ultimate tensile strength for C86400

cast copper alloy (one of C86xxx series) with a hardness
of 108 1B is calculated by the formula shown in the 2nd
row. The ultimate tensile strength for C87500 cast cop-
per alloy (one of C87xxx series) with a hardness of 115
HB is calculated by the formula shown in the 3rd row.

The 2nd row: 6 = 472 HB + 11890 = 472 - 108 +
11890 = 62,866 psi

The ultimate tensile strength is 65,000 psi (Ref. 6,
p. 349)

The formula provides an accuracy of

62,866
65,000

) - 100% = 96.7%

The 3rd row: ¢ = 265 HB + 35910 = 265 - 115 +
35910 = 66,385 psi

The ultimate tensile strength is 68,000 psi (Ref. 6,
p. 349)

The formula provides an accuracy of

[6@385

. 0/ — 0,
68,000] 100% = 97.6%

Concluding Remarks on Mechanical

Properties of Work Materials
1. Metallic workpiece materials are ferrous and non-

ferrous alloys. Among ferrous alloys, carbon and alloy
steels are by far the most frequently used workpiece
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materials (Ref. 5, p. 147). Stainless steels represent
about 25% of the metals subjected to turning. That per-
centage has been rising and will continue to rise with
the growth of the chemical, oil, food processing, and
power industries (Ref. 8, p. 24). Machining of stainless
steels, especially the austenitic type, leads to more fric-
tion, heat, and chip control problems. Among nonfer-
rous alloys, aluminum alloys have found wide use in
the automotive industry to fabricate engine blocks, cylin-
der heads, pistons, carburetors, wheels, etc. Aluminum
alloys are machined at high speed with superhard cut-
ting tool materials such as diamond-film-coated inserts
and polycrystalline diamond tips attached to carbide
substrates. Titanium alloys are preferred metals for
aerospace application due to their high strength and
high fatigue resistance. From a cutting viewpoint, tita-
nium alloys are hard-to-machine work materials.

2. Hardness implies resistance to deformation, and in
metalcutting this characteristic is a measure of resistance
to cutting. Higher hardness means higher resistance to
cutting, higher cutting forces, and higher power con-
sumption. Ability to convert one type of hardness meas-
urement into another is important, especially if the work
materials are characterized by different methods of
hardness measurements. The author developed 35 lin-
ear regression equations to convert Rockwell (B and C
scales), Vickers, Knoop, and Scleroscope hardness num-
bers into Brinell hardness numbers (Tables 1.1-1.5).
These equations provide an accuracy of 99% or better.

3. Statistical treatment of the work materials’ hardness
and strength data resulted in 5 formulas for calculating
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ultimate tensile strength versus Brinell hardness of car-
bon, alloy, and some stainless steels.

4. Linear regression analysis of hardness-strength
relationship for stainless steels, tool steels, titanium
alloys, aluminum alloys, and copper alloys was con-
ducted. As a result of this analysis, 73 equations for cal-
culating ultimate tensile strength were developed
(Tables 1.6-1.13).

5. Equations for calculating the ultimate tensile
strength versus the work materials’ hardness (Tables
1.6-1.13) provide an accuracy of 95% or better.

6. Knowledge of the mechanical properties of work
materials leads to higher accuracy in calculating the
cutting forces and the machining power, and results in
better guidelines for cutting tool applications. This
knowledge defines the first element of metalcutting as
an integrated system: sufficient description of work
materials.

7. The ultimate tensile strength-hardness relation-
ship expressed by the linear regression equations, is uti-
lized in calculating cutting force when milling, as will
be shown in the next chapter.
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Chapter 2

MILLING

Milling is one of the most common metalcutting
operations in which a rotating multi-edge cutting tool
removes chips from a stationary workpiece to produce
flat and curved surfaces in almost any direction.

Milling operation is characterized by its kinematics,
productivity, and dynamics. Parameters of kinematics
and productivity include:

1. Cutting speed
Spindle speed
Cutter diameter
Number of inserts (teeth) in the cutter
Feed per tooth (same as chip load)
Feed rate (same as table feed or machine feed)
Depth and width of cut
Number of inserts in the cut
Chip thickness and lead angle of the cutter
10. Feed rate adjustment
11. Cross-sectional area of uncut chip
12. Metal removal rate

PN LD

b
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13. Machining time with linear path of the cutter

14. Machining time with helical interpolation
Parameters of dynamics:

1. Tangential cutting force

2. Torque at the cutter

3. Machining power at the cutter

4. Machining power at the motor

2.1 KINEMATICS AND PRODUCTIVITY
Kinematics and productivity are described by formu-
las showing relationships between various parameters
that are required to plan milling operations using vari-
ous tools: face mills, end mills, die and cavity mills, slot-
ting cutters, thread and grooving mills. Productivity is
directly proportional to cutting speed (or spindle speed),
feed per tooth, feed rate, depth of cut, and width of cut.

2.1.1 Cutting Speed

Cutting speed is one of the most commonly used
programmable elements for CNC milling machines and
machining centers. The relationship between the cut-
ting speed V, (dependent variable), machine spindle
speed n (independent variable), and the cutter diame-
ter D (independent variable) is expressed by formulas,

Customary U.S. units of measure:

v =TEDn
12

(sfm or ft/min) (2.1)

c

Where D is in inches, n is in rpm or rev/min, 12 is a fac-
tor converting inches into feet.
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Metric units of measure:
nDn
V,=——
1000
Where D is in millimeters (mm) and 1000 is a factor
converting mm into meters (m).

(2.2)

For example, D =4.0 in. (101.6 mm) and n =470 rpm
(rev/min). What is V. ?
From formula (2.1): The cutting speed

w-4-470

V = - = 492 Sfm,
¢ 12
From formula (2.2): The cutting speed
V= n-101.6-470 _ 150 m/min
¢ 1000

2.1.2 Spindle Speed
If the cutting speed V, (sfm or m/min) and the cut-
ter diameter D (in. or mm) are independent variables,
then the formula for spindle speed n (rpm or rev/min)
can be derived from formulas (2.1) and (2.2),
Customary U.S. units of measure:
12V,
n=—0 (rpm) (2.3)
For example, V_ =500 sfm and D = 4 in. What is the
spindle speed?
From formula (2.3):

12-500
n=

=477 rpm
n-4
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Metric units of measure:

n= 1000V, (rev/min) (2.4)

For example, V_=152.4 m/min and D = 101.6 mm.
What is the spindle speed?

From formula (2.4):

1000-152.4
n=s —7m ——

=477 rpm
n-101.6

2.1.3 Cutter Diameter

If the cutting speed V, (sfm or m/min) and spindle
speed n (rpm or rev/min) are independent variables,
then the formula for cutter diameter D (in. or mm) can
be derived either from formulas (2.1) and (2.2) or from
formulas (2.3) and (2.4),

Customary U.S. units of measure:

p=22Y% () (2.5)
™

For example, V_ = 550 sfm and n = 600 rpm. What
is the cutter diameter?

From formula (2.5):

p=1250 _350ip.
Tt-600

Metric units of measure:

1000V,

™

D

(mm) (2.6)
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For example, V, = 170 m/min, n = 600 rev/min.
What is the cutter diameter?
From formula (2.6):

D= 1000-170
m-600

=90.2 mm

2.1.4 Number of Inserts in the Cutter

The number of inserts or teeth in the cutter (%)
depends mainly on the cutter design, geometry, and
applications. Major cutter designs can be classified as
conventional and special.

Conventional die and cavity mills, or ball nose cutters,
have only 1 insert (Z = 1) for various diameters, mostly
from 0.250 in. (6.35 mm) to 1.250 in. (31.75 mm).
Conventional end mills may have Z = 1 (diameters up to
0.500 in. or 12.70 mm), Z = 2, typically for diameters from
0.625 in. (15.9 mm) to 1.000 in. (25.4 mm), 3<Z <5, typ-
ically for diameters from 1.250 in. (31.75 mm) to 2.000 in.
(50.8 mm). Conventional end mills, which are designed
for cuts up to 1.25-inch deep, have the same number of
inserts as the number of flutes. If the axial depth of cut
exceeds 1.25 in. (31.75 mm), each flute will have two or
more inserts depending on how deep the cut must be
taken. The flutes are spiral (in most designs) or straight.

Conventional face mills vary in geometries and
designs and, therefore, in number of inserts. Common
diameter range is 2.0 to 6.0 inches (76.2 to 152.4 mm).
The number of inserts may vary from 4 to 12 depending
on the cutter diameter. The number of inserts also
depends on the type of pitch. A fine pitch cutter has more
inserts than a coarse pitch cutter of the same diameter.
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Special designs include large diameter chamfering
and finishing cutters, aerospace cutters, integral shank
slotting cutters, and many more.

2.1.5 Feed per Tooth

Feed per tooth f_ (a.k.a. chip load) is a linear distance
traveled by the cutter during the engagement of one tooth
with the workpiece. Feed per tooth is obtained from:

L
fo=7n 2.7)

and expressed in in/tooth or mm/tooth (customary U.S.
and metric units of measure respectively), where f is the
feed rate of the milling machine or machining center.
Formula (2.7) defines feed per tooth at the centerline
of the cutter.
For example, if Z =6, n =475 rpm, and f= 20 ipm
(508 mm/min), the feed per tooth f_is:

f.= (6_227;) = 0.007 in. (customary U.S. units of
measure),
f.= % =0.178 mm (metric units of measure).

2.1.6 Feed Rate

Feed rate is the speed at which the table, holding a
workpiece travels toward the milling cutter. Feed rate
is calculated by:

f=rf7n (2.8)

and expressed in ipm or mm/min (customary U.S. and
metric units of measure respectively). Normally, feed
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rate would be programmed by CNC or set manually (if
a milling machine does not have CNC).
For example, if Z = 6, n = 500 rpm, and f, = 0.010 in.
(0.254 mm), the feed rate is:
f=0.01-6-500=30ipm (customary U.S. units of
measure)
f=0.254 .6 - 500 = 762 mm/min (metric units of
measure).

2.1.7 Depth of Cut and Width of Cut
Depth of cut d is the length of engagement of the cut-
ting edge of the insert, measured perpendicular to a cut
surface. This definition is applied to end milling and
face milling. In slotting, the depth of cut is the distance
from an uncut surface to a cut surface, measured per-
pendicular to the axis of rotation of a slotting cutter.
Width of cut w is the distance from the leading
edge of the insert to the point of exit from a workpiece,
measured perpendicular to the axis of rotation of a
milling cutter. The width of cut defines position of the
cutter centerline: if w > R (radius of a cutter), the cut-
ter centerline is located on the workpiece. If w <R, the
cutter centerline is not located on the workpiece. This
definition applies to end milling and face milling.
In slotting, the width of cut is the distance between the
two side cutting edges that are engaged with the workpiece.
Depth of cut d and width of cut @ are shown in Fig. 1.

2.1.8 Number of Inserts in the Cut
The number of inserts in the cut Z , or in simulta-
neous engagement with the workpiece, depends on the
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‘ w
B ]
Fig. 1. Depth of cut = d and width of cut = w

number of inserts in the cutter Z and the engagement
angle o. This relationship is expressed by:

_ Za,
¢ 360

(2.9)

The engagement angle o depends on the width of cut
w and the cutter diameter D. This angle is shown in
Fig. 2 and Fig. 3, which present the two most typical
positions of the milling cutter.

Fig. 2 illustrates the condition when a cutter cen-
terline is located on the workpiece, and the engagement
angle o= 90° + o, where o, is the angle between the cut-
ter centerline and the cutter radius R drawn to the periph-
eral point B at which the cutter exits from the workpiece
or enters it. Angle o, is found from right-angled triangle
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Fig. 2. Centerline of the cutter is on the workpiece, w > R,
1—milling cutter, 2—workpiece

Fig. 3. Centerline of the cutter is not on the workpiece,
w < R, 1—milling cutter, 2—workpiece

OAB as:
-R w-2 2%-D
R (2.10)

"n(x = —= =
HToBT TR TR D
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Thus, from formula (2.10):

oy = arosin[zwD_ Dj (2.11)

Since the engagement angle is oo = 90° + «,, the
substitution of o, for its value from formula (2.11),
produces:

o :90°+arcsin(2wD_D] (2.12)

Substitution of o from formula (2.12) into formula
(2.9) gives:

90° + arcsin(%)

Z.=7 2.13
¢ 360° ( )

The following calculation shows that the maximum
engagement angle and the maximum number of inserts
in the cut take place when the width of cut equals the
cutter diameter (w =D):

2w —w

o=90°+ arcsin( J =90° + arcsin 1

=90°+90° = 180°

ZC:Z[180 ]:0.52

360°
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Thus, the maximum number of inserts in the cut,
which is one half of the number of inserts in the cutter,
will occur when the width of cut equals the cutter
diameter.

Figure 3 illustrates the condition when a cutter cen-
terline is not located on the workpiece, so the width of
cut is less than the cutter radius. As one can see, the
engagement angle is: oo = 90° — o, where o, is an angle
found from the right-angled triangle OAB as:

AB_R-w 5-w D-2w

ino, =——= ) .
HToBT TR D p » 1
then from formula (2.14):
. [ D-2w
o, =aresin D (2.15)

The engagement angle is oo = 90° — ., so the substi-
tution of o, for its value from formula (2.15), produces:

(2.16)

o =90°—arcsin(D_2wj

Substitution of o from formula (2.16) into formula
(2.9) gives:
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90° — arcsin (%)
Z.=7 17
¢ 360° (2.17)

When the width of cut is greater than the cutter
radius, use formula (2.13), when the width of cut is less
than the cutter radius, use formula (2.17) to calculate
the number of inserts in the cut (Z,). The following
examples show how to calculate the number of inserts
in the cut when: w > g (Example 1) and w < 2

2
(Example 2).

Example 1 (customary U.S. units), D = 6.0 in., Z =
10, w = 4.0 in. From formula (2.13):

90+arosin(2'4_6)
Z =10
¢ 360
~10 90 + arcsin0.3333
360
Z =10 90+19.5
¢ 360

= 10{%} =10-0.304 = 3 (3 insets in the cut).

Example 1 (metric units), D = 152.4 mm, Z = 10,
w = 101.6 mm. From formula (2.13):

44



Chapter 2

2-101.6 -152.4

90 + arcsin ( 1552 )

360

360

{90 +arcsin 0.3333}

90+19.5
360

= 10{%} 10-0.304 = 3 (3 inserts in the cut).

Example 2 (customary U.S. units), D=6.0in., Z =10,
w = 2.1 in. From formula (2.17):

90 — aresin (2= 26.2'1)

Z,=10
¢ 360

90 — arcsan 3}

360

oS
o)
E

} 10-0.201 =2 (2 inserts in the cut).
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Example 2 (metric units), D = 152.4 mm, Z = 10,
w = 53.34 mm. From formula (2.17):

90 — arcsin (152:4-2:53:34

7 =10 1524
¢ 360
- 10 90 —arcsin 0.3
360
7 =10 90-17.5
¢ 360
= 10{%} =10-0.201 =2 (2 inserts in the cut).

2.1.9 Chip Thickness and Lead Angle
(Cutting Edge Angle) of the Cutter

Chip thickness ¢_ (in. or mm) is a cutting parameter
depending on feed per tooth f. and tool lead angle A
(customary U.S. units of measure) or tool cutting edge
angle v (metric units of measure). Chip thickness is cal-
culated from:

t,=f.cosh (2.18)

or

t,=f siny (2.19)
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0o 1
~A
//\\\
//
90°) o __
o1

Fig. 4. Lead angle of the milling cutter

Formula (2.18) is applied to the lead angle A meas-
ured between the line 1-1 parallel to the axis of rota-
tion 0-0, and the insert cutting edge (Fig. 4). This
definition is in agreement with customary U.S. units of
measure. Formula (2.19) is applied to the cutting edge
angle ymeasured between the line 2-2 perpendicular to the
axis of rotation 0-0, and the insert cutting edge (Fig. 5).
This definition is in agreement with metric units of meas-
ure. As can be seen from Fig. 4 and Fig. 5, A=90° —yand
v=90°-A.

Milling cutters with 0° lead angle (customary U.S.
units) and 90° tool edge angle (metric units) produce
chips that have a thickness equal to the feed per tooth
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0o, 1
14
90°| ___
2 2
ol 1

Fig. 5. Cutting edge angle of the milling cutter

(t,= f,), since cos 0° = sin 90° = 1. Milling cutters with
A > 0° and y < 90° produce chips thinner than the feed
per tooth. For example, when milling with a 30° lead
angle cutter (customary U.S. units), the chip thickness is:
t, =f.cos30 = 0.866 f , which is about 87% of the feed
per tooth at the centerline of the cutter. The same
reduction in thickness occurs when milling with a 60°
tool edge angle (metric units): t, = f sin 60° = 0.866f .
The lead angles vary from 0° to 45° (customary U.S.
units) and their values are 15°, 20°, 30°, and 45°. In
metric units, the tool edge angles vary from 90° to 45°
and their values are 75°, 70°, 60°, and 45°. The most
common lead angle or cutting edge angle is 45°.
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Lead (or tool edge) angles produce the inclination of
the cutting edge. The engaged length of the cutting
edge with the workpiece becomes greater than the
depth of cut. The chip becomes thinner because it is
distributed over a greater length of the cutting edge.

The chip-thinning phenomenon plays a negative role
because more heat dissipates into the cutting edge, and
a thinner chip takes less heat away. The feed per tooth
should be adjusted to compensate for the chip-thinning
phenomenon. The amount of adjustment is inversely
proportional to the cosine of the lead angle in accor-
dance with the customary U.S. system, and inversely
proportional to the sine of the cutting edge angle in
accordance with the metric system. The coefficient of
adjustment, C, is found from the following formulas
(respectively):

c=_1 (2.20)
cosA

o=t (2.21)
siny

Such adjustment is needed to increase the feed per
tooth f, accordingly, in order to keep the same produc-
tivity, as would be derived from use of 0°r 90° angles.
Adjusted feeds per tooth f  in customary U.S. units
(formula 2.22) and in metric units (formula 2.23) are

fu=LC= céf_sx (2.22)
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e

siny

fou = LC= (2.23)

If the lead angle (or the cutting edge angle) of a cutter
is 45°, the adjusted feed per tooth is:

/. A
=S S _q414
Fea cos45 sin45 fs

2.1.10 Feed Rate Adjustment

A feed rate adjustment (increase) should be applied
in two conditions: (1) when the lead angle of the cut-
ter A > 0° (customary U.S. units) or the tool cutting edge
angle y< 90° (metric units), and (2) when the width of
cut is less than the cutter radius (w <R). In condition (2),
the cutter centerline is not located on the workpiece.

Feed rate adjustment in condition (1) requires sub-
stitution of feed per tooth f, in formula (2.8) for
adjusted feed per tooth f_ from formula (2.22) or for-
mula (2.23). Therefore, adjusted feed rate f, is calcu-
lated by (for customary U.S. and metric units of
measure respectively):

£, =52 Gpm) (2.24)
COosA

f.= Sfon (mm/min) (2.25)
siny
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The following examples show how to adjust the feed
rate to suit the lead angle.
Condition (1), customary U.S. units of measure,
Given:  f =0.010 in. (at the centerline of the
cutter), Z = 6, n = 500 rpm, A = 30°
Required: Adjusted feed rate f,.
Solution: Formula (2.24) is used.

_0.01-6-500 _ 30

fa cos30  0.866

=34.6 ipm.

Condition (1), metric units of measure,
Given:  f =0.254 mm (at the centerline of the
cutter), Z = 6, n = 500 rpm, y = 60°
Required: Adjusted feed ratef,.
Solution: Formula (2.25) is used.

_0.254-6-500
sin 60
762

=— =880 mm/min = 88 cm/min.
0.866

Ja

The feed rate adjustment in condition (2) increases
the feed per tooth value, to the value it would have if
the cutter centerline were located on the workpiece.
The adjusted (increased) feed rate value is obtained
from:

f, = i (ipm or mm/min) (2.26)

(D —w)w

R
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The following examples show how to adjust the feed
rate if w < R.
Condition (2), customary U.S. units of measure,
Given: Z =6,n =500 rpm,D =4.0 in., w =
0.75in., R=2.0 in.
Required feed per tooth is: f = 0.010 in.
Solution: Formula (2.26) is used to calculate
necessary feed rate f,

_0.01:6-500
“ J(4-0.75).0.75
2
30 30

=——=384 ipm
244 0.781

Note: if the width of cut is greater than the cutter
radius (w > R), the centerline of the cutter is located
on the workpiece. Therefore, no adjustment to the
feed rate is needed. Feed rates should be calculated by
formula (2.8). The same values given forf,, Z, and n as
in the above example produce the following feed rate:

f=fZn=0.01-6-500
=30 ipm (compare with 38.4 ipm).

Condition (2), metric units of measure,
Given: Z =6,n =500 rev/min, D = 101.6 mm,
w =19 mm, R = 50.8 mm
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Required feed per tooth is: f, = 0.254 mm
Solution: Formula (2.26) is used to calculate the
necessary feed rate f,

_0.254:6-500
“ J101.6-19)-19
508
762 762
15694 39.62
50.8 50.8
762

=——=977Tmm =97.7 cm
0.78

If the feed rate adjustment is not required (w > R),
then formula (2.8) should be used as in the previous
example for the customary U.S. system of units:

f=fZn=0.254.6-500 = 762 mm/min
=76.2 cm/min (compare with 97.7 cm/min).

2.1.11 Cross-sectional Area
of Uncut Chip
The cross-sectional area of the uncut chip A (in® or
mm?) depends on the feed per tooth f, or the adjusted
feed per tooth f_ and depth of cut d. The formulas
for the cross-sectional area of the uncut chip are as
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follows:

A =0° (customary U.S. units) or
Yy =90° (metric units), A= f.d (2.27)

A>0° (customary U.S. units) or
Y <90° (metric units), A=f_d (2.28)

2.1.12 Metal Removal Rate

The metal removal rate (MRR, symbol Q) shows the
volume of material removed in a period of time. Metal
removal rate is expressed in in*/min (customary U.S.
units of measure) and in cm*min (metric units of meas-
ure). Metal removal rate is a measure of productivity
and depends on the depth of cut (d), width of cut (w),
and feed rate (f). MRR is calculated from:

Q=dwf (2.29)

Substitution for f from formula (2.8) into formula (2.29)
gives:

Q=dwf Zn (2.30)

The following examples of MRR calculations are: (1)
in customary U.S. units of measure and (2) in metric
units of measure, when d = 0.2 in. (5.08 mm), w = 2 in.
(50.8 mm), f, =0.012 in. (0.305 mm), Z = 6,n = 600 rpm

(1) Q=0.2-2-0.012 -6 - 600 =17.28 in*/min

_ 5.08-50.8-0.305-6-600 _ 3/
2) O= 1000 =283 ecm’/min
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2.1.13 Machining Time with Linear

Path of the Cutter

The machining time depends on the length of cut
(L) and the feed rate (f). General face and end milling
operations are performed by linear movements of the
milling cutters along the workpiece (back and forth)
at a certain depth of cut (d), width of cut (w), and feed
per tooth (f,) until the required portion of the work-
piece is removed. It may take more than one pass in
X-Y and Z directions. Therefore, machining time should
be calculated per pass first, and then multiplied by the
number of passes needed in X-Y and Z directions.
Machining time per pass (Tp) is obtained from:

T = ? (min) (2.31)

replacing fin formula (2.31) by its value from formula
(2.8) gives:

T, = 7 n (min) (2.32)

The number of passes in X-Y direction (N, is found
from: )

N, =— (2.33)
w

were W is a width of the workpiece, and w is a pro-
grammed width of cut per pass.
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It is a good practice to have the width of cut-to cut-
ter diameter ratio, % = 0.67 — 0.75, because such
ratios generate uniform chips, reduce friction at the
points of entry and exit, and decrease the cutting
temperature.

The number of passes in the Z direction (N_) can be
more than one if the height of material to be removed
(H) exceeds the programmed depth of cut (d):

N =— 2.34
$=7 (2.34)
Therefore, the maximum number of passes (N) can be
as many as:

H

N=N_+N =2 1 (2.35)
Y w d

The total machining time (T) is the product of the
machining time per pass (Tp) and the number of passes
(N):

T=TN (2.36)

Replacing T, and N in formula (2.36) by their values
from formula (2.32) and formula (2.35) respectively,

gives:
ro( (e @3

The following examples of machining time calcula-
tions are: (1) in customary U.S. units of measure and
(2) in metric units of measure.
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Given:
L =150 in. (381 mm), f = 0.008 in. (0.203
mm), Z = 6, n =600 rpm,
W = 8.0 in. (203.2 mm), w = 2.67 in. (67.8 mm),
H=0.40in. (10.2 mm),
d = 0.20 in. (5.08 mm).

Solution:
040y _ _
(1) T= (()()()8 6" 6()0) (2()7 0.20 =0.521-(3+2)=
min
_ 381 2032 | 10.16 _
(2) T - (().2()3-6-6()0)'( 67.8 ' 508 )=0521-(3+2)=
min.

2.1.14 Machining Time with Helical

Interpolation

Another type of milling cutter performance is a hel-
ical interpolation, which is a combination of the cutter
circular motion in X and Y directions, and its gradual pen-
etration in the Z direction. Helical interpolation is a pre-
ferred method of entry into the workpiece making a
cavity or a hole to its programmed diameter and depth.
Helical interpolation requires only one entry and exit,
where ramping requires multiple entries and exits. Other
advantage is a consistent depth of cut and feed per tooth,
which are maintained without dwelling on the Z-axis.
Machining time calculation with helical interpolation dif-
fers from that with linear motion due to the constantly
changing length of the helical path.

Advanced milling cutter geometry and modern
machining centers permit programming of any kind of
helical interpolation, such as cavities of various shapes
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with flat and curvilinear bottoms, and holes of different
diameters (straight and step, blind and through), etc.

Due to space limitations of this book, only machin-
ing time formulas for generating holes are presented,
because the helical interpolation method becomes
much more effective than conventional drilling, espe-
cially where a hole diameter exceeds 2 in. (50 mm).
Helical interpolation generates axial force, but it is sig-
nificantly lower than that in drilling, and requires sig-
nificantly less machining power. Holes of any diameter
can be interpolated, if geometry of the milling cutter
allows plunging. Milling cutters with round and elon-
gated indexable inserts are most commonly used for
this application.

Machining time to interpolate a hole depends on its
diameter (D,) and depth (H) as shown in Fig. 6. The
larger the diameter of the hole, the longer is the circu-
lar path (L ) of the milling cutter in the X-Y direction to
complete one helical revolution about the center point
of the hole. The number of helical revolutions depends
on the hole depth and the axial interpolation rate (f,).
Machining time (T),) to complete one helical revolution
is calculated from:

T, = % (min) (2.38)

where L is circumference produced by the center
point of the cutter (in., mm)
fis feed rate (ipm, mm/min)
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Fig. 6. Schematic of helical interpolation of a hole

As can be seen from Fig. 6:
L,=nD,=n(D,-D) (in., mm) (2.39)

where D = milling cutter diameter.
Replacing L, and f values in formula (2.38) by
their values from formula (2.39) and formula (2.8)
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respectively, gives:

LIC )] (2.40)

fZn

The milling cutter penetrates in the Z direction by

the amount of the axial interpolation rate f, for each hel-

ical revolution. Thus: after each helical revolution, the

depth of a hole is increased by the amount f, so the
number of required helical revolutions (N,) is:

N, =% (2.41)

Total machining time for helical interpolation of a
hole (T) is a product of the machining time per helical
revolution (7)) and the number of helical revolutions
(Nh):

T=T,N, (2.42)

Replacing T, and N, values in formula (2.42) by their
values from formula (2.40) and formula (2.41) respec-
tively, gives:

_ n(D, - D)

T
fZn

[%) (min) (2.43)

The following examples of machining time calcula-
tions are: (1) in customary U.S. units of measure and
(2) in metric units of measure.
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D, = 6.001in. (152.4 mm), D =2.00 in. (50.8 mm),

f. = 0.008 in. (0.2032 mm),
Z = 4,n=1050 rpm, H =2.50 in. (63.5 mm),
f, = 0.20 ipr (5.08 mm/rev).

Solution:

__m(6-2) 25_mx-4 _ .
(1) T_MW_ 33.6 -12.5 =4.67 min

r-(1524-508) 635
0.2032-4-1050 ~ 5.08

(2) T=

_ n-101.6 _ - .
T= SR -12.5=4.67 min

2.2 DYNAMICS

Dynamics of milling is described by the cutting force,
torque, and machining power formulas. These formulas
are based on the relationships between the mechanical
properties of work materials and the cutting conditions.
The author developed some of these formulas, the other
formulas are common knowledge. The formulas help to
program cutting conditions within the torque and power
values of the milling machines and machining centers.

2.2.1 Tangential Cutting Force

Analysis of dynamics of milling conducted by the
author produced a new concept for calculating tangen-
tial cutting force. This concept has been named
“Tangential Cutting Force Theory”. The theory itself was
“tested” in 1994 and has been used since as practical method
of calculating cutting force, torque, and machining power
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when applied to milling cutters with positive axial rake
angles up to 20°.

This new concept for calculating tangential cutting
force is based on relationships between the following
parameters (Ref. 9, 10).

(1) Ultimate tensile strength of work materials (G)
versus their hardness,

(2) Cross-sectional area of the uncut chip (A) ver-
sus depth of cut and feed per tooth,

(3) Number of inserts in the cut (Z,) versus
width of cut and number of inserts in cutter,

(4) Machinability factor of work materials (C )
versus cutting conditions,

(5) Cutting tool wear factor (C_) versus depth of
cut and feed per tooth.

The author developed the tangential cutting force for-
mula in accordance with these relationships:

F,=cAZC C (2.44)

c m w

(1) Ultimate tensile strength of work materials
Ultimate tensile strength is calculated by the for-
mulas described in section 1.3 “Strength-Hardness
Relationship of Work Materials”. Formulas 1.1 to 1.5 are
used for carbon and alloy steels. Formulas for all other
materials are presented in Table 1.6 through Table 1.13.

(2) Cross-sectional area of the uncut chip

The shape of a cross section of the uncut chip
depends, mainly, on the cutting insert geometry and the
milling cutter lead angle (Fig. 7). Round inserts produce
chips with cross sections that look like a partial crescent.
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Fig. 7. Cross section of uncut chip, (a) rectangular,
(b) parallelogram, (c) half-cvescent

Inserts of all other shapes with straight cutting edges pro-
duce chips with either a rectangular cross section (A= 0°,
customary U.S. units of measure, and y = 90°, metric
units of measure) or a parallelogram cross section
(milling cutters with lead angle greater than 0° and the
cutting edge angle less than 90°).

The cross-sectional area of the uncut chip is calculated
by formulas (2.27) and (2.28) described in paragraph
2.1.11. These formulas are easily understood when
applied to rectangular and parallelogram cross-sections.
The application is not so obvious when the cross sec-
tion is a half-crescent (the axial depth of cut is equal to
the radius of the insert) or a partial crescent (the axial
depth of cut is less than the radius of the insert). The
author has proven the applicability of these formulas to
a half-crescent area and to a partial crescent area by
integration and by algebraic-trigonometric calculations.
The difference in the values calculated by formula
(2.27) and by integration is less than 0.15%.
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(3) Number of inserts in the cut

The number of inserts in the cut is calculated by
formulas (2.13) and (2.17) described in paragraph
2.1.8. Dynamic stability of the milling cutter is very
important because it affects not only the tool life and
surface finish, but also the rigidity of the milling
machine spindle. To obtain dynamic stability, a mini-
mum of two cutting inserts must be in the cut (simul-
taneously engaged with the workpiece).

The approximate number of inserts in the cut can be
calculated from:

7, =mZ (2.45)

where m is the multiplier depending on the ratio of %.
The following table presents m-values versus %

ratios. Formula (2.45) and Table 2.1 help to select a milling

cutter with appropriate number of inserts (Ref. 11).

Table 2.1. Multiplier Values (m) vs. Width of Cut—to Cutter
Diameter Ratio (w/D)

% 1.0 090 080 075 0.666 0.50 0.40 0.35 0.30 025 0.20
m 050 040 035 033 0304 025 022 020 0.185 0.167 0.148

To get Z = 2 (for dynamic stability) at - =0. 666 (it
is a good practice to keep width of cut w equal to 7 of
the cutter diameter D to produce uniform chips), the
milling cutter should have as many inserts as:




Chapter 2

The optimal diameter of a cutter with 7 inserts 1@ about

4 inches (101.6 mm). The width of cut should be 2 5 of the

cutter diameter, or £ 2 -4=2.6661in. (67.7 mm). The num-

ber of inserts in the cut is calculated by formula (2.13),
Customary U.S. units of measure:

2.666 — 4
22001

7 =7 90 + arcsin (
¢ 360

_7 90 + aresin0.333
B 360

7 7{90 + 19.45} _ 7{109.45

=7-030=2.1
360 360 }

Rounding off to the nearest integer gives Z = 2.
Metric units of measure:

. (2:67.7-101.6
90 +arcsin (5176 )
Z,=1 :

¢ 360

_7 90 + arecsin 0.3327
B 360

VA

c

7 60+19.43 _7 109.43 =7-0.30=2.1
360 360

Rounding off to the nearest integer gives Z_ = 2.
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(4) Machinability factor of work materials

The machinability factor of work materials is a
dimensionless coefficient that correlates the width of
cut-to cutter diameter ratio (%) with the tangential
cutting force. Milling is more effective if sufficiently
thick and uniform chips are produced. The % ratio
determines the uniformity of the chip thickness. When
width of cut is equal to cutter diameter (% =1), the chip
being formed starts off at zero thickness at the point of
entry. The thickness increases to its maximum at the
centerline of the cutter and thins off to zero at the
point of exit. This type of cut produces a nonuniform
chip and generates maximum friction at the cutting
edge. As a result, the resistance to cutting increases.
Effective face milling i% obtained when a radial width of
cut is approximately 2 5 of a cutter diameter. This type
of cut produces uniform and sufficiently thick chips,
generates less friction at the cutting edge, and decreases
resistance to cutting.

Table 2.2 presents machinability factors (C ) for
common types of workpiece materials at various D
ratios.

(5) Cutting tool wear factor

The cutting tool wear factor is a dimensionless coeffi-
cient that correlates tangential cutting force with tool
life. When milling with new or just indexed cutting inserts
for a short time, approximately 20-25% of tool life, the
cutting tool wear factor C_ = 1.0. When milling is con-
tinued until the cutting inserts are indexed or replaced
(100% of tool life), the following cutting tool wear factors
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are recommended (Ref. 2, p. 1048) for the milling cat-
egories and specified as:

e Light face milling c,=11
e Medium face milling c,=12
e Heavy-duty face milling c,=13

Metalcutting related publications that were avail-
able to the author did not identify these milling cate-
gories by cutting conditions. The author, therefore,
prepared a questionnaire asking for machining data
that would best describe the milling categories by opti-
mal range of depth of cut and feed per tooth data. The
questionnaire was sent to more than one hundred peo-
ple having practical knowledge and experience in
milling applications. Statistical treatment of reported
data allowed identification of each milling category by
the depth of cut range and feed per tooth range.

Table 2.3 and Table 2.4 present this data in custom-
ary U.S. and metric units of measure respectively.

Example for Calculating Tangential

Cutting Force

The following data is adapted from “Milling Ferrous
Materials” by Krupp Widia Tool Engineering Publication.

Work material: DIN 1.2344 (United States similar
material is AISI H13), Brinell hardness 210 HB in
annealed condition;

Face milling cutter series: M40, diameter D = 160
mm (6.299 in.), tool cutting edge angle y= 75° (equiv-
alent to tool lead angle A = 15° in customary U.S. units),
7 =10;
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Cutting conditions: Depth of cutd = 6 mm (0.2362 in.),
width of cut w = 120 mm (4.724 in.) feed per tooth 0.4
mm (0.0157 in.), cutting speed 91 m/min (298 sfm),
width of cut-to-cutter diameter ratio % = 0.75, effi-
ciency of the machine tool E = 70%.

Step-by-step calculations were performed using tan-
gential cutting force formula and other related formu-

las developed by the author.

(1) Ultimate tensile strength of work material
Ultimate tensile strength of DIN 1.2344 or AISI H13
is found from formula (1.1):
Customary U.S. units of measure:

6 =HB - 500 =210 - 500 = 105,000 psi

Metric units of measure:

105,000

= >~ =724 N/mm?
145.0377

where 145.0377 is the conversion factor (psi into
N/mm?).

(2) Cross-sectional area of the uncut chip

The cross-sectional area of the uncut chip is a func-
tion of feed per tooth and the depth of cut. The tool
lead angle is 15° (in customary U.S. units of meas-
ure), so the tool cutting edge angle is 75° (in metric
units of measure). Therefore, the feed per tooth should
be adjusted by means of formulas (2.22 and 2.23)
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respectively:

£ 0.0157 _0.0157
cosA cos1l53° 0.966

foofGede 04 _ 04
¥OUET siny sin75° 0.966

fo=f.C= =0.0163 in.

=0.4141 mm

Cross-sectional area of the uncut chip is calculated by
formula (2.28):

A=f d=0.0163 - 0.2362 = 0.0039 in”
(customary U.S. units of measure)

A=f,d=04141.6=2.4846 mm?

(metric units of measure).

(3) Number of inserts in the cut

The number of inserts in the cut is calculated using
formula (2.13) because the width of cut is greater than
the cutter radius (w > R) indicating that the cutter cen-
terline is located on the workpiece. The number of
inserts in the cut can also be found from Table 2.1
using the % value and the multiplier’s respective value
under it.

2w-D
o)

90° + arcsin (

Z,=7Z
¢ 360°
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Customary U.S. units of measure:

2-4.724 - ()4299)

90 + arcsin ( £399

360°

Z,=10

~10 90 + arcsin 0.50
360°

Z,=10 20+301_ 10 120 | _ 10-0.333=3.33.
¢ 360° 360°

Rounding off to the nearest integer gives Z = 3,
which is the number of inserts in the cut.
Metric units of measure:

2-120 - 160)
160

360°

90 + arcsin (
Z,=10

10 90 + arcsin0.50
360°

Z,=10 20+30 =10 120 =10-0.333=3.33.
¢ 360° 360°

Rounding off to the nearest integer gives Z = 3, which
is the number of inserts in the cut.
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Similar results are obtained from Table 2.1 and
formula (2.45):
At

w _ 120 _4.724 ~0.75,

D 160 6.299

the multiplier m =0.33,Z, =Zm =10 - 0.33 = 3.3.
Rounding off to the nearest integer gives Z, = 3.
However, when calculating tangential cutting force

it is recommended that the Z, value be used as found

(without rounding off to the nearest integer). As a matter

of fact, the feed per tooth-programmed value varies

during the insert’s engagement with the workpiece,
reaching its maximum at the centerline of the cutter.

The feed per tooth minimal values are always at the

points of entry and exit.

(4) Machinability factor of DIN 1.2344 (AISI H13)
tool steel
The machinability factor (C ) of this tool steel is
found from Table 2.2. The €, value is given in the right
column “55 =0.7 - 1.0” (s1nce =0.75) and the first

row: “Cdrbon alloy, and tool steels , from which it fol-
lows that C, =1.5.

(5) Cutting tool wear factor

The cutting tool wear factors (C_ ) are found in Table
2.3 for cutting conditions given in customary U.S. units
of measure or in Table 2.4 for cutting conditions given
in metric units of measure. For the cutting conditions
given in this example, C  =1.3.
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Thus, all the variables in formula (2.44) are deter-
mined, and now the tangential cutting force can be
calculated.

F,=0AZ C C,
Customary U.S. units of measure:
F,=105,000 -0.0039 -3.33 - 1.5-1.3=26591b

Metric units of measure:

F,=724-2.4846-3.33-1.5-1.3=11681 N

|2.2.2 Torque at the Cutter |
Torque at the cutter is generated by tangential cut-
ting force. The amount of torque at the cutter (T,) is
directly proportional to the tangential cutting force (F,)
and the cutter radius %:
Customary U.S. units of measure,

ED in 1b) (2.46)

T:
c 2

Metric units of measure,

ED
T =— N- 2.47
= 5000” (N-m) (2.47)

The amount of torque generated by the tangential
cutting force should not exceed the amount of a motor’s
output torque (T ). The following example of calculating

74


H4
2.2.2 Torque at the Cutter


Chapter 2

torque is based on the amount of calculated tangential
force and the cutter radius.
Formula (2.46):

7220596229 _ g5qq i 1h=3281 _ 600 fe 11
> 12
Formula (2.47):
o= 11681-160 _ o) =

¢ 2-1000

|2.2.3 Machining Power at the Cutter |

Machining power at the cutter (P,), or required cut-
ting power, expressed through tangential cutting force
(F,) and cutting speed (V) is more accurate than the
currently used method of calculation based on the metal
removal rate and power constants (Ref. 2, p. 1048). The
following formulas are recommended to calculate
machining power at the cutter:

Customary U.S. units of measure,

EV
SV 2.48
©=33.000 ) (2.48)

where 33,000 is a factor converting foot-pounds per
minute into horsepower, since one horsepower equals
550 foot-pounds per second or 33,000(550 - 60) foot-
pounds per minute.
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Metric units of measure,

_ kY.
¢ 60000

(kW) (2.49)

where 60000 is a factor converting newton-meters per
minute into kilowatts, since one kilowatt equals 1000
newton-meters per second (1000 watts) or 60000(1000 - 60)
newton-meters per minute.

Machining power at the cutter is also expressed
through torque at the cutter (T,) and spindle speed
(n). As can be seen from formulas (2.46) and (2.47),
tangential cutting force (F,) relates to torque at the cut-
ter (T,) as:

Customary U.S. units of measure,

2T,
< (Ib 2.50
T (2.50)

Ft=

Metric units of measure,

F = 210002 (2.51)
D
Relationship between spindle speed (n) and the cut-
ting speed (V) are expressed by formulas (2.3) and
(2.4) for customary U.S. and metric units of measure
respectively. Replacing F, values in formulas (2.48)
and (2.49) by values from formulas (2.50) and (2.51)
and V_ values in formulas (2.48) and (2.49) by values
from formulas (2.3) and (2.4), results in the following
equations:
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Customary U.S. units,

2T,
_ ( D().(%
° 33,000

which, after cancellation of D, gives:
_ 2nTn
¢ 12-33,000
and then after dividing (12 - 33,000) by 2, the equation
is simplified to:
Customary U.S. units of measure,
j— TCn
¢ 63,025

(hp) (2.52)

Metric units,

D
p _[2:10007, ) 1065
¢ D 6000’
which after cancellation of D and 1000 gives:
p = 2nTn ’
¢ 60000

and then after dividing 60000 by 2w, the equation is
simplified to:
Metric units of measure,

— TC‘ n

P= s (kW) (2.53)
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Examples of calculating machining power at the cut-
ter are performed using the same data as in previous
examples.

Customary U.S. units of measure

Given: F,=26591b, T ,=8281inlb,V_ =298
sfm, D = 6.299 in.
Required: Machining power at the cutter, P..

Using formula (2.48):

p - 2659-298 _ 24.0 hp
¢ 33,000
Using formula (2.52):
_8281-n
© 63025

where n is a spindle speed, which is calculated by for-
mula (2.3),

Finally, from formula (2.52),

_8281-181

= =23.8 hp.
¢ 63025

Metric units of measure
Given: F,=11681N,T ,=934.5N-m,V =91
m/min, D = 160 mm
Required: Machining power at the cutter, P,
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Using formula (2.49):

_ 11681-91

= =17.7kW
©7 60000

Using formula (2.53):

_9345-n
¢ 9549

where n is a spindle speed, which is calculated by
formula (2.4),

100091

160 =181 rpm.

Finally, from formula (2.53),

934.5-181

= =17.7 kW
©” 9549

p

|2.2.4 Machining Power at the Motor |
Machining power at the motor is an input power, or
power consumption, which is calculated by the formula:

P
P =—¢ (2.54)
" E

where E is a machine efficiency factor, which depends
on the type of drive and expressed in percents. Type of
drive is given in Table 2.5 (Ref. 2, p. 1049).
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Table 2.5. Machine Efficiency Factors, E

Type of Drive E %
Direct Drive (integral-motor spindle)* 94-95
Direct Belt Drive 90
Back Gear Drive 75
Geared Head Drive 70-80
QOil-Hydraulic Drive 60-90

* Integral-motor spindles designed by The Precise Corporation (Ref. 12).

Examples of calculating machining power at the
motor (P, ) are based on machining power at the cut-
ter (P,) and efficiency factor (E) of oil-hydraulic drive
of a milling machine. Formula (2.54) is used.

Given: P,=24.0hp (17.7 kW), E = 70%.
Required: Machining power at motor P
Customary U.S. units of measure,

P, =220 _3a3mp
"0
Metric units of measure,
P = E =25.3 kW
"o09

Note: Power at the motor for above-mentioned
cutting conditions given in “Milling Ferrous Materials”
by Krupp Widia Tool Engineering Publication, is
P =25.7KkW (compare with P, =25.3 kW). However,
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the Krupp Widia method of calculating power at the
motor is more complex than that developed by the
author.

Concluding Remarks on Milling

1. Kinematics of milling is expressed by numerous
formulas for calculating the following parameters: cut-
ting speed, spindle speed, feed per tooth, feed rate, and
the number of inserts in the cut; feed rate adjustment
in relation to lead angle of the cutter, and feed rate
adjustment according to the relationship between width
of cut and the cutter diameter. There are 28 formulas
developed for these calculations in customary U.S. and
metric units of measure.

2. Metal removal rate and machining time are major
parameters that describe the productivity of milling.
Machining times for the linear path of the cutter and for
helical interpolation are calculated by different formu-
las. There are 15 formulas developed for these calcula-
tions in customary U.S. and metric units of measure.

3. Tangential cutting force, torque at the cutter, and
machining power are major parameters that describe
the dynamics of milling.

4. Analysis of metalcutting resulted in a new concept
for calculating tangential cutting force when milling
with high positive axial rake angles. This concept com-
bines the ultimate tensile strength of work materials
with the cross-sectional area of the uncut chip, the
number of inserts in the cut, machinability factors, and
tool wear factors.
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5. To the author’s best knowledge there is no other
practical method that would provide accuracy of +15%
or better when tangential cutting force, torque, and
power consumption are calculated in relationship with
machining conditions (depth of cut, feed per tooth,
cutting speed) and mechanical properties of work mate-
rials such as hardness and ultimate tensile strength.
There are 11 formulas developed for these calculations
in customary U.S. and metric units of measure.
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TURNING

Turning is one of the most common metalcutting
operations. In turning, a stationary cutting tool (usually
a single-point) is fed into a rotating workpiece along its
periphery or across its end or face for removing chips
to get the required shape and dimensions of a part.

Insert identification systems, kinematics, productivity,
and dynamics of turning are described in this chapter.

3.1 INSERT IDENTIFICATION SYSTEMS

Indexable inserts of various shapes, geometries, and
dimensions are used in contemporary turning.
Specifications for indexable inserts are given in
American National Standard for Turning Tools (ANSI
B212.12-1991) and in The International Standards
Organization (ISO).

3.1.1 Designation System

for Indexable Inserts
This system identifies indexable-type inserts by a spe-
cial code of letters and numbers. Such a code consists
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of ten positions. Each position defines a characteristic
of the insert in the following order: shape, clearance, tol-
erance class, type, size, thickness, cutting-point config-
uration, edge and surface preparations, hand, and
manufacturer’s option. Each position is described in
accordance with ANSI B212.12-1991, p. 2.

The first position is a capital letter designated for the
shape of an insert and its nose angle. The following six-
teen letters are used (in alphabetical order):

A. parallelogram with 85°-nose angle,
B. parallelogram with 82°-nose angle,
C. diamond with 80°-nose angle,

D. diamond with 55°-nose angle,

E. diamond with 75°-nose angle,

H. hexagon, 120°-nose angle,

K. parallelogram with 55°-nose angle,
L. rectangle, 90°-nose angle,

M. diamond with 86°-nose angle,

0. octagon, 135°-nose angle,

P. pentagon, 108°-nose angle,

R. round,

S. square, 90°-nose angle,

T. triangle, 60°-nose angle,

V. diamond with 35°-nose angle,

W. trigon, 80°-nose angle.

The second position is a capital letter denoting clear-
ance, or relief angle. The following nine letters are used
(in order of increasing clearance):

N for 0°, A for 3°, B for 5°, C for 7°, P for 11°,

D for 15°, E for 20°, F for 25°, and G for 30°.
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The third position is a capital letter indicating the
tolerance class on dimensions of gauge (column B),
I.C. (diameter of inscribed circle, column A), and thick-
ness of the insert (column T). For example, letter C
indicates that tolerances are: £0.001 in. on both 1.C.
and thickness and £0.0005 in. on gauge (diagonal dis-
tance from I.C. to nose of an insert, a.k.a. “B” dimen-
sion); letter G indicates that tolerances are: £0.001 in.
on both gauge and I.C. and £0.00S in. on thickness; let-
ter H indicates that tolerances are: £0.0005 in. on both
gauge and [.C. and £0.001 in. on thickness. The M, N,
and U tolerances depend on the size and shape of the
insert. For example, letter M indicates that tolerances
are: on gauge £(0.002-0.010) in., on .C. £(0.002-0.004)
in., and on thickness £0.005 in.

The fourth position is a capital letter indicating the
insert type: with or without hole, shape of hole, with or
without chip grooves. Letter A. for an insert with hole.
B. insert with hole and one countersink (70°-90°). C.
with hole and two countersinks (70°-90°). F. without
hole with chip grooves on two rake faces. G. with hole
and chip grooves on two rake faces. H. with hole, one
countersink (70°-90°) and chip groove on one rake
face. J. with hole, two countersinks (70°-90°) and chip
grooves on two rake faces. M. with hole and chip groove
on one rake face. N. insert without hole. Q. with hole
and two countersinks (40°-60°). R. without hole with
chip groove on one rake face. T. with hole, one coun-
tersink (40°-60°) and chip groove on rake face. U. with
hole, two countersinks (40°-60°) and chip grooves
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on two rake faces. W. with hole and one countersink
(40°-60°).

The fifth position shows the number of eights of an
inch in the inscribed circle of the insert (I.C.) as follows:

1.2= —1nchIC 1‘5— 1nchIC 18——1n0hIC
2= 1nchIC 25——1nchIC 3== 1nchIC 4 =
11nchICS —1nchIC6 1n0hIC18 1inch I.C.
10 =1 inch I.C.

The sixth position shows the number of sixteenths
of an inch in thickness of the insert as follows:

1.5= 1nch 2= 1nch 25== 1nch, 3= E inch,
3.5= 1nch 4= 1n0h, 5= 1n0h 6= 1nch 7=
— 1nch 8= 1nch

The se‘venth position (cutting-point configuration) is
a number designated to the nose radius of the insert.

0 =0.004-inch radius, 0.5 = 0.008-inch radius. Each
number from 1 to 8 indicates the number of sixty-
fourths of an inch in the radius:

1= 6 inch, 2 = 1n0h, 3= 1nch 4= 1n0h
5= 1n0h 6= 1n0h 7=-"L 1nch 8= 1nch

The eighth position is a capltal letter des1gnated to
the cutting edge and surface preparations as follows:

A. Honed (0.0005 to less than 0.003 inch)

B. Honed (0.003 to less than 0.005 inch)
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C. Honed (0.00S to less than 0.007 inch)

J. Polished to 4-microinch AA (Rake face only)

T. Chamfered—Manufacturer’s standard (Negative
land—Rake face only).

The ninth position is a capital letter indicating the
hand of an insert: R is for right hand; L is for left hand;
N is neutral.

The eighth and ninth positions shall only be used
when required.

The tenth position is Manufacturer’s option and shall
only be used if desired by the manufacturer.

Example: The indexable insert is [C] N M (G @] 3] 2] Al RI.
Identification of the insert is as follows:

1st position, C. diamond with 80°-nose angle,
2nd position, N. clearance is 0°;

3rd position, M. tolerances are: £(0.002-0.010)
inches on gauge (B-dimension), £(0.002-0.004)
inches on I.C., and £0.005 inch on thickness;

4th position, G. with hole and chip grooves on two
rake faces;

5th position, 4. diameter of the insert inscribed
circle (I.C.) is % inch;

6th position, 3. thickness of the insert is 1—36 inch;

7th position, 2. nose radius of the insert is % inch;

8th position, A. honed (0.0005 to less than 0.003
inch);

9th position, R. right hand.
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3.1.2 ISO Identification System

The ISO Standard provides a specification for index-
able inserts in the metric system. The first four posi-
tions of the ISO Identification System are identical to
that in the ANSI Standard. The third position indicates
tolerances on B-dimension, I.C. and thickness of the
insert in millimeters (mm).

The fifth position is a number indicating the diame-
ter of the insert inscribed circle in mm, for example:
6,00; 6,35; 8,00; 10,00; 12,00; 12,70; 16,00; 20,00;
25,00, 32,00.

The sixth position is a code of letters and numbers
(shown in bold) indicating the thickness of the inserts
in mm as follows:

02 = 238mm, 03 = 3,18 mm, T3 = 3,97 mm,

04 = 4,76 mm, 05 = 5,56 mm, 06 = 6,35 mm;

07=7,94 mm, 09-9,52mm, 11=11,11 mm, and

12 =12,70 mm.

The seventh position is a numerical code (shown in
bold) indicating the size of the nose radius of the insert
in mm as follows:

01=0,1 mm, 02=0,2 mm, 04 =04 mm, 08=0,8 mm,

12=12mm, 16=1,6 mm, 20=2,0 mm, 24 =24 mm,

28 =2,8 mm, 32 = 3,2 mm.

The eighth position is similar to that in ANSI
B212.12-1991. The hone size is shown in mm and pol-
ished surface is shown in micrometers (um) as follows:

A. Honed (0,013 to less than 0,076 mm)

B. Honed (0,076 to less than 0,127 mm)

C. Honed (0,127 to less than 0,178 mm)
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J. Polished to 0,10-micrometers (0,10 um) AA (Rake
face only)

T. is the same as in ANSI B212.12-1991.

The ninth and The tenth positions are similar to
those described in ANSI B212.12-1991.

Comparison between ANSI and ISO Identification
Systems is shown below.

Table 3.1. Identification of Indexable Insert (Example)

ANSI C N M G 4 3 2 A R -
ISO C N M G 12 04 08 A R -
Position 1 2 3 4 5 6 7 8 9 10

3.2 KINEMATICS AND PRODUCTIVITY
Kinematics and productivity are described by for-
mulas showing relationships between various parame-
ters, which are required to setup turning operations.
Kinematics and productivity include:
1. Cutting speed
Spindle speed
Feed rate and feed speed
Depth of cut
Metal removal rate
Machining time when cutting along the work-
piece centerline
7. Machining time when facing, cutting off, and
deep grooving.

S UE L
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3.2.1 Cutting Speed

Cutting speed is one of the most commonly used
programmable parameters for CNC lathes. The rela-
tionship between cutting speed V, (dependent vari-
able), machine tool spindle speed n (independent
variable), and the workpiece diameter D (independent
variable) is expressed by formulas,

Customary U.S. units of measure:

_nDn

Vv

c

(sfm or ft/min) 3.1)

Where D is in inches, n is in rpm or rev/min, 12 is a fac-
tor converting inches into feet.
Metric units of measure:

_nDn
¢ 1000

Where D is in millimeters (mm) and 1000 is a factor
converting mm into meters (m).

(m/min) 3.2)

For example, D =3.0 in. (76.2 mm) and n = 670 rpm
(rev/min). What is V ?
From formula (3.1): The cutting speed

v = E3:670 56 sfm,
¢ 12
From formula (3.2): The cutting speed

_T{-76.2-670
¢ 1000

=160.3 m/min.
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3.2.2 Spindle Speed
If the cutting speed V (sfm or m/min) and the work-
piece diameter D (in. or mm) are independent variables,
then the formula for spindle speed n (rpm or rev/min)
can be derived from formulas (3.1) and (3.2),
Customary U.S. units of measure:

]
Il

12
Ve (rpm or rev/min) (3.3)
nD

For example, V_ = 526 sfm and D = 3 in. What is the
spindle speed n?
From formula (3.3):

12-526

= =670 rpm.
n-3 P
Metric units of measure:
1
n= LI(;VC (rpm or rev/min) 3.4)
e

For example, V_ = 160.3 m/min and D = 76.2 mm. What
is the spindle speed n?
From formula (3.4):

~1000-160.3

=670 rpm.
n-76.2
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3.2.3 Feed Rate and Feed Speed

The feed rate is the movement of the cutting tool in
relation to the revolving workpiece. Feed is a quantity
expressed in a distance traveled by the cutting tool in
one revolution of the workpiece. Feed rate is measured
in in/rev or ipr (customary U.S. units of measure) and
in mm/rev (metric units of measure). Feed rate is one
of the programmable cutting parameters.

The feed speed is the speed at which the machine
tool moves the cutting tool along or across the work-
piece centerline, and is measured in in/min or ipm
(customary U.S. units of measure) and in mm/min
(metric units of measure). The feed speed is calculated
by the formula:

V, = f-n, ipm and mm/min 3.5)

where f is a feed rate (ipr or mm/rev) and n is a spin-
dle speed (rpm)
For example, f=0.015 ipr (0.38 mm/rev) and n =
600 rpm.
From formula (3.5):
Vf= 0.015 - 600 =9.0 ipm (customary U.S. units of
measure).
Vf: 0.38 - 600 = 228 mm/min = 22,8 cm/min (metric
units of measure).

3.2.4 Depth of Cut

Depth of cut (Fig. 8) is the difference between the
uncut and the cut surface of the workpiece and is a pro-
grammable parameter, as well as the feed rate. Depth of
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Fig. 8. Depth of cut when turning

cut is measured perpendicular to the feed direction of the
cutting tool. The relationship between the uncut work-
piece diameter (D), the cut workpiece diameter (D), and
the depth of cut (d) is expressed by the formula:

—_ D_DC
)

d (3.6)

3.2.5 Metal Removal Rate

The metal removal rate (MRR) indicates the volume
of material removed in a period of time and is also a
measure of productivity expressed in in*min (custom-
ary U.S. units of measure) and in cm?*min (metric units
of measure). The metal removal rate (symbol Q) is a
product of the cutting speed (V,), depth of cut (d), and
feed rate (f). MRR is calculated from:

Customary U.S. units of measure,

Q =12V df (V, in ft/min, d and f in inches) (3.7)
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Metric units of measure,
Q=Vdf(V,in m/min, d and fin mm) (3.8)

The following examples of MRR calculations are:
(1) in customary U.S. units of measure and (2) in met-
ric units of measure.

V=600 ft/min (182.9 m/min),d = 0.2 in. (5.08 mm),

f£=0.02 ipr (0.508 mm/rev)
(1) Q=12-600-0.2 -0.02 = 28.8 in¥min
(2) Q=182.9-5.08-0.508 =472 cm*/min

3.2.6 Machining Time when Cutting
Parallel to the Workpiece Centerline
The time required to cut a given length of workpiece
is found by formula (3.9) in which ¢ = time in minutes,
L =length of cut in inches or millimeters, f=feed rate
in inches per revolution or millimeters per revolu-
tion, and n = lathe spindle speed in revolutions per
minute:

_ L
-

¢ (3.9)

Example of calculation is shown for the following cut-
ting data:
L=8in.(203.2 mm), f=0.02 ipr (0.508 mm/rev),
n =500 rpm.
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Customary U.S. units of measure:

t= _8 =0.8 min,
0.02-500
Metric units of measure:
= _2032 =0.8 min,
0.508-500

3.2.7 Machining Time when Facing,

Cutoff, and Deep Grooving
Facing, cutting off, and deep grooving operations
deal with two types of machining: cutting to the center
of the workpiece (solid cross section, Fig. 9a) and cut-
ting to a shoulder (tubular cross section, Fig. 9b).

Rmin

Fig. 9. Cross section of the workpiece, solid (a) and
tubular (b) f—feed, V —cutting speed, n—spindle speed
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Machining time when facing, cutting off, and deep
grooving can be calculated by formula (3.9) only if all
these operations are performed at a constant spindle
speed. However, a better surface finish would be
obtained if these operations were performed at a con-
stant cutting speed. Normally, facing, cutting off, and
deep grooving are performed at a constant cutting
speed, and the machining time formulas have always
been required to set higher productivity. The author has
developed such formulas and made them available to
the metalcutting industry (Ref. 13).

These formulas satisfy the following conditions:

1. Cutting speed remains constant for the entire
facing, cutting off, or deep grooving operations.

2. The workpiece diameter is continuously
decreasing by the value of feed per revolution.

3. The spindle speed rises continuously at a rate
inversely proportional to the workpiece diame-
ter until the rpm (rev/min) reaches its maxi-
mum value, since then remains constant.

4. Machining time is directly proportional to the
unwound spiral of the cutting length and
inversely proportional to the cutting speed.

5. The average cutting length of circumference per
revolution (L) is found from the intermediate
equations

Solid cross section (Fig. 9a),

R +R .
L,= 21{%} (3.10)

96



Chapter 3

Tubular cross section (Fig. 9b),

R +R,
LC=27C|: "2 1} (3.11)

where: R =radius at starting point of cut (workpiece
outside radius),

R . = workpiece minimal radius at which the
lathe spindle reaches its maximum number
of revolutions per minute,

R, = radius at end point of cut (workpiece inside
radius).

Step-by-step derivation of the machining time for-
mula for solid cross section

1. Derivation of the machining time formula is based on
the general equation widely used in Mechanics:

t= v (3.12)
where t = time required to cover distance L at the speed
of V.

2. Total cutting length (L) equals the length of cir-
cumference per revolution (L,) times the number of
revolutions (N) required to cut the workpiece from ini-
tial radius R (starting point) to radius R , (radius at

which the spindle reaches its maximum rpm) at given
feed (f). Therefore,

L=LN (3.13)
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where
N =——mn (3.14)

Replacing L, in formula (3.13) by its value from for-
mula (3.10) and N in formula (3.13) by its value from
formula (3.14) produces:

L=21 Ro + Rmin . Ro — Rmin
2 S

— n(RZr) — Rzmin)
f

3. Time (t,) required for cutting the workpiece from
initial radius R (starting point) to radius R_. (radius
at which the spindle reaches its maximum rpm) is cal-
culated by formula (3.12) in which speed V is replaced
by cutting speed V,_ and L is replaced by its value from
formula (3.15):

L (3.15)

L =wnR -R )
t =— = o min
A (3.16)

(&

4. Time (t,) required for cutting the workpiece from
radius R, (radius at which the spindle reaches its
maximum rpm) to the centerline of the workpiece (at
this point facing or cutting off is completed) is calculated
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by formula (3.9) in which L=R_._ andn=n__ :

min ax”

¢ = oin (3.17)

2
M ax f

5. Total machining time (t) required when facing or
cutting off the workpiece with a solid cross section
(Fig. 9a) is:

t=t +t, (3.18)

6. Replacing t, and ¢, in formula (3.18) by their val-
ues from formula (3.16) and formula (3.17) respec-
tively gives the final machining time formulas as follows,

Customary U.S. units of measure:

2 2
— TC(R o R min) Rmin (Il’lll’l) (319)
12‘/v(,'f nmaxf
Where: 12 is a factor converting feet into inches,
because the cutting speed is expressed in feet per minute
and the radii of the workpiece are given in inches;

R . is the variable radius of the workpiece depend-
ing on the cutting speed and the maximum spindle
speed of the lathe. Since the relationship between cut-
ting speed, spindle speed, and workpiece diameter is
expressed by formula (3.1), this formula can be used to
determine R, (with these substitutions: D =2R . and

"= nmax) min
VvV = nDn — TEZRmin nmax , V = anin nmax (3.20)
c 12 12 ¢ 6
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Solving equation (3.20) for R . we obtain,

Ry = e (3.21)

n

max

Metric units of measure:

R -R, ;
t= TC( 0 mm) + Rmm (mln) (3.22)
1000V, f  n,. f

Where: 1000 is a factor converting meters into mil-
limeters, because the cutting speed is expressed in
meters per minute and the radii of a workpiece are
given in millimeters;

R . is the variable radius of the workpiece depend-
ing on the cutting speed and the maximum spindle speed
of the lathe. The relationship between cutting speed,
spindle speed, and workpiece diameter is expressed by
formula (3.2), this formula can be used to determine R___

(with these substitutions: D =2R . andn=n__)

2R .
V = TEDn — T }{mmnmax — ﬂ:}{mmnmax (3.23)
¢ 1000 1000 500
Solving equation (3.23) for R . we obtain,

500V
I{min = <

— (3.24)

max
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Example of calculating machining time for facing
and cutting off (solid cross section)

Given: R = 1.5 in. (38.1 mm), V_ = 620 sfm
(189 m/min), f = 0.005 ipr (0.127
mm/min), n__ = 3500 rpm (rev/min).

Required: (1) minimal radius R . and (2) machin-
ing time t.

Customary U.S. units of measure:
(1) Formula (3.21) is used to determine R,

R - 6V,  6-620
min 7-3500

max

=0.338 in.

(2) Formula (3.19) is used to calculate ¢

R?> -R? R
_ MR, )Jr

min min

12V _f n . f

. n(1.5° —0.338%) L0338
12-620-0.005  3500-0.005

72136 0338 _6.71
372 175 372

t=0.180+0.019 = 0.199 min = 11.9 sec.

+0.019

Metric units of measure:
(1) Formula (3.24) is used to determine R,

R - 500V, 500-189
min-n 7-3500

max

=8.59 mm.
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(2) Formula (3.22) is used to calculate ¢

R> -R? R
=n( . )+

min min

1000V, f  n f

o n-(38.1° - 8.59%) L 859
1000-189-0.127  3500-0.127

 _m13778 859 _ 43285

= +0.019
24003 444.5 24003

t=0.180+0.019 = 0.199 min = 11.9 sec.

Step-by-step derivation of the machining time for-
mula_for tubular cross section

1. Derivation of the machining time formula is based
on equation (3.12), the same as that used for a solid
cross section of the workpiece:

2. Total cutting length (L) equals the length of cir-
cumference per revolution (L,) times the number of
revolutions (N) required to cut the workpiece from ini-
tial radius R (starting point) to radius R, (radius at end
point of cut, or workpiece inside radius). Therefore,

L=L -N (3.13)

where

R -R
N=—o " (3.25)
S

Replacing L in formula (3.13) by its value from formula
(3.11) and N in formula (3.13) by its value from formula
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(3.25) produces:

L=2rn {RO;Ri][Ro;Ri}

L= @ (3.26)

3. Time (t) required to cut workpiece (Fig. 9b) from ini-
tial radius R (starting point) to radius R, (radius at end
point of cut, or workpiece inside radius) is found by for-
mula (3.12) in which speed V'is replaced by cutting speed
V. and L is replaced by its value from formula (3.26):

2 2
_ L _m™R,-RY) (3.27)
Ve VoS
Formula (3.27) is for calculating machining time
when facing and cutting off a tubular cross section as
well as for deep grooving in both solid and tubular cross
sections.
Customary U.S. units of measure:

(R’ - R%)
o 12V f

(3.28)

Where: 12 is a factor converting feet into inches,
because the cutting speed is expressed in feet per
minute and the radii of the workpiece are given in
inches.
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Metric units of measure:

_ o(R> - R%)

(3.29)
1000V, f

Where: 1000 is a factor converting meters into mil-
limeters, because the cutting speed is expressed in
meters per minute and the radii of a workpiece are
given in millimeters.

Formulas (3.28) and (3.29) are used when R, >R
(this is the most common condition). When R, <R, ,
formulas (3.19), (3.21), (3.22), and (3.24) are recom-
mended. The only change required is to substitute R
for (R, —R,).

Example of calculating machining time for
facing, cutting off (tubular cross section) and deep
grooving (solid and tubular cross sections)

Given: R, =25 in. (63.5 mm), R, = 0.57 in.
(14.5 mm), V= 620 stm (189 m/min)
£=0.005 ipr (0.127 mm/rev).
Required: Machining time t

Customary U.S. units of measure, formula (3.28) is

used to calculate t:

min

. (R -R’) n(2.5-0.57%)
12V.f  12-620-0.005

59251 _18.61

= =0.50 min = 30 sec.
37.2 37.2

104



Chapter 3

Metric units of measure, formula (3.29) is used to
calculate ¢:

(R -R%)  1(63.5°-14.5%)
1000V.f  1000-189-0.127

w3882 12007
1000-189-0.127 24003

=0.50 min = 30 sec.

3.3 DYNAMICS

Dynamics is described by formulas showing how the
cutting forces, torque, and machining power depend on
mechanical properties of work materials and the cut-
ting conditions. Parameters of dynamics are:

1. Tangential force

. Power constants
. Feed and radial forces
. Torque at the cutting tool
. Machining power at the cutting tool
. Machining power at the motor.

QN U = LN

3.3.1 Tangential Force

Engagement of the cutting edge with the rotating
workpiece at a given depth of cut and feed rate gener-
ates a cutting force. This force undercuts a layer of
material and separates it from a workpiece in the form
of chips. Such a cutting force (F) combines tangential
(F), feed (Ff), and radial (F,) forces, which could be
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Fig. 10. Components of the cutting force F
F,—tangential force, F— feed force, F —radial force

14

measured by a three-component dynamometer (Fig. 10).
Of the three cutting force components, tangential, feed,
and radial, the tangential force is the greatest.

Tangential force generates torque at the spindle and
accounts for more than 95% of the machining power.
Therefore, it is very important to know how the tan-
gential force can be calculated. The following is a step-
by-step derivation of the formula to calculate the
tangential force.

1. The relationship between tangential force (F,),
cutting speed (V), and power at the cutting tool (P,) can
be expressed in customary U.S. units of measure as:

LA

_ h 3.30
>~ 33.000 1P (3.30)
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The same relationship expressed in metric units of

measure is:
FV

P =—t-—c (kW 3.31
e = e0000 W) (331

where F, is the tangential force measured by dynamometer.

2. The relationship between metal removal rate (Q),
power constant (K ), and power at the cutting tool (P,)
is expressed by a formula currently used in the metal-
cutting industry:

P,=QK, (hp or kW) (3.32)

3. Replacing Q in formula (3.32) by its value from for-
mula (3.7) gives P_ in customary U.S. units of measure:

P, =12V dfK, (3.33)

4. Replacing Q in formula (3.32) by its value from
formula (3.8) gives P, in metric units of measure:

P, =VdfK, (3.34)

5. By comparing formula (3.30) with formula (3.33)
it becomes obvious that:

RV,
—e =12V dfK, 3.35
33,000 f (3.35)

After reducing formula (3.35) by V_, we obtain:

F
33,000

=12dfK, (3.36)
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6. By solving equation (3.36) in respect to tangential
force F,, we get:

F,=33,000 - 12dfK = 396,000dfK (3.37)

Formula (3.37) is used to calculate tangential force in
customary U.S. units of measure.
7. By comparing formula (3.31) with formula (3.34)
it becomes obvious that:
FV

——<_ =V dfK 3.38
60000 ¢ K, ( )

After reducing formula (3.38) by V, we obtain:

F
=dfK 3.39
60000 ~ VT (3.39)

8. By solving equation (3.39) in respect to tangential
force F,, we get:

F,=60000dfK, (3.40)

Formula (3.40) is used for calculating the tangential
force in metric units of measure.

3.3.2 Power Constant

As can be seen from formulas (3.37) and (3.40), tan-
gential force is directly proportional to depth of cut
(d), feed rate (f), and power constant (K ). Depth of cut
and feed rate depend on type of cutting (rough, semifin-
ish, or finish); type of work materials and their hardness;
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cutting tool geometry and cutting tool material; and
machine tool power availability. Usually, machine shops
select depth of cuts, feeds, and speeds according to
recommendations from the cutting tool manufacturers’
publications. But machine tools place limits on the cut-
ting conditions. The magnitude of the tangential force
is very important, because this force and the cutting
speed determine the required machining power. In
order to calculate the tangential force, knowledge of
power constant values becomes necessary.

The power constant is also called the unit power, or
specific power consumption. In customary U.S. units of
measure the power constant is equal to the horsepower
required to cut a material at a rate of one cubic inch per
minute (hp/in*/min). In metric units of measure the
power constant is equal to the power required to cut a
material at a rate of one cubic centimeter per minute
(kW/em?/min). The power constant in customary U.S.
units of measure relates to the power constant in metric
units of measure as follows:

0.7457 kW
(2.54 em)*/min
0.7457

= ———— =0.0455 kW/cm?*min
16.38706

1 hp/in*/min =

For many years it was considered to be good prac-
tice to use the value of the power constant K,=1.0 hp/
in®/min to estimate power consumption when cutting
steels (the author believes that many machine shops
still use the same power constant value). Such “good

109



Turning

practice” leads to significant inaccuracy in estimating
power consumption, because the power constants of
carbon and alloy steels in annealed and normalized
conditions are from 0.45 to 0.70 hp/in®/min, or from
0.0205 to 0.0318 kW/cm?*/min. The same steels after
heat treatment will have K, = (0.75 — 1.20) hp/in*/min
(customary U.S. units of measure), or K, = (0.0341 -
0.0546) kW/ecm*/min (metric units of measure).

The author’s experimental study on the power con-
stant values for most common work materials (Ref. 14,
pp. 99-102, Ref. 15) revealed that feed rate, depth of
cut, and hardness of the work material significantly
affect the power constant values. The cutting speed
also affects power constants, but to a lesser degree.
Increasing each of these parameters decreases the
power constant value.

Machinery’s Handbook (Ref. 2, p. 1047) indicates
that the hardness and microstructure of the work mate-
rial, the feed rate, the rake angle of the cutting tool, and
the cutting edge condition (sharp or dull) affect the
value of the power constant. The value of the power
constant is essentially unaffected by the cutting speed,
the depth of cut, and the cutting tool material. The
lack of effect of the depth of cut on the power constant
value contradicts the results of the above-mentioned
author’s experimental study. The higher the feed rate
and the depth of cut, the greater is the volume of metal
removal rate. So, the depth of cut also affects the power
constant, but to a lesser degree than the feed rate. Any
significant increase in the cutting speed (40 to 50%)
decreases the value of the power constant and increases
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the rate of cutting edge wear. Cutting edge wear increases
the value of the power constant. Because of this dual
effect, the cutting speed is not considered as an essen-
tial contributor to the value of the power constant.

The author compared the power constant values
from various publications, such as “Machining Data
Handbook” (3rd Edition, Volume 2, 1980, Metcut
Research Associates Inc., Cincinnati Ohio) and catalogs
of major cutting tool manufacturers, and has found
that the most accurate and comprehensive data on the
power constants are in “Machinery’s Handbook” (Ref.
2, pp. 1046-1049, 1052). The following tables contain
the power constant values adapted from “Machinery’s
Handbook” (the author changed the metric values of K,
from kW/em?/sec into kW/em*/min).

As can be seen from Tables 3.2 to 3.8, the power con-
stant values rise with increases in the work material
hardness. The material microstructure also affects the
power constant values. For example, free-machining
medium-carbon steels listed in Table 3.2 and medium-
carbon alloy steels listed in Table 3.4 at the same hard-
ness range of (240-260) HB have these power constants:
0.62 hp/in®*/min (0.0282 kW/cm?/min) and 0.80 hp/in’/
min (0.0364 kW/em?*/min) respectively.

Other cutting parameters that affect power constants
are feed rate, cutting edge condition, and cutting tool
rake angle.

The relationship between feed rate values and feed
factors is given in Table 3.9 (Ref. 2, p.1047, Table 25).

This following example shows how the power constant
value should be adjusted in accordance with change in
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Table 3.4. Power Constants, Kp, for Alloy Steels, Using Sharp
Cutting Tools

Kp, Customary Kp, Metric

U.S. Units of units of
Brinell Measure, Measure,
AISI Grades Hardness  hp/in¥/min  kW/cm3/min
Medium-carbon alloy 140-160 0.56 0.0255
steels, Carburizing 160-180 0.59 0.0268
alloy steels: 180-200 0.62 0.0282
4130, 4320, 4615, 4620, 4626, 200-220 0.65 0.0296
5120, 8615, 8617, 8620, 8622, 220-240 0.70 0.0318
8625, 8630, 8720. 240-260 0.74 0.0337
260-280 0.77 0.0350
280-300 0.80 0.0364
300-320 0.83 0.0378
320-340 0.89 0.0405
Carburizing alloy steels, 140-160 0.62 0.0282
Medium-carbon alloy steels: 160-180 0.65 0.0296
180-200 0.69 0.0314
4023, 4024, 4027, 4028, 4032, 200-220 0.72 0.0328
4037, 4042, 4047,4137, 4140, 220-240 0.76 0.0346
4142, 4145, 4147, 4150, 4340, 240-260 0.80 0.0364
4640, 4815, 4817, 4320, 5130, 260280 0.84 0.0382
5132, 5135, 5140, 5145, 5150, 280-300 0.87 0.0396
6118, 6150, 8637, 8640, 8642, 300-320 0.91 0.0414
8645, 8650, 8740. 320-340 0.96 0.0437
340-360 1.00 0.0455
Manganese alloy steels: ~ 160-180 0.79 0.0359
1330, 1335, 1340. 180-200 0.83 0.0378
Chromium high-carbon 200-220 0.87 0.0396
alloy steel E52100. 220-240 0.91 0.0414
240-260 0.95 0.0432
260-280 1.00 0.0455
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Table 3.5. Power Constants, K , for Cast Irons, Using Sharp
Cutting Tools

K , Customary K , Metric
U.S. Units of Units of

Brinell Measure, Measure,
Cast Irons Hardness  hp/in®/min kW/cm?/min
Gray Cast Irons 100-120 0.28 0.0127
120-140 0.35 0.0159
140-160 0.38 0.0173
160-180 0.52 0.0237
180-200 0.60 0.0273
200-220 0.71 0.0323
220-240 0.91 0.0414
Malleable Cast Irons  150-175 0.42 0.0191
175-200 0.57 0.0259
200-250 0.82 0.0373
250-300 1.18 0.0537

Table 3.6. Power Constants, K , for Stainless and Tool Steels,
Using Sharp Cutting Tools

K , Customary U.S. Kp, Metric Units

Stainless Brinell Units of Measure, of Measure,
and Tool Steels Hardness hp/in%/min kW/cm?/min
Stainless steels  150-175 0.60 0.0273

175-200 0.72 0.0328
200-250 0.88 0.0400
Tool steels 175-200 0.75 0.0341
200-250 0.88 0.0400
250-300 0.98 0.0446
300-350 1.20 0.0546
350-400 1.30 0.0592
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the feed rate. The AISI 4340 alloy steel workpiece is to
be turned at the feed rate of 0.016 ipr (0.4 mm/rev).
Brinell hardness of the workpiece is 210 HB. According
to Table 3.4, K = 0.72 hp/in¥min (0.0328 kW/cm?/min).
To adjust this power constant value for a given feed rate,
an appropriate feed factor should be found from Table
3.9. Since C = 0.94, therefore, Kp =0.72 - 0.94 = 0.68
hp/in*/min or K = 0.0328 - 0.94 = 0.0308 kW/em?*/min.

The edge of the cutting insert wears and changes
from sharp condition to dull and the cutting insert is
then indexed. A worn cutting edge generates higher
cutting forces and requires more power to cut.
Therefore, the wearing process between indexes of the
insert is correlated to tool wear factors. The relation-
ship between tool wear factors and type of operation is
shown in Table 3.10 (Ref. 2, p. 1048, Table 26).

Tool wear factors presented in Table 3.10 should be
used for adjusting power constants just before indexing
a cutting insert. Immediately after indexing, when turn-
ing is performed by a sharp cutting edge, the tool wear
factor C_ = 1.0.

Table 3.10. Tool Wear Factors, C,, for Power Constant Adjustment

Type of Operation cC,
Finish turning (light cuts) 1.1
Normal rough and semifinish turning 1.3
Extra-heavy-duty rough turning* 1.6-2.0

* This category occurs only on operation where the tool is allowed to wear
more than a normal amount before it is replaced, such as roll turning.
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The effect of the rake angle on the power constant
usually can be disregarded. Most of the data in the
power constant tables are given for positive 14° rake
angle inserts (Ref. 2, p. 1047).

3.3.3 Feed and Radial Forces

Normally, feed force (F)) is the second highest after tan-
gential force (F,), and radial force (F) is least in magni-
tude. It is a common practice to estimate feed and radial
forces as follows: F,= 0.5 F, and F, = 0.25 F . Unfortunately,
this method of feed and radial force estimation has accept-
able accuracy only when applied to some grades of car-
bon steel in annealed and normalized conditions.

The author developed a new method of calculating
feed and radial forces that can be applied to steels, cast
irons, high-temperature alloys, and nonferrous alloys.
To increase the accuracy in calculating feed and radial
forces, the work materials are divided into the follow-
ing groups, and the formulas are listed in Table 3.11.

Group 1: All steels with Brinell hardness range of
(80-280) HB

Group 2: All steels (280-400) HB. Hard brass and
hard bronze

Group 3: Cray cast irons (100-240) HB. Medium
brass and medium bronze

Group 4: Ductile and malleable cast irons (150-
300) HB

Group 5: Titanium alloys (275-340) HB
Group 6: Nickel-base and cobalt-base high-
temperature alloys (165-375) HB
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Group 7: Aluminum alloys (100-150) HB. Copper
alloys: soft and leaded brass.

Table 3.11. Formulas for Feed and Radial Forces
versus Tangential Force

Group of Feed Force Radial Force
Work Materials Formula Formula
Group 1 F, = 0.460F, F =0.221F,
Group 2 F, =0.683F, F. =0.382F,
Group 3 F, = 0.486F, F. =0.269F,
Group 4 F, = 0.532F, F. =0.242F,
Group 5 F, =0.675F, F. =0411F,
Group 6 F, = 0.609F, F. =0373F,
Group 7 F, = 0.429F, F =0211F,

Example of Calculating Cutting Forces
Given: A workpiece made of AISI 4140 alloy
steel having hardness of 230 HB is to
be machined at the depth of cut of
0.200 in. (5.08 mm) and the feed rate
of 0.020 ipr (0.508 mm/rev).
Required: Calculation of tangential, feed, and
radial forces.

Tangential force calculation
Customary U.S. units of measure
Tangential force is calculated by formula (3.37):

F,=396,000 dep
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Power constant (from Table 3.4):
K =0.76 hp/in®/min
Feed factor (from Table 3.9):
C=0.90
Adjusted power constant,
K, =K,C=0.76 - 0.90 = 0.68 hp/in*/min
Tangential force, sharp cutting tool,

F,=396,000-0.2-0.02-0.68=1077.11b

Metric units of measure
Tangential force is calculated by formula (3.40):

F,=60000dfK,
Power constant (from Table 3.4):
K, =0.0346 kW/cm*/min
Feed factor (from Table 3.9):
C=0.90
Adjusted power constant,
K, =K,C=0.0346 - 0.90 = 0.0311 kW/em*/min
Tangential force, sharp cutting tool,

F,=60000-5.08-0.508 - 0.0311 =4815.5 N
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Feed force calculation
Customary U.S. units of measure
F, = 0.460F, (Table 3.11, Group 1). F, = 0.46 -
1077.1=495.51b
Metric units of measure
F, = 0.460F, (Table 3.11, Group 1). F,=0.46 -
4815.5=2215.1N

Radial force calculation
Customary U.S. units of measure
F = 0.221F, (Table 3.11, Group 1). F_ = 0.221 -
1077.1=238.01b
Metric units of measure
F_= 0.221F, (Table 3.11, Group 1). F, = 0.221 -
4815.5=1064.2N

3.3.4 Torque at the Cutting Tool

Torque at the cutting tool (T,) is produced by tan-
gential force (F,) applied to its arm. The arm of applied
force is a radius (R) of the workpiece. Torque at the cut-
ting tool is calculated by the formulas:

Customary U.S. units of measure

T.=FR= FfZD (in Ib) (3.41)
ED

T, =~ (ft1b 3.42

L=2 (felb) (3:42)

were D is a workpiece diameter in inches and F, is in
pounds (Ib)
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Metric units of measure

T.,=FR= F‘ZD (N -mm) (3.43)
ED

T =21 (N.

= 3000 (N-m) (3.44)

were D is a workpiece diameter in mm and F, is in
Newtons (N)

Example of Calculating Torque

at the Cutting Tool

This example uses the same data as in the previous
example with the assumption that the workpiece diam-
eter D =4.0 in. (101.6 mm). Calculated tangential force
value is F, = 1077.11b (4815.5 N).
From formula (3.41):

T =

. —10772~1'4 = 2154.2 (in Ib)

From formula (3.42):

p o 1077.1:4 43084
Y 24

=179.5 (ft Ib)

From formula (3.44):

_ 4815.5-101.6 _ 489254.8
¢ 2000 2000

=244.6 (N - m)
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3.3.5 Machining Power

at the Cutting Tool

Machining power at the cutting tool (P,) can be cal-
culated by three interrelated methods: (1) tangential
force and cutting speed, (2) metal removal rate and
power constant, (3) torque at the cutting tool and spin-
dle speed.

(1) Formulas (3.30) and (3.31) are recommended to
calculate machining power at the cutting tool by tan-
gential force and the cutting speed values (these for-
mulas are expressed in customary U.S. and metric units
of measure respectively).

(2) Formulas (3.33) and (3.34) are recommended to
calculate machining power at the cutting tool by metal
removal rate and power constant values (these formu-
las are expressed in customary U.S. and metric units of
measure respectively).

(3) Formulas (2.52) and (2.53) can be used to cal-
culate machining power at the cutting tool by torque
and spindle speed values (these formulas are
expressed in customary U.S. and metric units of meas-
ure respectively).

Example of Calculating Machining
Power at the Cutting Tool

In this example, the same data are used as in the pre-
vious examples with the assumption that the cutting
speed V_ = 600 sfm (182.9 m/min). The cutting tool is
sharp, C_ = 1.0.
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Customary U.S. units of measure

Method (1), formula (3.30):
£V,

<~ 33,000

from previous example, tangential force, F,=1077.11b

_1077.1-600 _ 646,260
¢ 33,000 33,000

=19.58 hp

Method (2), formula (3.33):
P,=12V,dfK,
from previous example, d = 0.2 in, f=0.02 ipr, K,=0.68
P,=12-600-0.2-0.02-0.68=19.58 hp
Method (3), formula (2.52):

¢ 63,025’

from previous example, T, = 2154.2 in Ib
Spindle speed (n) is found from formula (3.3)

- 12V, 12600 _ 1800

=573 rpm
nD n-4 T
p = 2154.2-573 _ 1234356.6 ~19.58 hp
¢ 63,025 63025
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Metric units of measure
Method (1), formula (3.31):

_ kY,
¢ 60000
from previous example, tangential force, F, = 4815.5 N
_ 4815.5-182.9 _ 880754.95 — 14.68 KW
¢ 60000 60000

Method (2), formula (3.34):

P, =V, dfK ,

from previous example, d = 5.08 mm, f=0.508 mm/rev,
K =0.0311 kW/cm®*/min

p

P =182.9-5.08-0.508-0.0311 = 14.68 kW

c

Method (3), formula (2.53):

P, = Tn ,
9549
from previous example, T, =244.6 N - m

Spindle speed (n) is found from formula (3.4)

"= 1000V, 1000-182.9 1800

=573 rpm
nD ©-101.6 T
| 2446-573 1401558 _ ., ooy
¢~ 9549 9549
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When the cutting insert becomes dull and must be
indexed or replaced, P, must be multiplied by the tool
wear factor C_ given in Table 3.10. Cutting conditions
in this example correspond to roughing, so tool wear
factor C_ = 1.3 and machining power adjusted for a dull
cutting tool P_ is:

P._=PC (3.45)

ca c w

Customary U.S. units of measure,

P _=19.58-1.3=2545 hp.

ca

Metric units of measure,

P =14.68- 1.3 =19.08 kW

C

3.3.6 Machining Power at the Motor
Calculation of machining power at the motor is per-

formed similarly to that described in section 2.2.4.

Formula (2.54) and Table 2.5 should be used.

Example of Calculating Machining Power

at the Motor

The same machining power values at the dull cutting
tool are used from the previous example:

P, =25.45hpand P, =19.08 kW. Assuming that the
machine tool is an oil-hydraulic drive lathe and the
machine efficiency factor E = 90%, so the calculated

machining power at the motor is:
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Customary U.S. units of measure,

m

p =2545 _5g3pp.
0.9

Metric units of measure,

_19.08 _
" 09

p 21.2 kW.

Concluding Remarks on Turning

1. Identification systems for indexable cutting insert
geometry, dimensions, and tolerances are specified by
American National Standard for Turning Tools (ANSI
B212.12-1991) and International Standards Organization
(1SO).

2. Kinematics of turning is expressed by six formu-
las in customary U.S. and metric units of measure for
calculating cutting speed, spindle speed, feed speed,
and depth of cut.

3. Metal removal rate and machining time are major
parameters that describe productivity in turning.
Machining time when turning along the workpiece cen-
terline and across the workpiece centerline (facing, cut-
ting off, and deep grooving) are calculated by different
formulas. There are 23 formulas for such calculations in
customary U.S. and metric units of measure. The author
developed 20 formulas for calculating machining time
when facing, cutting off, and deep grooving of work-
pieces with solid and tubular cross sections.

4. Cutting forces (tangential, feed, radial), torque, and
machining power are major parameters related to the
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dynamics of turning. Tangential force calculation is based
on the depth of cut, feed rate, power constant, and tool
wear factor. Calculation of machining power can be per-
formed by: (1) tangential force and cutting speed, (2) metal
removal rate and power constant, and (3) torque and spin-
dle speed. There are 16 formulas for such calculations.
4. Analytical analysis of the cutting force components
resulted in a new concept for calculating feed and radial
forces in relation to tangential force. The author devel-
oped 14 formulas for these calculations (Table 3.11).
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BORING

Boring is an internal turning operation performed
with a boring bar to enlarge a previously drilled hole to
form an internal shape of required dimensions. Boring
operations range from semiroughing to finishing.

The majority of formulas described in Chapter 3
“Turning” are applicable to “Boring”. Some formulas
were modified and a few new formulas were developed.

Insert identification systems described in sections
3.1.1 and 3.1.2 are applicable to boring as well.

Formulas given in section 3.2 “Kinematics and
Productivity” are valid for boring. To calculate cutting
speed and spindle speed, formulas (3.1) through (3.4)
should be used. When applied to boring, symbol D in
these formulas means “internal workpiece diameter”.
When calculating feed speed and metal removal rate,
formulas (3.5), (3.7), and (3.8) can be used with the
same symbols. Depth of cut (d) can be calculated by for-
mula (3.6) modified for boring:

_D,-D
2

d (4.1)
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? @3%

d
Fig. 11. Depth of cut when boring

where D_is the workpiece cut inside diameter,
D is the workpiece uncut inside diameter.
When boring, D, > D (Fig. 11).

Formula (3.9) is recommended to calculate machin-
ing time in boring operations. Formula (3.27) can be
used for calculating machining time when grooving.
Machining time formulas when facing and cutting off are
not applicable to boring, because the cutting tools (bor-
ing bars) cannot be fed perpendicular to the centerline
of the workpiece.

4.1 DYNAMICS

Tangential force formulas and the power constant
data (sections 3.3.1 and 3.3.2) are valid for boring. As
far as tool wear factors C_ are concerned, C_ = 1.1
should be used because this value corresponds with
finishing or light cuts (Table 3.10). Feed and radial
force formulas for turning should not be used when
boring.
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Table 4.1. Formulas for Feed and Radial Forces
versus Tangential Force

Group of Work Feed Force Radial Force
Materials Formula Formula
Group 1 = 0.537F, F.=0.308F,
Group 2 = 0.869F, F.=0.672F,
Group 3 = 0.579F, F.=0.422F,
Group 4 F,=0.596F, F =0331F,
Group 5 F,=0.725F, F.=0.592F,
Group 6 F,=0.658F, F.=0.510F,
Group 7 F,= 0.486F, F.=0311F,

4.1.1 Feed and Radial Forces

As with turning, feed and radial forces are calculated
proportionally to the tangential force, depending on the
group number of the work materials described earlier
(section 3.3.3). The author developed new formulas for
calculating feed and radial forces as shown in Table 4.1.

Description of each group of work materials pre-
cedes Table 3.11.

Example of Calculating Cutting Forces

Given: A workpiece is AISI 1060 high-carbon
steel, 245 HB (Brinell hardness num-
ber). Boring is performed at a depth of
cut of 0.080 in. (2.03 mm) and feed
rate of 0.008 ipr (0.20 mm/rev).

Required: Calculation of tangential, feed, and
radial forces.
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Tangential force calculation

Customary U.S. units of measure:
Tangential force is calculated by formula (3.37):

F,=396,000dfK

Power constant (from Table 3.3): K,=0.92 hp/in®/min

Feed factor (from Table 3.9): C =1.08

Adjusted power constant, Kpa = KPC =0.92-1.08=
0.99 hp/in*/min

Tangential force, sharp cutting tool, F, = 396,000 -
0.08 - 0.008 - 0.99 =250.9 Ib

Metric units of measure:
Tangential force is calculated by formula (3.40):

F,=60000 dep

Power constant (from Table 3.3): K, =0.0419 kW/
cm®/min

Feed factor (from Table 3.9): C = 1.08

Adjusted power constant, K, =K (C=0.0419-1.08=
0.0452 kW/cm?*/min

Tangential force, sharp cutting tool, F, = 60000 -
2.03-0.20-0.0452=1101.1 N

Feed force calculation

Customary U.S. units of measure,

Feed force, F,= 0.537F, (Table 4.1, Group 1 of work
material)
F,= 0.537 - 250.9=134.7 Ib.
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Metric units of measure,

Feed force, F;=0.537F, (Table 4.1, Group 1 of work
material)
Ff= 0.537 -1101.1 =591.3 N.

Radial force calculation
Customary U.S. units of measure,
Radial force, F_ = 0.308F, (Table 4.1, Group 1 of
work material)
F =0.308-250.9=77.31b.

Metric units of measure,

Radial force, F, = 0.308F, (Table 4.1, Group 1 of
work material)

F,=0.308-1101.1 =339.1N.

4.1.2 Machining Power
at the Cutting Tool

The same methods and formulas described earlier
(section 3.3.5) can be used for calculating machining
power at the cutting tool (P,). If the cutting insert is
sharp, the tool wear factor C_ = 1.0. When the cutting
insert becomes dull and must be indexed or replaced,
P, must be multiplied by the value of tool wear factor
C,, given in Table 3.10. Cutting conditions in boring
operation usually entail light cuts, so the tool wear fac-
tor used in calculations should be C = 1.1, and machin-
ing power at dull cutting tool will be:

P =11P, (4.2)

ca
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It was shown earlier that all three methods of cal-
culating machining power at the cutting tool produced
the same results, therefore only one example of calcu-
lating P, based on tangential force and cutting speed
(method #1), is presented here.

Example of Calculating Machining

Power at the Cutting Tool

Given: Cutting speed V= 600 stm (182.9 m/
min) and tangential force (from previ-
ous example of calculation), F,=250.9 Ib
(1101.1N).

Required: Machining power with sharp (P,) and
dull cutting tool (P, ).

Customary U.S. units of measure
Formula (3.30):

_ RV, p  230.9-600
©” 33,000 <7 33000

Formula (4.2):

=4.56 hp

P, =11P, P_=11-4.56=5.02hp

Metric units of measure
Formula (3.31):
EV, p= 1101.1-182.9

, = , =3.36 kW
¢ 60000 ¢ 60000

Formula (4.2):
P, =1.1P, P =1.1-336=3.70 kW

ca ca
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4.1.3 Machining Power at the Motor
Calculation of machining power at the motor is per-

formed in a manner similar to that described in section

2.2.4. Formula (2.54) and Table 2.5 should be used.

Example of Calculating Machining
Power at the Motor

The same machining power values at the dull cutting
tool are used from the previous example:

P_=502hp and P_=3.70 kW.

Assuming that the machine tool is a gear head drive
lathe and the machine efficiency factor E = 80%, so the
calculated machining power at the motor is:

Customary U.S. units of measure,

p 502—628h
0.8

m

Metric units of measure,

=370 _4 62 kwW.

4.2 BORING BAR DEFLECTION

A boring bar has three basic elements (Fig. 12): index-
able cutting insert, shank, and anchor. The anchor is the
clamping portion of the shank that is held in the tool
block. The minimum clamping length is approximately 3
to 4 diameters of the shank (Ref. 16). The distance the
boring bar extends beyond the tool block, called overhang,

determines the cutting depth. The overhang is the unsup-
ported portion of the boring bar. Long overhang causes
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Fig. 12. Elements of a boving bav, 1—indexable insert,
2 —shank, 3—anchor

excessive deflection of the shank and generates vibration
(chatter), which is worsening the surface finish of the
bore. Eliminating chatter, especially in long-bore work-
pieces, is one of the greatest challenges faced by manu-
facturers and users of boring bars. A boring bar with the
highest static and dynamic stiffness should always be
chosen. Static stiffness is the ability of a boring bar to
resist deflection caused by the cutting forces. Dynamic
stiffness is the ability of a boring bar to damp vibration.

This chapter describes the static stiffness and deflec-
tion of a boring bar depending on the mechanical prop-
erties of the shank material, the length of the overhang,
and the cutting conditions.

The following equation is used for calculating deflec-
tion () of a boring bar.

3
y=TE (4.3)
3EI

where F is the cutting force, Ib or N
L is unsupported length of a boring bar (over-
hang), in. or mm
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E is the modulus of elasticity (in tension) of a
boring bar material, psi or N/mm?

I is the moment of inertia of a boring bar cross-
sectional area, in* or mm®*.

This is the same formula that was developed to cal-
culate deflection of a cantilever beam. A boring bar
deflection is similar to that of a cantilever beam. A bor-
ing bar is a beam with a fixed support at one end (a
clamping portion, or anchor) and an unsupported por-
tion, or cantilever, at the other end (Fig. 13). Because of
the similarity, the formula describing a cantilever beam’s
deflection is applicable for a boring bar’s deflection. As
can be seen from formula (4.3), there are four variables
that determine a boring bar’s deflection. The most sen-
sitive variable is overhang: the amount of deflection is
proportional to the increase in the length cubed. The
other variables are less sensitive: deflection is directly
proportional to the cutting force and inversely propor-
tional to the modulus of elasticity and the moment of
inertia.

4

y

T

Fig. 13. Deflection of a boring bar (y) caused by cutting
force (F), 1—-cantilever, 2—anchor (clamping portion)
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4.2.1 Cutting Forces Acting

on the Boring Bar

The cutting force generated when boring is similar
to that generated when turning. Cutting force compo-
nents are tangential, feed, and radial. Tangential force
(F,) acts perpendicular to the cutting insert rake surface
and pushes the boring bar “downward”, so that the
cutting edge moves below the centerline of the boring
bar. The feed force (F,) acts parallel to the centerline
and does not deflect the boring bar. The radial force (F )
is perpendicular to both these forces and pushes the bar
away from the side of the bore. Thus, only tangential
and radial forces deflect the boring bar (Ref. 17). Since
the tangential force is significantly larger than the radial
force, deflection by the tangential force is also much
higher than that by the radial force. Therefore, the
combined deflection caused by these two cutting force
components (resultant cutting force) should be calcu-
lated. The resultant cutting force (F) is found from:

F=+F*+F? (4.4)

4.2.2 Unsupported Length

of a Boring Bar
The unsupported length of a boring bar plays a sig-
nificant role in boring operations, since it defines the
depth of a hole. With more overhang, the boring bar can
machine a deeper hole. But more overhang also
increases the risk of excessive deflection and vibration.
For example, an increase in bar length by 1.25 times
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almost doubles the amount of deflection (1.25% =1.95)
at a given amount of the cutting force.

4.2.3 Moduli of Elasticity of Boring

Bar Materials

Boring bar shanks are made either of steels, tungsten-
base metals, or cemented carbides.

1. Most commonly used boring bar materials are
alloy steels. Some boring bar manufacturers use AISI
1144 free machining medium-carbon steel. Regardless
of grades, all carbon and alloy steels have the same
modulus of elasticity:

Customary U.S. units of measure,

E=30-10° psi
Metric units of measure,
E =20.6 - 10* N/mm?

A common mistake is to assume that a steel shank
with a higher hardness, or one made from a higher
quality of steel will deflect less. As can be seen from
equation (4.3), the material property that determines
deflection is the modulus of elasticity. Hardness does
not appear in this equation.

2. Tungsten-base metals, also known as tungsten
heavy alloys, are produced by a powder metallurgy
technique. High purity metal powders—tungsten,
nickel, iron, and copper, are typical elements for sin-
tering variety of alloys, some of which are used to fab-
ricate boring bars and other tool holders (Ref. 18, p. 23;
Ref. 19, pp. 1, 3). Table 4.2 shows the most popular
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tungsten heavy alloys used to fabricate shanks for bor-
ing bars.

Boring bars made of tungsten heavy alloys will deflect
less than steel boring bars of the same diameter and
overhang by 50 to 60 percent when cutting at the same
depth of cut and feed rate.

3. Cemented carbides used for boring bars, provide
minimum deflection because their moduli of elasticity
are higher than those of steels and tungsten heavy alloys.
Typical cemented carbides for boring bars are composi-
tions of tungsten carbide (90 to 94%) and cobalt (10 to
6% respectively). Multi-carbide compositions of refractory
metals (tungsten, titanium, tantalum, and niobium) and
cobalt (as a binder) are used to fabricate boring bars.

There are many cemented carbide manufacturers in
the world whose products are used for boring bars. The
following makers of cemented carbides have given per-
mission to mention their names and have provided
technical information on their products.

Ultra-met® offers several cemented carbide grades
(Ref. 20, pp. 4, 6, 7) that are used to fabricate small
diameter solid boring bars (including the cutting por-
tion) and the bar shanks of larger diameters. These
grades and their properties are given in Table 4.3.

Valenite™ offers three cemented carbide grades (Ref.
21) that are used in boring bars. Properties and chem-
ical composition of these grades are shown in Table 4.4.

Kennametal Inc. (Ref. 22) offers two cemented car-
bide grades that are used in boring bars. Properties and
chemical composition of these grades are shown in
Table 4.5.
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4.2.4 Moment of Inertia of a Boring Bar

Cross-sectional Area

As can be seen from formula (4.3), deflection of a
boring bar is inversely proportional to the moment of
inertia of a bar cross-sectional area.

Moment of inertia is a property of areas. Since bor-
ing bars are available in a variety of diameters, it is
important to calculate the area of a bar cross section
using appropriate formulas. Boring bars are usually
round with solid or tubular cross sections as shown in
Fig. 14. Boring bars for dry cutting have a solid cross
section, and boring bars with through-tool holes for
coolant would have tubular cross section.

Moment of inertia (I) of a solid cross-sectional area
is found from:

p— TC(DO )4
64

I (4.5)

where D is a bar outside diameter in inches or mm.
Moment of inertia (I) of a tubular cross-sectional
area is calculated by:

_ (D) - (D)']
64

I (4.6)

where D, is a bar inside diameter in inches or mm.

A typical misconception about the moment of iner-
tia of a tubular cross-sectional area is that even a small
size of through-tool hole significantly decreases moment
of inertia. It is important to know that small diameter
through-tool holes do not affect the moment of inertia.
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Fig. 14. Cross sectional arvea of a boring bar
(a) solid, (b) tubular

Even large holes do not reduce significantly the moment
of inertia of the tubular cross-sectional area. Thus, if it
is necessary, the coolant can be supplied through tool
holes of large diameters, and there is no need to worry
about excessive deflection of boring bars.

Examples of calculations in the following two tables
illustrate how various inside diameters of a bar affect
the moment of inertia of the cross-sectional area when
the outside bar diameter is constant.

As can be seen from Table 4.6 and Table 4.7, the
moment of inertia of a bar cross-sectional area
decreases at a significantly lower rate than the rate at
which the bar inside diameter increases. For example,
when the boring bar inside diameter is equal to 50% of
its outside diameter value, the moment of inertia of a
tubular cross-sectional area is smaller than that of a
solid cross-sectional area by less than 7%. Typical
through-tool hole diameters are approximately 0.08 to
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Table 4.6. Moment of Inertia of the Cross-sectional

Area at Various Boring Bar Inside Diameters

(Customary U.S. units of measure)

Bar Diameters, inches

Moment of Inertia

Outside, D, Inside, D, in* %
1.00 0.00 0.0490874 100
1.00 0.05 0.0490871 99.999
1.00 0.10 0.049082 99.990
1.00 0.15 0.049063 99.95
1.00 0.20 0.049009 99.84
1.00 0.25 0.048896 99.61
1.00 0.30 0.048690 99.19
1.00 0.35 0.048351 98.50
1.00 0.40 0.047831 97.44
1.00 0.45 0.047074 95.90
1.00 0.50 0.046019 93.75
2.00 0.00 0.785398 100
2.00 0.20 0.785320 99.99
2.00 0.30 0.785001 99.95
2.00 0.40 0.784142 99.84
2.00 0.50 0.782330 99.61
2.00 0.60 0.779036 99.19
2.00 0.70 0.773612 98.50
2.00 0.80 0.765292 97.44
2.00 0.90 0.753192 95.90
2.00 1.00 0.736311 93.75
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Table 4.7. Moment of Inertia of the Cross-sectional Area at
Various Boring Bar Inside Diameters (Metric units of measure)

Bar Diameters, mm Moment of Inertia
Outside, D, Inside, D, mm* %

25.00 0.00 19174.8 100
25.00 1.25 19174.6 99.999
25.00 2.50 19173 99.990
25.00 3.75 19165 99.95
25.00 5.00 19144 99.84
25.00 6.25 19100 99.61
25.00 7.50 19019 99.19
25.00 8.75 18887 98.50
25.00 10.00 18684 97.44
25.00 11.25 18388 95.90
25.00 12.50 17976 93.75
50.0 0.0 306796 100
50.0 25 306794 99.999
50.0 5.0 306765 99.990
50.0 15 306641 99.95
50.0 10.0 306305 99.84
50.0 125 305598 99.61
50.0 15.0 304311 99.19
50.0 175 302192 98.50
50.0 20.0 298942 97.44
50.0 225 294216 95.90
50.0 25.0 287621 93.75
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0.2 inches (2 to S mm) depending on the boring bar out-
side diameters.

4.2.5 Static Stiffness of Boring Bars

It was mentioned earlier that static stiffness is the
ability of a boring bar to resist deflection caused by the
cutting force. Static stiffness can also be described as
the product of the modulus of elasticity of a boring bar
material (E) and the moment of inertia of a boring bar
cross-sectional area (I) and is expressed as:

S=EI (Ib-in? or N - mm?) 4.7)

where S is static stiffness.

Static stiffness is directly proportional to moment of
inertia, so it is obvious that the largest possible diam-
eter of boring bar should be used to minimize deflec-
tion, especially if other boring bar materials with higher
moduli of elasticity are not available.

Calculation of a steel boring bar

static stiffness
Customary U.S. units of measure
Given: modulus of elasticity E = 30 - 10° psi,
boring bar outside diameter D, =1.0 in.,
bar inside diameter D, = 0.15 in.,
moment of inertia I = 0.049063 in*
(from Table 4.6).
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Using formula (4.7), S=EI =30 - 10° -
0.049063 =14.7 - 105 Ib - in?

Metric units of measure

Given:

Solution:

modulus of elasticity E = 20.6 - 10*
N/mm?, bar outside diameter D = 25
mm, bar inside diameter D, =3.75 mm,
moment of inertia I = 19165 mm*
(from Table 4.7).

Using formula (4.7), S=E[=20.6 - 10* -
19165=39.5- 105N - mm?

Calculation of a tungsten heavy alloy boring
bar static stiffness
Customary U.S. units of measure

Given:

Solution:

modulus of elasticity E =48 - 10° psi,
boring bar outside diameter D, =1.0 in.,
bar inside diameter D, = 0.15 in.,
moment of inertia I = 0.049063 in*
(from Table 4.6).

Using formula (4.7), S=EI =48 - 10° -
0.049063 =23.6 - 105 1b - in?

Metric units of measure

Given:

Solution:

modulus of elasticity E =33 - 10* N/mm?,
bar outside diameter D =25 mm, bar
inside diameter D,=3.75 mm, moment
of inertia I = 19165 mm* (from Table
4.7).

Using formula (4.7), S=EI =33 - 10* -
19165=63.2 - 108 N - mm?
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Calculation of a cemented carbide boring bar

static stiffness

Customary U.S. units of measure

Given:

Solution:

modulus of elasticity E =82.7 - 10° psi,
boring bar outside diameter D, =1.0 in.,
bar inside diameter D, = 0.15 in.,
moment of inertia I = 0.049063 in*
(from Table 4.6).

Using formula (4.7), S=EI[=82.7 - 10°-
0.049063 =40.6 - 105 Ib - in?

Metric units of measure

Given:

Solution:

modulus of elasticity E =57 - 10* N/mm?,
bar outside diameter D, =25 mm, bar
inside diameter D,=3.75 mm, moment
of inertia I = 19165 mm* (from Table
4.7).

Using formula (4.7), S=EI =57 - 10* -
19165 =109.2 - 108 N - mm?

4.2.6 Boring Bar Overhang-to-Diameter

Ratio

Analysis of equations (4.3), (4.5), and (4.6) shows
what can be done to minimize boring bar deflection.
The following statements are in the same sequence as
the variables appear in equation (4.3):

1. To machine at minimum depth of cut and feed
rate to reduce the cutting force.

2. To use a

boring bar with the shortest possible

overhang.
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3. To use a boring bar material with the highest
modulus of elasticity.

4. To use a boring bar with the largest possible
diameter.

Since deflection is a function of four variables, there
are several possibilities to keep a boring bar within a
deflection range that will not jeopardize productivity of
cutting and the quality of surface finish. The length of
tool overhang and the bar diameter will determine what
material should be used to fabricate the boring bar.

Boring bar overhang (L)-to-diameter (D,) ratio is a
widely used practical criterion to control deflection.
The maximum overhang-to-diameter ratios (L : D,) for
the most common boring bar materials are:

Steel-shank bars 3.5:1 (Ref. 23)
Steel-shank bars 4.0:1 (Ref. 16)
Tungsten heavy alloy-shank bars 5.0:1 (Ref. 23)
Cemented carbide-shank bars 7.0:1 (Ref. 24)
Cemented carbide-shank bars 8.0:1 (Ref. 23)

When boring depth (overhang) exceeds 8 times
shank diameters (L > 8D ), vibration of the boring bar
occurs. A steel bar that incorporates dampening mech-
anism is then recommended (Ref. 23).

Example of Calculating Boring Bar Deflection
Given: AISI 1045 medium-carbon steel work-
piece (250 HB) to be machined at depth
of cut d =0.100 in. (2.54 mm) and feed
rate f=0.008 ipr (0.20 mm/rev) using a
boring bar with diameter D, = 1.0 in.
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(25.4 mm) and unsupported length L =
4.0 in. (101.6 mm).
Required: ~ Amount of boring bar deflection.

Calculations in Customary U.S. units

of measure

Deflection of a boring bar is calculated by equation
(4.3) in the following sequence:

1. Tangential Force is calculated by formula (3.37)

F,=396,000 -d -f K,

where K, = 0.92 is the power constant of 1045 steel
shown in Table 3.3. The feed rate f = 0.008 ipr, so the
feed factor C = 1.08 (Table 3.9). The adjusted power
constant K, and tangential force F, are equal to:

K,=K, - -C=0.92-1.08=0.99 hp/in®/min
F,=396,000-0.1-0.008-0.99=313.61b

2. Radial Force is calculated by the formula shown
in the first row of Table 4.1.

F =0.308-F,=0.308-313.6=96.6 1b

3. Resultant Force is calculated by formula (4.4)

F= R+ F? =313.6? +96.62

=4/107,676.52 =328.1 b
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4. Moment of Inertia is calculated by formula (4.5)

4 14
_ n(Do) :E:lzooﬁlgl i1’14
64 64 64

5. Deflection of a boring bar is calculated by equa-
tion (4.3)

FL’
" 3EI
5a. Deflection of a steel boring bar, E = 30 - 10° psi

y

ye 328.1-4° _20,998.4
(3-30-10°-0.0491) 4,419,000

=0.0048 in.

5b. Deflection of a tungsten heavy alloy boring bar,
E =48 -10° psi (Table 4.2)

ye 328.1-4° _20,998.4
(3-48-10°-0.0491) 7,070,400

=0.0030 in.

Sc. Deflection of a cemented carbide boring bar,
E =82.7-10° psi (Table 4.3)

ye 328.1-4° _20,998.4
(3-82.7-10°-0.0491) 12,181,710

=0.0017 in.

Calculations in Metric units of measure
1. Tangential Force is calculated by formula (3.40)

F[=60000-d-f~Kp
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where K =0.0419 is the power constant of 1045 steel
shown in Table 3.3. The feed rate f= 0.20 mm/rev, so
the feed factor C =1.08 (Table 3.9). The adjusted power
constant K and tangential force F, are equal to:

K, =K, - C=0.0419 - 1.08 = 0.0453 kW/cm3*/min
F,=60000 - 2.54-0.2-0.0453=1380.7 N

2. Radial Force is calculated by the formula shown
in the first row of Table 4.1.

F =0.308-F =0.308-1380.7=425.3 N

3. Resultant Force is calculated by formula (4.4)

F=F+F? =11380.7% + 425 3
= 208721258 =1444.7 N

4. Moment of Inertia is calculated by formula (4.5)

I n(D,)! 254" 1416231

=20432 mm*
64 64

5. Deflection of a boring bar is calculated by equation
(4.3)

_FL
Y= 361
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5a. Deflection of a steel boring bar, E = 20.6 - 10*
N/mm?

e 1447.7-101.6° 1518307363
(3-20.6-10*-20432) 12626976000

=0.120 mm

5b. Deflection of a tungsten heavy alloy boring bar,
E =33 -10* N/mm? (Table 4.2)

_1447.7-101.6° 1518307363
Y (3-33-10%-20432) 20227680000

=0.075 mm

5c. Deflection of a cemented carbide boring bar,
E=57-10* N/'mm? (Table 4.3)
1447.7-101.6° 1518307363

y= = =0.043 mm
(3-57-10%-20432) 34638720000

4.2.7 Maximum Overhang at Permissible

Deflection of a Boring Bar

When boring productivity is important, another
practical criterion developed by the author, can be
considered. This criterion is based on maximum over-
hang at permissible deflection of a boring bar made
from various materials. Mathematically such criterion
is expressed by equation (4.3) executed in respect to
overhang (symbol “L”).

SEI 1/3
L= (TyJ (4.8)
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The following example of calculations explains the
concept. Assume that the required productivity in
machining AISI 4140 alloy steel with the hardness of 230
HB is satisfied at the depth of cut d = 0.100 in (2.54
mm) and at the feed rate f=0.012 ipr (0.30 mm/rev).
Permissible deflection of a boring bary=0.005 in (0.127
mm). The boring bar outside diameter D, =1.00 in (25.4
mm) and a through-tool hole diameter (boring bar inside
diameter) D, = 0.156 in (4.0 mm).

What is permissible overhang of the boring bar
made from steel, tungsten heavy alloys and cemented
carbides?

Prior to using equation (4.8) we have to calculate
cutting force F and moment of inertia I of the cross-
sectional area of the bar shank.

According to formula (4.4), cutting force F that deflects
the bar shank is a resultant force of tangential F, and
radial F_forces. These forces will be calculated first, then
the moment of inertia I, and, finally, overhang L will be
calculated for each of the three boring bar materials:
steel, tungsten heavy alloys, and cemented carbides.

Calculations in Customary U.S. units

of measure
Tangential Force is calculated by formula (3.37)

F,=396,000-d-f- K,
where K,=0.76 is the power constant of 4140 steel

shown in Table 3.4. The feed rate f=0.012 ipr, so the
feed factor C = 1.0 (Table 3.9) and no adjustment to
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power constant K is needed.
F,=396,000-0.1-0.012-0.76 =361.2 1b

Radial Force is calculated by the formula shown in
the first row of Table 4.1

F.=0.308-F,=0308-361.2=111.21b

Resultant Force is calculated by formula (4.4)

F=\F+F? =v361.22 +111.22

=4/142,830.88 =377.9 b

Moment of inertia of a bar cross-sectional area is
calculated by formula (4.6)

_nl(D,)' ~(D)] _m-(1*-0156")
- 64 - 64

_ 1-0.999408
64
Permissible overhang of the boring bar is calcu-

lated by formula (4.8)
Steel boring bar, E; =30 - 10° psi

I

=0.049058 in*

1/3 1/3
L _[3Edy )T _ 3-30-10°-0.049058-0.005
s F 377.9

3779 3779
Ly =58.42"% =3.88 in.

1/3 1/3
L _[4,415,220-0.005] _(22,076.1)
.= -
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Permissible overhang of the steel boring bar is:
Ly=3.88 in.

K1800 or SD175 tungsten heavy alloy boring bar,
E,=48-10° psi (Table 4.2)

1/3 6 1/3
L 3E.Iy) " [3-48-10°-0.049058-0.005
T F 377.9

377.9 377.9
L,=93.47" =454 in.

1/3 1/3
L _(7,064,3520.005) _[35,321.76]
.= -

Permissible overhang of the boring bar made from
K1800 or SD175 is: L, =4.54 in.

Boring bar made from Z9 cemented carbide,
E,=82.7-10° psi (Table 4.3)

L

(o}

1/3 1/3
(3B, 0y (3-82.7-10°-0.049058-0.005
F 377.9

L _(12,171,289.8-0.005 " (60,856.449)"
¢ 377.9 377.9

L,=161.04"" =5.44 in.

Permissible overhang of the boring bar made from Z9
cemented carbide is: L, =5.44 in.

Analysis of the overhang calculations shows that
the permissible overhang of a bar made from tung-
sten heavy alloys (L,) and cemented carbides (L) in
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relation to the permissible overhang of a bar made of
steel (L) and moduli of elasticity of the three bar
materials (Eg, E,, and E,) can be found from the fol-
lowing equations:

E 13
Ly =Lg [E_Z] (4.9)
B 1/3
L,= LS(—C] (4.10)
Eg

Examples of calculations based on the above-
mentioned values
Equation (4.9):

. 6 1/3
LT=3.88-[§§ igGJ =3.88-1.6" =4.54in.

Equation (4.10):

82.7-10°
30-10°

1/3
L, = 3.88-[ J =3.88-2.757") =5.44 in.

Calculations in Metric units of measure
Tangential Force is calculated by formula (4.40)
F,=60000-d-f-K,
where K =0.0346 is the power constant of 4140 steel

shown 1111) Table 3.4. The feed rate f = 0.30 mm/min, so
the feed factor C = 1.0 (Table 3.9) and no adjustment

162



Chapter 4

to power constant K is needed.
F,=60000-2.54-0.3-0.0346=1581.9 N

Radial Force is calculated by the formula shown in
the first row of Table 4.1

F =0.308-F =0.308-1581.9=487.2N

Resultant Force is calculated by formula (4.4)

F= R+ F? =1581.9% + 487.2°

=+2739771.45 =1655.2 N

Moment of inertia of a bar cross-sectional area is
calculated by formula (4.6)

_nl(D)'—(D,)*] m-(25.4'-4") n-415975.4256

I
64 64 64
= 13065215.341 = 50419 mm®

Permissible overhang of the boring bar is calcu-
lated by formula (4.8)
Steel boring bar, E; = 20.6 - 10* N/mm?

1/3 4 1/3
[ —[3Esly) _[3:20.6-10*-20419-0.127
s F 1655.2

(1602605634
sl 1655.2

1/3
J =968225"° =98.9 mm
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Permissible overhang of the boring bar made of steel
is: Ly =99 mm.

K1800 or SD175 tungsten heavy alloy boring bar,
E,=33-10* N/mm? (Table 4.2)

1/3 4 1/3
L= 3E Iy [3-33-10*-20419-0.127
T F 1655.2

(2567280870
Tl 16552

L, =1551040"" =115.8 mm

Permissible overhang of a boring bar made from
K1800 or SD175 is: L, = 116 mm.

Boring bar made from Z9 cemented carbide,
E, =57 -10* N/mm? (Table 4.3)

1/3 4 1/3
L 3EQy) " (3:57-10*-20419-0.127
¢ F 1655.2

1/3
(4434394230
¢ 1655.2

L, =2679069"" =138.9 mm

Permissible overhang of the boring bar made from Z9
cemented carbide is: L, = 139 mm.
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Permissible overhang of the boring bar made from
K1800 or SD175 can be calculated by equation (4.9):

) 4 1/3
L, =989 [%) =98.9-1.602"°

=115.8=116 mm

Permissible overhang of the boring bar made from Z9
cemented carbide can be calculated by equation (4.10):

4 1/3
LC=98.9-(%] =98.9.2.767"°

=138.8 = 139 mm

Overhangs of the boring bars made from tungsten
heavy alloys (L,) or cemented carbides (L) in com-
parison with overhang of a steel boring bar (L) can be

calculated by:
E E 1/3
LyorL,= L{%} (4.11)
S

where E,, E, E; are moduli of elasticity of tungsten
heavy alloys, cemented carbides, and steels respectively.

Concluding Remarks on Boring

1. Formulas (3.1) through (3.9) and (3.27) for kine-
matics and productivity of turning are applicable to
boring.
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2. Formulas (3.30) through (3.45) for dynamics of
turning are applicable to boring.

3. Analytical analysis of the cutting force components
resulted in a new concept for calculating feed and radial
forces in relationship to tangential force. The author
developed 14 formulas for these calculations (Table 4.1).

4. Deflection of a boring bar is a function of four vari-
ables: the cutting force applied to the indexable insert,
the unsupported length of the shank, the modulus of
elasticity of the shank material, and the moment of
inertia of the shank cross-sectional area.

5. The unsupported length of a boring bar shank or
overhang is the most influential variable that affects
deflection. As the overhang gets greater, the amount of
deflection is cubed by the increase in the length.

6. To ensure the minimum boring bar deflection,
the overhang should be as short as possible.

7. Boring bar deflection is inversely proportional to the
modulus of elasticity and the moment of inertia. There are
two ways to minimize deflection:

e The boring bar should be made of either tungsten
heavy alloys or cemented carbides. The moduli of
elasticity of tungsten heavy alloys are greater by
1.5 to 1.6 times than that of steel, and the moduli
of elasticity of cemented carbides are greater by
2.5 to 3.0 times than that of steel,

e The boring bar diameter should be as large as pos-
sible to get the maximum moment of inertia.

8. The static stiffness of a boring bar is a quantity
defined by the modulus of elasticity and the moment of
inertia. Static stiffness is calculated by formula (4.7).
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9. The boring bar overhang-to-diameter ratio (L : DO)
is a practical guide to select one of the currently used
materials: steel (3.5: 1 or 4 : 1), tungsten heavy alloys
(5:1), and cemented carbides (7 : 1 or 8: 1).

10. When boring overhang exceeds 8 times shank
diameters (L >8D,), vibration of the boring bar occurs.
A steel bar that incorporates dampening mechanism is
then recommended.

11. If the maximum overhang of a steel boring bar at
given cutting conditions is not long enough, equations
(4.9), (4.10), and (4.11) will help to determine longer
overhang by using tungsten heavy alloys and cemented
carbide boring bars. The author derived these equations
from equations (4.3) and (4.8).
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Chapter 5

DRILLING

Four different types of drilling tools are used in met-
alcutting applications: solid HSS (high speed steel) twist
drills, solid carbide fluted drills, spade drills with
inserted HSS and carbide blades, and carbide indexable
insert drills. Each type of these drills has advantages
and performance benefits. However, this chapter
describes drilling only with indexable insert drills.

5.1 INDEXABLE INSERT DRILLS

Drilling tools with carbide indexable inserts can pro-
duce holes from a solid at faster rates and lower costs
than HSS twist drills and spade drills in many applica-
tions. About 60% of all drilling applications in the met-
alcutting industry are for short holes having depths of
up to four times the drill diameters (4 : 1), and many of
these holes can be produced with indexable drills (Ref.
25, p. 1).

Indexable insert drills have been in use for over
twenty years. During this time, the following major
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improvements were implemented to indexable drills
(Ref. 26, p. 42):
¢ Modifications in the holder flute design to max-
imize chip flushing
e Higher wear-resistant and stronger cemented
carbide inserts
e New carbide insert coatings and more efficient
insert geometries
A typical drill has two asymmetrically-placed index-
able inserts with overlap: the inboard insert cuts
through the central portion of a hole from a solid, and
the outboard insert does peripheral cutting (Fig. 15).
Normally, the inboard insert is made of a tougher car-
bide grade to better withstand the greater pressure at
the center of the drill. The outboard insert is made of
a more wear-resistant carbide grade to better withstand
the heat generated by higher cutting speed at the
periphery of the drill.
The range of drill diameters incorporating two index-
able inserts depends on the manufacturer. According to

2

Fig. 15. Drill with two asymmetrically placed indexable
inserts, 1—inboard insert, 2—outboard insert
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“Modern Applications News” (Ref. 26, p. 42), indexable
drills are offered in a range of diameters from 11 mm
(0.433 in.) to 60 mm (2.362 in.).

One of the leading cutting tool manufacturers offers
indexable drills in a range of diameters from 0.500 to
0.625 in. (from 12,5 to 16 mm) using two rectangular
inserts (Ref. 27, pp. 142, 143). Indexable drills in a range
of diameters from 0.625 to 3.250 in. (16 to 82 mm) have
two trigon inserts (Ref. 27, pp. 144, 145, 149, 150).

A trigon insert (Fig. 16) has six sides. Two adjacent
sides with included angle of 156° form the cutting edge
on the top of a drill. There are three such cutting edges
providing three indexes. Two adjacent cutting edges
have an included angle of 84°.

The trigon geometry stabilizes the drill and provides
minimal tool deflection at greater penetration rates.
The trigon geometry also allows drilling into uneven
surfaces without pre-drilling or pre-facing the surfaces.

o

Fig. 16. Trigon inserts for indexable drills
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5.2 KINEMATICS AND PRODUCTIVITY

Formulas given in section 2.1 “Kinematics and
Productivity” are valid for drilling. To calculate cutting
speed and spindle speed, formulas (2.1) through (2.4)
should be used. When applied to drilling, symbol D in
these formulas is a drill diameter.

Cutting speed V_ = 0 at the center of a drill (if D = 0,
then V_ = 0), and the cutting speed has its maximum
value on the periphery of the outboard insert.

Penetration rate, removal rate, and drilling time are
parameters of productivity.

5.2.1 Penetration Rate

The penetration rate (V) is a linear speed at which a
drill makes a hole. The penetration rate is measured in
inches per minute and millimeters per minute. To cal-
culate the penetration rate, the following formula is used:

v, =fn (ipm or mm/min) (5.1)

where fis the feed rate (ipr or mm/rev),
n is the spindle speed (rpm or rev/min)

If the feed rate f = 0.004 ipr (0.1 mm/rev) and the
spindle speed n = 500 rpm (500 rev/min), the penetra-
tion rate will be as follows,

Customary U.S. units of measure:

Vp =0.004 - 500 =2 ipm
Metric units of measure:

Vp =0.1- 500 =50 mm/min
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5.2.2 Metal Removal Rate

The metal removal rate is measured in in*/min and
in ecm¥min. To calculate the metal removal rate (Q), the
author developed a formula based on the area of a circle
(A) and penetration rate (f - n):

Q=Afn (5.2)

The area of a circle is the area of a cross section of
a hole made by a drill. Such an area is found from:

T |2
A= (ZJ D (5.3)

where D is the drill diameter (in. or cm).
Replacing A in formula (5.2) by its value from formula
(5.3) gives:

0- [gj D*fn (5.4)
For example, if drill diameter D =1.5 in. (3.81 ecm), feed
rate f= 0.004 ipr (0.1 mm/rev, or 0.01 cm/rev), and
spindle speed n = 500 rpm, the metal removal rate is:
Customary U.S. units of measure:
T 2 T -3 .
Q= (Zj -1.5-0.004-500 = (Zj -4.5=3.53 in’/min
Metric units of measure:
Q= (%) :3.812-0.01-500 = [gj 72,58

=57.0 ecm”/min
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The author developed new metal removal rate for-
mulas based on formula (5.4) and formulas (2.3) and
(2.4) for spindle speed n described earlier.

In customary U.S. units of measure,

12V,
n=———= 5.5
D (5-5)
where V_is a cutting speed given in sfm (ft/min), and
D is a drill diameter in inches.
In metric units of measure,

1000V,
n=——=¢%
D

where V_is a cutting speed given in m/min, and D is a
drill diameter given in mm

Metal removal rate formula used with customary
U.S. units of measure

Replacing n in formula (5.4) by its value from for-

mula (S.5) gives:
_(m\Df-12V,
Q"(J nD

(5.6)

and simplification of this formula produces
Q =3V Df (in*/min) (5.7)

This example of a metal removal rate calculation is
based on previous data. First, we calculate the cutting
speed by formula (2.1):

V= nDn _ w-1.5-500

) =196.3 sfm
¢ 12 12
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Then we calculate the metal removal rate using formula

(5.7):
Q=3-196.3-1.5-0.004 = 3.53 in¥min

Metal removal rate formula used with metric units
of measure

Replacing n in formula (5.4) by its value from formula
(5.6) gives:

(=) Df-1000V,
Q‘(ZJT

and simplification of this formula produces

Q =250V.Df (5.8)

To obtain Q in em*¥/min, V,_ is taken in m/min, D is
taken in cm and fis taken in cm/rev, therefore, formula
(5.8) is as follows:

Q =25V _Df (cm*min) (5.9

This example of a metal removal rate calculation is
based on previous data. First, we calculate the cutting
speed by formula (2.2):

o mn _m-38.1.500
¢ 1000 1000

=59.8 m/min

Then we calculate the metal removal rate using formula
(5.9):

Q=25.59.8-3.81-0.01 =57.0 cm*min
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5.2.3 Drilling Time

The time (t) required to drill a hole is determined by
its depth (L) and the penetration rate (V). The drilling
time is calculated by the formula:

t= v (5.10)

P

Replacing V in formula (5.10) by its value from formula
(5.1) gives:

t=f_’n (5.11)

For example, if L = 3.0 in (76.2 mm), f = 0.006 ipr
(0.152 mm/rev), and n = 625 rev/min, then the drilling
time is as follows.

Customary U.S. units of measure:

3

t=——— =0.80 min
0.006-625
Metric units of measure:
= L =0.80 min
0.152-625

5.3 DYNAMICS

Dynamics is described by formulas for drilling forces,
torque, machining power at the drill and at the motor
in relation to the mechanical properties of the work
materials and the drilling conditions. The parameters
of the dynamics are:
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Power constant

Machining power at the drill and at the motor
Tangential cutting force

Torque at the drill

Thrust (also known as axial force).

L1m1ted technical information on the dynamics of
indexable drills can be found in a paper published by
the Machining Technology Association of the Society of
Manufacturing Engineers (Ref. 25, p. 5) and in some
trade magazines (Ref. 26, p. 44).

Technical data on thrust, torque, and machining
power for various diameters of indexable drills used in
typical cutting conditions for most common work mate-
rials are given in “Metcut Drills Application Information”.
This technical information is shown in the following
tables.

Statistical analysis of the limited data given in Tables
5.1 through 5.14 conducted by the author, allowed the
following data to be obtained:

e Power constant values for the work materials
mentioned in these tables

¢ Formula to calculate machining power based on
metal removal rate and the power constant

e Formula to calculate tangential cutting force

e Formula to calculate torque

¢ Formula to calculate thrust

N R S

5.3.1 Power Constant

Power constant values were found through machin-
ing power (from Tables 5.1 to 5.14) and the metal
removal rate calculated by formulas (5.7) and (5.9).
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Table 5.1. Carbon Steels, Brinell Hardness Range is (140-220) HB

Drill Cutting Feed Torque, Machining
Diameter,in Speed,sfm Rate,ipr inlb  Power, hp Thrust,Ib
0.625 500 0.003 66 3.2 281
0.875 500 0.003 130 4.5 414
1.125 550 0.005 358 10.7 831
1.375 550 0.005 535 13.0 1047
1.750 600 0.006 1040 21.6 1599
2.250 600 0.006 1720 27.8 2134

Table 5.2. Carbon Steels, Brinell Hardness Range is (220-300) HB

Drill Cutting Feed Torque, Machining
Diameter,in Speed, sfm Rate,ipr inlb  Power, hp Thrust, Ib
0.625 500 0.003 74 36 313
0.875 500 0.003 145 5.0 460
1.125 550 0.005 398 11.8 925
1.375 550 0.005 535 14.4 1164
1.750 600 0.006 1157 24.0 1778
2.250 600 0.006 1912 30.9 2374

Table 5.3. Free-machining Carbon Steels, Brinell Hardness

Range is (120-180) HB
Drill Cutting Feed Torque, Machining
Diameter,in Speed,sfm Rate,ipr inlb  Power, hp Thrust,Ib

0.625 500 0.003 44 2.1 187
0.875 500 0.003 87 3.0 276
1.125 700 0.005 239 9.0 554
1.375 700 0.005 357 11.0 698
1.750 800 0.006 693 19.2 1066

2.250 800 0.006 1147 24.7 1423




Table 5.4. Free-machining Carbon Steels, Brinell Hardness
Range is (180-260) HB

Drill Cutting Feed Torque, Machining
Diameter, in Speed, sfm Rate,ipr inlb  Power,hp Thrust,Ib
0.625 500 0.003 52 25 219
0.875 500 0.003 101 35 322
1.125 700 0.005 279 10.5 648
1.375 700 0.005 417 12.9 816
1.750 800 0.006 811 22.5 1246
2.250 800 0.006 1340 28.9 1663

Table 5.5. Alloy Steels (AISI 4000, 5000, and 8000 series), Brinell
Hardness Range is (180-260) HB

Drill Cutting Feed Torque, Machining
Diameter, in Speed, sfm Rate,ipr inlb  Power,hp Thrust,Ib
0.625 500 0.003 66 32 281
0.875 500 0.003 130 45 414
1.125 600 0.005 358 11.6 831
1.375 600 0.005 535 14.1 1047
1.750 800 0.006 1040 28.8 1599
2.250 800 0.006 1720 37.1 2135

Table 5.6. Alloy Steels (AISI 4000, 5000, and 8000 series), Brinell
Hardness Range is (260-340) HB

Drill Cutting Feed Torque, Machining
Diameter, in Speed, sfm Rate,ipr inlb  Power,hp Thrust, Ib
0.625 500 0.003 74 3.6 312
0.875 500 0.003 144 5.0 460
1.125 600 0.005 398 12.9 924
1.375 600 0.005 595 15.7 1164
1.750 800 0.006 1156 32.0 1777

2.250 800 0.006 1911 41.2 2372




Table 5.7. Tool Steels, Brinell Hardness Range is (180-260) HB

Drill Cutting Feed Torque, Machining
Diameter,in Speed,sfm Rate,ipr inlb  Power, hp Thrust,Ib
0.625 400 0.003 66 26 281
0.875 400 0.003 130 3.6 414
1.125 500 0.004 287 17 695
1.375 500 0.004 428 9.4 876
1.750 600 0.007 1214 252 1809
2.250 600 0.007 2006 324 2415

Table 5.8. Tool Steels, Brinell Hardness Range is (260-340) HB

Drill Cutting Feed Torque, Machining
Diameter,in Speed,sfm Rate,ipr inlb  Power, hp Thrust, Ib

0.625 400 0.003 74 29 312
0.875 400 0.003 144 4.0 460
1.125 500 0.004 318 8.6 773
1.375 500 0.004 476 10.5 973
1.750 600 0.007 1349 28.0 2010
2.250 600 0.007 2229 36.0 2683

Table 5.9. Stainless Steels (300 & 400 series), Brinell Hardness
Range is (150-200) HB

Drill Cutting Feed Torque, Machining
Diameter,in Speed, sfm Rate,ipr inlb  Power,hp Thrust,Ib
0.625 200 0.003 55 1.1 234
0.875 200 0.003 108 15 345
1.125 300 0.005 299 48 693
1.375 300 0.005 446 5.9 873
1.750 400 0.006 867 12.0 1332

2.250 400 0.006 1433 15.4 1779




Table 5.10. Stainless Steels (300 & 400 series), Brinell Hardness
Range is (200-300) HB

Drill Cutting Feed Torque, Machining
Diameter,in Speed,sfm Rate,ipr inlb  Power, hp Thrust, Ib

0.625 200 0.003 66 1.3 281
0.875 200 0.003 130 1.8 414
1.125 300 0.005 358 5.8 831
1.375 300 0.005 535 1.1 1047
1.750 400 0.006 1040 14.4 1599
2.250 400 0.006 1720 18.5 2135

Table 5.11. Cast Iron, Brinell Hardness Range is (180-250) HB

Drill Cutting Feed Torque, Machining
Diameter,in Speed,sfm Rate,ipr inlb  Power,hp Thrust,Ib
0.625 500 0.003 52 25 219
0.875 500 0.003 101 35 322
1.125 700 0.006 334 12.6 748
1.375 700 0.006 500 15.4 942
1.750 800 0.009 1214 33.6 1720
2.250 800 0.009 2006 43.2 2296

Table 5.12. Inconel 100

Drill Cutting Feed Torque, Machining
Diameter,in Speed, sfm Rate,ipr inlb  Power, hp Thrust, Ib
0.625 80 0.003 81 0.6 343
0.875 80 0.003 159 0.9 506
1.125 90 0.005 438 2.1 1016
1.375 90 0.005 654 26 1280
1.750 100 0.006 1272 44 1954

2.250 100 0.006 2102 5.7 2609
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Table 5.13. Titanium Alloys

Drill Cutting Feed Torque, Machining
Diameter,in Speed,sfm Rate,ipr inlb  Power, hp Thrust, Ib

0.625 100 0.003 48 05 203
0.875 100 0.003 94 0.6 299
1.125 125 0.004 207 1.4 502
1.375 125 0.004 309 1.7 633
1.750 150 0.005 626 3.2 998
2.250 150 0.005 1035 4.2 1332

Table 5.14. Aluminum Alloys (2017T, 2042T, & 6061T Grades)

Drill Cutting Feed Torque, Machining
Diameter,in Speed,sfm Rate,ipr inlb  Power,hp Thrust,Ib

0.625 600 0.004 30 1.7 18
0.875 600 0.004 58 24 174
1.125 900 0.008 191 9.3 404
1.375 900 0.008 285 11.3 508
1.750 1200 0.010 578 24.0 802
2.250 1200 0.010 995 30.9 1071

The relationship between machining power (P,),
metal removal rate (Q), and power constant (Kp) is
expressed by formula (3.32):

P, =QK, (hp or kW)
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Rewriting this formula in respect to K, gives:
K =-¢ (5.12)
Replacing Q in formula (5.12) by its value from formula

(5.7) gives,
Customary U.S. units of measure:

K, = v Df in*/min) (5.13)

Replacing Q in formula (5.12) by its value from formula
(5.9),
Metric units of measure:

K P,
P~ 25V Df

(kW/em*/min) (5.14)

The following example shows how to calculate the
power constant by using data from the first row in
Table 5.1.

Given: drill diameter D = 0.625 in., cutting
speed V=500 sfm, feed rate f=0.003
ipr, and machining power P, = 3.2 hp.

Required: power constant K .

The power constant is calculated in customary U.S.
units of measure by formula (5.13):

K - 3.2 32
P 3-500-0.625-0.003 2.8125
=1.138 hp/in*/min.
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To convert the power constant value from custom-
ary U.S. units of measure into metric units of meas-
ure, the multiplier M = 0.0455 should be used (see
subdivision 3.3.2 Power Constant).

K =1.138 - 0.0455 = 0.0518 kW/cm?*/min.

P

Data from all rows in Table 5.1 were used to calcu-
late power constants for carbon steels with Brinell hard-
ness ranging from 140 to 220 HB. The results of these
calculations are given in Table 5.15.

The average value of the six power constant data is
calculated as the arithmetic mean.

Customary U.S. units of measure:

C1.138+1.143+1.153+1.146+1.143+1.144
P 6

K = 6'?# =1.144 hp/in’/min.

K

p

Metric units of measure:

 _ 0:0518+0.0520 +0.0525 +0.0522+0.0520 +0.0521
P 6
03126
6

K =0.0521 kW/em™/min.

P
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Similar calculations of power constants and their
average values were performed for all other work mate-
rials (Tables 5.2 through 5.14). The average value of
these power constants in customary U.S. and metric
units of measure are given in Table 5.16.

5.3.2 Machining Power at the Drill

Power constants given in Table 5.16 can be used to cal-
culate machining power at the drill. These calculations
are performed by formula (3.32) described in Chapter 3:

P,=QK, (hp or kW)

Replacing Q in this formula by its values from formulas
(5.7) and (5.9) expresses machining power at the
drill in customary U.S. and metric units of measure
respectively.

Customary U.S. units of measure:

P, =3V DfK, (hp) (5.15)
where V_is in stm, D is in inches, fis in ipr, and K, is
in hp/in®/min

Metric units of measure:

P,=25V,DfK, (kW) (5.16)

where V_is in m/min, D is in cm, fis in em/rev, and K,
is in kW/em®/min.
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The following example of calculations is based on
data from Table 5.2, row 4:

V=550 stm (167.6 m/min), D =1.375 in (3.49 cm),

f£=0.005 ipr (0.0127 cm/rev), and from Table

5.16, row 2: K = 1.272 hp/in®*/min (0.0579 kW/

cm’/min).

Customary U.S. units of measure:

P,=3-550-1.375-0.005-1.272=14.43 hp

(compare with 14.4 hp shown in Table 5.2).
Metric units of measure:

P,=25-167.6-3.49-0.0127 - 0.0579 = 10.75 kW

5.3.3 Machining Power at the Motor

Machining power at the motor is calculated in simi-
lar manner to that described in Chapter 2, “Milling”.
Formula (2.54) and Table 2.5 “Machine Efficiency
Factors” should be used for the calculations.

5.3.4 Tangential Cutting Force

Knowledge of the tangential cutting force is very
important, since this force generates torque at the drill.
Using formulas (3.30), (3.31), and (3.32), described in
Chapter 3, “Turning”, the author developed two formulas
for calculating tangential force: one formula in customary
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U.S. units of measure and the other—in metric units of
measure.

Customary U.S. units of measure

To develop an equation for tangential force, two for-
mulas for machining power at the cutting tool are used:

Formula (3.30)

b _ BV,
¢ 33,000
Formula (5.15)
P = 3VchKp

It is obvious from comparison of these two formulas
that,

RV,
< -3V DfK 5.17
33,000 VPIE, (5.17)

By solving equation (5.17) in respect to tangential
force F, we get:

Fe 33,000-3V.DfK,

: v (5.18)
Cancellation by V_ and simplification, gives:
F,=99,000DfK, (5.19)
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Tangential force calculation by formula (5.19), using
the following data:

D =1.375in, f=0.005 ipr, and K, = 1.272 hp/in®*/min
F,=99,000 - 1.375 - 0.005 - 1.272 = 865.8 Ib

Metric units of measure

To develop an equation for tangential force, two for-
mulas for machining power at the cutting tool are used:

Formula (3.31)

FV.

t c

p.=
¢ 60,000

Formula (5.16)
P = ZSVCDpr

It is obvious from comparison of these two formulas
that,
LV
¢ =25V DfK 5.20
60,000 ¢ f P ( )

By solving equation (5.20) in respect to tangential
force F,, we obtain:

1 _ 60,000 25V.DfK,

: v (5.21)
Cancellation by V_ and simplification, gives:
F = ISOOOOODpr (5.22)

190



Chapter 5

Tangential force calculation by formula (5.22), using
the following data:

D =349 cm, f=0.0127 cm/rev, and Kp = 0.0579
kW/ cm®/min

F,=1500000 - 3.49 - 0.0127 - 0.0579 = 3849.5 N

5.3.5 Torque at the Drill

Torque at the drill (T,) is generated by tangential
force (F,) applied to the periphery of the tool. The arm
of applied force is the radius of the drill (R). Therefore,
the amount of torque is found from:

Customary U.S. units of measure,

L

T =FR= 2D (in Ib) (5.23)

c t

where D is the drill diameter in inches
Torque calculation by formula (5.23), using the fol-
lowing data:

F,=86581b and D=1.375in.
865.8-1.375 _

T,==S = 5952in b

(compare with 595 in lb, Table 5.2, row 4).
Metric units of measure,

_ ED
¢ 2000

(N-m) (5.24)
where D is the drill diameter in mm.
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Torque calculation by formula (5.24), using the fol-
lowing data:

F,=3849.5N and D=34.92 mm

_3849.5-34.92  134424.5

) =67.2N-m
¢ 2-1000 2000

Torque can also be calculated as a function of
machining power (P,) and spindle speed (n). This rela-
tionship is shown in Chapter 2, “Milling”, equation
(2.52), and equation (2.53). By solving these equations
in respect to torque values, we get:

Customary U.S. units of measure:

_63,025P,

T, (5.25)
n
Metric units of measure:
9549P
T, =——+* (5.26)
n

To calculate the torque values the following data are
used:
Machining power P, = 14.43 hp (10.75 kW) as pre-
viously calculated
Drill diameter D = 1.375 in. (34.92 mm) and cutting
speed V_ = 550 stm (167.6 m/min), as shown in
Table 5.2, row 4.
Spindle speed is calculated by formulas (2.3) and
(2.4):
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Customary U.S. units of measure,

n= 12V, = M = 1528 rpm

nD =w-1.375

Metric units of measure,

o= 1000V, 1000-167.6
nD w-34.92

=1528 rev/min

The torque values are as follows:
Customary U.S. units of measure, formula (5.25),

63,025-14.43

) =595.2inlb
¢ 1528

(compare with 595 in Ib, Table 5.2, row 4).
Metric units of measure, formula (5.26),

T = 9549-10.75

=67.2N-m
¢ 1528

5.3.6 Thrust (Axial Force)

Thrust (axial force) data when drilling into most com-
mon work materials are given in Tables 5.1 through
5.14. To develop a formula for calculating thrust, the
author calculated tangential forces and compared them
with thrust data given in each of six rows in all 14 tables.
Statistical analysis of the relationship between thrust
data and respective tangential force data (same drill
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diameter, same work material, and the same drilling
conditions) showed that the coefficient of proportion-
ality between these two drilling forces varies less than
+4% (for all steels and Inconel 100), +53% (for titanium
alloys), and £6% (for cast iron and aluminum alloys).

As a result of this analysis, the ratio of thrust (axial
force) to tangential force was established. Table 5.17 is
an example of a comparison between these forces, gen-
erated when drilling into carbon steel (140-220) HB.
The drill diameter, feed rate, cutting speed, torque, and
thrust data are the same as shown in Table 5.1. Tangential
force values were calculated from formula (5.23):

T = ED
c 2 ’
from which:
2T.
F = DL (5.27)

The average value of the six & ratios (R,) is calcu-
lated as an arithmetic mean. ‘

(&)
£’ 1.33+1.39+1.31+1.35+1.34+1.40

R, =
6 6
52135
6

Similar calculations of tangential forces and thrust-
to-tangential force ratios were performed for all other
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work materials (Tables 5.2 through 5.14). The average
values of thrust-to-tangential force ratios were then cal-
culated and the results are summarized in Table 5.18.

Table 5.18 shows that all steels and Inconel 100 have
practically the same ratios of thrust to tangential force.
The ratio for cast iron is only 3.7% less than that for
steels, and the ratio for titanium alloys is only 3.0%
greater than that for steels.

The ratio of thrust to tangential force is a coefficient
of proportionality (R that can be used to calculate
thrust (F ) through the tangential force (F),

F_=RF, (5.28)

Replacing F, in formula (5.28) by its value from formula
(5.19) gives the following equation in customary U.S.
units of measure,

F,=99,000R,DfK  (Ib) (5.29)

Replacing F, in formula (5.28) by its value from for-
mula (5.22) gives the following equation in metric units
of measure,

z

F_=1500000R, DfK  (N) (5.30)

Example of calculating thrust in customary U.S.
units of measure

Using data from Table 5.6: drill diameter D = 0.625 in.,
feed rate f = 0.003 ipr, drilling into AISI 4000 series
alloy steel with the hardness range 260 to 340 IB.

196



Chapter 5

Table 5.18. Thrust-to-Tangential Force Ratios for Commonly

Used Work Materials

Brinell Hardness

Ratio of Thrust
to Tangential

Work Material Range, HB Force, R,
Carbon steels 140-220 1.35
Carbon steels 220-300 1.35
Free-machining

carbon steels 120-180 1.35
Free-machining

carbon steels 180-260 1.35
Alloy steels

(AISI 4000, 5000, and

8000 series) 180-260 1.35
Alloy steels

(AISI 4000, 5000, and

8000 series) 260-340 1.35
Tool steels 180-260 1.36
Tool steels 260-340 1.36
Stainless steels (AlSI

300 and 400 series) 150-200 1.35
Stainless steels (AlSI

300 and 400 series) 200-300 1.35
Castiron 180-250 1.30
Inconel 100 1.35
Titanium alloys 1.39
Aluminum alloys

(2017T, 2042T, and

6061T grades) 1.23
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Power constant for this work material is found in Table
5.16: K, = 1.272 hp/in*/min, and thrust-to-tangential
force ratio for this work material is found in Table 5.18:
R, =1.35.

Calculating thrust by formula (5.29):

F,=99,000R,DfK,
=99,000 - 1.35 - 0.625 - 0.003 - 1.272 = 318.8 Ib

Compare with F_ = 312 Ib given in Table 5.6 row 1.
The calculated thrust value exceeds the recorded one
by 2.2%.

Example of calculating thrust in metric units of
measure

The same data as mentioned above, but converted to
metric units, are used: D = 1.59 cm, f=0.0076 cm/rev,
K = 0.0579 kW/cm’/min (Table 5.16), and R = 1.35
(Table 5.18, the same value, since it is a dimensionless
coefficient of proportionality).

Calculating thrust by formula (5.30):

F,=1500000R, DfK
=1500000 - 1.35 - 1.59 - 0.0076 - 0.0579 = 1416.8 N

To obtain the thrust value in Ib, multiply thrust value
in N by conversion factor equal to 0.2248089 1b/N:

F_=1416.8 N - 0.2248089 Ib/N = 318.5 Ib

(Compare with the thrust value of 318.8 1b from previ-
ous calculation).
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Concluding Remarks on Drilling

1. Indexable insert drills are becoming very popular
because their advanced cutting geometry and improved
coated carbides allowed for drilling at much higher
cutting speeds compared with other drill designs.
Therefore, higher metal removal rates and productiv-
ity can be obtained with indexable drills, especially
when drilling diameters are between 0.625 and 2.375
in. (16 and 60 mm).

2. To calculate cutting speeds and spindle speeds, for-
mulas (2.1) through (2.4) for kinematics of milling can
be used. Cutting speeds relate to the outside diameter
of the drill. Symbol D in these formulas is the outside
diameter of the drill.

3. The penetration rate and the metal removal rate
are characteristics of productivity. The penetration rate
is calculated by formula (5.1). To calculate metal
removal rate, the author developed formulas (5.7) and
(5.9) for customary U.S. and metric units of measure
respectively.

4. As with turning and boring, power constants of
the most commonly used work materials are now
available for drilling. The author conducted an ana-
lytical study of the experimental data presented in
Tables 5.1 through 5.14 and developed formulas (5.13)
and (5.14) to calculate power constants in customary
U.S. and metric units of measure respectively.
Statistical analysis of data produced the arithmetic
mean of power constants for the most popular work
materials (Table 5.16).
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5. Knowledge of power constants allows calculation
of machining power at the drill through establishment
of the metal removal rate using formulas (5.15) and
(5.16) developed by the author for customary U.S. and
metric units of measure respectively.

6. The author developed two formulas to calculate the
tangential cutting force in relationship to the drill diam-
eter, feed rate, and power constant. Formula (5.19) was
developed for customary U.S. units of measure, and for-
mula (5.22) was developed for metric units of measure.

7. The author compared recorded thrust force data
in Tables 5.1 through 5.14 with tangential force values
calculated for the same drilling conditions and con-
ducted statistical analysis of thrust-to-tangential force
ratios (Table 5.17). Statistical analysis of these ratios
allowed establishment of coefficients of proportionality
for each work material and its Brinell hardness range
indicated in all 14 tables.

8. Coefficients of proportionality are summarized in
Table 5.18. As can be seen from the table, all steels and
Inconel 100 have practically the same coefficient of
proportionality (1.35-1.36). Values for cast iron—1.30,
titanium alloys—1.39, and aluminum alloys—1.23 were
also established.

9. The author developed two formulas for calculat-
ing thrust (axial) force in relationship to the coefficient
of proportionality, drill diameter, feed rate, and power
constant. Formula (5.29) was developed for customary
U.S. units of measure, and formula (5.30) was developed
for metric units of measure.
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Afterword

In the process of writing “Engineering Formulas for
Metalcutting”, the author was asked a question: “What
is the unique selling feature of your book?”

“The book provides information on formulas and their
applications in concise and clearly arranged form. It can
serve as valuable source of knowledge in metalcutting
practice and training. This book will be especially appro-
priate for situations in which calculations are necessary
for setting maximum productivity from machine tools”.

“Can you be more specific?” asked John Carleo,
Director of Publications for Industrial Press.

Two interesting cases that the author has solved
during two consecutive metalcutting trade shows
(WESTEC-97 and WESTEC-98), explain “specifics” of
required machining power versus the machine tool
available power.

Case # 1, WESTEC-97

An exhibitor of bench-type milling machines com-
plained that he could not demonstrate milling operation
because his machine stalls. He believed that the milling
cutter caused the problem and blamed the cutting tool
manufacturer for defective face mill. The author asked
the exhibitor to provide machining conditions at which
he tried to machine the workpiece. The cutting condi-
tions were as follows:

Diameter of the face mill—2.5 in., the number of
indexable inserts—>5,

Cutting speed—600 sfm, depth of cut—0.150 in.,
width of cut—1.0 in.,
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Feed per tooth—0.008 in.,

Workpiece—AISI 4140 alloy steel, Rockwell hard-
ness—48 HRC,
Available power of the milling machine—3.0 hp.

The author calculated required power at the motor
of the milling machine by formulas shown in Chapter 2.
“Milling”, and reveled the results. The cutting condi-
tions selected by the exhibitor, required 7.9 hp! That
is why the 3—hp milling machine stalled. The author
recommended the following milling conditions:

Cutting speed—400 sfm, depth of cut—0.125 in.,
feed per tooth—0.005 in.

The new cutting conditions required only 2.8 hp,
which was within the power of the milling machine.
The author witnessed an excellent performance of the
milling cutter resulted in required surface finish at the
maximum possible productivity of a given milling
machine.

Case # 2, WESTEC-98

A visitor, the owner of a machine shop, wanted to buy
a lathe, but was not sure either a 15—hp or a 30—hp
machine tool he should buy. He said that the parts
would be made from 4140 alloy steel with Brinell hard-
ness ranging from 200 to 220 HB at the following cut-
ting conditions:

Cutting speed—550 sfm, depth of cut—0.200 in.,
feed rate—0.012 ipr.

The author calculated required power at the motor
of the lathe having an oil-hydraulic drive (machine effi-
ciency factor is 80%) by formulas shown in Chapter 3.
“Turning”. The calculated value of required power at
the motor was 14.3 hp.
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A visitor expressed his gratitude for the calculations
and said that an exhibitor of machine tools recom-
mended him a 30—hp lathe. “Now, he said, I know
that a smaller lathe will do the job, and for the differ-
ence in cost I can buy the cutting tools”.
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stainless steels 115, 180, 181,
187, 197, 200
tool steels 115, 180, 187, 197,
200
Workpiece
cross section
solid 95-97, 99, 101 -104
tubular 95, 97, 102-104
diameter 90, 91, 93, 96, 99,
100, 123, 124, 132

X, Y, Z
X-Y directions 57, 58
Yield strength 152
Z~direction 60
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