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# Machining is a general term describing a group of processes that remove
material from a workpiece after it has been produced by the methods
described in the preceding chapters. Machining processes are very ver-
satile, and capable of producing almost any shape with good dimensional
tolerances and surface finish. The topics covered in this chapter include:
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utting, which generally involves single-point or multipoint cutting
Sewice o erur oniced tools and processes, such as turning, boring, drilling, tapping, milling,
broaching, and sawing. Cutting is the focus of this chapter.

» Abrasive processes, such as grinding, honing, lapping, and ultrasonic

machining (Sections 9.6 through 9.9).

» Advanced” machining processes, sometimes referred to as C:nyv-

@ Advenced mackia ing @rocesves : traditional machining processes, that use electrical, chemical, therfal,

< hydrodynamic;and optical sources of energy, as well-as combinations
of these sources, to remove material from the workpiece (Sections 9.10
through 9.15).

*W)\As we use mo\\cl»n’m'm:3 processes :

1. Closer dimensional accuracy may be required than can be achieved g“,()é"
by metalworking or casting processes alone. For example, in a crank- | g
shaft, the bearing surfaces cannot be produced with good dimen- \ v o)
sional accuracy and smooth enough surface finish through forging
or sand casting alone. »" """

2. Parts may require external and/or internal geometric features, such as
sharp corners and internal threads, that cannot be produced by other
processes. U baering

3. Some parts are heat treated for improved hardness and wear resis-] stz <
tance, but because heat-treated parts may undergo distortion and ",‘;;i,:::
surface discoloration, they may require additional finishing opera g;k‘:;\_:.l\_j;}jﬁ,
tions. ex: srathas, Plos , sulee conrss - (s 0 50,

4. Special surface characteristics or textures may be required on surfaces hreriysors

e of the part that cannot be produced by other means. As an exam-

] ﬂv‘“ﬁ";:;(,,; Pﬁso er mirrors with very high reflectivity are typically made by
wte rzM‘a;} 2> ¢ machining with a diamond cutting tool. P
57 It may be more economical to machine the part than to make it by[ i commin<”

s 28 61 1)

other processes, particularly if the number of parts required is rel- ‘:“,"f,'::fﬁ;:

atively small. Recall that metalworking processes typically require \lwiso w2
expensive dies and tooling; the cost of these can only be justified if, y woun’

the number of parts made is sufficiently high. e
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Against these major advantages, machining has certain limitations:
"“‘Vv 332 culting 2\ 2B
1. Machining processes 1nev1tably waste material and generally require

more energy and labor than other metalworking operations.
2. Removing a volume of material from a workpiece generally takes
more time than other processes.
3. Material-removal processes can have adverse effects on the surface
integrity of the product, including its fatigue life.

In spite of these limitations, machining operations continue to be indis-
pensable in manufacturing.

As in all manufacturing operations, machining should be viewed as a
system, consisting of the workpiece, cutting tool, tool holder, workhold-
ing devices, machine tool, and operating personnel. Machining operations
cannot be carried out efficiently and economically without a fundamental
knowledge of the often complex interactions among these critical factors,
as will be evident throughout this chapter.

8.2 Mgchanics of Chip Formation
angef =0

. The basic mechanics of chip forma-
tion are represented by the model shown in Fig. 8.2. A cutting tool moves
along the workpiece at a certain velocity (cutting speed), V, and a depth of

chip Pormalion )1 G o s Cubting NaLE
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FIGURE 8.2 Schematic illustration of a two-dimensional cutting process, or
orthogonal cutting. (a) Orthogonal cutting with a well-defined shear plane, also ol .
known as the Merchant model; and (b) Orthogonal cutting without a Tnde > e
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cut, #,. A chip is produced just ahead of the tool by shearing the material

continuously along the shear plane.

In this process, the major |i 7 are:




472 Chapter 8 Machining Processes wal

<

In order to appreciate the importance of the complex interrelationships
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Ds3n0 indg £ 0 variables N o wal among these variables, consider the following commonly encountered
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situations:

of the independent variables should be modified first?

. |If the workpiece becomes too hot, thus possibly affecting its proper-
ties and dimensional accuracy, what modifications should be made
to the process parameters? unshorp

If the cutting tool wears rapidly and becomes_dull, what should be
changed: the cutting speed, the depth of cut, the tool material, or
some other variable?

. If the dimensional tolerance of the machined part is over the specified
limits, what modification should be made?

. If the cutting tool begins to vibrate and chatter, what should be
changed to eliminate or reduce this problem?

Although almost all machining operations are three dimensional in
nature, the two-dimensional model shown in Fig. 8.2 is appropriate and
in-studying i ics-of the metal cutting process. This

The tool has
a rake angle, o, (positive as shown in the figure) and a relief, or clearance,
angle. Note that the sum of the rake, the relief, and the included angles of
the tool is 90°.

Microscopic examinations reveal that metal chips are produced by a
shearing mechanism, shown in Fig. 8.3a. Shearing takes place along the
shear plane, which makes an angle ¢ with the workpiece surface, called the
shear angle. Below the shear plane, the workpiece is deformed elastically,
and above the shear plane, the chip is already formed and is moving up the
face of the tool as cutting progresses. Because of the relative movement,
there is friction involved between the chip and the rake face of the tool.

Note that the thickness of the chip, 7., can be determined if #,, e, and
¢ are known. The ratio of ¢, to ¢, is known as the cutting ratio, r, which
can be expressed as ﬁ""a.‘[“ .
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FIGURE 8.3 (a) Schematic illustration of the basic mechanism of chip
formation in cutting. (b) Velocity diagram in the cutting zone.
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Note that the chip thickness is always greater than the depth of cut (also e

known as the undeformed chip thickness), so tha always less than
unity. The reciprocal of  is known as the chip compression ratio, and is
a measure of how thick the chip has become compared with the depth of
cut; thus the chip compression ratio is always greater than unity.

On the basis of Fig. 8.3a, the shear strain, y, that the material undergoes
during cutting can be expressed as

AB AO OB
y=R=&+&, (8.2)
or
y =cot¢p +tan (¢ — ). (8.3)

Note from this equation that high shear strains are associated with low
shear angles and low or negative rake angles. Shear strains of 5 or higher
have been observed in actual cutting operations. Thus, the chip under-
goes greater deformation during cutting than it does in other operations
such as forging and shaping operations (Chapter 6), as can also be seen in
Table 2.3.

From Fig. 8.2, it can be noted that the undeformed chip thickness and
the depth of cut are the same parameter, t,, in orthogonal cutting. Because
the chip thickness, #, is greater than the undeformed chip thickness, 2,,
thf the chip, V., must be lower than the cutting speed, V. Since
masscontinuity has to be maintained,

VWiior = \Voiliz or Vo —Vr, (8.4)

and therefore, .
sin ¢
Vc = Vm. (8.5)
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FIGURE 8.4 Basic types of chips produced in metal cutting and their

Ve

A velocity diagram can be constructed, such as that shown in Fig. 8.3b.
From trigonometric relationships, the following equations can be written:

(8.6)

where V is the velocity at which shearing takes place in the shear plane.
The shear-strain rate is the ratio of V; to the thickness, a, of the shear zone

micrographs: (a) continuous chip with narrow, straight primary shear zone;
(b) secondary shear zone at the tool-chip interface; (c) continuous chip with
built-up edge; (d) segmented or nonhomogeneous chip; and (e) discontinuous

chip. Source: After M.C. Shaw, P.K. Wright, and S. Kalpakjian.
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Chip Morphology
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Continuous chips. Continuouschips are typicallyformed at high cut-
ting speeds and/or high rake angles (Fig. 8.4a). The deformation of
the metal takes place along a very narrow shear zone, called the
primary shear zone. These type of chips also may develop a secondary
shear zone at the tool-chip interface (Fig. 8.4b), caused by friction;
as expected, the secondary zone becomes thicker as the tool-chip
friction increases.

Deformation of continuous chips may also take place along a wide
primary-shear zone, with curved boundaries, as shown in Fig. 8.2b.
Note that the lower boundary of this zone is below the machined
surface, and thus it has subjected the machined surface to distor-
tion, possible surface damage and induced surface residual stresses.
This situation occurs particularly in machining soft metals at low
cutting speeds and low rake angles.

Although they generally produce good surface finish, continuous
chips are not always desirable, particularly in computer-controlled
machine tools (see Section 8.11), because the chips tend to become
tangled around the tool. This situation can be avoided with Ehip;
breakerfeatures on cutting tools (see below).

As a result of strain hardening (caused by the shear strain to
which it is subjected), a chip generally becomes harder, stronger, and
less ductile than the original workpicce material. As the rake angle
decreases, the shear strain increases, as can be seen from Eq. (8.3).
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Built-up-edge chips. A built-up edge (BUE) may form at the tip of
the tool during cutting (Fig. 8.4c); it consists of thin layers of metal
from the workpiece that are gradually deposited on the tool (hence
the term built-up). As it grows larger, the BUE becomes unstable and
eventually breaks up; the upper portion of the BUE is carried away on
the tool side of the chip and the lower portion is deposited randomly
on the machined surface. The process of BUE formation and breakup
is repeated continuously during the cutting operation.

The built-up edge is commonly observed in practice and is one of
the significant factors that adversely affects surface finish and integrity
in machining, as can be seen in Figs. 8.4 and 8.6. A built-up edge, in
effect, changes the geometry of cutting. Note, for example, the large
tip radius of the BUE and the rough surface finish it has produced.
Because of work hardening and deposition of successive layers of
material, BUE hardness increases significantly (Fig. 8.6a). Although
BUE is generally undesirable, a thin but stable BUE is generally
regarded as desirable, because it protects the tool surface.

Built-up

edge Hardness (HK)

e

v

Workpiece

230

(@

FIGURE 8.6 (a) Hardness distribution in the cutting zone for 3115 steel.

Note that some regions in-the built-up edge are as much as three times harder
than the bulk workpiece. (b) Surface finish in turning 5130 steel with a built-up
edge. Source: Courtesy of Metcut Research Associares, Inc.
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BUE formation is affected by (a) adhesion of the workpiece mate-

rial to the rake face of the tool and the strength of the interfacial

bond (see also Section 4.4). Ceramic cutting tools (see Section 8.6),

for example, have much lower affinity to form BUE than do tool

D Growh of Mo succescive lagevs ol sdhered mdal on e teo) steels; (b) growth of the successive layers of adhered metal on the
tool; (c) tendency of the workpiece material for strain hardening; the

higher the strain-hardening exponent, 7, the higher the probability
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Serrated chips, Serrated chips, also called segmented or nonhomoge-|

o neous chips,-are semi-continuous} with zones of low shear and high

¢ Serraled ‘u?g s { Semi Continwus ) shear strain (Fig. 8.4d); the chips have the appearance of saw teeth,
- hence the term serrated. Metals with low thermal conductivity and
k. (segmads  onissy (nonbomoger clu'fs) strepgth that decr§ases sharply with temperature, such as titanium,
—_— exhibit this behavior. - ’

- bl clips hove flu apperance of som beeth
(el 3 crrit) st mobed 1 gt o, M 5 bl bl i el

ot Wgh
haa
Fril g e
Plaske . bish
Jeloondin @6 5 motbaril 31 (Gai atps e Vg S D, Sher oy makewriel S e
Tompembre 3t 6 ;25 i
Shoover, chans 0 un modortel 1038 g5 e S Vg T ToLl Bslis GE% low Temprbve,

heak 0Gib 4ynis oy WPhke B enomgy Ny

shear
strain
High
shear
strain

Gt T 5 o s Shaos g s e U L my Mgk e ) Bt (0t 5 \ow Shremie e

shrony Je hard . malwid 1 Sney

% Oiscontinues elips :
&) onsists of segmanks Hat ey be Gilher  Pirmly or lossoly allockd o sudn ofhuv
These chips usualy develop under I Bdoviey condifions

a. The workpiece material is brittle, and cannot undergo the high b Shead Shro : duadill | o b - K3 Chd o o I
shear strains involved in cutting. Vg o Ty iy sl \ay o5 chip N io gl s 5k 98

b. The workpiece material contains hard inclusions and impuri- )
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d. The depth of cut (undeformed chip thickness) is large or the rake
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FIGURE 8.8 Various chips produced in turning: (a) tightly curled chip; (b) chip
hits workpiece and breaks; (c) continuous chip moving radially outward from
workpiece; and (d) chip hits tool shank and breaks off.

to avoid the formation of continuous chips is to break the chip intermit-
tently with a chip breaker. Chip breakers are now an integral part of the
cutting tool itself (Fig. 8.7). Chips can also be broken by modifying the
tool geometry, thus controlling chip flow, as in the turning operations
illustrated in Fig. 8.8.

¢a

Chip breaker

Before 1y

Rake face

Radius Positive rake 0° rake

Workpiece

(@ (0)

FIGURE 8.7 (a) Schematic illustration of the action of a chip breaker. Note that
the chip breaker decreases the radius of curvature of the chip. (b) Grooves on the
rake face of cutting tools, acting as . Cutting tools inserts generally
incorporate built-in chip
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- Shaving and ski\(ing.

Shaving and skiving. Thin layers of material can be removed from
straight or curved surfaces by a process 51m11ar to using a plane to shave
wood. Shaving is particularly useful in improving the surface finish and
dimensional accuracy of punche ee Fig. 7.10). Parts that
are long or have a combination of angles and shgpes are shaved by skiving,
using a specially shaped cutting tool. 4 ¢
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T ‘le"'“""'ofy °£ FIGURE 8.10 (a) Schematic illustration of a[right/hand cutting tool for turning.
e Cu,HiU Voo Although these tools have traditionally been produced from solid tool-steel bars,

they are now replaced by inserts of carbide or other tool materials of various
shapes and sizes, as shown in (b).
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e 8.2.3 Forcesin Orthogonal Cutting

Determining cutting forces and power requirements in machining opera-
tions is essential for the following reasons:

1. Power requirements must be known so that a machine tool of suitable
capacity can be selected for a particular application;

2. Data on cutting forces are necessary for the proper design of machine

& tools so that they have certain specific characteristics, including

Qloxiblc in order to maintain the desired dimensional accuracy; and

3. The workpiece must be able to withstand the cutting forces without

excessive distortion. T Vs e Dishorion (s forees )1 g0 SiL Rt £ 10 (Ser s g €N Lailal ¢ Dok & O 151

depik o cob 2 J31, et cubhing edae Puinit, Sl Wt (S S

The factors that significantly influence the forces and power in orthogonal
cutting are:

1. Cutting forces. The forces acting on the tool in orthggonal cutting are F"it‘:" F = Rsin ,3 .
shown in Fig. 8.11. The[cutting force, F.]acts in ttf% direction of the
cutting speed, V, and supplies th&energy required for the machining coefficient /A ——
operation. The acts in the direction normal to the o Qeickion -
cutting velocity, that is, perpendicular to the workpiece. These two
forces produce the resultant force, R, which can then be resolved into "i'::‘ N = R cos ,3 A
two components on the {66! Tace: a friction force, F, along the tool-

chip interface and a normal force, N, perpendicular to the interface.

From Fig. 8.11, it can be shown that the friction force is _ sk
$ix the tool ageingh P warkpicce «— Poroe 5 awmot

£ . Frichon apefe,

17* we assume thaf dnj inshed velaily Ao cautting yelodily is constad —» £F= 200
CRY
conshed cpeed thn  acrelevaton = 2eve | nek fesltak force = zero
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FIGURE 8.11 (a) Forces acting on a cutting tool in two-dimensional cutting.
Note that the resultant forces, R, must be collinear to balance the forces.
(b) Force circle to determine various forces acting in the cutting zone.
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Note also that the resultant force is balanced by an equal and opposite
force on the shear plane, and is resolved into a shear force, F, and
a normal force, F,. From Fig. 8.11, the cutting force can be shown
to be

wi,Tcos (B —a)
singcos(p+p—a)’
where 7 is the average shear stress along the shear plane.

The ratio of F to N is the coefficient of friction, y, at the tool-chip
interface (see also Section 4.4.1), and the angle 8 is known as the
friction angle. The coefficient of friction can be expressed as

Fc=Rcos(f —a) = (8.11)

_ Fi+Fctana

= . 8.12
Fe - Frtana { )

p=tanp
In cutting metals, u generally ranges from about 0.5 to 2, indicating
that the chip encounters considerable frictional resistance in climbing
up the rake face of the tool.

The forces in machining operations are generally found to be on
the order of a few hundred or thousand newtons. However, the local
stresses in the cutting zone and the normal stresses on the rake face of
the tool are very high, because the contact areas are very small. The
tool-chip contact length (Fig. 8.2), for example, is typically on the
order of 1 mm, so that the tool is subjected to very high local stresses.
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2. Thrust force and its direction. Although the thrust force does not con-
tribute to the energy required in cutting, its magnitude is important
because the tool holder, the workholding devices, and the machine
tool must be sufficiently stiff to minimize deflections caused by this
force. For example, if the thrust force (See Fig. 8.11) is too high
and the machine tool is not sufficiently stiff, the tool will be pushed
away from the workpiece surface. This deflection will, in turn, reduce
the actual depth of cut, leading to loss of dimensional accuracy
of the machined part and possibly to vibration and chatter (see

Section 8.12). —

Note from Fig. 8.11 that the direction of the thrust force is down-
ward. It can be shown, however, that this force can also be upward

(negative), by first observing that

when o> B
. ine will
Fi = Rsin (B — ) — Wuaptioe
‘\’hrunis’ LR —ve Cupwerd)
or %W

F,=F.tan(f — ).
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The sign of F,. is always positive (as shown in Fig. 8.11), but the sign
of F; can be either positive or negative. Thus, when 8 > «, F; is
positive (downward), and for 8 < «, it is negative (upward). It is

Vi therefore possible to have an upward thrust force when friction at
r\wo@ ')(a,,,i\ the tool-chip interface is low and/or when the rake angle is high.
-
bad surhce 1‘:"’7\“ Ihreed
Bt 3 ' i ol Uiblon g By Qo p Bleh O bl 3 33l LG puts e o1l Gk e G an AT ool N G}~ ve USS farce W s
Az‘um3
mest [
liky d>
. Note that at high rake angles, the
thrust force is negative. A negative thrust force has ¥ rake omle |, Fnrush Sorce T

important implications in the design of machine tools

and in controlling the stability of the cutting process. Somall e emyles ode i) oSy Bakad 2

The depth|of cut has an important influence; as #, increases, R Depik (b')f , R, B
must also increase and thus, F. will increase as well. Note also that obcvt
additional energy is required in order to remove the extra material
associated with the increased depth of cut. The change in the direction
and magnitude of the thrust force can play a significant role. It can,
for example, lead to instability in machining operations, particularly
if the machine tool is not sufficiently stiff.
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3. Observations on cutting forces. In addition to being a function of
the strength of the workpiece material, cutting forces are influenced
by other variables. Data such as those given in Tables 8.1 and 8.2
indicate that the cutting force increases with increasing depth of cut,
decreasing rake angle, and decreasing cuttlng speed. By rev1ew1ng the
data given in Table 8.2,

#’{&Ehe—ﬁa%ér&&&%peekbeﬁeaﬁesﬁh&she&ﬁa&ﬁ&éeeﬁeaﬁesraﬁéeh&
i  friction i

The tip radius of the tool also is an important factor: the larger
the radius (hence the duller the tool), the higher the cutting force.
Experimental evidence has indicated that, for depths of cut on the
order of five times the tip radius or higher, the effect of tool dullness
on the cutting forces becomes negligible (see also Section 8.4).

4. Shear and normal stresses in the cutting zone. The stresses along the
shear plane and at the tool-chip interface can be analyzed by first
assuming that they are uniformly distributed. The forces in the shear
plane can then be resolved into shear and normal forces and stresses.
Note that the area, A, of the shear plane is

[ t/)m“‘ ”"
Shons - Ay = (8.15)
sin
K, ‘g")‘ﬂﬁ
and therefore, the average shear stress in the shear plane is
F F;sin ¢
Slow SHES ="=""" 8.16
ateq 35 = A oo\ 1 ( )
'\,"w\{ shress X7
55, .
L50d the average M is
F, F,sin¢
=== = — 8.17
- As wt, ( )

Some data on average stresses are given in Fig. 8.13, where the
following conclusions can be drawn:

b. The normal stress on the shear plane decreases with increasing
rake angle.

c. The normal stress in the shear plane has no effect on the mag- tj
nitude of the shear stress. However, normal stress strongly
influences the allowable shear strain in the shear zone prior

to fracture. Recall from Section 2.2.8 that th-

For this reason, small or negative rake angles will often be used
in machining less ductile materials, in order to promote shearing
without fracture.
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FIGURE 8.14 Schematic illustration of the distributSliding
of normal and shear stresses at the tool-chip interface
(rake face). Note that, whereas the normal stress -
increases continuously toward the tip of the tool, they
shear stress reaches a maximum and remains at that
value (a phenomenon known as sticking; see

Section 4.4.1).
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- 8.2.5 Specific Energy

From Fig. 8.11 it can be seen that the total power in cutting is

of W E"“D‘&" FeL
&
Power = F.V. ,éi;,m Wt frargy Per avih vatume.
. . . o e fek . B 3/med
The specific energy, or fotal energy per unit volume of material removed, R Wbl
uy, is then

E.V F,
o = —

— — 824 _ _ 2mm =900
t wt,V wto’ T [mamd ( ) E

the power required to overcome friction at the tool-chip interface is the
product of F and V., or, in terms of specific energy for friction, uy, as
Brickion __ E00
ur _WVC _ Fr _ (Fcsina + Fycosa) r

= o (8.25)

wt, V. wit,

Likewise, the power dissipated along the shear plane is the product of Fs
and V. Thus, the specific energy for shearing, us, is

F V/“‘uﬁb
=2 (8.26)
(e}
The total specific energy, u, is the sum of the two energies
N R
Uy = ug + us. (8.27)

Crickion &l Stentinn ) duuke 83 g vosh of e Cpay Yo W
- = Im“

¥ The toted eneveyy fat comes Swm Fe will ad for : D Shumring D bo cvercome. Pickion

# Tables 8.1 and 8.2 give some experimental data on specific energies,

fwhere it can be noted that asithe rake angle increases; the frictional

, whereas the shear specific
energy rapidly decreases. Thus, the ratio us/u, increases significantly as

« increases. This trend also can be predicted by developing an expression
for the energy ratio, as follows:

ﬂ_FVC_ Rsing E_ sin 8 sin ¢ (8.28)
u, F.V Rcos(B—a) V cos(B—a) cos(d—a) ’

Experimental observations have indicated that as « increases, both 8 and ¢

increase, and inspection of Eq. (8.28) indicates that the ratio uy/u; should
increase with a.
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EXAMPLE 8.1 Relatlye Energles in Cutting

S Dl Js o 08 G550 Saia M 4t velocihy
Given: An orthogonal cuttlng operatlon is being carried out in which #, = 0.1 mm, V = 2 aﬁ-' Sy o
a = 10°, and the width of cut = Y $ mm. It is observed that t. = 0.25 mm, FC = 500 N, and
fﬁﬂ =200 N. e )

Lorce
Find: Calculate the percentage of the total energy that is dissipated in friction at the tool-chip
interface.

Solution: The percentage of energy can be expressed as

Friction energy  FV. _ Fr
Total energy ~ F.V  F
(e A4 (osh )
h cSinA ¢ (oS
e _to_O1 = 0.40, A r;ﬁ.:o_q
T 025 v te
F=Rsinp P
F.=Rcos(f — )
and
R = /F} + F2 = /2002 + 5002 = 538 N.
Thus,

500 = 538 cos (8 — 10°),

from which we find that
B =31.7° and F=538sin31.7° = 283 N.

Therefore, the percentage of friction energy is calculated as

~(283)(0.40) -
Percentage = 500 =0.22 @

— Uy = Uf + Us.
and similarly, the percentage of shear energy is calculated as@.



EXAMPLE 8.2 Comparison of Forming and Machining Energies

Given: Two cylinders of annealed 304 stainless-steel, each with a diameter of 10 mm and a length
of 150 mm, are to have their diameters reduced to 9 mm (a) for one piece by pulling it in tension
and (b) for the other by machining it on a lathe (See Fig. 8.8) in one pass.

Find: Calculate the respective amounts of work involved, and explain the reasons for the difference
in the energies dissipated.

a. The work done in pulling the rod is (see Section 2.12): o e
) No frickien
Weension = () (Volume),

where, from Eq. (2.56),
& o |
u= f o de.
0

The true strain is found from Eq. (2.10) as

2 2
e;=In (%) =In (%) =0.105.

From Table 2.2, the following values for K and 7 are obtained for this material:
K = 1275 MPa and n=0.45.
Thus,

Kt (1275) 0.105)'4

— 6 3
= 145 =33.5x10° Nm/m”.

and
Wleaiom = (3345 x 106) (1)(0.010)2(0.15) = 1580 Nm.

b. From Table 8.3, an average value for the specific energy in machining stainless steels is taken
as 4.1 'mm?. The volume of material machined is

o = S
! Volume = £ [10)? = 2] 150) = 224@ labay
Hence, the work done in machining is

Wonach = (4.1)(2240) = 9180 Nim. )
S energy 0 (madoied removnt) cdbj ne

These differences explain why machining consumes much more energy than bulk deformation.
However, it can be shown that as the diameter of the rod decreases and assuming that the same
depth of material is involved, the difference between the two energies becomes smaller. This result
can be explained by noting the changes in the relative volumes involved in machining vs. tension
as the diameter of the rod decreases.

TABLE 8.3  Approximate specific energy requirements in
machining operations.

Specific energy*
Material
Aluminum alloys
Cast irons
Copper alloys
High-temperature alloys
Magnesium alloys
Nickel alloys
Refractory alloys
Stainless steels
Steels
Titanium alloys

Lubricated cwH-l'r\:) —5 lovesd volw

/’ﬁ' Wigh Reihon cubbiny — o bighs) tmles

othervise — averoe

*At drive motor, corrected for 80% efficiency; multiply the energy by
1.25 for dull tools.
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FIGURE 8.16 Typical temperature distribution in the
cutting zone. Note the severe temperature gradients
within the tool and the chip, and that the workpiece is 2 wglt
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Because of the work done in shearing and in overcoming friction on the
rake face of the tool, the principal sources of heat generation are the
(a) prlmary “shear 3 zone and (b) friction at the tool-chip interface. More-
over, if the tool is WO, heat is also generated by the dull ool tip rubbing

against the machined surface.
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Variables affecting temperature. An approximate but simple expression for
the mean temperature for orthogonal cutting i§ v
!

in helvin Shear ShesS
0.0006656 ) [V,
= 13 -2 el T} (8.29) Dol g s 253
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where T is the mean temperature of the tool-chip inte rormel

Shear
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ﬂow stress of the workpiece material (in MPa); V is the cutting speed (m/s); i s ut

ofcut m); pc is the volumetrtc speczﬁc heat of the workpiece
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FIGURE 8.17 Temperature distribution in turning as a function of cutting

speed: (a) flank temperature; (b) temperature along the tool-chip interface.

Note that the rake-face temperature is higher than that at the flank surface. —
Source: After B.T. Chao d4nd K.]. Trigger.
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FIGURE 8.19 Terminology used in a turning operation on a lathe, where f is
the feed (in mm/rev) and d is the depth of cut. Note that feed in turning is
cequivalent to the depth of cut in orthogonal cutting (See Fig. 8.2), and the depth
of cut in turning is equivalent to the width of cut in orthogonal cutting (See also
Fig. 8.39).

y Techniques for measuring temperature.
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Techniques for measuring temperature. Temperature and its distribu-
tion in the cutting zone may be determined by several techniques: (a)
Using thermocouples, embedded in small holes in the tool or in the work-
piece; this technique involves considerable effort. (b) Measuring thermal
emf (electromotive force) at the tool-chip interface, which acts as a hot
junction between two different materials (the tool and the chip). (c) Using
a radiation pyrometer, monitoring the infrared radiation from the cutting
zone; however, this technique indicates only surface temperatures and the
accuracy of the results depends on the emissivity of the surfaces, which can
be difficult to determine accurately.
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» 8.3 Tool Wear and Failure
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cutting tool and workpiece materials and their

echanical, and chemical properties; tool geometry; cutting flu-
ids (if used); and processing parameters, such as cutting speed, feed, and
depth of cut.

In typical wear patterns in cutting tools, regions of wear are identi-
fied as flank wear, crater wear, ngseeqy, and chipping of the cutting
edge. Whergag wea is generally q gnd process, chipping of the tool,
especially gross chipping, is regarded as catastrophic failure. In addition
to wear, plastic deformation of the tool itself also may take place, espe-
cially with tool materials that begin to lose their strength and hardness at
elevated temperatures (see Section 8.6).

g

- 8.3.1 Flank Wear
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Flank wear is generally attributed to

1. Sliding of the tool along the machined surface, causing adhesive
and/or abrasive wear of the tool; and
2. Temperature rise, because of its adverse effects on the mechanical

properties of the tool material.

Following an extensive study, a tool-wear relationship was established for

machining a variety of steels, as /_\ L3 0053 Vall 68 S 590 b Lums Bime O c;::? A rodininey  Loisa\ 55 =
V' = C, 8.31)

( workFee

oho~de N 5 mku; NCs Combiredion (s swimt 6 N
where V is the cutting speed, £ is the time that it takes to develop a flank

wear land or objectionable surface finish, # is an exponent that depends Sl wlemt 2 C ) west N 2 ot Ul ofiee -
on workpiece and tool material as well as cutting conditions, and C is a Gy F Dt oo daml gy S
constant. Equation (8.31) is known as the Taylor tool life equation, after YU S bima ) doat 31 3350

its developer, EW. Taylor. (o font waor e
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| |b Ascast 215 40 20 Tool-life curves. Tool-life curves are plots of experimental data obtained
: :z::::ed fg; ;3 g in machining tests (Fig. 8.20), typically for turning operations. Note that
e Amnealed 170 . 100 B (a) tool life decreases rapidly as cutting speed increases; (b) the condi-

tion of the workpiece material has a strong influence on tool life; and (c)
there is a large difference in tool life for different microstructures of the
workpiece. Heat treatment of the workpiece material is important largely
because of the increase in hardness. For example, ferrite has a hardness
of about 100 HB, pearlite 200 HB, and martensite 300 HB to 500 HB
(see Section 5.11). Impurities and hard constituents in the workpiece mate-

rial also are important, because they reduce tool life due to their abrasive
100 action on the tool (see also Section 4.4.2).
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Although cutting speed has been found to be the most significant process o ite 13 s 5t st detsen g2t 5o Cubling sgaed 1) <v) o
variable in tool life, depth of cut and feed rate also are important; thus,
Eq. (8.31) can be modified as s L Bezd rate B dephofant N N\

Tl lineas mobon pec revabdion( 8.32)
where d is the depth of cut and f is the|feed rate (in mm/rev) in turning.

The exponents x and y must be determined experimentally for each cutting
condition. Taking n = 0.15, x = 0.15, and y = 0.6 as typical values
encountered in practice, it can be seen that cutting speed, feed rate, and
depth of cut are of decreasing order of importance.

supt elemerks 1 3, 5RNS thndxfy =C
bool e ¥ -- - = ’

Thus, for a constant tool life, the following observations can be made from
Eq. (8.34):

1. If the feed or the depth of cut is increased, the cutting speed must be
decreased, and vice versa; and

2. A reduction in the cutting speed will allow an increase in feed and/or
depth of cut. Depending on the magnitude of the exponents, this can
then result in an increase in the volume of the material removed.

EXAMPLE 8.3 Increasing Tool Life by Reducing the Cutting Speed

Given: A tool and material combination has 7 = 0.5 and C = 400.

Find: Calculate the percentage increase in tool life when the cutting speed is reduced by 50% using
the Taylor equation [Eq. (8.31)].

Solution: Since 7 = 0.5, the Taylor equation can be rewritten as V/z = 400. Letting V1 be the
initial speed and V) the reduced speed, it can be noted that, for this problem, V, = 0.5V;. Because

C is a constant,
0.5Vt = %1 Z1 7
Simplifying this expression, Vt = C,
i 1
2o —_ —40.
t; U o
This relation indicates that the tool-life chrange is O nosSles o) Sl caaw)
1y — ¢ t
2 1=(l)—1=4—1=3,
51 31

or that it is increased by 300%. Note that the reduction in cutting speed has resulted in a major
increase in tool life.
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= 8.3.2 Crater Wear

Although the factors affecting flank wear also i

uence crater wear, (&
> 2

[ most significant factors in crater wear{are

and the

the rake face of

i ials. Recall that

ol is subjected to high localized stress and tempera-

ture, as well a{slidingJof the chip up the rake face at relatively high speeds

(See Fig. 8.3b).

s shown in Fig. 8.17b, peak temperatures in the cutting

zone can be on the order of 1100°C. Note that the location of maximum
depth of crater wear generally coincides with the location of maximum

temperature at the tool-chip interface.
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FIGURE 8.23 Interface of chip (left) and rake face of
cutting tool (right) and crater wear in cutting AISI 1004
steel at 3 m/s. Discoloration of the tool indicates the
presence of high temperature (loss of temper). Note how
the crater-wear pattern coincides with the discoloration
pattern. Compare this pattern with the temperature
distribution shown in Fig. 8.16. Source: Courtesy of
P.K. Wright.

FIGURE 8.22 Relationship between
crater-wear rate and average tool-chip
interface temperature in turning:

(a) high-speed steel tool; (b) C1
carbide; and (c) CS carbide. Note that
crater wear increases rapidly within a
narrow range of temperature.

Source: After K.J. Trigger and

B.T. Chao.
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¥ 8.3.3 Chipping

wear—squasel F weor 3t wSe
i R
The term chipping in machining describes the @ breaking away of
a piece from the cutting edge of the t very small
(microchipping or macrochipping), or they may consist of relatively large MY
,fragment((%oss chipping or fracture). [ITwo main causes of chipping|are be:)“ o
™mechanical shock and-thermal fatigue, such as seen in interrupted cuttin ciyete -
operations as in @i_l_l&g@, described in Section 8.10. :_-,-g ~
Chipping by mechanical shock may occur in a region of a cutting toolﬁ
where a small crack or defect already exists. High positive rake angles also
can contribute to chipping, because of the small included angle of the tool C,:‘L'f:
tip (See Fig. 8.31); this is a phenomenon similar to chipping of the tip of ‘s
a very sharp pencil. Crater wear also may contribute to chipping, because
ear progresses toward the tool tip and weakens it. Thermal cracks, which
are generally perpendicular to the cutting edge, typically are caused by the
thermal cycling of the tool in interrupted cutting.
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- 8.3.5 Tool-Condition Monitoring

s
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With the extensive use of computer-controlled machine tools and imple- clates £ Plork weot Gy 19 155 5 sl Gl é— Oirech -

mentation of highly automated manufacturing systems, the reliable and
repeatable performance of cutting tools is a major consideration. Once
programmed properly, machine tools now operate with little direct super-
vision by an operator; consequently, the failure of a cutting tool will have
serious detrimental effects. It is therefore essential to continuously monitor
the condition of the cutting tool, such as for wear, chipping, or gross failure.

Techniques for tool-condition monitoring typically fall into two gen-

brces , Tempemture. N Guis Lols (53 ote e ) Wi Lo Ut e Tn Diteck 3 .
eral categories: direct and indirect. The direct method involves optical

A - 3 1 VibloRoa
:t]zars:;lement of wear, by periodically observing changes in the profile of opbe bot A indicadion gakacy 89 >l Borce 3 Lo, \its
Indirect methods of measuring wear involve correlating the tool condi- Came vesr s )\l dull 3 sharp

tion with variables such as force, power, temperature rise, surface finish,

and vibration and chatter. The acoustic emission technique utilizes a piezo- a8 uis Temperature. N o Ui\ sLe 13050
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[Surface finish describes the geometric features of surfaces, whereas surface
m
surfacerproduced (see also Section 4.3). The ranges of surface roughness in

machining and other processes are given in Fig. 8.24. As can be seen, the
processes are generally organized in order of increasing surface quality,
which also correspond to increasing cost and machining time (See also
Fig. 16.5)q, @ p—
Built=upredge andsdepthrofseun can ace
imtegrityp Figure 8.25 shows surfaces obtained in two different machining
operations; note the damage to the surfaces from BUE. A shallow depth
of cut (or dull tool) can also compromise surface finish. A dull cutting
tool has a larger radius along its edges, just as a dull pencil or knife does.
Figure 8.26 illustrates the relationship between the radius of the cutting
edge and depth of cut in orthogonal cutting. NGtesthagatsmall"depths
| herwise positive-rake ool can effectively D, dephh o ek (sl noge ot Cﬂ?’:)
—mc workpiece surface and

fadins
If the radius is large in relation to the depth

\S —ve rake arqiv kulﬁzw.. y.- meld 3 3557}
3 g g AV -
of cut, the Fool will rub over the machined surfgce, generating frictional X | e very ;,.J sutface Pinish
heat, inducing surface residual stresses, and causing surface damage, such 5o

P small depth  of ek

as tearing and cracking ApAGHcesEhe depioneaEshould generallyibe s
greater than the radius on the cutting edge. g Vg 2129 o
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_ g FIGURE 8.26 Schematic illustration
3 of a dull tool in orthogonal cutting
(exaggerated). Note that at small
depths of cut, the rake angle can
effectively become negative. In such
cases, the tool may simply ride over
the workpiece surface, burnishing it,
instead of cutting.
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Beedimarks. [n turning, as in some other machining operations, the cutting

tool leaves a spiral profile (feed marks) on the machined surface as it moves
across the workpiece (See f‘l ..8.19). As expected, the higher the feed,
f, and the smaller the rz'aius, b, the more prominent are these marks.
Although not significant in rough machining operations, feed marks are

important in finish machining (see Section 8.9).
The peak-to-valley roughness, R, in turning can be expressed as

| Feed T, Feed marks T

| Red b e ®) )

f2 R wit o forghnese 2 J1 2> -
R: = SR (8.35)
where f is the feed and R is the nose radius of the tool. For the condition
where R is much smaller than £, the roughness is given by the expression

R; = 4, (8.36) ki ) g0 feol A ml'"l'nj BRI TS
tanag + cota,
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¢ 8.5 Machinability ., ...
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The machinability of a material is generally defined in terms of the fol-
lowing four factors: (a) surface finish and integrity of the machined part;
(b) tool life; (c) force and power requirements; and (d) chip control.

s,|good machinability| indicates good surface finish and integrity, long
tool life, low force and power requirements, and type of Ehip produced
are easily collected and do not interfere with the machining operation
(see Section 8.2.1).




8.5.1 Machinability of Steels

> Low Me”ino poink (3237) , Lead 15 Pdﬂzc”d pleskic mederiel (%o b 5005)

Leaded steels. Lead is added to molten steel and takes the form of Yaad S1amese
dispersed fine lead particles (See Fig. 5.2a). During machining, the lead o, Seer oS,
particles are sheared and smeared over the tool-chip interface; because of Yoo 1ts chip Wey Brikion B

their low shear strength, the lead particles act as a

Section 4.4.4). This behavior can be verified from the presence of high
concentrations of lead on the tool-side face of the chips when machining

leaded steels. In addition, lead lowers the shear stress in the primary shear 7 3™
zone, thqs reducing cutting forces and power consumpgon. Leaded steels 17 5% SVevses 1 Late O 5 Cluip S mlerd 1 \pdunis
are identified by the let tween the second and third numerals, such ’ '
as 10L45. Because of itq toxicity/and environmental concerns, the trend Voo Yoo eas (& lead porkides 3.5 e
has been toward eliminating the use of lead in favor of such elements as

bismuth and tin (lead-free steels).

Lubricaod e Jay lead -

Niade ~m I Zone A g0 friw-rj gheor zore )

Resulfurized and rephosphorized steels. Su/fur in steels forms manganese-
sulfide mcluszons (second phase particles; sée Fig. 8.27). These-particles

s as a result, the chips pro-

w’ duced are small and they break up easily, thus improving machinability.
Phosphorus in steels improves machinability by virtue of strengthening

the ferrite, thereby increasing the hardness of steels and producing less

continuous chips.
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Calcium-deoxidized steels. In these steels, oxide flakes of @alcinmmalie
wninosilicatel(Ca@mSi@ymandeAly@3) are formed. These flakes) in turn,
lower the strength of the secondary shear zone, thus reducing tool-chip
interface friction| and) wear, and hence lowering the temperature. As a
result, these steels develop less crater wear of the tool, especially at high

¢ Oz
cutting speeds when temperatures are higher. = e .
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Effects of other elements on the machinability of steels. (a) The pres- <&
ence of aluminum and silicon in steels is always harmful, because theseq #
elements combine with oxygen'to form alummum ox1de and silicates,/ _\» > A4 .
which are hard and abraswe (b) Carbon and mzmgmwse have varlous 2 0 Ctels Makinbiily n 5osin AL ESilicon 3 Uiat Gud 6 Olndel W3mi -

napd .
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such as nickel, chromium, caly kml 2o 201 sl

molybdenum, and vanadlug'n (which improve the properties of stee
'(c) Cast steels have a machinability simi

that of wrought steels. (d) Tool and die steels are very difficult to machl e,
usually requiring annealing prior to machining them.

Mdn&:hy Nios piwms Son GLol Shaple. U (utS p01 Guts eds jiil) 5 Der 591 =

( dimensions, 3 u=) 3 Ctoly
SRV DY) s Seghh 5 hodress N QU ws /lﬂ:’-fnqbflr) NS G2 sl US -
Q Zup Mackindllly NGl Wi o s k5 Sheabs N pALLS U9 R A S35 15N WO -
Swibice Pinih & :nhgﬁld N o P Vals gidnia) F Mo aeGl 3 Mnb}na‘.i'/ B

a2 I
duekler 0 oKy (ekips s g2 soad D) bilh wp alge 1 VTR
)\

duckile 2 sa8t  HE5 sz Pure iron  UE5 edm-kl low carben steels W 5 C"w
ok 51 Vel s o.\sf/;’,

K31 o7 buib wpedse
<5



buithup edae » &R Tendsey O Msy 205 1\ i al¥ Sue Mackinabiliby 3y % S ON5 f,_a;o st

2p o ensiy ft;w'zm’r 25 doree 3 Wiz 2 ;"Enl. D685 0 Surbbce Buith ¥ 2p Uy 255 Streath 2 ) builtwpebe b WK S 5K b 018 Lokl -
Pouced pouee tepuiremate RIFE 2y Meciralily 543327 % Sheel 3 Shemghh 2 npey & ooy hlmivn , mickel 3 Alkgh:) elenerks 1 Ajtal -

S bulbep edne N < Tendey N 0o WD Cold working 11 G -

Shrain
Jo bultup edae n 0 Terdeney N oy 5 &5 ) duchiity H U5 hagoicn I\ owsy Shiemgll 21 232 u.m-':, PV R 4 (_J

- 8.5.2 Machinability of Various Metals

is generally easy to machine, although the softer grades tend to
9

tm built-up edge, and thus, poor surface finish. High cutting speeds, rake
angles, and relief angles are recommended. Wrought aluminum alloys with
high silicon content and cast alloys may be abrasive, thus requiring harder
tool materials. Dimensional control may be a challenge in machining alu-
minum, because of its low elastic modulus and relatively high thermal
coefficient of expansion.

Gray-cast irons are generally machinable, although they are abrasive.
Free carbides in castings reduce machinability and cause tool chipping and
fracture, thus requiring tools with high toughness. Nodular and malleable
irons are machinable, using hard tool materials.

Cobalt-base alloys are abrasive and highly work hardening; they require

sign-resistant tool materials and low feeds and speeds.
r can be difficult to machine, because of built-up edge
s although cast copper alloys are easy to machine. Brasses are
easy to machlne, especially those containing lead (leaded free-machining
brass). Bronzes are more difficult to machine than brass.




¢ 8.6 Cutting-Tool Materials

The selection of appropriate cutting-tool materials for a specific applica-
tion is among the more important considerations in machining operations,
as is the selection of mold and die materials for forming and shaping pro-  werkiy Condibions .
cesses. Recall that in gachining, the tool is subjerted to high localized
temperatures, .high C(Q}tact stresses, rubbing on th@vorkpiece surface,
and the chip@limbing up the rake face of the tool (see Section 8.2).

Consequently, a cutting tool must possess the following characteristics: Hardress b hgh s

e Hardness, particularly at elevated temperatures [hot hardness|, so s> e B5a3 e L5 bosl N As -
that the strength of the tool is maintained at THE TEMIPETATUIES  medhiin 1 Sl Dorws S5t e HLs
encountered in machining operations (Fig. 8.28);

o Toughness, so that impact forces on the tool in interrupted cutting
operations, such as milling or turniing a splined shaft, do not chip or
fracture the tool; .

o Wear resistance, so that the tool has an acceptable tool life before it

is indexed or replaced; and
o Yo Wil
Py
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FIGURE 8.28 Hardness of various cutting-tool
materials as a function of temperature (hot
hardness). The wide range in each group of tool
materials results from the variety of compositions
and treatments available for that group.
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- 8.6.1 Carbon and Medium-Alloy Steels

culking Carbon steels are the oldest of tool materials, and have been used widely
tools Lfor drills, @,, oaches; and reamers since the 1880s. Low-alloy and
medium-alloy steels were dgyeloped_later for similar <ﬁpplications, <gut

with longer tool life. Although inexpensive and easily shaped and sharp-
ened,i'ﬂ;ese steels do not have sufficient hot hardness and wear resistance

for machining at high cutting speeds, where temperature rise is signifi-

/ cant. Wote in Fig. 8.28, for example, how rapidly the hardness of carbon

steels decreases as the temperature increases. The use of these steels is thus
,;9, imited to very low-speed machining operations or woodworking.

% 8.6.2 High-Speed Steels ( us<)

(oot VS 2t G chet st (Mockining ) glaidt (o 525 Sonett W52 ‘:%‘ oyew L
High-speed steel (HSS) tools are so named because they were developed High alloy steels 5 iy —
to machine at speeds higher than previously possible. First produced in
the early 1900s, high-speed steels are the most highly alloyed of tool
steels (see also Section 3.10.4). They can be hardened to various depths,
have good wear resistance, and are relatively inexpensive. Because of their
high toughness and resistance to chipping and fracture, high-speed steels
are especially suitable for (a) high positive-rake-angle tools (that is, small
included angle; see Fig. 8.2); (b) intertapted cuts; and (c) use on machine
tools that, because of theirdlownstiffness, @regsubjectatonvibrationgand,
chatter. High-speed steels are the most commonly used tool materials, fol-
lowed closely by various die steels and carbides. They are especially used
in machining operations that gequireseomplexytoolsshapes, such asnills,
reamers, taps, and gear cutters. ©)

e There@gre two basic types of high-speed steels: molybdenum (M seriesb
and tungsten (TMS@mies). The M series contains up to about
denum, WMmium, vanadium, tungsten, and cobalt as alloying
elements. The T series contaias 12 to:18 % tungsten; with-chromium; vana-
diumyrand-cobaltasalloying elements: The M series generally has higher

"abrasion resistance than the T series, undergoes less distortion during heat
treating, and is less expensive. Bl 1

High-speed ‘steel tools are available in wrought, cast, and sintered
(see powder-metallurgy, Chapter 11) conditions. They can be coated for
improved performance (see Section 8.6.5), and may also be subjected to
surface treatments, such as case hardening (Section 4.5.1), for improved
hardness and wear resistance.
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# High-speed ‘steel tools are available in wrough cast, and sintered T L ees?
Siokerin A b
(see powder-metallurgy, Chapter 11) conditions. They can be coated for L T e
improved performance (see Section 8.6.5), and may also be subjected to b
surface treatments, such as case hardening (Section 4.5.1), for improved s
hardness and wear resistance. one Solid piece
Sinterinal: high-p " X
elevabed temp
= 8.6.3 Cast-Cobalt Alloys o
€ ead

Cast-cobalt alloys have high hardness, typically 58 to 64 HRC, good wear
resistance, and maintain their hardness at elevated temperatures. Their arbide
composition ranges from 38 to 53% cobalt, 30 to 33% chromium, and gm,‘
10 to 20% tungsten. Commonly known as Stellite tools, these alloys are

, 2> Lcast and ground into relatively simple tool shapes. Because they are not

s &<l a5 tough as high-speed steels, and are sensitive to impact forces, they less

,’Z:‘o I':f‘ suitable than high-speed steels for interrupted cutting operations.



. 8.6.4 Carbides

The tool materials described thus far possess sufficient toughness, impact de hathuess % Ve ypd SDIA AD o2 -

strength, and thermal shock resistance for numerous applications; how-

ever, they have significant limitations regarding such important character-

istics as strength and hardness, pahﬁﬁy ot hardness» Consequently,

they cannot be used as effectively where high cutting speeds, and hence

high temperatures, are involved, and their tool life can be relatively short.

Carbides, also known as cemented or sintered carbides, were introduced

in the 1930s to meet the challenge of higher machining speeds for higher

productivity. )
Because of their high hardness over a wide range of temperatures WS oPer y2

(as can be seen in Fig. 8.28), high elastic modulus, high thermal con- ":%m dwg e o o ﬂa“’b g high ehash

it a1 Hetned ecglonabion _up, \J-

ductivity, and low_thermal expansion, carbides are among the most Modubis
important, versatile, and cost-effective tool and die materials for a_wide (€5 W Bolon L)
range of applicatiens.|The two basic categories of carbided are tunigsten ;... Kgh »qu

carbide and titaniwm carbide. In order to differentiate them from coated — Swwis 2 ket J04357 1o caneluehv iy o ossu -
tools (see Section 8.6.5), plain carbide tools are usually referred to as _ -

. R Coialis 1
uncoated carbides. > 2y sl Gt <

. . . Pue, )
1. Tungsten carbide. Tungsten carbide is a composite material,

consisting of tungsten-carbide particles bonded together in a cobalt

Boedness e Y saT e ssles

bese O (matrix? Tungsten carbide is often compounded with carbides of

titanium and niobium to impart special properties to carbide tools
and dies. The amount of cobalt significantly affects the properties

Coba \+ ]

X0
of carbide tools; as the cobalt content increases, strength, hardness, Wi i
and wear resistance 4@ while toughness i (Flg 8.29). ijh Y
T Tungsten-carbide tools are generally used for machining steels, cast

Je irons, ana‘abraswe nonferrous materials. The tools are manufactured frav ) ‘
by powder—metallurgy techniques.
2. Titanium carbide. Titanium carbide (TiC) has higher wear resis-
wrdness » 0¥ | tance than tungsten carbide, but it is not as tough. With a nickel- g pii
mghnats 1o molybdenum alloy as the matrix, TiC is suitable for machining har Nai¥s ;ud.m SN np S w Spech N3
materials, mainly steels and cast irons, and for machining at speeds /. ¢ -
higher than thosz for tungsten carbide. o G T

Ao st :,,,,‘.h, A hordnes s
Fgher spoeds o muckinien A1 ylin
J}" nserts.| High-speed steel and carbon-steel cutting tools can be produced

A ):}:» in various geometries (See Fig. 8.10), including drills and milling cutters. @A 32b 0 T “4-\
. 1}
«*"  However, after the cutting edges wear and become dull, the tool has to Stitles ‘:"‘::;]’ -
. . . herdasss
be removed from its holder and reground, a time-consuming process. The (hecsis e

need for a more efficient method led to the development of inserts, that are

individual cutting tools with a number of cutting edges in various shapes "

(Fig. 8.30). A square insert, for example,and a U .

triangular insert h,@ serts also are available with a wide variety of " AN

chip-breaker features (see Section 8.2.1) for controlling chip flow, reducing © <>D <> A Q <>

vibration, and reducing the heat generated. [
Inserts are usually clamped on the tool shank, using various locking

mechanisms (Figs. 8.30a and b); less frequently, inserts may also be brazed

(see Section 12.14.1) to the tool shank (See Fig. 8.36). However, because of

the difference in thermal expansion between the insert and the tool-shank

materials, brazing must be done properly in order to avoid cracking or

warping. Clamping is the preferred method because after a cutting edge is

worn, it is indexed so that a new edge can be used. In addition to those

shown in Fig. 8.30, a wide variety of other toolholders also is available
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+ 8.6.5 Coated Tools

A variety of materials are available as coatings, typically over high-speed
steel and carbide tools. Because of their unique properties, coated tools coabimys tesiz m v -
can be used at high cutting speeds, thus reducing the machining time, and ,, uss 51 cubde 1 v
hence co been shown that coated tools can improve tool life by
an gtder of magnitude€ gver uncoated tools; note in Fig. 8.33, for example,
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FIGURES8.33 Relative time required to machine with various cutting-tool
materials, with indication of the year the tool materials were introduced. Note
that, within one century, machining time has been reduced by two orders of
magnitude. Source: After Sandvik Coromant.

* Cooti wmedericle -
that :I?e machining time has been reduced by a factor of more than 100
since 1900. "
Commonly useditaniur?n”nitride, titanium 'P]"‘MJ sofor_depeslion:
carbide, titani—lrirﬁ”carbonitride, and aluminu oxide (Al,O3), as describ
below. Generally in the thickness range of 2-10 um, coatings are gpplied
by chemical vapor deposition {CVD) and physical-vapor deposition (PVD)
techniques, dgscribed in Section™d.5. The CVD process is the most com-
ultiphase and cérami¢ coatings. The
PVD-cpated carbides with TilN coatingsyon the otlier hand, hgve higher
cutti e sttength./lower friction, lowertendency to form a built-up
edge, and are/smoothier and moye un/form in thic which is geherally
in the fang¢ of 2-4 um. Medium-temperature chemical= r_deposi- . "
tion (MTCg ) provid%gher resistalféi to cra(:k propagation thalr)l o7 ~Cherical uaper dcposition :
CVD coatings.
Coatings must have the following general characteristics:

251> 50,5 9,5 > 2Y e Jsbiiu 3 1ps Bay

. o1 . e s . A
o High hardness at elevated temperatures; ,fg\;n;;;,m“(_;':k siufeone — deosibon mess st Yooy W)
ol o Chemical stability and inert{}_’eLss to the workpiece material; i S "
Yoo | ] 7 DO, sl waer
7)d "¢~ Tow thermal conductivity; s noavbis (20 0o S13a )

o Good bonding_towthe substrate; and e ;50 5 Ao

1 A forabion 11 51

o Little OF NO POTOSILY. pouiens sl oy iz shm
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d' h of coatings is enhanced by hardness, toughness, and
high thermal conductivity of the substrate,\which may be carbide or high-
speed steel. (see Section 9.7) of the cutting edges is an important

procedure td maintain the strength of the coating and to prevent ¢ CPolid‘"\‘j 3“ GJ:}Q t 3
at sharp edges and corners.
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Various coatings are described below.

1. Titanium nitride. Titanium nitride (TiN) coatings have low coeffi-°
cient of friction, high hardness, good high temperature properties,
and good adhesion to the substrate. These properties greatly improve
the life of high-speed steel tools and of carbide tools, drills, and
cutters. Titanium-nitride coated tools (gold in color) perform well
at higher cutting speeds and feeds; they do not perform as well as
uncoated tools at low speeds, because the coating is susceptible to
chip adhesion. Using appropriate cutting fluids to discourage chip-
tool adhesion is therefore important. Flank wear is significantly lower
than for uncoated tools (Fig. 8.34), and flank surfaces can be reground
after use without removing the coating on the rake face of the tool.
Titanium carbide. Titanium carbide (TiC) coatings (silver-gray in
color) over tungsten-carbide inserts have high resistance to flank
wear, especially in machining abrasive materials.

Titanium carbonitride. Titanium carbonitride (TiCN), violet to
mauve red in color (depending on carbon content), is deposited b
physical-vapor deposition techniques, and is harder and tougher tha
TiN. It can be used over carbide and high-speed steel tools, and is
particularly effective in cutting stainless steels. :/(

L

&

>

Ceramic coatings. Because of their high-temperature performance
chemical inertness, low thermal conductivity, and resistance to flan

and crater wear, ceramics are attractive Coatmg materials. The mos Le »

commonly used ceramic coating is aluminum oxide (Al,O3). How
ever, because ceramic coatings are not chemically reactive, 0x1de
coatings generally bond weakly to the substrate and thus they m
have a tendency to peel off the tool.

5. Multiphase coatings. The desirable properties of various coatings can
be combined and optimized by using multiphase coatings (Fig. 8.35).
Coated carbide tools are available with two or three layers of
such coatings, and are particularly effective in machining cast irons
and steels.

In the example shown in Fig. 8.36, the first layer over the tungsten-
carbide substrate is TiC, followed by Al;O3, and then TiN. It is
important for((a) the first layer to bond well to the substrate;(bjthe
outer layer to resist wear and have low thermal conductivity; and
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the intermediate layer to bond well and be compatible with
both layers.
Typical applications of multiple-coated tools are:

a. High-speed, continuous cutting: TiC/Al; Os;
b. Heavy-duty, continuous cutting: TiC/Al, O3/TiN; and
c. Light, interrupted cutting: TiC/TiC + TiN/TiN.

Coatings consisting of alternating multiphase layers, with layers
that are thinner than in typical multiphase coatings. The thickness
of these layers is in the range of 2-10 um. The reason for using
thinner coatings is that coating hardness increases with decreasing
grain size, a phenomenon that is similar to the Hall-Petch effect (see
Section 3.4.1).
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6. Diamond coatings. Polycrystalline diamond is used as a thin coat- -
ing, particularly over tungsten-carbide and silicon-nitride inserts. taser cullv,
The films are deposited on substrates by PVD and CVD techniques, ¥
i e . Shapi o s
whereas thick films are produced by growing a large sheet of pure dia- piney 7
mond, which is then laser cut to shape and brazed to a carbide shank. i o Jg e 3o gh o8
N . o " 9 b razi G iad 1) L DY) (o)
Diamond-coated tools are particularly effective in machining abra- 1Y S5 el i s )
sive materials, such as aluminum-silicon alloys, graphite, and fiber- e N o 28 50 "
reinforced and metal-matrix composite materials (see Section 11.14). Subshe

Improvements in tool life of as much as|tenfold|have been obtained
over other coated tools. ' ==

7. Other coating materials. Advances are continually being made in
developing and testing new coating materials. Titanium aluminum
nitride (TiAIN) is effective in machining aerospace alloys. Chromium-
based coatings, such as chromium carbide (CrC), have been found
to be effective in machining softer metals that tend to adhere to the
cutting tool, such as aluminum, copper, and titanium. Other coat-
ing materials include zirconium nitride (ZrN) and hafnium nitride
(HfN), nanocoatings with carbide, boride, nitride, oxide, or some
combination, and composite coatings, using a variety of materials.

¥ 8.6.6 Alumina-Base Ceramics sy oxies
S0}
Ceramic tool materials, introduced in the early 1950s, consist primar-
ily of fine-grained, high-purity aluminum oxide. They are pressed into
inserts, under high pressure gnd at room temperature, thensintered (see
Section 11.4); they are calle@nwhlte, or cold-pressed, ceramics|(see also
Section 11.9.3). Titanium carbide and zirconium oxide can be added to
improve such properties as toughness and resistance to thermal shock.

> Pressing b Sinorivy

Alumina-base ceramic tools have very high abrasion resistance and hot
hardness (Fig. 8.35). Chemically, they are more stable than high-speed
steels and carbides, thus they have lower tendency to adhere to met-
als during machining and hence lower tendency to form a built-up edge. "' "» st .,
Consequently, good surface finish is obtained, particularly in machining S % roke csles s commes 3 ¢ btz 24 =
cast iror}&and steels. 'However, c.era.mics lack toughness, which can result S et s inhded s 5
in_premature tool failure by chipping or fracture. The shape and setup
of ceramic tools also are important; [negative rake angles, hence large S o8a
included angles, are generally preferred in order to avoid chipping. Tool
failure can be reduced by increasing the stiffness and damping capacit
of machine tools and workholding devices, thus reducing vibration and ¢ britHeness wie o o,&tu)
chatter (see Section 8.12).
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Cermets. Cermets (from the words ceramic and metal), also called|black| o
¢r hot-pressed ceramicy (carboxides), typically contain 70% aluminum “
oxide and 30% titanium carbide. Other cermets may contain molybde-
num carbide, niobium carbide, or tantalum carbide. The performance of

cermets is between that of ceramics and carbides (See Fig. 8.35).
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FIGURE 8.35 Rang#s f properties for various groups of cutting-tool materials.
(See also Tables 8.1 through 8.5.)

- 8.6.7 Cubic Boron Nitride

C cubic Ladhice Cubic

Next to diamond, [cubic boron nitride| cBN) is the hardest material

presently available. The cutting tools are made by bonding a 0.5 to 1 mm

layer of polycrystalline cubic boron nitride to a carbide substrate, by sinter- S hard  \eed

ing under pressure (Fig. 8.36). While the carbide provides toughness, the ’

¢BN layer provides very high wear resistance and cutting- strength.  zie Ui, cotde oS b carbile subshrebe S U éj

Cubic-boron-nitride tools are also made in small sizes G@ﬁ substrate. il i

At elevated temperatures, cBN is chemically inert to iron and nickel and chomium o oY ¥ wais GUs carbide pathide

its resistance to oxidation is high; it is therefore particularly suitable for
o 1 7 LA .

machining hardened ferrous and high-temperature alloys (see also hard

turning, in Section 8.9.2). Because cBN tools are brittle, stiffness and

damping capacity of ine tool and fixturing devices is important

in order to avoid vibration and chatter, €ubic boron nitride is also used as Cibor wamt 3 Sy, wear 3 estin Sne ¢/

an abrasive;as descri in Section 9.2.
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- 8.6.8 Silicon-Nitride-Base Ceramics

Silicon-nitride-base ceramic (SiN) tool materials consist of silicon nitride

with additions of aluminum~oxide, yttrium gxide, and titagium car- \
. ) 9 <

bide. These tools have high toughness, hot hardness, an-7@ﬁﬂ.

[shock resistance] A common example is sialon, after the elements silicon,

aluminum, oxygen, and nitrogen in its composition. It has higher resis-

tance to thermal shock than silicon nitride and is recommended for

machining cast irons and nickel-base superalloys, at intermediate cutting

speeds. However, because of their chemical affinity to steels, SiN-base tools
are not suitable for machining steels.
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- 8.6.9 Diamond

The hardest substance of all known materials 15.% .

EOTRIGHEAEDOD (sce also Section 11.13). As a cutting tool, i, has low®ool-

chip friction, high weaa78 resistance, and thus the ability to rrg)mtain a sharp o

cutting edge. Diamond is used where very fine surface finish and dimen=s3% |, %t =410 v Joztes Sharp wWad “4};,3 abe ne
sional accuracy are required, particularly in machining abrasive nonmetal- . 227
lic materials and soft nonferrous alloys. Single-crystal diamond is used™ =i

: 2 g = & - Yl S u d
for special applications, such as machining copper-front high-precision """, T7 i:T#

optical mirrors. Diamond is brittle, and tool shape and sharpness are thus 9l S 1R (% .
5) 1l 3 laplo ) . Zianl \4 . .
. . eabondy Lisk surboen dicol byl as g1l Vo b diamerd I
importantylow rake angles and large included angles are normally used for ALl -
a strong-cutting edge. Wear of diamond tools may occur by microchippin, oy pban)
g SiEds Y Y BPAS D Mackini -‘c‘:asiw. NG vers high ar fine serface Binih

(caused by thermal stresses and oxidation) and transformation to carbon
(caused by the high temperatures generated during machining).
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Single-crystal single-point diamond tools have been largely replaced by
polycrystalline diamond tools (called compacts), that are also used as wire-
drawing dies for fine wire (see Section 6.5). Compacts consist of very small
synthetic crystals, fused to a thickness of about 0.5-1 mm, by a high-
pressure, high-temperature process, and bonded to a carbide substrate,

similar to ¢BN tools (See Fig. 8.36). The random orientasi6n of the dia-
mond crystals prevents the propagation of cracks theetigh the compact,
significantly improving its toughness. aad .

Diamond tools can be used satisfactorily at almost any speed but are #’
suitable mostly for light and uninterrupted finishing cuts. In order to min-
imize tool fracture, a single-crystal diamond tool must be resharpened as
soon as it becomes dull.
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(as is the case with | 1/.~# \9 Sleels » Mackiniy Crrias U Diswand I

sialon tools) Diamond is also
used as an abrasive in grinding and polishing operations (Chapter 9), and
as a wear-resistant coating (see Section 4.5).



¥ 8.7 Cutting Fluids (eslimg Did) (coolent)

Cutting fluids are used extensively in machining operations to:

e Cool the cutting zone, thus reducing workpiece temperature and
distortion, and improving tool life; (wear decreeses )
e Reduce friction and wear, thus improving tool life and surface finish;
o Reduce forces and energy consumption;
o Wash away chips; and sk vts e dpr st o
u‘“‘j'l Protect the newly machined surfaces from environmental attack.

? ( Lubricont S Jeny J

A cutting fluid predominantly serves as a coolant and/or as a lubricant
(see Section 4WC iveness in machining operations depends on
several factors;such as the(method of application, temperature, cutting
speed, and type of Machining operation) There are situations, however, inT s, fud 1 Py Cogls
which the use of cutting fluids can be detrimental. For example, in inter- ('?A_' B0 e o
. . | . . . ) )

rupted cutting operations, such as milling (Section 8.10), the cooling action
of the cutting fluid increases the extent of alternate heating and cooling
(thermal cycling) to which the cutter teeth are subjected, a condition that okl
can lead to the de ment of thermal cracks (¢hermal fatigue or thermal Jonarakion s Ta,5) Bakit go Lo laS b Gc);? NLSe -
shock). Moreover, cuttin s may also cause the chip to become more
curled (i.e., smaller radius of curva entrating the stresses on-the nm camock o, too) M 5,0- T G50 5 hesk 31 03 G &kl
tool closer to its tip, thus concentrating the heat closer to the tool tip and
reduce tool life. Thermod Cycling ey 91505 1202 3%

Cutting fluids can present biological and environmental hazards (see
also Section 4.4.4), requiring proper recycling and disposal, and adding
to cost. For these reasons, dry cutting, or dry machining, has become
an increasingly important approach, in which no coolant or lubricant is
used in the machining operation (see Section 8.7.2). Even though this
approach would suggest that higher temperatures and thus more rapid tool
wear would occur, some tool materials and coatings maintain an accept-
able tool life. Dry cutting has been associated with high-speed machining,
because higher cutting speeds transfer a greater amount of heat to the chip
(See Fig. 8.18), which is an incentive for reducing the need for a coolant.
See also Section 3.9.7 on possible detrimental effects of cutting fluids on
some cutting tools, called selective leaching, such as in carbide tools with
cobalt binders.

( )J"SL[J"‘ 27 dino s Coolavk Wewazut 15\
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- 8.7.1 Types of Cutting Fluids and Methods of Application

There are_four bellké;‘g)ﬂlpgs__‘ohﬁ %téggﬂﬂﬁgd.s commonly, uggd in machm—
ing operations: oils, émulsions, semisynthetics, and synthetics (see Section
4.4.4). Cutting-fluid recommendations for specific machining operations

are given throughout the rest of this chapter. In selecting an appropriate
cutting fluid, considerations,should be given to its possible detrimen-

tal effects on themworkpiece material (such as corrosi@n, stress-corrosion
cracking, staining), machi &ool components, biological and environmen-
tal effects, and recycling and disposal of chips. 0} w7
The most common method of applying cutting ﬂuiég?s\ flood cool- J:}:P
@ Flow rates typically range from 10 L/min for single-point tools, to !
225 L/min per cutter for multiple-tooth cutters, as in milling. In such oper-
ations as gun drilling and end milling (see Section 8.10.1), fluid pressures
in the range of 700-14,000 kPa are used to[flush away the chips|.
@involves delivery of fluid as small droplets suspended in
air, and is generally used with water-hase fluids. Although it requires Véfit-
ing (to prevent inhalation of fluid particles by the machine operator and
others nearby) and has limited cooling capacity, mist cooling supplies fluid
to otherwise inaccessible areas and provides better visibility of the work-
piece being machined. It is particularly effective in grinding operations (see
Chapter 9), using air pressures in the range of 70-600 kPa.
[High-pressure refrigerated coolant|systems can be used to improve the

s o \s Prssure. Gl s o OFleod

w\ihg

2 lap 2b) Adin oo ChiPs 1 amsd A2
-':""‘ g cMp N ou :-hwg:mg

rate of heat removal from the cutting zone. Pressure%‘ on, gl)gzgrder of 35

MPa are used to deliver the fluid, via specially-designéd nozzles that aim a @]7

powerful jet of fluid to the zon<@ThiSiaction bréaks up the'chips (tﬁ\) chip brosker £ 0 e ""'}t*’? o
in situations where the chips produce = T

Woulq 9therw1se be too long and continuous, and thus interfere with the 2 USGs Ste v e rebrigeded Lot U )
machining operation. ?

([ [Through the cutting-tool system] One method to overcome the difficulty of — v22 USHR J"‘H“j I AREN AN
supplying cutting fluids into the cutting zone and flushing away the chips is
to provide them through the cutting tool. Narrow passages are produced
in the cutting tool and the toolholder, through which the cutting fluid is
applied under high pressure.
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- 8.7.2 Near-Dry and Dry Machining

For economic and environmental reasons, there is a continuing trend to
minimize or eliminate the use of metalworking fluids. This trend has lead to
the practice of near-dry machining (NDM), where coolant use is eliminated
or reduced significantly. The significance of this approach is apparent when
the global metalworking fluids market was expected to grow from USD
9.95 billion in 2020 to USD 10.71 billion in 2021 and is expected to reach
USD 13.06 billion in 2025. Moreover, it has been estimated that metal-
working fluids constitute about 7 to 17% of the total machining costs.
The major benefits of NDM include:

1. Reducing the environmental impact of using cutting fluids, improving
air quality in manufacturing plants, and reducing health hazards.

2. Reducing the cost of machining operations, including the cost of
maintaining, recycling, and disposing of cutting fluids.

The principle behind near-dry machining is the application of a fine
mist of air and fluid mixture, containing a very small amount of cutting
fluid. The mixture is delivered to the cutting zone, through the spindle of
the machine tool, typically through a 1-mm diameter nozzle and under
a pressure of 600 kPa. The fluid is applied at rates of 1 to 100 cc/hr,
which is estimated to be, at most, one ten-thousandth of that used in flood
cooling; consequently, the process is also known as minimum quantity
lubrication (MQL).

With continued advances in cutting-tool materials, dry machining has
been shown to be effective, especially in turning, milling, and gear cutting
of steels, alloys steels, and cast irons, although generally not for aluminum
alloys.

Recall that one of the functions of a cutting fluid is to flush chips away
from the cutting zone. Although it first appears that this may present diffi-
culties in dry machining, tools have been designed to allow the application
of pressurized air, often through holes in the tool shank (See Fig. 8.46).
The compressed air provides limited cooling of the cutting zone, but it is
very effective at clearing chips away from the cutting zone.

)
)
. I AT
- 8.7.3 Cryogenic Machining -4’ .7
,‘;,;./"\,,)/
In the interest of reducing or eliminating the adverse environmental impact
of using metalworking fluids, liguid nitrogen can be used as a coolant in
machining, as well as in grinding (see Section 9.6.9). With appropriate
small-diameter nozzles, liquid nitrogen is injected at a temperature of about
—200°C into the tool-workpiece interface, reducing its temperature. As a

result, tool hardness is maintained, and tool life is enhanced, thus allow- 53
. . . . . At
ing for-higher cutting speeds. Moreover, the chips become more brittle and o &
sier to flush from the cutting zone. Because no fluids are involved and the s Bl
.. . . . . Sy
liquid nitrogen simply evaporates, the chips can be recycled more easily. e
v et igmid
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The University-ef Jordan
Department of Industrial Engineering
Manufacturing Processing IT (Metal Cutting)
First Exam, Thursday, 14/8/2025, 9:45 — 10:45 am q
Q- 1 (25 points) choose the right answer éo
1- The highest temperature on the tool occurs within: 9

a- The tip region of the tool on the flank face

b- The middle region of the contact between chip and flank face

¢~ The tip region of the tool on the rake face

The middle region of the contact between chip and rake face qﬂ)\
N o7

__2- The width of crater wear is limited by:

a- The work piece material C
b- The depth of cut
¢- The chip width

: The highest temperature

3. Flank wear increases as:

a- The back relief angle decreases

b- The shear angle decreases

¢ ) The rake angle decreases A
Z The rake angle increases

4- Toughness of the cutting tool materials i necessary for:

2 Resisting mechanical shock during cutting 9
Long tool life and wear resistance

o Resisting high temperatures during cutting o

d- Resistance for corrosion during cutting ~

__—== Inthe cutting process the following variable is an independent variable:
a- Surface finish % Q?‘ ‘b
b- Type of cutting fluid

@Type ofichip ¢«
- Temperature rise 9




6-
As the shear angle increases:

i Cutt val
Bug:ng fglcc ncreases but power decrease
“C’ Bgtl cutqng force and POWer increase . C/
- 0 cutting force and ‘
% . power decrease
Cutting force decreases but power increases

7 7- In the cuttin
g process the following variable is a dependent variable:

a- Wear of the tool
b- Tool shape h
Cutting conditions
- Fixturing device

8- Serrated chips are also known as

Nonhomogeneous chips
b- Discontinuous chips %
c- Built up edge
d- Continuous chips

9- The secondary shear zone is located at %

a- The interface between the work piece and the flank face
@ The interface between the chip and the rake face

o- The interface between the work piece and the rake face
d- The interface between the chip and the flank face

10- Which of the following is true? 0

a- The cutting force is normal to the friction force
b- The thrust force acts in the same direction as the
¢- The normal force is normal to the cutting force ®

The cutting force is normal to the thrust force

shear force *\

e tool is performing well at a certa

a Tungsten carbid :
: tion if it is to be use

change in its composi
1?

/ll-lf

you

and damping contro
a- Increase both the carbides ar}d cobalt proportions

b- Increase the carbide proportion ?ﬂnly

¢- ) Increase the cobalt proportion oniy

jon onl )
~ Decrease cobalt proport y «,
09 ¥y

d on a machine with less

C

e

in machine, what would
stiffness




L

: is equal to:
12- The ratio of the frictional specific energy to the total specific energy 15 L

a- F.w/Fc

F.r/Fe Q7
c- Fc/F.to

d- F/Fc

13- Which of these variables is likely to increase the temperature most within the
cutting zone?
a- The workpiece thermal diffusivity
b-_ The tool thermal conductivity
The workpiece flow stress 63 C,
d- The depth of cut

14- Which of the following is true?

a- Increasing carbon always improves machinability of steels
b- Increasing carbon always lowers machinability of steels O
c-_Increasing carbon has no effect on machinability of steels

\(u]l-\lnon of the above

15- In coated tools:

a- The coating and the substrate should have good thermal conductivities

b- The coating and the substrate should have low thermal conductivities

c- ) The coating should have good thermal conductivity but the substrate Q
should have low thermal conductivity

d- The coating should have low thermal conductivity but the substrate should

have good thermal conductivity

h of the following situations cutting fluids may have undesirable effects?

16- In whic
. In heavy roughing machining
~In interrupted cutting .

2— In high speed continuous cutting

d- Inlow speed continuous cutting

e
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onto the shaft and the stator is placed in the wall of the spindle hous-

rials, is important. Selection of appropriate cutting-toolmaterials also is
a major consideration. Depending on the workpiece material, multiphase
coated carbides, ceramics, cubic boron nitride, and diamond are typical
tool materials for high-speed machining.

High-speed machining should be consideréd primarily for operations
where cutting time is a significant portjgn of the time in the overall
machining operation. As described in Section 8.15, non-cutting time and
various other factors (e.g. tool matefial costs, capital equipment costs,
labor costs, etc.) are important cghsiderations in the overall assessment
of the benefits of high-speed machining for a particular application. It
has, for example, been implgmented in machining (a) aluminum struc-
tural components for aircraft; (b) submarine propellers of 6 m diam-
eter, made of nickel-aluminum-bronze alloy and weighing 55,000 kg;
and (c) automotive engines, with five to ten times the productivity of
traditional machinin

Another major fag¢tor in the adoption of high-speed machining has been
the requirement tg'further improve dimensional tolerances. As can be seen
in Fig. 8.18, as/the cutting speed increases, more and more of the heat
generated is rémoved by the chip; thus the tool and, more importantly,
the workpiece remain close to ambient temperature. The machine-tool
characteristics and special requirements that are important in high-speed
machining may be summarized as follows:

1. Spindle design for high stiffness, accuracy, and balance at very high
otational speeds, and workholding devices that can withstand high

centrifugal forces;

2. Fast feed drives, bearing characteristics, and effects of inertia of the
machine-tool components;

3. Selection of appropriate cutting tools, processing parameters, and
their computer control; and

4. effective chip removal systems at very high rates.

8.9 Cutting Processes and Machine Tools for
Producing Round Shapes

o5t WAL NS Dot 31 &% B3 Go -
This section describes the processes that produce parts that are round in
shape, as outlined in Table 8.7. Typical products machined include parts
as small as miniature screws for eyeglass hinges and as large as cylin-
ders, gun barrels, and turbine shafts for iidroelectric power plants. These

processes are generally performed by

cutting tool.) The starting material is typically a workpiece that has been

“wé': ,{produced by other processes, such as casting, forging, extrusion, and

w

st

g the workpiece on a lathe. ;t\,\\%
ans that the part is rotating while it is being machined using a



Section 8.9  Cutting Processes and Machine Tools for Producing Round Shapes

TABLE 8.7 General characteristics of machining processes.

Commercial tolerances

Process Characteristics (mm)

Turning  Turning and facing operations are performed on all types of Fine: 0.025-0.13
materials; requires skilled labor; low production rate, but Rough: 0.13
medium to high rates can be achieved with turret lathes and Skiving: 0.025-0.05
automatic machines, requiring less skilled labor

Boring Internal surfaces or profiles, with characteristics similar to 0.025

those produced by turning; stiffness of boring bar is important
to avoid chatter

Drilling  Round holes of various sizes and depths; requires boring and 0.075
reaming for improved accuracy; high production rate, labor
skill required depends on hole location and accuracy specified

Milling Variety of shapes involving contours, flat surfaces, and slots; 0.13-0.25
wide variety of tooling; versatile; low to medium production
rate; requires skilled labor

Planing Flat surfaces and straight contour profiles on large surfaces; 0.08-0.13
suitable for low-quantity production; labor skill required
depends on part shape

Shaping  Flat surfaces and straight contour profiles on relatively small 0.05-0.13
workpieces; suitable for low-quantity production; labor skill
required depends on part shape

Broaching External and internal flat surfaces, slots, and contours with 0.025-0.15
good surface finish; costly tooling; high production rate; labor
skill required depends on part shape

Sawing Straight and contour cuts on flats or structural shapes; not 0.8
suitable for hard materials unless the saw has carbide teeth or is
coated with diamond; low production rate; requires only low

skilled labor

drawing. Turning processes are very versatile and capable of producing
a-wide variety of shapes; as outlined in Fig. 8.37.

W
QY

\Q/

e Turning straight, conical, curved, or grooved workpieces, such as
shafts, spindles, pins, handles, and various machine components;

« @ Facing, to produce a flat surface at the end of a part, such as for

¥

Y
& those that are attached to other components, or to produce grooves

for O-ring seats;

e Producing various shapes by form tools, for functional purposes and
for appearance;

e Boring, to enlarge a hole made by a previous process or in a tubular
workpiece, or to produce internal grooves;

e Dirilling, to produce a hole, which may be followed by tapping or by
boring to improve the accuracy of the hole and its surface finish;

e Parting, also called cutting off, to cut a piece from the end of a part,
as in making slugs or blanks for subsequent processing into discrete
parts;

e Threading, to produce external or internal threads in workpieces; and

e Knurling, to produce surface characteristics on cylindrical surfaces,
as in making knurled knobs.

523
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FIGURE 8.37 Examples of the wide variety of machining operations that can
be performed on a lathe and similar machine tools.
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These machining operations may be performed at various rotational speeds
of the workpiece, depths of cut, d, and feed, f (See Fig. 8.19), depending
on the workpiece and tool materials, the surface finish and dimensional
S ired, and th ity of the machine tool
e i dephh ol b 0 0, —accuracy required, and the capacity of the machine tool.
“habored remoned coke 25 (| Roughing cuts hre performed for large-scale material removal, and typ-
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he majority of turning operations involve the use of single-point cutting
£ tools. Figure 8.38 shows the geometry of a typical right-hand cutting tool
& for turning; such tools are identified by a standardized nomenclature. Each
group of tool and workpiece material$ has an optimum set of tool angles, |
that have been developed through many years of industrial experience.
Some data on tool geometry can be found in Table 8.8.

8. 9.

1. Teolgeometry. The various angles on a cutting tool have important
functions in machining operations. (a) Rake angles are.important in
controlling the direction of chip flow and in the strength of the tool tie.

¥ oo bunchins o W v omgle:

End view Side view Top view
Side rake Back rake
angle (RA) angle (BRA) )
End cutting-edge
v oA \ angle (ECEA)

/‘ /\ /— Rake face

Wedge Shank Nose
angle radius

N\ 3\
. ~/ I*’ g \ Side cuttiﬁg— dge
N Flank face
N @4‘“__ Side relief End relief angle gSC A)
\w\\q‘\;/:.’ angle (SRA) angle (ERA) y%;,x
kY 790 W
@Pront view (b)sie view N (©)Top view

TABLE 8.8 General recommendations for tool angles (in degrees) in turning.

High-speed steel Carbide inserts
Back Side End Side Sideandend Back Side End Side Side and end

Material rake rake relief relief cutting edge rake rake relief relief cutting edge
Aluminum and 20 15 12 10 5 0 5 5 5 15

magnesium alloys
Copper alloys 5 10 8 8 5 0 5 5 5 15
Steels 10 12 h) 5 15 -5 -5 h) 5 15
Stainless steels 5 8-10 5 5 15 —5-0 —5-5 5 5 15
High-temperature 0 10 5 S 15 S 0 5 S 45

alloys
Refractory alloys 0 20 5 S 5 0 0 5 S 15
Titanium alloys 0 S S 5 15 -5 -5 S S S
Cast irons S 10 S N 15 ) ) S S 15
Thermoplastics 0 0 20-30 15-20 10 0 0 20-30 15-20 10
Thermosets 0 0 20-30 15-20 10 0 15 S b 15
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tip. Positive-rake angles improve the cutting operation by reducing
forces and temperatures; however, positive angles also have a small
included angle of the tool tip (See Fig. 8.2). Depending on the tough-
ness of the tool material, a small included angle may cause premature
tool chipping and failure. (b) Side-rake angle is more dmportant than
back-rake angle| although the latter usually controls the direction of
chip flow. (c) Relief angles control interference and rubbing at the
tool-workpiece interface. If the relief angle ise tool tip
may chip off, and if it is|too small[ flank wear may be excessive.
(d) Cutting-edge angles affect chip formation, tool strength, and cut-
ting forces. (e) —

piece, and%
mosesadiieanleadstostbolehattes (sce Scction 8.12).

2" Material-removal rate. The material-removal rate (MRR) is the vol-

e osk SHP W term W ¢ ymeof materialremoved perunittime; such as mm3/min: Referring

Jepth od ok NG Bati $pb . . . .

£x to Fig. 8.39a, note that for each revolution of the workpiece, a ring-

shaped layer of material is removed; its cross-sectional area is the

product of the axial distance the tool travels in one revolution (known

as the feed, f) and the depth of cut, d. The volume of this ring is the

product of the cross-sectional area (fd) and the average circumfer-

ence of the ring (7 Dayg), Where Dayg = (Do + Dy)/2. For light cuts

on large-diameter workpieces, the average diameter can be replaced

by D
The material-removal rate per revolution is 7w D,ygdf. Since the
rotational speed of the workpiece is N revolutions per minute, the

removal rate is % Ey
3/ .
P MRM&‘Z”, = yofrin(8.38)
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FIGURE8:39» (a) Schematic illustration of a turning operation, showing depth
of cut, d, and feed, f. Cutting speed is the surface speed of the workpiece at the
tool tip. (b) Forces acting on a cutting tool in turning. F. is the cutting force; F; is
the thrust or feed force (in the direction of feed); and F, is the radial force that
tends to push the tool away from the workpiece being machined. Compare this
figure with Fig. 8.11 for a two-dimensional cutting operation.
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Similarly, ¢hescuttingstimeyn#; for a workpiecesofslengthsd can be
calculated by noting that the tool travels at aefeedwrate of N> =
(mm/rev)(rev/min) = emm/mim Since the distance traveled is [ mm,

the cutting time is
cv\\j .
P (8.39)
X\F"'U

The cutting time does not 1nclude (a) the time required for ool
approach; and (b) retraction during the overall machining operation.
Using computer controls, modern machine tools are designed and
constructed to minimize the nonproductive time. A typical method
employed in practice is to first quickly move the tool and then to
slow it down as the tool engages with the workpiece.

3. Joncessimmumming. The three principal forces acting on a cutting tool
in turning are illustrated in Fig. 8.39b. These forces are important in
the design of machine tools and in determining the tool deflection,
which is especially important in precision machining operations. The

o pied 1 @V opptimgsforeesl, , acts downward on the tool and thus tends to deflect

Y
the tool downward; note that the cutting force is the force that sup- \)&)} et
plies the(energyrequired for the cutting operation. As can be seen in ’ \p;\e\ P

\a!

Example 874 the cutting force can be calculated (a) from the energy
perunitvolume of material machined, described in Section 8.2.5; and
(b) by using the data given in Table 8.3.

acts in the longitudinal direction; this force is

also called th because it is in the feed direction. The raakial

tods 1 oLk Wb‘e— is in the radial direction; it tends to push the tool away from
Ul © N .
ey per e 2 [ ctheworkpiece.

caenies 0% (00 %74, Tool materials, feeds, and cutting speeds. The general characteris-
‘““‘”l\w f I Is are described in 8.40
( ol tics O Cuttmg -too materla S are described 1n ection 8.6. Flgure
e doo) 31 o 9
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TABLE 8.9 Approximate ranges of recommended cutting
speeds for turning operations.

Cutting speed
Workpiece material m/min
Aluminum alloys 200-1000
Cast iron, gray 60-900
Copper alloys 50-700
High-temperature alloys 20-400
Steels 50-500
Stainless steels 50-300
Thermoplastics and thermosets 90-240
Titanium alloys 10-100
Tungsten alloys 60-150

Note: (a) The speeds given in this table are for carbides and ceramic
cutting tools. Speeds for high-speed steel tools are lower than indi-
cated. The higher ranges are for coated carbides and cermets. Speeds
for diamond tools are significantly higher than any of the values indi-
cated in the table.

(b) Depths of cut, d, are generally in the range of 0.5-12 mm.

(c) Feeds, f, are generally in the range of 0.15-1 mm/rev.

gives a broad range of cutting speeds and feeds applicable for these
tool materials. Specific recommendations for cutting speeds for turn-

ing various workpiece materials and for cutting tools are given in
Table 8.9.

EXAMPLE 8.4 Material-Removal Rate and Cutting Force in Turning

Given: A 150-mm-long, 10-mm-diameter, 304 stainless-steel rod is being reduced in diameter to

8 mm by turning on a lathe. ”l\;lggt spindle rotates at N = 400 rpm, and the tool is traveling at an
axial speed of 200 mm/min‘./"(j:f\h;;

i
Find: Calculate the cutting speed, material-removal rate, cutting time, power dissipated, and

cutting force.

Solution: The cutting speed is the tangential speed of the workpiece. The maximum cutting speed
is at the outer diameter, D,, and is obtained from the expression

V =naD,N.

Thus,
V = ()(0.010)(400) = 12.57 m/min.

The cutting speed at the machined diameter is
V = (7)(0.008)(400) = 10.05 m/min.
From the information given, note that the depth of cut is

108
)

d

=1 mm = 0.001 m,
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and the feed is 0
f= 200 = 0.5 mm/rev = 0.0005 m/rev.
Thus, according to Eq. (8.38), the material—)removal rate is
Dewaﬁn mm

MRR = (n)@(1)(0.5)(400) — 5655 st i,

The actual time to cut, according to Eq. (8.39), is

150

f= 75
(0.5)(400) i

The power required can be calculated by referring to Table 8.3 and taking an average value for

stainless steel as 4.1 W-s/mm?>. Therefore, the power dissipated is

4.1)(5655 piia
Power = (7)252}—) = 386(W.

O

The cutting force, F,, is the tangential force exerted by the tool. Since power is the product of

torque, T, and rotational speed in radians per unit time, we have

(386
o T G 2™
Since T = (Fc) (Davg/z)s
L0022 _
¢ = 0,009 = 20N

8.9.2 Lathes and Lathe Operations

Lathes are generally considered to be the oldest machine tools. Although

The most common type of lathe, shown in Fig. 8.41, was originally called
an engine lathe, because it was powered with over pulleys and belts
from nearby engines.

1. Lathe components. Lathes are typically equipped with a variety of
components and accessories,.as shown in Fig. 8.41. The bed supports
all the other major components of the lathe. The carriage, or carriage
assembly, which slid€s along the ways, consists of an assembly of the
cross slide, toglpost, and apron. The cutting tool is mounted on the
tool post, ustally with a compound rest that swivels to allow for tool
positioping and adjustments. The headstock, which is fixed to the
bed, is equipped with motors, pulleys, and V-belts that supply power
to the spindle at various rotational speeds. Headstocks have a hollow
spindle to which workholding devices, such as chucks and collets,

QR Code 8.1 Turning and
profiling on a turning
center. Source: Courtesy
of Haas Automation, Inc.
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FIGURE 8.41 General view of a typical fathe, showing various components.

Source: Courtesy of South Bend Lathe Co.

are attached. The tailstock, which can slide along the ways and be
clamped at any position, Supports the opposite end of the workpiece.
The feed rod, which is powered by a set of gears from the headstock,
rotates during operatjon of the lathe and provides movement to the
carriage and the croés slide. The lead screw, which is used for accu-
rately cutting thregds, is engaged with the carriage by closing a split
nut around the lgad screw.

A lathe is genterally specified by (a) its swing (the maximum diame-
ter of the worKpiece that can be machined); (b) the maximum distance
between the/headstock and tailstock centers; and (c) the length of the
bed. The yide variety of lathes include bench lathes, toolroom lathes,
engine ldthes, gap lathes, and special-purpose lathes.

Trater lathes, also called duplicating lathes or contouring lathes,
are ¢gapable of turning parts to various contours, where the cutting
todl follows a path that duplicates the contour of a template. Auto-
atic lathes, also called chucking machines or chuckers, are used
for machining individual pieces of regular or irregular shapes. Turret
lathes are capable of performing multiple machining operations on
the same workpiece, such as turning, boring, drilling, thread cutting,
and facing. Several cutting tools can be mounted on the hexagonal
main turret. The lathe usually also has a square turret on the cross
slide, with as many as four cutting tools mounted on it.
Computer-controlled lathes. In modern lathes, the movement and
control of the machine tool and its components are accomplished
by computer numerical controls (CNCs); the features of such a lathe
are shown in Fig. 8.42. These lathes are typically equipped with one
or more turrets; each turret is equipped with a variety of cutting
tools and performs several operations on different surfaces of the
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Round turret for
CNCunit ~ Chuck QD operations

Tool for
turning
or boring

Individual
motors

End turret for ID operations Tailstock

(@

FIGURE 8.42 (a) A computer-numerical-control lathe, with twd turrets; these
machines have higher power and spindle speed than other lathés in order to take
advantage of advanced cutting tools with enhanced propertiés; (b) a typical
turret equipped with 10 cutting tools, some of which are powered.

workpiece. These machine tools are highly a#fitomated, the operations
are repetitive, they maintain the desired dimensional accuracy, and,
once the machine is set up, less skilled labor is required than with
common lathes. These lathes are suitable for low to medium volumes
of production. Details of the control$ are given in Chapters 14 and 15.

EXAMPLE 8.5 Typical Parts Made on CNC Turning Machine Tools

Figure 8.43 illustrates the capabilities of CNC turning machine tools. Workpiece materials, the
number of cutting tools uséd, and machining times are indicated for each part. These parts also
can be made on manual of turret lathes, but with more difficulty, higher cost, and less consistency.

Source: Monarch Machine Tool Company.

ss capabilities. Table 8.10 lists relative production rates
as well as for other machining operations described in
the rest of this chapter. These rates have an important bearing on
produciivity in machining operations; note that there is a wide range
in the production rates of these processes. The differences are due
not only to the inherent characteristics of the processes and machine
tools, but also to various other factors, such as setup times and the
types and sizes of the workpieces involved. The proper selection of a
process and the machine tool for a particular product is important
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87.9 mm

67.4 mm 98.4 mm

4

85.7 mm

Material: Titanium alloy
Number of tools: 7
Total machining time

235.6 mm

78.5 mm

Material: 52100 alloy steel
Number of tools: 4
Total machining time

(two operations):
5.25 minutes

(two operations):
6.32 minutes

(a) Housing base (b) Inner bearing race

FIGURE 8.43 Typical parts m
tools.

Material: 1020 Carbon Steel
Number of tools: 8

Total machining time

(two operations):

5.41 minutes

(c) Tube reducer

e on computer-numerical-control machine

TABLE 8.10 / Typical production rates for various cutting

operations,

Operation

Rate

Turding

Engine lathe

Tracer lathe

Turret lathe
Computer-control lathe
Single-spindle chucker
Multiple-spindle chucker
Boring

Drilling

Milling

Planing

Gear cutting

Broaching

Sawing

Very low to low
Low to medium
Low to medium
Low to medium
Medium to high
High to very high
Very low
Low to medium
Low to medium
Very low
Low to medium
Medium to high
Very low to low

Note: Production rates indicated are relative: Very low is about one or
more parts per hour; medium is approximately 100 parts per hour; very
high is 1000 or more parts per hour.

for minimizing production costs, as outlined in Section 8.15 and
Chapter 16.

The ratings given in Table 8.10 are relative, and there can be sig-
nificant variations in specific applications. For example, high-carbon
cast-steel rolls (for rolling mills; see Section 6.3) can be machined
on special lathes at material-removal rates as high as 6000 cm?/min,
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using multiple cermet tools. The important factor in this operation
(also called high-removal-rate machining) is the very high stiffness
of the machine tool (to avoid tool breakage due to chatter; see
Section 8.12) and its high power, which can be up to 450 kW.

The surface finish and dimensional accuracy obtained in turnin
and related operations depend on such factors as the characteristiés
and condition of the machine tool, stiffness, vibration and cHat-
ter, processing parameters, tool geometry, tool wear, cutting fluids,

quently, a wide range of surface finishes can be obtained, 4s shown
in Fig. 8.24 (See also Fig. 9.28).

4. Ultraprecision machining. There are continued dema
sion manufactured components for computer, electyonics, nuclear
energy, and defense applications. Examples includg’ optical mirrors
and components for optical-systems, with surface finish requirements
in the range of tens of nanometers (10~2 m or 0001 xm) and shape
accuracies in the um and sub-um range. The/Cutting tool for these
ultraprecision machining applications is exglusively a single-crystal
diamond (hence, the process is also calle¢’ diamond turning), with
a polished cutting edge that has a radiy§ as small as a few tens of
nanometers; thus, wear of the diamond/can be a significant problem.

The workpiece materials for ultraprecision machining include cop-
per alloys, aluminum alloys, silver,/gold, electroless nickel, infrared
materials, and plastics (acrylics). /The depths of cut involved are in
the nanometer range. In this range, hard and brittle materials pro-
duce continuous chips (knowryas ductile-regime cutting; see also the
discussion of ductile-regime/grinding in Section 9.5.3); deeper cuts
tend to produce discontinyOus chips.

The machine tools for altraprecision machining are built with very
high precision and high machine, spindle, and workholding-device
stiffness. These machdines, some parts of which are made of struc-

errgr-compensating features.

rd turning. As described in Chapter 9, there are several other pro-
esses, particularly grinding, and nonmechanical methods of remov-
ing material economically from hard or hardened metals. However, it
is still possible to apply traditional machining processes to hard met-
als and alloys by selecting an appropriate tool material and a machine
tool with high stiffness. One common example is finish machin-
ing of heat-treated steel (45 to 65 HRC) machine and automotive
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components, using polycrystalline cubic-boron-nitride (PcBN) tools.

dimensional accuracy, surface finish, and surface integrity. It has been
shown that it can compete successfully with grinding the
ponents, from both technical and economic aspects. A ¢omparative
example of hard turning vs. grinding is given in Exapaple 9.4.

6. Cutting screw threads. External threads are prodidced primarily by
(a) thread rolling (See Fig. 6.42), but also by (b) cutting, as shown
in Fig. 8.37k. When threads are produced externally or internally by
cutting, the process is called thread cutting or threading. When the
threads are cut internally with a speciakthreaded tool (tap), the pro-
cess is called tapping. External threagds may also be cut with a die or
by milling. Although it adds considerably to the cost of the operation,
threads also may be ground for’high accuracy and surface finish.

Automatic screw machinés are designed for machining of screws
and similar threaded parfs at high production-rates. Because these
machines are also capdble of producing other components, they are
generally called awfomatic bar machines. All operations are per-
formed automatgi€ally, with tools clamped to a special turret. The bar
stock is autopfatically fed forward through an opening in the head-
stock, aftepeach screw or part is machined to finished dimensions and
then cut/6ff. The machines may be equipped with single or multiple
spindles, and capacities range from 3-150-mm diameter bar stock.

8.9.3 Boring and Boring Machines

@ a5 go1s PSS g5 L The basic boring operation, shown in Fig. 8.37h, consists of producing
(1 5. haz) 2352 Oop circular internal profiles in hollow workpieces and enlarging or finishing
aillg N

a hole made by another process, such as drilling. It is carried out using

cutting tools that are similar to those used in turning. Note that the boring

bar has to reach the full length of the bore, thus tool deflection and main-

. taining dimensjenal accuracy can be a concern. The boring bar must alsoy, .

ba(\qbdf . . ! : . . md%lus >
be sufﬁc1ently ,jand is made of a material with high elastic modulus( 57

desz 0V 0055%  (such as carbidesT to minimize deflection and avoid vibration and chatter.

Berimg tool ' Boring bars have been designed with capabilities for damping vibrations

Ok, iy g
T, _,;\S;_.-.s N’; (sezlSictloriS.lZ.). . . | -
kel Breoiiing Stor 302 ~ Althoug boring operations on relatively small workpieces can be car-
/ ried out on a lathe, boring mills are used for large workpieces. These
ol ) machines are either vertical or horizontal in design and are also capable
N ¢ Swls of performing such operations as turning, facing, grooving, and chamfer-

boting b ing. A vertical boring machine (Fig. 8.44) is similar to a lathe, but with
Stiffress "€ 4 Vertical axis of workpiece rotation. In horizontal boring machines, the
waaeta  Workpiece is mounted on a table that can move horizontally, in both axial
Uibhton 5% 131 and radial directions. The cutting tool is mounted on a spindle that rotates
buring 1 gt 48> in the headstock, and is capable of both vertical and longitudinal move-
""'b"‘“‘”"’,:: :: ments. Drills, reamers, taps, and milling cutters can also be mounted on
e 5 e the spindle.
oo Lokt 110 =%
o) A G2
Simensiond accupeey 3
Swhace Rinih 1 *




Section 8.9  Cutting Processes and Machine Tools for Producing Round Shapes 535

bi
{ lenghe D> Jiameber
Siamtler 7> length
Cross-rail -
\lzd_hs-l . J ’
much mora Stable &% LorlO 45 2252
h, n‘-u;nhl -
o -—3 d
e Nabo o8 T
Tool head oy i ek
"’Aﬁ k
Workpiece ——
(ess skble oS7J
Work table uel Qb by 2w

Bed

FIGURE 8.44 Schematic illustration of the
components of @ boring mill.
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8.9.4 Drilling, Reaming, and Tapping il ol reba¥s)

One of the most common machining processes is drilling. Drills typically
“heswees have a high length-to-diameter ratio (Fig. 8.45) and are capable of produc-
=awnwa o ing deep holes. They are, however, somewhat flexible, depending on their

Creteie = length and diameter. Moreover, note that chips produced move through
the flutes in a direction opposite to the axial movement of the drill; conse-
quently, chip disposal in drilling and selecting an effective cutting fluid are
important.

The most common drill is the standard-point twist drill (Fig. 8.45). The
main features of the drill point are the point angle, the lip-relief angle, the
chisel-edge angle, and the belix angle. The geometry of the drill tip is such
that the normal rake angle and the velocity of the cutting edge vary with
the distance from the center of the drill. Other types of drills include the
step drill, core drill, counterboring and countersinking drills, center drill,
and spade drill (See Fig. 8.46).

Crankshaft drills have good centering ability, and because the chips they
produce tend to break up easily, they are suitable for drilling deep holes. In
gun drilling, a special drill is used for drilling deep holes; depth-to-diameter
ratios produced can be 300 or higher. In the trepanning technique, a cutting
tool produces a hole by removing a disk-shaped piece of material (core),
usually from flat plates; the hole is produced without reducing all the mate-
rial to be removed to chips. The trepanning process can be used to make
disks up to 150 mm in diameter from flat sheet or plate.

The material-removal rate in drilling can be expressed as

D o
MRR = | = e/ min (8.40)

o5 "
W am* wel

where D is the drill diameter, f is the feed (in mm/revolution), and N is the
rpm of the drill. Recommendations for speed and feed in drilling are given
in Table 8.11.

The thrust force in drilling is the force that acts in the drilling direction;
if excessive, this force can cause the drill to bend and break. The thrust
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FIGURE 8.45 Two common types of drills: (a) Chisel-point drill. The function
of the pair of margins is to provide a bearing surface for the drill against walls of
the hole as it penetrates into the workpiece. Drills with four margins
(double-margin) are available for improved drill guidance and accuracy. Drills
with chip-breaker features are also available. (b) Crankshaft drill. These drills
have good centering ability, and because chips tend to break up easily, they are

suitable for producing deep holes.

FIGURE 8.46 Various types of drills
and drilling operations.
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TABLE 8.11 General recommendations for speeds and feeds in drilling.

Surface Feed, mm/rev Spindle speed (rpm)
Workpiece speed drill diameter drill diameter
material m/min 1.5 mm 12.5 mm 1.5 mm 12.5 mm

Aluminum alloys  30-120 0.025 0.30 6400-25,000  800-3000
Magnesium alloys 45-120 0.025 0.30 9600-25,000 1100-3000
Copper alloys 15-60  0.025 0.25 3200-12,000 400-1500
Steels 20-30 0.025 0.30 4300-6400 500-800
Stainless steels 10-20  0.025 0.18 2100-4300 250-500
Titanium alloys 6-20 0.010 0.15 1300-4300 150-500

Cast irons 20-60  0.025 0.30  4300-12,000 500-1500
Thermoplastics 30-60  0.025 0.13 6400-12,000 800-1500
Thermosets 20-60  0.025 0.10  4300-12,000 500-1500

Note: As hole depth increases, speeds and feeds should be reduced. Selection of speeds and
feeds also depends on the specific surface finish required.

force depends on such factors as the strength of the workpiece material,
feed, rotational speed, cutting fluids, drill diameter, and drill geometry;
thus accurate prediction of the thrust force in drilling has proven to be
difficult. Experimental data are available in the technical literature as an
aid in the design and use of drills and drilling equipment. Thrust forces in
drilling typically range from a few newtons for small drills, to as high as
100 kN in drilling high-strength materials using large drills.

The torque during drilling is also difficult to predict accurately, although
it can be estimated by using the data in Table 8.3. The power dissipated
during drilling is the product of torque and angular velocity. The torque in
drilling can range up to 4000 N-m. Drill life, as well as tap life, is usually
measured by the number of holes drilled before the drill becomes dull and
the drilling forces become excessive.

Drilling machines, for drilling holes, tapping, reaming, and other
general-purpose, small-diameter boring operations, are generally vertical,
the most common type being a drill press. The workpiece is placed on
an adjustable table, and is clamped directly into the slots and holes on the
table, or by holding it in a vise that can be clamped to the table. The drill is
then lowered, either manually (by using the hand wheel or by power feed)
at preset rates. Drill presses are usually designated by the largest workpiece
diameter that can be accommodated on the table; sizes typically range from
150 to 1250 mm.

Reaming and reamers. Reaming is an operation that makes an existing

hole dimensionally more accurate than can be achieved by drilling alone; 0

it also improves the surface finish of the hole. |Thermostraccuraterholes & &
are produced by the following sequence of operations: centering, drilling, boring, and reaming

537
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boring, andeeaming. For even better dimensional accuracy and surface fin-

ish, holes may be internally ground and honed (see Section 9.7). A reamer
(Fig. 8.47) is a multiple-cutting-edge tool with straight or helically fluted
edges that removes very little material. The shanks may be straight or
tapered, as they are in drills. The basic types of reamers are hand and
machine (chucking) reamers; other types include rose reamers, with cut-
ting edges that have wide margins and no relief angle, and fluted, shell,
expansion, and adjustable reamers.

Tapping and taps. Internal threads can be produced by tapping; a tap is
basically a threading tool with multiple cutting teeth (Fig. 8.48). Taps are S
typically available with three or fqur flutes; three-fluted taps are stror@? W

because their flute is wider. w4
$Thete ate Ywo rpes sl holes . . ). . , ~I ,v‘_'}\.i\
G Thiooh heles — saton 1 o5 232 tappingsblindsholesstostheirsfullodepth. Collapsible taps are used for Y
D Bid toes —e B EE s large-diameter holes; after tapping is completed, the tap is mechanically
Bes ni gl g 83 collapsed and removed from the hole, without having to be rotated. Tap
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8.10 Cutting Processes and Machine Tools

yound

for Producing Various l'l"arib)gees

Several machining processes and machine tools are used for produc-
ing complex shapes, typically with the use of multitooth cutting tools
(Fig. 8.49 and Table 8.7).

8.10.1 Milling Operations

Milling includes a number of versatile machining operations that use a
milling cutter, a multitooth tool that produces a number of chips per rev-
olution, to machine a wide variety of part geometries. Parts such as the
ones shown in Fig. 8.49 can be machined efficiently and repetitively using
various milling cutters.

The basic types of milling operations are described as follows.

TIn slab milling, also called periphera) milling, the axis
of cutter rotation is parallel to the surface of the workpiece to be
machined, as shown in Fig. 8.50a. The cutter; called a plain mill, has
a number of teeth along its periphery, each tooth acting as a single-

_ point cutting tool. Cutters used in slab milling may have straight or
gy N> e"“f& ?;ﬁé\helical teeth, producing an orthogonal or an oblique cutting action,

o1 stz Bk ¢ respectively. Figyre 8.1c shows the helical teeth on a milling cutter.

S Thuie ave WJO —Tp conventioéiﬂal milling, also called up milling, the maximum chip

ypes & slap Vm“'j thickpéss is at the end of the cut (Fig. 8.50b).(The advantages of

o up wiling =l orkpiece geometry, and contamination or scale on the surface does
eenasy Dot affect tool life) The machining process is smooth, provided that
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FIGURE 8.49 Typical parts and
shapes produced by the machining

@ ) processes described in Section 8.10.
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e 3 ehene \ the cutter teeth are sharp. There is, however, a tendency for the tool
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to chatter, and for the workpiece to be pulled away from the surface,

Terdencsy 95 and thu er clamping is important.
limb“milling, also called down milling, cutting starts at the

thickest location of the chip. The 2 of climb milling is that
the downward component of cutting forces holds the workpiece in

climb

pann o deste 255 TP N g place, particularly for slender parts. However, because of the result- o5 L ¢
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milling
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ing high-impact forces when the teeth first engage the workpiece, this =" =
cemventiod 3 s 592 = operatlon requires a rigid setup, and backlash in the table feed mech- U,,:‘,::Tu.y
oS evpuimaet ¢ anism must be eliminated. Climb milling is not suitable for machining . ., cws .-
o s Y >
workpieces that have surface scale, such as hot-worked metals, forg- »—c@o o i
ings, and castings; the scale is hard and abrasive, and causes excesswe‘ | g aede Y
wear and damage to the cutter teeth. In general, climb milling is s 422 s
recommended for applications such as finishing cuts on aluminum dem
workpieces. dibs ok ko1 o 2
The cutting speed in milling, V, is the peripheral speed of the cutter,
that is,
V = 7DN, (8.41)

where D is the cutter diameter and N is the rotational speed of the
cutter (Fig. 8.50b). Note that the thickness of the chip in slab milling
varies along its length, because of the relative longitudinal movement
between the cutter and the workpiece. For a straight-tooth cutter, the
approximate undeformed chip thickness, t. (called chip depth of cut),

can be determined from the equatlg)n A
daly

chip dep
T Dorce on Phe o cuk tc 2;,/ & (8.42)
ﬁ(, D aoae

cudver ‘/WL‘

( hip thickress, 8 pardsl
wohericl 5.z g5 T‘_’y wher@g‘tﬁhe teed per tooth of the cutter (measured along the work-
por booka = S piece strface, is] the distance the workpiece travels per tooth of
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the cutter, in mm/tooth), and d is the depth of cut. With increasing
t., the force on the cutter tooth also increases

Feed per tooth is determined from the equation

\_q famemm Qo Yoot (8.43)

where v is the linear speed (feed rate) of the workpiece and
is the number of teeth on the cutter periphery. The dimensional
accuracy of this equation can be checked by substituting appropri-
ate units for the individual terms; thus, (mm/tooth) = (m/min)(103
mm/m)/(rev/min)(number of teeth/rev), which is correct. The cutting
time, ¢, is given by the expression w¢

C‘AHIS
Lt

where [ is the length of the workpiece (Fig. 8.50c) and /. is the extent
of the cutter’s first contact with the workpiece. Based on the assump-
tion that [, « [ (although this may not be always reasonable), the
material-removal rate is Sl

MRR:led iucfz/ % (8.45)

where w is the width of the cut, which is the same as the workpiece
width if it is narrower than the cutter. The distance that the cut-
ter travels in the noncutting-cycle of the operation is an important
economic consideration and should be minimized.

2. Face mlllmg In this operation, the cutter is mounted on a spindle
with an axis of rotatlon@m to the workpiece surface, and
removes material in the manner shown in Fig. 8.5Ta. The cutter
rotates at a speed of N, and the workpiece moves along a straight
path and at a linear speed of v. When the cutter rotates in the direc-
tion shown in Fig. 8.51b, the operation is called\ﬂmb milling; when
it rotates in the opposite directianentzonal
milling.
Because of the relative movement between the cutting teeth and the
workpiece, a face-milling cutter leaves feed marks on the machined 9%& T Sufface
surface, much as in turning operations (See Fig. 8.19). Surface rough- roughwess
ness depends on insert corner geometry and feed per tooth [see also
Egs. (8.35) to (8.37)].
The terminology for a face-milling cutter and its various angles is
given in Fig. 8.52; the side view of the cutter is shown in Fig. 8.53.
Note that, (a) as in turning operations, the lead angle of the insert has orchice 1 undelsfmed

a direct influence on the undeformed chip thickness; (b) as the lead el p
angle (positive, as shown in the figure) increases, the undeformed lead Huicvess |, 7/
chip thickness (thus also the thickness of the actual chip) decreases; angc !
(c) the length of contact increases; and (d) the cross-sectional area .
of the undeformed chip remains constant. The range of lead angles 6"\ﬁ T g f:,’,, 4
/ m\m"’ / ml/ea/"l ((0‘05)’“ J
undelor

el P
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FIGURE 8.51 Face-milling operation showing (a) action of an insert in face
milling with the cutter removed for clarity; (b) climb milling; (c) conventional
milling; and (d) dimensions in face milling.
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FIGURE 8.52 Terminology for a End relief
face-milling cutter. (axial relief) rake, -

for most face-milling cutters is typically from 0° to 45°. The lead
angle also influences forces in milling; as the lead angle decreases, the
vertical force (axial force on the cutter spindle) decreases.

A wide variety of milling cutters is available. The cutter diame-
ter, D, should be chosen so that it will not interfere with fixtures,
workholding devices, and other components in the setup of the
machine tool. In a typical face-milling operation, the ratio of the cut-
ter diameter to the width of cut should be no less than 3:2. The cutting
tools are usually carbide or high-speed steel inserts and are mounted
on the cutter body (See Fig. 8.52).

The relationship of cutter diameter and insert angles, and their
position relative to the surface to be milled, is important, because
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Lead
Insert
L nse angdle  EIGURE 8.53 The effect of fead angle

- on the undeformed chip thickness in
O N Undeformed chip thickness face milling. Note that a€ the lead

angle increases, the undeformed chip
IDepth of cut, d / thickness (and hence/chip thickness)
decreases, and the fength of contact
(and hence the width of the chip)
increases. Notg/that the insert must be
sufficiently lafge to accommodate the
(@) (b) increase in/ontact length.

Feed per tooth, f

Workpiece
Exit Re-entry s -
Entry — [~ ] Exit
Cutter
~ Milled + +
surface
Desirable Undesirable
Cutter

(@) (b)

FIGURE 8.54 (a) Relative position of the cutter ahd the insert as it first engages
the workpiece in face milling; (b) insert positiong at entry and exit near the end
of cut; and (c) examples of exit angles of the ipsert, showing desirable (positive
or negative angle) and undesirable (zero angle) positions. In all figures, the cutter
spindle is perpendicular to the page.

they determine the angle at ¥hich an insert enters and exits the work-
piece. Note in Fig. 8.51b for climb milling that if the insert has zero
axial and radial rake angles (See Fig. 8.52), the rake face of the insert
engages the workpiegé directly, thus subjecting it to a high impact
force. However, as £an be seen in Fig. 8.54a and b, the same insert
will engage the wdrkpiece at different angles, depending on the rel-
ative positions gt the cutter and the workpiece. In Fig. 8.54a, the
edge of the ingert makes the first contact, and hence there is poten-
tial for the cdtting edge to chip off. In Fig. 8.54b, on the other hand,
the contagfs (at entry, reentry, and the two exits) are at a certain
away from the edge of the insert. As a result, there is
4 tendency for the insert to chip off, because the force on the
increases and decreases gradually. Note from Fig. 8.52 that the
radial and axial rake angles also will affect the tendency for the insert
Aaterial to chip off.
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EXAMPLE 8.6 Calculation of Material-Removal Rate, Power Required, and Cutting Time
in Face Milling

Given: Referring to Fig. 8.51, assume that D = 150 mm, w = 60 mm, / = 500 mm, d = 3 mm,
v = 0.6 m/min, and N = 100 rpm. The cutter has 10 inserts and the workpiece material is a
high-strength aluminum alloy.

Find: Calculate the material-removal rate, cutting time, and feed per tooth, and estimate the power
required.

Solution: The cross section of the cut is wd = (60)(3) = 180 mm?. Since the workpiece speed v
is 0.6 m/min = 600 mm/min, the material-removal rate is

MRR = (180)(600) = 108,000 mm?/min.
The cutting time is given by Eq. (8.44) as

I+21,

v

Note from Fig. 8.51 that for this problem,

Y (D1 e (DN
l‘+<2 w)‘ 2 )R

so that I, = v/ Dw — w?, or 73.5 mm. Thus, the cutting time is

B ) [500 + 2(73.5)1(60)

<00 =64.7 s = 1.08 min.

The feed per tooth is obtained from Eq. (8.43). Noting that N = 100 rpm = 1.67 rev/s,

10

= —0. h.
1.67)(10) 0.6 mm/toot

][

For this material, the unit power can be taken from Table 8.3 to be 1.1 W-s/mm?; hence, the power

can be estimated as
Power = (1.1)(1800) = 1980 W = 1.98 kW.

The exit angles for various cutter positions in face milling are
shown in Fig. 8.54c. Note that in the first two examples, the insert
exits the workpiece at an angle, whereby the force on the insert dimin-
ishes to zero at a slower rate (desirable) than in the third example,
where the insert exits suddenly (undesirable).

3. End milling. The cutter in end milling, shown in Fig. 8.1d, has either a

straight or a tapered shank for smaller and larger cutter sizes, respec-
tively. The cutter usually rotates on an_axis géréénéigiil%r to the
workpiece, but it can be tilted to produce inclined surfaces. Some

(d) End milling
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end mills have cutting teeth on their end faces, allowing the end mill
to be used as a drill to start a cavity. End mills are also available
with hemispherical ends (called ball-nose end mills), for producing
curved surfaces, as in making molds and dies. Hollow end mills have

@cutting teeth and are used for machining the cylindrical sur-
face of solid round workpieces, as in preparing stock with accurate
diameters for automatic bar machines.

Section 8.8 described high-speed machining and its typical appli-
cations. One of the more common applications is high-speed milling,
using an end mill and with the same general requirements regard-
ing the stiffness of machines and workholding devices, described
in Section 8.12. A typical application is milling aluminum-alloy
aerospace components and honeycomb structures (See Fig. 7.47),
with spindle speeds on the order of 20,000 rpm. Another application
is in die sinking, i.e., producing cavities in die blocks. Chip collection
and disposal can be a significant problem in these operations, because
of the high rate of material removal (see Section 8.8).

4. Various milling operations and milling cutters. Several other typgs
of milling operations and cutters are used to machine various gur-
faces. In straddle milling, two or more cutters are mounted 46n an
arbor, and are used to machine two parallel surfaces on the work-
piece (Fig. 8.55a). Form milling is used to produce curvéd profiles,
using cutters with specially shaped teeth (Fig. 8.55b7; such cutters
are also used for cutting gear teeth (see Section 8,40.7).

Circular cutters are used for slotting and slifting operations. The
teeth may be staggered, as in a saw bladg”(see Section 8.10.5), to
provide clearance for the cutter in makifig deep slots. Slitting saws
are relatively thin, usually less than mm. T-slot cutters are used to
mill T-slots, such as those in machire-tool worktables (See Fig. 8.56).
The slot is first milled with an ehd mill; a T-slot cutter then cuts the
complete profile of the slotAn one pass. Key-seat cutters are used

Arbor

(b) Form milling

'

(c) Slotting (d) Slitting FIGURE 8.55 Cutters for milling operations.
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CHAPTER

This chapter describes the important features of finishing operations,
commonly performed to improve dimensional tolerances and surface
finish of products. Among the topics covered are:

e The characteristics of grinding wheels and mechanics of grinding operations.
e Types of grinding machines and advanced abrasive machining processes.

e Abrasive machining operations, including lapping, honing, polishing, chemical
mechanical polishing, and the use of coated abrasives.

e Nonmechanical means of material removal, including chemical and electro-
chemical machining, electrical-discharge machining, laser and electron beam
machining, and abrasive jet machining.

e Deburring operations.
e Design and economic considerations for the processes described in this chapter.

Symbols

@)

A area, m? grinding ratio
b kerf,m also, mass, g

¢o elastic wave speed, m/s b thickness, m
C  cutting points per area, m~> I amperage, A
also, electrochemical I undeformed chip length, m
machining constant, L length ground, m
mm?3/A-min K electrical conductivity,
d  depth of cut, m Q 'mm™!
also, laser spot diameter, m also, workpiece material
d, wire diameter, m factor, mm3/A-min
D  diameter, m K;,  coefficient of loss
D,, workpiece diameter, m m  mass, kg
E  cell voltage, V P power, Nm/s
f  feed rate, m/min r  ratio of chip width to average
F  force, N chip thickness
also, Faraday’s constant also, radius, m
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R ratio of workpiece to Vs grinding wheel
electrode wear penetration, m/s
gap, m w width of chip, m
chip thickness, m W;  electrode wear rate,
also, cutting depth, m mm?3/min

t, contact time, s a,  normal rake angle, deg

T, ratio of workpiece to also, inclination angle, deg
electrode melting ¢ shear angle, deg
temperature n current efficiency

T; melting point of electrode, °C  p density, kg/m>

T,, melting point of workpiece, °C
AT temperature change, °C

u  specific energy, W-s/m?> SubSCI'lptS
v velocity, m/s avg average
V  grinding speed, m/s c cutting
also, voltage, V n normal
V¢ wire feed rate, m/s 0 original, optimum

9.1 Introduction

In all the machining operations described in detail in Chapter 8, the cut-
ting tool is made of a certain material and has a clearly defined geometry.
Moreover, the machining process involves chip removal, the mechanics
of which can be fairly complicated. There are, however, many situa-
tions in manufacturing where the workpiece material is either too hard
or too brittle, or its shape is difficult to produce with sufficient dimen-
sional accuracy and surface finish by any of the machining methods
described previously. One of the best methods for producing such parts
is by using abrasives. An abrasive is a small, hard particle that has sharp
edges and an irregular shape. Abrasives are capable of removing small
amounts of material from a surface by a cutting process that produces
tiny chips.

Abrasive machining processes are generally among the last operations
performed on manufactured products, although they are not necessarily
confined to fine or small-scale material removal from workpieces, and they
can indeed compete economically with some of the machining processes
described in Chapter 8. Because they are hard, abrasives are also suitable
for (a) finishing very hard or heat-treated parts; (b) shaping hard nonmetal-
lic materials, such as ceramics and glasses; (c) cutting off lengths of bars,
structural shapes, masonry, and concrete; (d) cleaning surfaces, using jets
of air or water containing abrasive particles; and (e) removing unwanted

weld beads.
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In addition to abrasive machining, several advanced machining pro-
cesses have been developed, starting in the 1940s. Also called nontradi-
tional or unconventional machining, these processes are based on electrical, b not
chemical, fluid, and thermal principles, and are advantageous when: Hedwmicol

1. The hardness and strength of the workpiece material is very high,
typically above 400 HB.

2. The part is too flexible or slender to support the machining or
grinding forces, or it is difficult to clamp in workholding devices.

3. The shape of the part is complex, such as internal and external
features or deep small-diameter holes.

4. Surface finish and dimensional accuracy requirements are better than
those obtainable by other processes.

5. Temperature rise or residual stresses developed in the workpiece is
undesirable or unacceptable.

When selected and applied properly, advanced machining processes
offer significant technological and economic advantages over the tradi-
tional machining methods.

9.2 Abrasives : s fctes vik reguior sepe & shere s

Hatoriel Abrasive

The abrasives commonly used in manufacturing are: G kg 035, B ke G, Moty =

Mofening o SHEINA 2 85, 5 (Gt o i 8 o)

1. Conventional abrasives:

o Aluminum oxide (Al,O3);
e Silicon carbide (SiC).

2. Superabrasives:

o Cubic boron nitride (cBN);
e Diamond.

The last two of the four abrasives listed above are the two hardest materials
known, hence the term superabrasives. Abrasives are significantly harder

than conventional cutting-tool materials, as can be seen by comparing D o e
Table 8.6 with Table 9.1. In addition to hardness, an important charac- g e A P‘;"‘:"L":‘:’
teristic of an abrasive i% friabilityJ that is, the ability of an abrasive grain e

to fracture (break down]into smaller fragments) Friability gives abrasives

self-sharpening characteristics, important in maintaining the cutting effi-
ciency of the abrasives during use. High friability indicates low strength or
low fracture resistance of the abrasive; thus, under the grinding forces, a
highly friable abrasive grain fragments more rapidly than an abrasive grain
with low friability. Aluminum oxide, for example, has lower friability than
silicon carbide. '
The shape and size of an abrasive grain also affect its friability. For
example, blocky grains, which are analogous to negative-rake-angle cut- bigh Grokiy — e Loni
ting tools (Fig. 8.26), are less friable than plate-like grains. As for grain

Shage .
dbesive oyrain A ;{’;‘ 3 o et i s Shength )\ (6 E5 azas 3 fr&b_{@ -



586 Chapter 9  Abrasive and Other Material Removal Processes

TABLE 9.1 Knoop hardness range for various materials and abrasives.

Knoop Knoop
Fprts” & Houduass @ ':5.4"1,‘:';‘ N s\ 91 G0 - Material hardness Material hardness

Common glass 350-500 Titanium nitride 2000

Flint, quartz 800-1100 Titanium carbide 1800-3200

Zirconium oxide 1000 Silicon carbide 2100-3000

Hardened steels 700-1300 Boron carbide 2800

Tungsten carbide 1800-2400 Cubic boron nitride 4000-5000 IK Supprabrasives
Aluminum oxide 2000-3000 Diamond 7000-8000

- e |, Fbily )

&l i",""‘,“‘,i U5 @A Y <

than larger grains. The importance of friability in abrasive machining is
described further in Section 9.5.

Types of abrasives. Abrasives found in nature include emery, corun-
dum (alumina), quartz, garnet, and diamond. However, because natural
abrasives contain unknown amounts of impurities and typically have
nonuniform properties, their performance is inconsistent and unreli-
able. Consequently, aluminum oxides and silicon carbides abrasives are
made synthetically, in order to produce high-performance abrasives with
consistent behavior.

220
1. Synthetic aluminum oxide (Al;O3), first made in 1893, is made by
fusing bauxite, iron filings, and coke. Aluminum oxide is divided into
two groups: fused and unfused. Fused aluminum oxide is categorized
as white (vefy friable), darSless friable), and mor%crvstalline (single
crystal). Unfused alumina, also known as ceramic aluminum oxide,

? (e’@ can be harder than fused alumina. The purest form of fused alumina
‘ \)3,'7 \ is[seeded gel| First introduced in 1987, seeded gel has a particle size
Q‘\Oﬂ(}"\ @ on the order of 0.2 um, which is much smaller than abrasive grains
‘\‘\bb commonly used in industry. Seeded gels are sintered (Section 11.4) S
y ' to form larger sizes. Because of their hardness and relatively high-"&:zﬁ\’
&5\7 friability, seeded gels maintain their sharpness and thus are used for Aot
ifficultrto-grind materials. g:j;’“@

2. Silicon carbide (SiC), first discovered in 1891, is made with silica
sand, petroleum coke, and small amounts of sodium chloride. Silicon
carbides are available in green (more friable) and in black (less friable)
types. Silicon carbide generally has higher friability than aluminum
oxide, hence a higher tendency to fracture and thus remain sharp
longer.

3. Cubic boron nitride (cBN) was first produced in the 1970s. Its
properties and characteristics are described in Section 11.8.1.

4. Diamond was first used as an abrasive in 1955. When produced syn-
thetically, it is called synthetic or industrial diamond. Its properties
and characteristics are described in Sections 8.6.9 and 11.13.2.
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Purkides sizeo
Grain size. As used in manufacturing operations, abrasives are gen-
erally very small compared with the size of typical cutting tools and QW::?M”“:::’::M”:L:::::::‘J'
inserts described in Section 8.6. Also, abrasives have sharp edges, thus e dounind
allowing the removal of very small amounts of material from workpiece -
surfaces, resulting in very fine surface finish and dimensional accuracy (See
Figs. 8.24 and 9.28). The size of an abrasive grain is identified by a grit
number, which is a function of sieve size. The smaller the sieve size, the
larger the grit number; for example, grit number 10 is rated as very coarse,
100 as fine, and 500 as very fine. As commonly observed, sandpaper and
emery cloth also are identified in this manner, with the grit number printed
on the back of the abrasive paper or cloth.

9.3 Bonded/Abrasives

T or coh oA ol
Bonded abrasives are typically in the form of a griﬁding wheel (Fig. 9.1).
The abrasive grains are held together by a bonding material, various types

of which are described in Section 9.3.1; the @onding material acts as sup- ., "
Gedh AU o2

porting posts or braces between the grainsuf/ ome porosity is essential in 0 bl 4
go\s bonded abrasives?to provide cooling and clearance for the chips being pro- ‘
0 duced, as otherwise the chips would interfere with the grinding operation. No
g( -\)Oﬁ Porosity can easily be observed by looking at the surface of any grind-

P‘\OW!’\ ing wheel with a magnifying glass or microscope. Other features of the
grinding wheel shown in Fig. 9.1 are described in Sections 9.4 and 9.5.
Some of the more commonly used types of grinding wheels are shown
in Fig. 9.2 for conventional abrasives, and in Fig. 9.3 for superabrasives.
Note that, because of their associated high cost, superabrasives make
up only a small portion of the periphery of the wheels. Bonded abrasives
are marked with a standardized system of letters and numbers, indicat-
ing the type of abrasive, grain size, grade, structure, and bond type.
Figure 9.4 shows the marking system for aluminum-oxide and silicon-
carbide bonded abrasives, and Fig. 9.5 for diamond and cubic-boron-
nitride bonded abrasives.

Grinding
wheel

oty

Bond fracture
Microcracks

Porosity

fracture

Workpiece Attritious wear — Wheel surface

FIGURE 9.1 Schematic illustration of a physical model of a grinding wheel,
showing its structure and grain wear and fracture patterns.
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Grinding face &
(b) Type 2—cylinder

Grinding face

c) Type 6—straight cup (d) Type 1 —flaring cup

Grinding face

Grinding face

c Grinding faces ° Grinding faces

FIGURE 9.2 Some common types of grinding

wheels made with conventional abrasives
(aluminum oxide and silicon carbide).
Note that each wheel has a specific grinding

face; grinding on other surfaces is improper

(e) Type 27 —depressed center (f) Type 28 —depressed center

Mounted
and unsafe. (@ Mounte 4‘“
Ay

) Superabrasive
Superabrasive Superabrasive
| Type | |
I [ i [, N 1A = | o 1 | [p ] 2A2
Substrate / Substrate 1A1RSS Substrate
(@) (b) (©)
Superabrasive Superabrasive Superabrasive
Substrate Substrate
, y \.iD \{z‘b
DW DWSE
Substrate

(d) © (f)

FIGURE 9.3 Examples of superabrasive wheel configurations. The rim consists
of superabrasives and the wheel itself (core) is generally made of metal or
composites. Note that the basic numbering of wheel types (such as 1, 2, and 11)
is the same as that shown in Fig. 9.2. The bonding materials for the
superabrasives are: (a), (d), and (e) resinoid, metal, or vitrified; (b) metal; (c)
vitrified; and (f) resinoid.
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Coe.
Example: 51 - A - 36 - L —@— vV - 23
Prefix Abrasive Abrasive Grade ructure Bond Manufacturer’s
type grain size type record
I I I I
Manufacturer’s symbol Coarse Medium Fine Very ense 1 Manufacturer’s
(indicating exact - fine 2 private marking
kind of abrasive) 8 30 70 220 3 (to identify wheel)
(use optional) 10 36 80 240 4 (use optional)
12 46 90 280 [T 5 (eliely dence
14 54 100 320 6
16 60 120 400 7
A Aluminium oxide 20 150 500 8
C Silicon carbide 24 180 600 9
10
1 B Resinoid
12 BF Resinoid reinforced
13 E Shellac
y 14 O  Oxychloride
i Open 15 R Rubber
Soft Medium @ 16 RF  Rubber reinforced
ABCDEFGHIJKLMNOPQRSTUVWXYZ etc. S  Silicate
Grade scale (use optional) v Vitrified
cgnV&Mibv‘J aborasives,
FIGURE 9.4 Standard marking system for aluminum-oxide and silicon-carbide
bonded abrasives.
R)
’r7\ SW‘*DALI/
L
Example: M D 100 - P 100 - B 1/8
Prefix Abrasive Grit size Grade Diamond Bond Bond Diamond
type concentration modification depth (mm)
I I I I I I I
Manufacturer’s B Cubic boron 20 A (soft) 25 (low) B Resinoid 1.56
symbol nitride 24 | 50 M Metal 3.12
(to indicate type D Diamond 30 . 75 V Vitrified 6.25
of diamond) 36 100 (high) Absence of depth
46 symbol indicates
54 Z (hard) solid diamond
60
80
90 A letter or numeral
or combination
100 L
120 (useq hgre will indicate
a variation from
150 standard bond)
180
220
240
280
320
400
500
600
800
1000

Super abvasives

FIGURE 9.5 Standard marking system for diamond and cubic-boron-nitride

bonded abrasives.

589
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9.3.1 Bond Types

The common bond types for bonded abrasives are vitrified, resinoid, rub-
ber, and metal, and are used for conventional abrasives as well as for

Superabraswes
2ty Ay Yy

1. Vitrified. Essentially a glass, a vitrified bond is also called a ceramic
bond, particularly outside the United States; it is the most common
and widely used bond. The bond consists of feldspar (a crystalline
mineral) and various clays. These materials are first mixed with
the abrasives, moistened, and then molded under pressure into
the shape of grlndlng wheels. These “green” products, sumlar to
powder-metallurgy parts (Section 11.3), are then slowlyv‘ﬁred up to
a temperature of about 1250°C, to fuse the glass and develop struc-
tural strength. The wheels are then cooled slowly, to prevent thermal
cracking, then finished to size, inspected for quality and dimensional
accuracy, and tested for defects.

Vitrified bonds produce wheéls that are strong, stiff, porous, and
resistant to oils, acids, and water; however, because the wheels are

o f,brlttle they lack resistance to mechanlcal and thermal shock)m
wheels are also available with steel backing plates ¢ s for be

ir uﬂ-u PM“‘ )\A‘r‘v
Qe_rmpbs}f; RS

2. Resinoid. Resinoid bonding materials are~thermosets (Section 10.4),
and are available in a wide range of compositions and properties.
Because the bond is an organic compound, these wheels are also
called organic wheels. Tmturing procedure consists
of (a) mixing the abrasive with liquid or powdered phenolic resins

-0 [ and additives; (b) pressing the mixture into the shape of a grinding
éa—’)‘ wheel; and (c) curing it at temperatures of about 175°C. Because the

QR Code 9.1 Resin bond elastic modulus of thermosetting resins is lower than that of glasses,
grinding wheels. resinoid wheels are more [flexible] than vitrified wheels. Polyimide
Source: Courtesy of Section 10.6) can be a substitute for the phenolic in resinoid wheels;
Abrasive Technology. the polymer is tough and has good resistance to high temperatures.

Medamics] 95 € Reinforced resinoid wheels consist of one or more layers of fiber-

+—glass mats of various mesh sizes, providing reinforcement. The main
purpose of the reinforcement is to provide strength and prevent catas-
trophic failure of the wheel. Large-diameter wheels can additionally
be supported with one or more internal rings (made of round steel
bar) that are inserted during wheel production.

3. Rubber. The most flexible bond used in abrasive wheels is rubber.
The wheels are made by (a) mixing crude rubber, sulfur, and abrasive

smjw kst

QR Code 9.2 Resin bond grains together; (b) rolling the mixture into sheets; (c) cutting out

diamond grinding wheels circles; and (d) heating them under pressure to vulcanize the rubber.
° N T T

Source: Courtesy of wﬂgj Thin wheels (called cut-off blades) are made in this manner, and are

Abrasive Technology. used like saws for cutting-off operations.

4. Metal bonds. Abrasive grains, usually diamond or cub1c boron
nitride, are bonded in a metal matrix to the periphery of a metal
disc, typically to depths of 6 mm or less (See Fig. 9.3). Bonding is car-
ried out under high pressure and temperature. The wheel itself (core)
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may be made of aluminum, bronze, steel, ceramic, or composite
material, depending on special requirements for the wheel, such as
strength, stiffness, and dimensional stability. Superabrasive wheels — wsg st

may be layered so that a single abrasive layer is plated or% “J’:'.'.“‘:.‘;ZJ::E:
metal disc. B

5. Other types of bonds. In addition to those described above, other Ty
types of bonds include silicate, shellac, and oxychloride bonds. These g
bonds are far less common, but use the same abrasives as other S
wheels.

STwo Peadrevs £ grindig """ma =
@ &
9.3.2 Wheel Grade and Structure
ﬁ“he [grade] of a bonded abrasive is a measure of the strength of the bond,

and it includes both the type and the amount of bond in the wheel. Because
strength and hardness are directly related, the grade is also referred to
as thi hardness df a bonded abrasive; thus, a hard wheel has a stronger
bond and/or a larger amount of bonding material than a soft wheel) The

is a measure of the porosity, the spacing between the grains
(Fig. 9.1) of the bonded abrasive. Some porosity is essential to provide
space for the grinding chips as otherwise they would interfere with the
grinding operation. The structure of bonded abrasives ranges from dense
to openﬁ(Fig. 9.6).

9.4 Mechanics of Grinding

Grinding is a chip removal process in which the cutting tool is an individual
abrasive grain. The following are major factors that differentiate the action
of a single grain from that of a single-point cutting tool (See Fig. 8.2):

1. Conventional abrasive grains have an irregular geometry and are

randem W5 s 250 spaced randomly along the periphery of the wheel (Fig. 9.6). Newly

St ¥ Jeveloped shaped abrasives are available that provide less random
and more aggressive machining surfaces.

2. The average rake angle of the grains is highly negative, typically —60°

and lower, chussthessheamanglessaresveryslow (Section 8.2.4).

FIGURE 9.6 The grinding surface of an gErasive wheel

(A46-J8V), showing grains, porosity, wear flats on grains
(See also Fig. 9.7b), and metal chips from the workpiece
adhering to the grains. Note the random distribution and
shape of the abrasive grains. Magnification: 50x.
Source: After S. Kalpakjian.
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5. The grains in the periphery of a grinding wheel have different radial

positions from the center of the wheel.

6. The cutting speeds of grinding wheels are @ (Table 9.2),

typically on the order of 30 m/s.

An example of chip formation by an abrasive grain is shown in Fig. 9.7.
Note the negative rake angle, the low shear angle, and the very small size
of the chip (see also Example 9.1). Grinding chips can easily be collected
on an adhesive tape, which is held against the sparks of a grinding wheel;
from direct observation of the tape, it will be noted that a variety of metal
chips are produced in grinding.

The mechanics of grinding chip formation and the variables involved
can best be studied by analyzing the surface-grinding operation shown in

Fig. 9.9. In this figure, a grinding wheel, with a diameter of D, is remov-
ing a layer of material at a depth d, known as the wheel depth of cut.

TABLE 9.2 Typical ranges of speeds and feeds for abrasive processes.

Process variable Conventional grinding Creep-feed grinding  Buffing Polishing
Wheel speed (m/min) 1500-3000 1500-3000 1800-3600 1500-2400
Work speed (m/min) 10-60 0.1-1 - -
Feed (mm/pass) 0.01-0.05 1-6 - -
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FIGURE 9.7 (a) Grinding chip being produced by a single abrasive grain.
Note the large negative rake angle of the grain. Source: After M.E. Merchant.
(b) Schematic illustration of chip formation by an abrasive grain. Note the
negative rake angle, the small shear angle, and the wear flat on the grain.
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FIGURE 9.8 Typical chips, or swarf, from grinding operations. (a) Swarf from
grinding a conventional HSS drill bit; (b) swarf from a tungsten carbide
workpiece using a diamond wheel; and (c) swarf of cast iron, showing a melted
globule among the chips. Source: Courtesy of J. Badger.

s

Grinding
wheel

Grains

FIGURE 9.9 Basic variables in surface grinding. In actual
grinding operations, the wheel depth of cut, d, and contact
length, I, are much smaller than the wheel diameter, D.

The dimension # is called the grain depth of cut.
the gglative velocity behseen the workpicce Rt wheel as a hole.

Workpiece

An individual grain on the periphery of the wheel is rdtating at a tangen- T ah o ol Bor e whole - -

tial velocity (V;\the workpiece is moving at a velocity f] As shown, it is

called up or conventional grinding (see also milling, Section 8.10.1). The ., .c.cie s ction 2195 cuip gasr teeth S
abrasive grain is removing a chip with an undeformed thickness (grain Giain doth of cuk amly (£) s ek 202

depth of cut), ¢, and an undeformed length, /.

Typical chips from grinding operations are shown in Fig. 9.8. Note
that the chips, just as in machining, are thin and long. From geomet-
ric relationships, it can be shown that for the condition of v « V, the

Pavs ples L N &lwic Vorkpiace ) (uo sy

L
Sond

Ara

) —

one chip a oS Conbeck lemt st sto (LD QAL

. . . undeformed . aip Ns®s
undeformed-chip length, |, is approximately oty N Bange S chp Ml o= W W N 5 15
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U << V l ~ Dd. (91) c“h“_%“d*_, UsSi @ \ength O

For external (cylindrical) grinding (see Section 9.6),
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The relationship between ¢ and other process variables can be derive
as follows: Let C be the number of cutting points per unit area of wheel
surface, and v and V the surface speeds of the workpiece and the wHeel,
respectively (Fig. 9.9). Assuming the width of the workpiece to be/unity,
the number of grinding chips produced per unit time is VC, and th¢/volume
of material removed per unit time is vd.

Assume the chip shown in Fig. 9.9 has a triangular cross gection with
a base of t and a constant width of w. The volume of such/a chip can be
expressed as
wtl %l

VOlchip = 7 = Ta

and because | = v/ Dd, the undefopmed chip thickness in surface grinding

will be
4y | d
"=Vve N D 5-3)

Experimental observatiéns have indicated that C is on the order of 0.1 to
10 per mm?. Note that the finer the grain size of the wheel, the larger is
this quantity. The shagnitude of 7 is between 10 and 20 for most grinding
operations. Subsfituting typical values into Egs. (9.1) through (9.5), it will
be found that/'and ¢ are very small quantities; typical values of # are in the
range of 0.3-0.4 pum.

Chip Dimensions in Grinding

Given: A typical surface gyinding operation is being performed with D = 200 mm, d = 0.05 mm,

594 Chapter 9
EXAMPLE 9.1
C = 2 per mm?

,and 7 =

Find: Estimate the updeformed-chip length and the undeformed chip thickness.

Solution: The fo

and (9.5) as

ulas for undeformed length and thickness, respectively, are given by Egs. (9.1)

T 4y \/g
l— Dd and p= W B.

From Fable 9.2 the following values are selected:

v = 30 m/min = 0.5 m/s and V = 1800 m/min = 30 m/s.
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Therefore,

I =+/(200)(0.05) = 3.2 mm,

Mo.os B
»o sV 200 — 0.006 mm.

and

9.4.1 Grinding Forces

As in machining operations, knowledge of forces is essential not only
in the design of grinding machines and workholding devices, but also
in determining the deflections that the workpiece and the machine will
undergo. Deflections, in turn, adversely affect dimensional accuracy of the
workpiece, which is especially critical in precision grinding.

Based on the discussion of cutting force, F,, in Section 8.2.3 and assum-
ing that the force on the grain is proportional to the cross-sectional area
of the undeformed grinding chip, it can be shown that the grain force is

e d/%‘&ﬁ*
. @
Ay ‘Grain force oc - (9.6)
_y\) Dilmlj"(
tongenkia e nanbev of cubbvy points por unik orea = mumbr 4 ooty odyes

The grain force is then the product of tﬁcf‘:"igxpression in Eq. (9.6) and the
strength of the metal being ground.
The specific energy consumed in producing a grinding chip consists of

three components: el L .
P o ) )s‘;’q'f Rk
be: Uchip + Uplowing u Usliding (9.7)
where the quantity #, is the specific energy required for chip formation Ridges

by plastic deformation; #,owing is the specific energy required for plowing,
which is plastic deformation without chip removal (Fig. 9.10); and the last
term, #gjiding, Can best be understood by observing the grain in Fig. 9.7b.
Note that the grain develops a ¥ milar to flank wear in cutting
tools (see Section 8.3).

Typical specific-energy requirem¢nts in grinding are given in Table 9.3.
Note that these energy levels are/much higher than those in machining
operations with single-point tools, as given in Table 8.3. This difference
has been attributed to the follpfving three factors:

Workpiece

FIGURE 9.10 Chip

1. Size effect. Recall that formation and plowing

e size of grinding chips is very small, as com-

pared with chips prgduced in machining operations, by about two (plastic deformation
orders of magnityde. As described in Section 3.8.3, the smaller the without chip removal) of
size of a metal specimen, the higher is its strength; for this reason, the workpiece surface by

grinding invelves higher specific energy than machining operations. an abrasive grain.
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TABLE 9.3 Approximate specific-energy requirements for
surface grinding.

Specific energy

Workpiece material Hardness W-s/mm?>
Aluminum 150 HB 7-27
Cast iron (class 40) 215 HB 12-60
Low-carbon steel (1020) 110 HB 14-68
Titanium alloy 300 HB 16-55
Tool steel (T15) 67 HRC 18-82

2. Wear flat. The wear flat (Fig. 9.7b) dissipates frictional energy, which
contributes significantly to the total energy consumed. The size of the
wear flat in grinding is much larger than the grinding chip, unlike in
metal cutting by a single-point tool, where flank wear land is small
compared with the size of the chip (Section 8.3).

3. Chip morphology. Recall that the average rake angle of a grain
is highly negative (Fig. 9.7), thus the shear strains in grinding are
very large. This indicates that the energy required for plastic defor-
mation to produce a grinding chip is higher than in machining
processes. Moreover, plowing consumes energy without contributing
to grinding chip formation (Fig. 9.10).

EXAMPLE 9.2 Forces in Surface Grinding

Given: Assume that you are performing a surface-grinding operation on a low-carbon steel work-
piece using a wheel of diameter D = 250 mm that rotates at N = 4000 rpm. The width of cut is
w = 25 mm, depth of cut is d = 0.05 mm, and the feed rate of the workpiece is v = 1.5 m/s.

Find: Calculate the cutting force, F. (the force tangential to the wheel), and the thrust force, F,
(the force normal to the workpiece), noting that in general F,, is around 30% higher than F..

Solution: We first determine the material removal rate as follows:

MRR = dwv = (0.05)(25)(1500) = 1875 mm?/s.

The power consumed is given by
Power = (u)(MRR),

where u is the specific energy, as obtained from Table 9.3. For low-carbon steel, use an average
value of 41 W-s/mm?>. Hence,

Power = (41)(1875) = 76.875 kW.

Also note that the angular velocity is
2
® = (4000) (%) — 418.9 degls.

Since power is defined as
Power = Tw,
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where T is the torque and is equal to (F.)(D/2),

76,875 = (F.) (Ozﬁ) (418.9),

Mechanics of Grinding 597

and therefore, F. = 1468 N. The thrust force, F,, can then be calculated as

F, = (1.3)(1468) = 1908 N.

9.4.2 Temperature

Tempemturin grinding is an important consideration, because it can
(a) adversely affect workpiece surface properties; (b) cause residual stress;
(c) cause distortion and difficulties in controlling dimensional accuracy;
. . OXidodian
and (d) when high, it can cause burning and structural changes. The work
. . . . . — .

expended in grinding is mainly converted into heat. The surface temper-
ature rise, AT, has been found to be a function of the ratio of the total
energy input to the surface area ground. In surface grinding, if w is the
width and L is the length of the surface area that is ground, then

enedTD

AT x —— o ud. (9.8)

wlL
Including the size effect and assuming that u varies inversely with the
undeformed-chip thickness, ¢, the temperature rise is

v\ 1/2
Temperature rise oc D'/4d3/4 <—> . (9.9)
v

The peak temperatures in chip generation during grinding can be as high
as 1650°C; however, because the time involved in producing a chip is
extremely short (on the order of microseconds), melting of the chip may
or may not occur. Because, as in machining, the chips carry away much
of the heat generated (See also Fig. 8.18), only a small fraction of the heat
generated is conducted into the workpiece (see Section 8.2).

Sparks. The sparks observed in grinding metals are actually glowing
chips. The glowing occurs because of the exothermic reaction of the hot
chips with oxygen in the atmosphere; sparks have not been observed with
any metal ground in an oxygen-free environment. The color, intensity, and
shape of the sparks depend on the composition of the metal being ground.
If the heat generated by exothermic reaction is sufficiently high, the chip
may melt and, because of surface tension, solidify as a shiny spherical
particle. Scanning electron microscopy has shown that these particles are
hollow and have a fine dendritic structure (Fig. 5.8), indicating that they
were once molten and have resolidified rapidly. Moreover, some of the
spherical particles may also have been formed by plastic deformation and
rolling of chips at the grain-workpiece interface during grinding.

W J[J,':-.'Wy“’\m)‘ N
SeicNons 1 ) =4p)
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9.4.3 Effects of Temperature

The major effects of temperature in grinding are:

1.

Tempering. Excessive temperature rise caused by grinding can temper
(Section 5.11.5) and soften the surfaces of steel components; they are
often ground in the heat-treated and hardened state. Tempering can
be eliminated by avoiding excessive temperature rise; grinding fluids
(Section 9.6.9) also can effectively control temperatures.

. Burning. If the temperature rise is excessive, the workpiece surface

may burn, such as a bluish color on steels, which indicates oxidation at
high temperatures. A burn may not be objectionable in itself; how-
ever, the surface layers may undergo metallurgical transformations,
with martensite formation in high-carbon steels from reausteniza-
tion, followed by rapid cooling (Section 5.11). This phenomenon is
known as metallurgical burn, which is especially serious with nickel-
base alloys.

. Heat checking. High temperatures in grinding lead to thermal stresses

which may cause thermal cracking of the workpiece surface, known
as heat checking (see also Section 5.10.3). The cracks are usu-
ally perpendicular to the grinding direction; under severe grinding
conditions, however, parallel cracks may also develop.

. Residual stresses. Temperature gradients within the workpiece are

mainly responsible for residual stresses in grinding. Other contribut-
ing factors are the physical interactions of the abrasive grain in chip
formation and the sliding of the wear flat along the workpiece surface.
Two examples of residual stresses in grinding are given in Fig. 9.11,
demonstrating the effects of wheel speed and the type of grinding
fluid used. The method and direction of the application of grind-
ing fluid also can have a significant effect on the residual stresses
developed. Because of the deleterious effect of tensile residual stresses
on fatigue strength (see Section 3.8.2), process parameters should
be chosen properly. Residual stresses can usually be lowered by (a)
using softer grade wheels (called free-cutting wheels); (b) lower wheel
speeds; and (c) higher work speeds, a procedure known as low-stress
or gentle grinding.

9.5 Grinding-Wheel Wear

Wheel wear is an important consideration because it adversely affects the

shape and dimensional accuracy of ground surfaces, a situation similar
to the wear of cutting tools (Section 8.3). Grinding wheels wear by three
different mechanisms:

1

Attritious wear. The cutting edges of a sharp grain become dull by
attrition (known as attritious wear), developing a wear flat (Fig. 9.7b)
that is similar to flank wear in cutting tools. This type of wear is
caused by the interaction of the grain with the workpiece material,
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Residual stresses developed on the workpiece surface in grinding

tungsten: (a) effect of wheel speed and (b) effect of type of grinding fluid. Tensile
residual stresses on a surface are detrimental to the fatigue life of ground
components. The variables in grinding can be controlled to minimize residual
stresses, a process known as low-stress grinding. Source: After N. Zlatin.

resulting in complex physical and chemical reactions between the
two. These reactions involve (a) diffusion; (b) chemical degradation
or decomposition of the grains; (c) fracture at a microscopic scale;
(d) plastic deformation; and (e) melting.

Attritious wear is low when the two materials are chemically inert
with respect to each other, much like in cutting tools; the more inert
the two materials, the lower the tendency for adhesion to occur
between the grain and the workpiece being ground. For example,
because aluminum oxide is relatively inert to iron, its rate of attritious
wear in grinding steels is much lower than that for silicon carbide and
diamond grains. On the other hand, carbon can dissolve in iron, and
thus diamond is not suitable for grinding steels. Cubic boron nitride
has a higher inertness to steels, and hence it is suitable for use as an
abrasive. The selection of the type of abrasive for low attritious wear
should thus be based on the reactivity of the grain and the workpiece
materials and their relative mechanical properties, especially hard-
ness and toughness. The environment and the type of grinding fluid
used also have an influence on grain-workpiece interactions.

Grain fracture. Because abrasive grains are brittle, their fracture
characteristics in grinding are important. If the wear flat caused by
attritious wear is excessive, the grain becomes dull and the grinding
operation becomes inefficient and produces high temperatures.

599
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Ideally, the grain should fracture or fragment at a moderate rate,
so that new and sharp cutting edges are produced continuously
during the grinding operation. Note that the fracturing process is
equivalent to breaking a piece of rounded and dull chalk into two
or more pieces in order to expose new sharp edges. Recall that
Section 9.2 has described friability of abrasive grains, giving them
their self-sharpening characteristics, an important consideration in
effective grinding.

The selection of grain (type and sizé¢ for a particular applica-
e tion also depends on the attritious-wear rate. Note that a grain-
fiate workpiece material combination with high attritious wear ow

friability causes dulling of grains and the development of a [arge wear

: flat. Grinding then becomes inefficient and surface damage is Tikely

to occur.
rok uarP The following workpiece material and abrasive combinations are
o\ generally recommended:
o e a. Aluminum oxide: steels, ferrous alloys, and alloy steels.
52 b. Silicon carbide: cast iron, nonferrous metals, and hard and
) 3“‘;;&-' brittle materials (such as carbides, ceramics, marble, and glass).
i z c. Diamond: composite materials, ceramics, cemented-carbide
ceramics, and some hardened steels.
d. Cubic boron nitride: composite materials, steels and cast irons
at 50 HRC (such as hardened tool steels) or above, and for high-
B ’:;7) temperature superalloys.
o wﬁ‘}’ 3. Bond fracture. The strength of the bond (grade) is a significant
fo‘:;fp parameter in grinding. If the bond is too strong, dull grains cannot
be easily dislodged so that other sharp grains, along the circum-
ég ; l ference of the grinding wheel, can begin to contact the workpiece

and remove chips; thus the grinding process then becomes ineffi-
cient. On the other hand, if the bond is too weak, the grains can
easily be dislodged and wheel wear increases, thus controlling the
dimensional accuracy of the workpiece becomes difficult. In general,
softer bonds are recommended for harder materials, and for reducing

- residual stresses and thermal damage to the workpiece. Hardsgrade
lat N O

2)
2rQl . .
and for removing large >
. . glarge | ~g®

e 52 amounts of material at high rates (see also Section 9.5.3).
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9.5.1 Dressing, Truing, and Shaping of Grinding Wheels

Dressing is the process of conditioning worn grains on the surface of a
grinding wheel in order to produce sharp new grains, but also will true
an out-of-round wheel (see below). Dressing is necessary when excessive
attritious wear dulls the wheel, called glazing because of the shiny appear-
ance of the wheel surface, or when the wheel becomes loaded. Loading
occurs when the porosities on the grinding surfaces of the wheel (Fig. 9.6)
become filled or clogged with grinding chips. Loading can occur (a) when
grinding soft workpiece materials; (b) by improper selection of the grind-
ing wheel; and (c) by improper selection of grinding parameters. A loaded
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wheel grinds very inefficiently, generating much frictional heat and causing
surface damage and loss of dimensional accuracy.
Dressing is done by the following techniques:

1. A specially shaped diamond-point tool or a diamond cluster is moved
across the width of the grinding face of a rotating wheel, removing
a very small layer from the wheel surface with each pass across the
wheel. This method can be used either dry or wet (using grinding
fluids), depending on whether the wheel is to be used dry or wet,
respectively, during the grinding operation.

2. A set of star-shaped steel disks is pressed against the rotating grinding
wheel, and material is removed from the wheel surface by crushing
the grains. This method produces a coarse grinding surface on the
wheel and is used only for rough grinding operations on bench or
pedestal grinders (Section 9.6.5).

3. Abrasive sticks may be held against the grinding surface of the wheel.
This is a common method for softer wheels but is not appropriate for
precision grinding operations.

4. For metal-bonded diamond wheels, electrical-discharge and electro-
chemical machining techniques (see Sections 9.11 and 9.13) can be
used to erode very small layers of the metal bond, thus exposing new
diamond cutting edges.

5. Dressing for form grinding involves crush dressing, or crush forming;
the method consists of pressing a metal roll on the surface of the
(usually vitrified) grinding wheel. The roll is made of high-speed steel,
tungsten carbide, or boron carbide, and has a machined or ground
profile, thus reproducing this profile on the surface of the grinding
wheel being dressed (Fig. 9.12). Dressing is also done to generate a
specific shape on the grinding surface of a wheel for the purpose of
grinding profiles on workpieces (see Section 9.6.2).

Dressing techniques and the frequency at which the wheel surface is
dressed are significant factors, affecting grinding forces and workpiece
surface finish. Modern computer-controlled grinders (Section 9.6) are
equipped with automatic dressing features that dress the wheel during
the grinding operation. For a typical aluminum-oxide wheel, the depth
removed during dressing is on the order of 5 to 15 um, but for a ¢cBN
wheel, it is 2 to 10 um. Modern dressing systems have a resolution as low
as 0.25 to 1 pum.

Truing is an operation by which a wheel is restored to its original shape.
A round wheel is shaped to make its circumference a true circle, hence
the word truing. Truing can also produce a desired workpiece shape. The
grinding face on the Type 1 straight wheel shown in Fig. 9.2a is cylindrical
and thus produces a flat surface; however, modern grinders are equipped
with computer-controlled shaping features, whereby the diamond dressing
tool automatically traverses the wheel face along a certain prescribed path
(Fig. 9.12). Note in this figure that the axis of the diamond dressing tool
remains normal to the wheel face at the point of contact. The result of the
operation is a profile that can be produced in a workpiece.

Grinding-Wheel Wear

601



602

Chapter 9

\ “'-r

GT, UJeAfJ, .(,;Y‘D G =

Abrasive and Other Material Removal Processes

Single-point [TTTT11T] Fixed-angle Rotary dréssing
dressing diamond swivelling dresser unit for dressing
for dressing forms to dress forms | [l || || hard grinding
up to 60° on both up to 90° on both == whéeels or for
sides of the , sides of the
grinding wheel 607 grinding wheel production
Grinding wheel

Precision I Formed diamond Silicon carbide

radius dresser | roll dressing for
for single- and U high-volume

_q__ :
twin-track I production
bearing

or diamond dressing
wheel for dressing
either diamond or
CBN grinding
wheels

) e——]

production

*— Dressing tool Dressing tool

Diamond
dressin

Grinding
face

Grinding wheel

GURE 9.12 (a) Methods of grinding wheel dressing. (b) Shaping the grinding
face of a wheel by dressing it with computer-controlled shaping features. Note
that the diamond dressing tool is normal to the wheel surface at point of contact.
Source: OKUMA America Corporation.

9.5.2 Grinding Ratio

Grinding-wheel wear is generally correlated to the amount of material
ground; it is expressed by the grinding ratio, G, which is defined as

grim)ij

Volume of material removed

Volume of wheel wear (9.10)

In practice, grinding ratios vary widely, ranging from 2 to 200 and higher,
depending on (a) the type of wheel; (b) workpiece material; (c) grinding
fluid; and (d) process parameters, such as depth of cut and speeds of the
wheel and the workpiece. Attempting to obtain a high grinding ratio in
practice is not necessarily desirable because high ratios may indicate grain
dulling, leading to possible surface damage. A lower ratio may well be
acceptable if an overall economic analysis justifies it.
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Soft-acting or hard-acting wheels. During a grinding operation, a par-
ticular wheel may act soft (meaning its wear rate is high) or hard (wear
rate is low), regardless of its grade. This behavior is a function of the force
on the grain. The higher the force, the greater the tendency for the grains
to undergo fracture or to be dislodged from the wheel surface, hence the
higher the wheel wear and the lower the grinding ratio. Equation (9.6)
indicates that the grain force increases with the (a) strength of the work-
piece material; (b) work speed; and (c) depth of cut, and decreases with
increasing (a) wheel speed and (b) wheel diameter.

EXAMPLE 9.3 Action of a Grinding Wheel

Given: A surface-grinding operation is being carried out with the wheel rotating at a constant
spindle speed.

Find: Will the wheel act soft or act hard as it wears down over a period of time?

Solution: Referring to Eq. (9.6), it will be noted that the parameters that change with time in this
operation are the wheel surface speed, V, and the wheel diameter, D. As both become smaller
with time, the relative grain force increases, and therefore the wheel acts softer. Some grinding
machines are equipped with variable-speed spindle motors to accommodate these changes and to
make provisions for wheels of different diameter.

9.5.3 Wheel Selection and Grindability of Materials

Proper selection of a grinding wheel for a given application greatly influ-
ences the quality of surfaces produced and the economics of the operation.
Selection involves not only the shape of the wheel with respect to the shape
o of the part, but also the characteristics of the workpiece material. The
T,a.fc\’:;\grindability of materials, like machinability (Section 8.5) or forgeability
(Section 6.2.5), is difficult to define precisely. It is a general indication
of how easy it is to grind a particular material; it includes such considera-
tions as surface finish, surface integrity, wheel wear, cycle time, and overall
economics of the operation.
Specific recommendations for selecting wheels and process parame-
ters can be found in various handbooks. Examples of recommendations s
are: C60-L6V for cast irons, A60-M6V for steels, C60-19V or D150- o>
R75B for carbides, A60-K8V for titanium, and D150-N50M (diamond)
for ceramics.

Ductile regime grinding. It is possible to obtain continuous chips in
grinding ceramics using light passes and rigid machine tools with good
damping capacity (Figs. 9.7b and 9.10). Known as ductile regime grind-
ing, this technique produces good workpiece surface integrity; however,
because ceramic chips are typically 1-10 um in size, they are more diffi-
cult to remove from grinding fluids than are machining chips, requiring
fine filtration.
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9.6 Grinding Operations and Machines

Grinding operations are typically carried out using a wide variety of
wheel-workpiece configurations. The selection of a particular grinding
process for a specific application depends on (a) part shape; (b) part size;
(c) required tolerances; (d) ease of fixturing, and (e) production rate
required. The basic types of grinding operations are surface, cylindrical,
internal, and centerless grinding (see below). The movement of the wheel
in these operations may be along the surface of the workpiece (traverse
grinding, through feed grinding, or cross-feeding), or it may be radially
into the workpiece (plunge grinding). Surface grinders are the most com-
mon machine type, followed by bench grinders (usually with two grinding
wheels), cylindrical grinders, and tool grinders. Because grinding wheels
are brittle and are operated at high speeds, certain safety procedures must
be carefully followed in their handling, storage, and use.

Modern grinding machines are computer controlled, with various fea-
tures, such as automatic part loading and unloading, clamping, cycling,
gaging, dressing, and wheel shaping. Grinders can also be equipped with
probes and gages for determining the relative position of the wheel and
workpiece surfaces, as well as with tactile sensing features, whereby break-

5 WD age of the diamond dressing tool, if any, can be detected during the

j/ dressing cycle.
9.6.1 Surface Grinding

Surface grinding is one of the most common grinding operations (Fig. 9.13)
and basically involves grinding flat surfaces. Typically, the workpiece is
secured on a magnetic chuck mounted on the worktable of a surface

. lodioe Mﬂnwc’ o netic. chunk
workeees 3 W Teon )y - Wl 4 i
ided tape
linaol” o et o Mm‘ﬁwton a —> Dixtures or vise or Vocuum chudd o r Jouble S 1
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Wheel
= Work table
-
Workpiece Workpiece Rotary table
Horizontal-spindle surface orizental=spindle surface
grinder: Traverse grinding grinder: Plunge grinding

(@) (b) ©

FIGURE 9.13 Schematic illustrations of surface-grinding operations.

(a) Traverse grinding with a horizontal-spindle surface grinder. (b) Plunge
grinding with a horizontal-spindle surface grinder, producing a groove in the
workpiece. (¢) Vertical-spindle rotary-table grinder (also known as the
Blanchard-type grinder).
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Wheel guard
Worktable Wheel head
Workpiece Column
Saddle
Feed

Bed

grinder (Fig. 9.14); nonmagnetic materials| generally are held by@

2 double-sided adhesive tapes, or special fixtures. In this
operation, a straight wheel is mounted on the horizontal spindle of the
grinder; traverse grinding is done as the table reciprocates longitudinally
and feeds laterally after each stroke. In plunge grinding, the wheel is
moved radially into the workpiece, as in grinding a groove illustrated in
Fig. 9.13b. The size of a surface grinder is specified by the surface dimen-
sions of length and width that can be ground on the machine. Other types
of surface grinders include vertical spindles and rotary tables (Fig. 9.13c),
also called Blanchard-type grinders. These configurations allow a number
of parts to be ground in one setup, thus improving productivity.

9.6.2 Cylindrical Grinding

In cylindrical grinding, also called center-type grinding, the external
cylindrical surfaces and shoulders of the workpiece are ground, such as
crankshaft bearings, spindles, pins, bearing rings, and rolls for rolling
mills. The rotating cylindrical workpiece reciprocates laterally along its
axis, although in grinders used for large and long workpieces, the grinding
wheel reciprocates. The latter design is called a roll grinder and is capa-
ble of grinding rolls as large as 2 m in diameter, used for metal rolling
operations (See Fig. 6.29).

The workpiece in cylindrical grinding is held between centers, held
in a chuck, or mounted on a faceplate in the headstock of the grinder.
For straight cylindrical surfaces, the axes of rotation of the wheel and
workpiece are parallel; separate motors drive the wheel and workpiece at
different speeds. Long workpieces with two or more diameters are ground
on cylindrical grinders. Cylindrical grinding also can produce shapes in
which the wheel is dressed to the form to be ground on the workpiece,
called form grinding or plunge grinding. Cylindrical grinders are specified
by the maximum diameter and length of the workpiece that can be ground,
similar to lathes (Section 8.9.2).

In universal grinders, both the workpiece and the wheel axes can be
moved and swiveled around a horizontal plane, thus permitting the grind-
ing of tapers and other shapes. Cylindrical grinders can also be equipped
with computer control, so that noncylindrical parts (such as cams) can be
ground on rotating workpieces. The workpiece spindle speed is synchro-
nized with the grinding wheel position such that the distance between the

FIGURE 9.14 Schematic illustration of a
horizontal-spindle surface grinder.
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Grinding wheel

|
A
‘ LU

FIGURE 9.15 Threads produced by (a) traverse
and (b) plunge grinding.

orkpiece and wheel axes is varied continuously to produce a particular
shape.

el workpiece 1 052\ «—Thread grinding is done on cylindrical grinders, as well as on center-
less grinders (Section 9.6.4), with specially dressed wheels that match the
shape of the threads (Fig. 9.15). The workpiece and wheel movements are
synchronized to produce the proper pitch of the thread, usually in about
six passes. Although this operation is costly, it produces more accurate
threads than any other manufacturing process, and the threads have a very
fine surface finish.

(LU Wediry i o agindiy whaeh 0} et

9.6.3 Internal Grinding

In internal grinding (Fig. 9.16), a small wheel is used to grind the inside
diameter of axisymmetric parts, such as bushings and bearing races. The
workpiece is held in a rotating chuck, and the wheel rotates at 30,000 rpm
or higher. Internal profiles also can be ground with profile-dressed wheels
that move radially into the workpiece. The headstock of internal grinders
can be swiveled on a horizontal plane to grind tapered holes.

U e 32;‘;"\’1‘] 0 cehes syenterless Grinding
. enterless grinding is a high-production process for continuously grind-

bako)l center =T B \
ing cylindrical surfaces, where the workpiece is supported not by centers

(hence the term centerless) but by a blade, as shown in Fig. 9.17. Typical
parts that are centerless ground include cylindrical roller bearings, pis-
ton pins, engine valves, camshafts, and similar components. Parts with
diameters as small as 0.1 mm can be ground using this process. Centerless
Workpiece Workpiece Workpiece
Wheel
Wheel
Wheel
(a) Traverse grinding (b) Plunge grinding c) Profile grinding

FIGURE 9.16 Schematic illustrations of internal-grinding operations.



