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INPUTS

Machine tool selection Cutting tool parameters

« Lathe Tool design geometry

« Milling machine * Tool angles

« Drill press * Nose radius g

«» Grinder « Edge radius Machining processes

- Saw + Material .
« Broach + Hardness I. Oblique (three-force) model
* Machining centers « Finish » Single-point cutting

« Coating « Multiple-edge tools
Workpiece parameters

Predeformation (work

hardening prior to Dy
machining)

Metal type

« BCC, FCC, HCP

+ SFE

* Purity /

Cutting parameters

Turning
single-point
tool process

Depth of cut Il. Orthogonal (two-force) model

Speed « Macroindustrial studies performed on plates and tubes
Feed « Microstudies carried out in microscopes using high-speed
Environment photography
* Oxygen

+ Lubricant

« Temperature

Workholder Workpiece

Fixtures
Jigs
Chucks
Collets
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OUTPUTS

Measurements

Cutting forces
Chip dimensions
» Optical

« SEM

Onset of

shear direction ¢
Power

Surface finish
Tool wear, failures
Deflections
Temperatures
Vibrations

Part size

Determinations

Specific horsepower, HP,
Flow stress, 74

Chip ratios, r.

Shear front directions,
Velocities (chip, shear,
and so on)

Friction coefficients, u
Strains, y

Strain rates, y

Cutting stiffness, K,
Heat in tool
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Work rotates

Tool feeds
Turning

Wheel
rotates |:

Work feeds
Grinding

Reciprocating ’

tool =—

Work feeds
laterally

Shaping

Cutting
tool moves
Broach—/__\ Y into work

N\WZ2\\

. Work
stationary

Broaching
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-

Saw blade

Cutter
rotates

- -

Work feeds

Milling

Tool feeds
laterally

st WWork
reciprocates

Planing

l Drill feeds
and rotates

Work stationary
Drilling
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Headstock

RPM (see note)

Start/sto change Workholder )
controlz levers Cutting tool Workpiece (see below)
holder

Feed reverse =

Cutting tool )
g Tailstok

T Leadscrew

Machine tool
"lathe"

NOTE
The rpm of the rotating workpiece
is N. It establishes the cutting
speed V, at the tool, according to
Ng=12V/rD.

The depth of cut, d, is equal to

(D = Dy)/2.

The length of cut is the distance the
tool travels parallel to the axis, L.

~
. Feed rate (ipm)
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FIGURE 20-4 Examples of a table for selection of speed and feed for turning. (Source: Metcut’s
Machinability Data Handbook.)
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FIGURE 20-4 Examples of a table for selection of speed and feed for turning. (Source: Metcut’s

Machinability Data Handbook.)
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S s toon 14 for Cutting Thexd Rocommondatcon
" ARy peomwuns HSS (118 MILMELALET) or (32, 83008115020
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Diameter: D,
Cutting speed: fpm

(d) Depth of cut

Turning

Speed, stated in surface feet per minute
(sfpm), is the peripheral speed at the cutting

edge. Feed per revolution in turning is a lin-
ear motion of the tool parallel to the rotat-
ing axis of the workpiece. The depth of cut
reflects the third dimension.

L = length of cut

Machined surface

(&ﬁ Boring bar

o ——

Tool

—r T = L+ A
M N Boring

Enlarging hole of diameter D, to diameter

D,. Boring can be done with multiple cut-

ting tools. Feed in inches per revolution, f,.

fr e - — -
Feed, in./frev

Machined surface
] 7( { Ns
Nsa s Work D, i "
surface ] T r
f,
A
—| [|=—d=D0C
1) ‘ A
1 1
Tool if,
Tool .

Facing

Grooving, parting, or cutoff

Tool feed perpendicular to the axis of rota-
tion. The width of the tool produces the
depth of cut (DOC).

Tool feeds to center of workpiece so
L = D/2. The cutting speed is
decreasing as the tool approaches
the center of the workpiece.
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TABLE 20-1 ing (English Units)
Parameter Turning Milling Drilling Broaching
Cutting speed, fpm V=10262 X D, X V=0262 %X D, X V=10262 XD, X 4

rpm pm pm
Revolutions per rpm = 3.82 X V/D, rpm = 3.82 X V/D,, rpm = 3.82 X -

minute, N, V/D,

Feed rate, in./min fo =1, X rpm fn = f, X tpm S = f, X rpm —

Feed per rev tooth E > p —

pass, in./rev
Cutting time, T, = L/, T, = L/, T, = L/, T, = LN2V

min, 7,

Rate of metal
removal, in./min

Horsepower
required at spindle

Horsepower
required at motor

Torque at spindle

Symbols

MRR = 12 X d X f;
XV,

hp = MRR X HP,

MRR = w X d X f,

hp = MRR X HP,

hp,, = MRR X hp,, = MRR X
HPJ/E HPJ/E

t, = 63,030 f, = 63,030
hp/rpm hp/rpm

D, = Diameter of workpiece in
turning, inches

D,, = Diameter of milling cutter,
inches

D, = Diameter of drill, inches

d = Depth of cut, inches

E = Efficiency of spindle drive

[ = Feed rate, inches per minute

f, = Feed, inches per revolution

f; = Feed, inches per tooth

hp,, = Horsepower at motor

MRR = Metal removal rate, in./min

MRR = 7 D’d/4
X fn

hp = MRR X
HP,

hp,, = MRR X
HPJ/E

t, = 63,030
hp/rpm

MRR =12 X w X d
XV

hp,, = MRR X
HP, /E

hp = horsepower at spindle

L = Length of cut, inches

n = Number of teeth in cutter

HP, = Unit power, horsepower per
cubic inch per minute, specific

horsepower

N, =Revolution per minute of work or

cutter

t, = Torque at spindle, inch-pound
T,, = Cutting time, minutes
V = Cutting speed, feet per minute

w =Width of cut, inches

Values for specific horsepower (unit power) are given in Table 20-4.

ME-215 Engineering Materials and Processes

\eljko Samardzic




Cutting ed%\

rpm cutter
Face
Flank ( )

1
d
}

Workpiece

Slab milling - multiple tooth

Slab milling is usually performed on a horizontal milling machine.
Equations for T, and MRR derived in Chapter 25.

The tool rotates at rpm N The workpiece
] translates past the cutter at feed rate f,,, the
FIGURE 20-6 Basics table feed. The length of cut, L, is the length

of miIIing processes of workpiece plus allowance, La,
2
(slab, face, and end - _D__z__(g_ ) - [@D=d) inches

milling) including 4
equations for cutting 7, = (L + La¥fn
time and metal The MRR = Wdf,, where W = width of the cut

removal rate (MRR).  and d=depth of cut.

ME-215 Engineering Materials and Processes

Face milling
Multiple-tooth cutting

Given a selected cutting speed V and a feed
per tooth f, the rpm of the cutter is
Ns = 12V/=D for a cutting of diameter D. The
table feed rate is f,, = f nIN; for a cutter with
n teeth.
The cutting time, Ty, = (L + La + Lo)/fy
where L, = La= WD-w) for w< D2

or Lo=La= D2 for W= Dj2.
The MRR = Wdf,,, where d = depth of cut.
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Work-
piece

r~

£l A

¥

-

«a = rake angle

Section A-A

Cutting
edge (lip)
of drill

Drilling multiple-edge tool

Select cutting speed V, fpm and feed,

f., in./rev. Select drill.

D = diameter of the drill which rotates 2
cutting edges at rpm N,.V = velocity of
outer edge of the lip of the drill.

Ng = 12VI=D. T, = cutting time = (L + A/f, N
where f, is the feed rate in in. per rev. The
allowance A = DJ2.

The MRR = (7#D?%4)f, Ns in2 /min which is
approximately 3DVf,.

FIGURE 20-7 Basics of the drilling (hole-making)
processes, including equations for cutting time and
metal removal rate (MRR).
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Tool 4

FIGURE 20-8 Process basics of
broaching. Equations for cutting
time and metal removal rate
(MRR) are developed in
Chapter 26

ME-215 Engineering Materials and Processes

The T,, for broaching is
Tm=L/12V. The MRR
(per tooth) is 12tWV
in3/min where V=
cutting velocity in fpm,
W is the width of cut,

t = rise per tooth.
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Velocity
Velocity
diagram

FIGURE 20-9 (a) Basics of the
shaping process, including
equations for cutting time (Tm ) and
metal removal rate
(MRR). (b) The relationship of the
crank rpm Ns to the cutting velocity

PO
-

Displacement

V.

Feed, in./stroke

'

Depth of cut (d)

Shaper (quick
return) mechanism

r
\ !
\ I
1 '
1 I
\ '
\ {
\ !
(S
)
1 " B>
\ / for driving tool

\ !

Y I

) ’

Y i

[

L

AT

'

The tool cuts at velocity V with a return
past work.

velocity of Vg dictated by the rpm of the
crank, Ns. The cutting speed V= (I + A)Ns/12R;
where R; = stroke ratio = 200°/360° and the length

of stroke is /= L + ALLOW. The tool feed is
f. inches per stroke.

Tm = WINgf,
MRR = LdN,f, in®/min
(b)
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Tureet lathe

Cylindrical
grinder

Laser
Contouror  Flamae cutting
band saw Plasma arc
Drill press
; Machining Lathe
/f center (nc) Horizontal '
~ Vert. milling boring
Toek machine machine Boring mill
Lathe
PR Boring mill
Boring [ “?orl?:gu : Milling machine
— mochine Drill press
3 Machining
Tock center

FIGURE 20-10 Operations and machines used for machining cylindrical surfaces.
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Lathe
Drill pross
Boring mill
Horizontal

Contour or
band saw

'
Yoot
t wea ; Arbor press
Broaching Broaching (Koyway
machine broaching)

FIGURE 20-10 Operations and machines used for machining cylindrical surfaces.
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Most

commonly less Machines
used frequently seldom
Operation Block diagram machines used used
Work
Tool
Facing Lathe Boring mill
Tool
Broaching Work Broaching Turret
machine broach
S0} Work Lathe (with
- N Surface i
Grinding ‘ : special
AOJ' Tool grinder attachment)
Sawing : Cutoff saw Contour saw
Work
/ Tool
Shaping !I Horizontal Vertical
Work shaper shaper
A Toal
Planing Planer
ﬁ*%ﬂ
slab milling
ooy ) n Lathe with
Milling M'“;"_‘O special
machine .
Wk milling tools
. face milling
FIGURE 20-11 Operations Work i
: Milling Lathe with
and machines used to machine spoolal Drill press
generate flat surfaces. Machining  milling tools {ightcuts)
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TABLE 20-2

Typical
Tolerance
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3 i dnills
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20 DF 0 0I0AS in. 21
NbDR
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Fe
Cutting force

Tool forces - Ibs

FIGURE 20-12 Oblique
machining has three measurable
components of forces acting on
the tool. The forces vary with
speed, depth of cut, and feed.
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‘ -
Feed in./rev

Tool forces - Ibs

Tool forces - Ibs

g
1

Radial force

2 28

8

20 1 |
0.005 0.01 0.02 0.05 0.1
D‘—;D’-. Depth of cut - in.
1000
800 |-
600 -~
400 |
200 -
100 -
w -
w |
40 -
20 | 1 | | 1

0.001 0.002 0005 0.01 002 005 0.1
f, Feed - in. per rev

3 Force

Fe = Cutting force (vertical)
Fg = Radial force (thrust)

Fe = Feed force
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TABLE 20-3

Unit Power

Hardness

Specific Encrgy
Material (hp-min.in)  (in.-Ibin) Brinell
HP, K,orV HB
Nonalloy carbon steel CO.15% S8 263,000 128
CO35% 38 302400 150
COHN T8 324800 200
Alloy steel Anncated 50 302,400 130
Hardened and tempered 083 3SS400 275
Hardened and tempered 087 392,000 300
Hardened and tempered 1.0 425000 350
High-alloy steel Anncaled 083 369000 200
Hardened 12 SE0.000 325
Stainless steel, anncaled Martensitic/fernitic 0.75 324,500 200
Steel castings Nonalloy 0,62 257,000 150
Low-alloy 0.67 302,000 200
High-alloy 0.80 336,000 225
Stainless steel, anncaled Austenitic 073 369600 150
Heat-resistant alloys Anncaled 078 200
Aged—Iron based —_ 280
Anncaled—Nickel or cobalt 110 250
Aged 1.20 350
Hard steel Hardened steel 1.4 633400 SSHRC
Mangancse steel 12% 1.0 515200 250
Mallcable iron Ferritic 042 156,800 130
Pearlitic — 257.600 230
Custiron, low tensile 0.62 156,500 150
Castiron, high tensile 0.80 21280 260
Nodular SG tron Fernitie 055 156,800 160
Pearlitic 076 257,600 250
Chilled cast iron - 492,800 @0
Aluminum alloys Non-heat-treatable 25 67.200 60
Heat-treatable 33 100,800 100
Aluminum alloys (cast) Non-heat-treatable 25 112000 75
Hceat-treatable 33 123200 20
Bronze-bruss alloys Lead alloys, Pb>1% 25 100,800 110
Brass, cartnidge brass 1.8-2.0 112,000 90
Bronze and lead-free copper
Includes Electrolyticcopper 050 246400 100
Zinc alloy Diccast 025 - —
Tanium 034 250275

Valucs ssums normal food ranges and sharp tool, Meltiply values by 1.25 for a dull tool.

Calculation of unat pomcr (HP)
HP = F V33000
HF, = HPMRR Wheree

MRR « 12Viie for tubs tusing

HP, = FVil2Vhe X 3000 «

F/1e % 396000

Cakulation of specific encrgy ()
U = FVVhe = F/ne foe 1be tueniag

ME-215 Engineering Materials and Processes
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Insulated jaws

Tool 7 S
[e] Tubular workpiece
Specimen b | , Center
as —2 | ATaitstock]
= ~——Feed
: ~ | | Tool—" _I
LV g ~—
Feed
Dynamometer t / ipr
ynamometer to Chuck |
measure forces Dynamometer
Milling machine table  2.channel Charge
amplifier Oscillograph amplifier
2] 1 -

Fi| Fe _—f Readout

I_\\J“— Cutting force strip chart

{a) OPM V (Front view) See Figure 21-14 (b) OTT (Top view) See Figure 21-15
Disk
Chuck :_\:‘.._ Bolt
FIGURE 20-13 Three ways to perform % T
orthogonal machining. (a) Orthogonal plate & Oy ncler || il stock
machining on a horizontal milling machine, good §
for low-speed cutting. (b) Orthogonal tube turning . -TF pad \_ o
L . . ool —»=[]! atipr Live center

on a lathe; high-speed cutting (see Figure 20-16).
(c) Orthogonal disk machining on a lathe; — R
very high-speed machining with tool feeding (ipr)
In the facing direction {c) ODM (Top view)
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Overarm

\

Dynamometer\
RN

Tool holder

Overarm

Cutting tool Tool and QSD hammer holder

Workpiece (plate) ——_|
— QSD hammer

Qs f
Dynamometer—

—{  Traverse feed ——= VCutting speed ~—— Table

P tra feed
— Handle for the =0 — Sa::;:' raverse fee
traverse feed R

Handle for the cross feed

Workpiece holder o Handle for the infeed

=——QSD

F
LEDEYEYE

q
s i

(a) End view of OPM setup on horizontal mill,

Table feed is used for cutting speed.

ematics of
the orthogonal plate machining
setups. (a) End view of table,
guick-stop device (QSD), and
plate being machined for OPM.
(b) Front view of horizontal
milling machine. (c) Orthogonal
plate machining with fixed tool,
moving plate. The feed
mechanism of the mill is used to
produce low cutting speeds. The
feed of the tool is t and the DOC
is w, the width of the plate.

{vertical movement of the table)

Levers for selection of
the cutting velocity

e Machine bed

{b) Horizontal milling setup for OPM using QSD. Front view.
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3 |1
o
™ =%
3 f
{ Relief or
clearance
l angle
g Onsetof  Onsetof ===
a shear plane  shear angle Workpiece
L_‘ (plate)
i
-.{ . I‘_ {c} End view (on left) and side view of orthogonal plate

machining with fixed tool and moving plate.
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Side view

Side view
of tube turning

Grooved

feed, ipr

Top view l
speeds equivalent to thoseused | __ | w = wall thickness
in most oblique machining : f
operations. The slight difference i :
in cutting speed between the D, D ;z%%‘t’:fr‘:‘"ig;
inside and outside edge of the l' _____
chip can be neglected.
p g N |
Y Ft =——® Chip— We
-1 Feed
in./rev

ME-215 Engineering Materials and Processes

Speed
‘n’DoN
V="33"
D, = Tube diameter
Ng=rpm
f.=feed infrev
=t uncut chip thickness
DOC=w

2 Force

F, = Cutting force
=@ in top view

F, = Feed force

No radial force

DOC =

Dy - D,
. -

w, = chip width
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e LO-20-12 W'E ll’”? P4

FIGURE 20-16
Videograph

made from the
orthogonal plate
machining process.

. 3
*z’uau

BRI &t i L R R

-76 — eT -eaeeaaav.
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e chip-forming
. f defines the
or lower boundary.
irection of slip
lon movement.

/ / / /

/ / ./
/ Upper boundary
”/_/ z ’
/ / /
/ / /

—————————— — — —— —— ———

¢ Tool
mmm ) T
_é_ _____________
R S ——
Onset of s
shear

Workpiece
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x 5 e LR ? ‘

P %% ‘ $'-‘\'-5 -"-?':. . ;.
20 TR 3Vt o, ’ ""'-

L “A@&{} by-ahe :

3¢ B

FIGURE 20-18 Three characteristic types of chips.

(Left to right) Discontinuous, continuous, and
continuous with built-up edge. Chip samples produced
by quick-stop technique. (Courtesy of Eugene Merchant
(deceased) at Cincinnati Milacron, Inc., Ohio.)
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—p—\/ = Workpiece

FIGURE 20-19 Velocity
diagram associated with
Merchant’s orthogonal
machining model.
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20.6 Mechanics of Machining
(Statics)
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FIGURE 20-20 Free-body diagram of orthogonal chip
formation process, showing equilibrium condition
between resultant forces R and R.

n
a l
ls
e

<
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FIGURE 20-21 Merchant’s circular force diagram used
to derive equations for Fs, Fr, Ft, and N as functions
of Fc, Fr, f, a, and b.

ME-215 Engineering Materials and Processes Veljko Samardzic



ME-215 Engineering Materials and Processes Veljko Samardzic



150
® 125
=
X
& 100
7
L
]
.5 75
Ramalingham and K. J. &
Trigger, Advances in @
Machine Tool Design and 50
Research, 1971,
Pergamon Press.)
25

L605 @ ;/‘
o 7 S816 alloy
B // F.C.C. matrix metals 7
16-25-6 @
7
| Ve
P |
/ .
304/ 7" Nickel 200 B.C.C. matrix
2 (steels)
- Inconel 600 © G -
Steels
< Cold finished ® 9445
— < Annealed O 8640 _
Tough pitch % 52100
soive: @ Brass < 1018
e :,¢O 2024-T6 aluminum v 4345 ”
,’6 6061-T6 aluminum V lron
P d
- " RS
1100 aluminum
! | I l L l - I
0 100 200 300 400

BHN, brinell hardness number
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Mechant's bubble
model of chip formation

ME-215 Engineering Materials and Processes

¢ = Direction of crystal
elongation

Workpiece

Black-Huang stack-of-cards model

The shaded shear triangle
on the right is used to
develop the basic
equation for shear

strain, y.
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FIGURE 20-24 Machining
dynamics is a closed-loop
interactive process that creates
a force-displacement response.

INPUTS = V, f, DOC

tool geometry

material props., etc.

!

which
influence

The MFG process
(metalcutting in
a mach,i.l\'ue tool)

produces

Response

Displacement
and chip size
variation

A

Y

Forces
mag. and
direction

ME-215 Engineering Materials and Processes

N/
Tool and
which produce | toolholder |\ pich act
Statics and aon
dynamics

\eljko Samardzic



* Free Vibration The response to an
initial condition or sudden change. The
amplitude of the vibration decreases with
time and occurs at the natural frequency of
the system often produced by interrupted
machining. Often appears as lines or
shadows following a surface discontinuity.

* Forced Vibration The response to a
periodic (repeating with time) input. The
response and input occur at the same
frequency. The amplitude of the vibration
remains constant for a set input condition
and is nonlinearly related to speed.
Unbalance, misalignment, tooth impacts,
and resonance of rotating systems are the
most common examples.

» Self-Excited Vibration The periodic
response of the system to a constant input.
The vibration may grow in amplitude
(unstable) and occurs near the natural
frequency of the system regardless of the
input. Chatter due to the regeneration of
surface waviness is the most common
metal cutting example.
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There are three
types of vibration
iIn machining.
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Chatter in boring

Froe vibration

Chatter in turning, plunge H
cutting, and chamfering | following surface

during single point i interruption
operations g

Chatter due to increased radial
Chatter in face milling immersion leading to more edges
visible in the surface engaged in cut

finish

eact-slr&lng marks - free vibration
due to force reloase and tool spring back

Tool path

Loss of static deflection
preload and increased
radial engagement

{full immersion shown)

' Material removed

Chotter in end
milling

Chatter in corners
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Y - modulation direction
F. — cutting force

oo —rake angle

y -clearance angle

Xy — previous surface vib.
X - present surface vib.

€ - phase shift
Xo
Cutting edge +
+ s \\\- \;"—\>\\_/' /’+\\\\-’
t = uncut
+ thickness -
\/4_

Workpiece

|<—€—>—

W = Width of cut into the plane
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N = Number of cycles between
cutting path overlap

Turning

Constant uncut Variable uncut
chip thickness chip thickness

FIGURE 20-28 Regenerative e=0°

€=90
chatter in turning and milling
] N=1
Milling J
7

produced by variable uncut chip
thickness.
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MILLING BORING
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FIGURE 20-29 Milling and boring operations can be made more stable by correct selection of insert geometry.
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(2) Secondary shear zone

(°C)

Secondary shear zone

[

(D Primary shear zone

Heat-affected zo;:g
in workpiece — |

FIGURE 20-32 There are three main sources of heat in metal cutting. (1) Primary shear zone. (2)
Secondary shear zone tool—chip (T-C) interface. (3) Tool flank. The peak temperature occurs at the
center of the interface, in the shaded region.
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FIGURE 20-33 The typical relationship of temperature at the tool—chip interface to cutting
speed shows a rapid increase. Correspondingly, the tool wears at the interface rapidly with
increased temperature, often created by increased speed.
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