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Normal force, N

also, angular speed, rpm
parts produced per face
parts produced per insert
cutting ratio

resultant force, N

also, tool radius, m
peak-to-valley roughness, m
time or tool life, s

time to change an insert, s
also, chip thickness, m
time to index an insert, s
part loading and unloading
time, s

machining time, s
optimum tool life, s

also, depth of cut, m

time to produce one part, s
also, tool life for maximum
production, s

temperature, °C

specific frictional energy,
W-s/m?>
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V, optimum cutting speed, m/s 8.6 Calculation of
Vs velocity of shear in shear plane Material-Remaval Rate,
s Y P > Power Required, and
m/s Cutting Time in Face
w  width, m Milling 544

8.7 Machining Outer Bearing
o rake angle, deg Races on a Turning

o chip flow angle, deg Center 558

a, effective rake angle, deg
also, edge cutting angle, deg

a, normal rake angle, deg

side cutting angle, deg

friction angle, deg

true strain

shear angle, deg

shear strain, m/m

shear strain rate, s~

thermal diffusivity, m?/s

coefficient of friction

density, kg/m

normal stress

flow stress, N

shear stress, |
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energy dissipated per volume, Subscripts

W-s/m?>

workpiece velocity, m/s
cutting speed, m/s

chip velocity, m/s

Introduction

avg average
) original, optimum

Machining is the general term used to describe material removal processes
and are usually divided into the following broad categories:

/?’S"wﬁ[c- 6’0756 /-b mulkiple eﬂag.

e Cutting, which generally involves single-point or multipoint cutting

tools and processes, such aSW’ ripg, drilling, tapping, milling,
roaching, and sawing. Cutting 1s the focus of this chaptert.
T\

Abrasive processes, such as/g
machining (Sections 9.6 throug|

}}Qi}g, lw& and ultrasonic
)

e Advanced machining processes, sometimes referred to as non-
traditional machining processes, that use SLWI’ C?@Qll, thermal,
h;groggngmic, and o%&l\sources of energy, as wel as/;g@'é%s

of these sources, to remdve material from the workpiece (Sections 9.710

through 9.15).

S

‘Htev‘e (S no ClﬁgtiV\% ec%’@ n
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470 Chapter 8 Machining Processes

As described throughout this chapter, machining processes are prefer-
able or even necessary for the following reasons:

@ Closer dimensiona@ may be required than can be achieved
by metalworking or casting processes alone. For example, in a crank-
shaft, the bearing surfaces cannot be produced with good dimen-
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.

(3) Some parts are heat treated for improved hardness and wear resis-
tance, but because heat-treated parts may undergo distortion and
surface discoloration, they may require additional finishing opera-
tions.

(4) Special surface characteristics or textures may be required on surfaces
of the part that cannot be produced by other means. As an exam-
ple, copper mirrors with very high reflectivity are typically made by

»  machining with a diamond cutting tool.

(5) It may be more economical to machine the part than to make it by
other processes, particularly if the number of parts required is rel-
atively small. Recall that metalworking processes typically require
expensive dies and tooling; the cost of these can only be justified if
the number of parts made is sufficiently high.

Per Mww/ volwme  Against these major advantages, machining has certain limitations:
of Hhe makerial —_—

can’t be vemoved in once ,
because of the (owers S

52 jhe speed is vellively

K slow

Pwm;y.j R a«ﬁ-(ma
3

1. Machining processes inevitably waste material and generally require
more energy and labor than other metalworking operations.

. Removing a volume of material from a workpiece generally takes
more time 'than other processes.

. Material-removal processes can have adverse effects on the surface

integrity of the product, including its fatigue life.

3

Vo lume w —H wwm
Velocity pnjs — v/ min? In spite of these limitations, machining operations continue to be indis-
e KfmP b g 3 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

4 cannot be carried out efficiently and economically without a fundamental

el ? knowledge of the often complex interactions among these critical factors,
{ as will be evident throughout this chapter.

O (lwitatioy
spieific ety ? _ 8.2 Maechanics of Chip Formation
\"vﬁ\“‘r w machining fion F‘cvm-wua. Cm{;[‘v'mg
enryy depesds - i _ Machining processes remove material from the surface of a workpiece by
machining = romoid sckeriak 'Z:i@"ffjb_Lodudifchi__p_s, as shown in Fig. 8.1. The basic mechanics of chip forma-
forming = obal workpece ke tion are represented by the model shown in Fig. 8.2. A cutting tool moves
s *fg‘;f*@“;g; along the workpiece at a certain velocity (cutting speed), V, and a depth of
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single point 3¢ cw{'hzj s géearz_’yj where
(&e) will be (ke)

(a) Straight turning

f Vfﬂll} J‘L-UA(, I no SLea/‘A'u\
Cutter " J 3

in ove P 5 puk Yewe is oy
multi point ~ Planes
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- Sheer —Zone .

” FIGURE 8.1 / Some examples of common
() Slab milling (d) End milling machining gperations.
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Rake face

Rough surface Shiny surface

Tool face (fhek foce ) Chip Tool face
Chip Tool
Tool . Rake angle
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Q) Rock amgle A~ Bk Relief or
befween the Rock face o Relic clearance
it ] Relief or SelE
Ve vighed  ~ clearance g
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deoth of et Shear angle e PelieC
o angle can’G
to —b ke- prevent “I:‘LM‘
@ fheve is 4we_Flouk faces ) :twnj[w;
= e Sunface-
(quofj a,n[;—a.x:ll‘ with work S‘Wface) .
FIGURE 8.2 Schematic illustration of a two-dimensional cutting process, or
orthogonal cutting. (a) Orthogonal cutting with a well-defined shear plane, also
known as the Merchant model; and (b) Orthogonal cutting without a Rlipf ¢ £or &wo resons
well-defined shear plane. c © preven Priction the

Flank Foce with the

machine Swfac

# cut, t,. A chip is produced just ahead of the tool by shearing the material (Gontack only in Yo culiing <dge)
continuously along the shear plane. o tnpwl- Grickion N p pemp? =pdamoge
In this process, the major independent variables are: © Allos> e catry of

4
Rwamekers fhak
He cukl-\'ns &cpcﬂai

on ik

Cubting fuid. (cooling ) -

Type of cutting tool and its properties; material
e The shape of the tool, its surface finish and sharpness; geometry
Workpiece material, its properties, and the temperature at which itis = .

Taitined
Cutting conditions, such as speed, feed, and depth of cut;

Jepeu({&'tl' 2
procluced by
the Cuﬂrﬂg-
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o Type of cutting fluid, if used;
vigrabion o Characteristics of the machlne tool, particularly its @tlffne) and

absorplion - =y
aawﬁ) and . - the Oppos\ke ol
&) Sforce Dimichr o o Tool holder and workholding devices. flexabiliy

5 (ability o€ oleformalion).
Focuges on Yne Greomedpic (bility deformabio)

Cealuwrg ('vcma[mes’f» )

The degendent variables are: output

) /nﬁcym'#d 5 e Type of chip produced; energy >>>heat
Fowses om fhe propecty of e Force requlred and energy dissipated in the cutting process;
e surface Yol oFleck P ° Ternperature 12‘5}; in the workpiece, the chip, and the cutting tool;
meclamicil proper fies e Wear, chipping, and failure of the tool; and
e Surface finish and integrity of the workpiece after it is machined.
In order to appreciate the importance of the complex interrelationships
N among these variables, consider the following commonly encountered

(/‘("&Mﬂ situations:

" 1. If the surface finish of the machined workpiece is unacceptable, which
y - of the independent variables should be modified first?
a%ﬁo"‘q‘a‘ d‘bhq we

2. If the workpiece becomes too hot, thus possibly affecting its proper-

—= ties and dimensional accuracy, what modifications should be made
to the process parameters? unsharp

3. 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?

4. 1f the dimensional tolerance of the machined part is over the specified
limits, what modification should be made?

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

Although almost all machining operations arein

Aivake e o~~~ nature, the two-dimensional model shown in Fig. 8.2 is appropriate and

= +  useful in studying the basic mechanics of the metal cutting process. This

model is known as orthogonal cutting, meaning that the cutting edge of

i \ the tool i orthogonal) to the cutting direction. The tool has
included

a rake angle,@) (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
”""8‘5 < the tool is 90°. % % %

RelieP Microscopic examinations reveal that metal chips are produced by a
shearing mechanism, shown in Fig. 8.3a. Shearing takes place along the
o+ Relief + included = q0° shear plane, which makes an angle ¢ with theGworkpiece sur?acepcalled the
shear angle. Below the shear plane, the workpiece is deformed elastically,
and above the shear plane, the chip is a Iready 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.
&b sha MJ[(,- Note that the thickness of the chip, #., can be determined if #,, o, and
¢ are known. The ratio of t, to t. is known as the cutting ratio, r, which

WOV‘FPICO“ SUrpoLcc -
machine Surferce

clook wise can be expressed as . i S b
'*’(‘1‘) *ya:&b\c.e +ne included . t_o _ sin ¢ (8 y
anglie . ‘. —COS @ —a) . .
«if the sum. > <0°
L"’“(") Gounter clock wiise pe _Depth of cut-

thickness of chip
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Shear
plane

(@ (b)

FIGURE 8.3 (a) Schematic illustration of the basic mechanism of chip Cuﬁ'(:f’tj
formation in cutting. (b) Velocity diagram in the cutting zone. /(7

Note that the chip thickness is always greater than the depth of cut (also
known as the undeformed chip thickness), so that r is always less than

nakio (ess Hhon ove
allurays (L Eo)

campNSS?Oﬂ mﬂ‘io

unity. The reciprocal of 7 is known as the@lﬁﬁ@ompressio@ram 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=ocTocToc

(8.2)

or
y =cot¢ +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, t., is greater than the undeformed chip thickness, #,,
the velocity of the chip, V., must be lower than the cutting speed, V. Since
mass continuity has to be maintained,

Vi, = Vi, or V.= "Vr, (8.4)
and therefore, Sin Lv chff(;:?w)%(:aﬁsems)
{og a Ve=V——. 8.5
SM;. mj“ s He ¢ cos (¢ — @) 'cknowu thake (~) always (8.5)
mensions: Less than one ouw
39 chip velocity < cukbing velocily.

chip
s = be o 1
to v

* theve is anly one uie whene
(VszV ) == macvo shear-
Hewe IS 7o c»d%-ina.
b the normed cose of Cu@é:ng
(¢) «,{,u)atyg ijg-ev- Mam’_z__cép

-+ in wmacro Shear --.
ko make (Vs =V ) the two veckors
Shoufd be in the Same deiction .
§_§<¢) shoudd pe zero:
wp [ can't codl ot Cw@éiug_~

L]

cwlfin
tij

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

v v, V.
cos(p —a) cosa  sina’

% (8.6)

where Vg 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
(Fig. 8.3a), or

G (8.7)
Sk SCC;‘MC_Y ! Ruilt up edge (BUE) 2

A

con binuous Chips 8
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FIGURE 8.4 Basic types of chips produced in metal cutting and their
micrographs: (a) continuous chip with narrow, straight primary shear zone;
(b) secondary shear zone at the tool-chip interface; (¢) 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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Experimental evidence indicates that a is typically on the order of 1072
mm to 1073 mm. This range indicates that, even at low cutting speeds, the
shear-strain rate is very high, on the order of 103/s to 10%/s. The shear-
strain rate is important because of its effects on the strength and ductility
of the material (see Section 2.2.7 and Table 2.3), as well as the type of the

chip produced. one of be dependant variable

8.2.1 Chip Morphology ~/F¢ of Glips produced.

The type of chips produced (chip morphology) significantly influences sur-
face finish and integrity and the overall machining operation. When metal
chips, produced under different cutting conditions, are observed under
a microscope, it will be found that there are significant deviations from
the ideal model shown in Figs. 8.2 and 8.3a. Major types of metal chips
commonly observed in practice are shown in Fig. 8.4.

Note that a chip has two surfaces: One surface has been in contact with
the rake face of the tool, and the other surface is the newly-generated sur-
face of the workpiece. The tool side of the chip surface is shiny or burnished
(Fig. 8.5), which is caused by rubbing of the chip as it climbs up the tool

face of the tool. The other surface of the chip has a jagged, step-like appear- FIGURE 8.5 Shiny
ance (as can be seen in Fig. 8.4a), which is due to the shearing mechanism (burnished) surface on the
of chip formation (See also Figs. 3.5 and 3.7). Note that this surface has tool side of a continuous
not come in contact with any solid body. chip produced in turning.
The basic types of metal chips produced in machining are described
as follows: Priwwrd Shear RoNE §
1. Continuous chips. Continuous chips are typically formed at highcut- ™ ¢ conbinaous = £ xiremely Hin
S hear Zowne-

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- r——j - /0'"5/“’ avowd)
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 ool «

chips are not always desirable, particularly in computer-controlled ool 508 we will use

* chip breaker tools (see Section 8.11)the chips tend to become Chip breaken:
b

Less sunface Finigh,
Les olimension accn recy
coudd break the

iy

=—=———-  (tangled around the tool. This situation can be avoided with chip
reaker features on cutting tools (see below).
As a result of strain hardening (caused by the shear strain to With chip breaker 3
which it is subjected), a chip generally becomes harder, stronger, and = less beading vadiug
less ductile than the original workpiece material. As the rake angle Wit e same duchlity

P ¥ Haickwess
decreases, the shear strain increases, as can be seen from Eq. (8.3). co b will break-
=

Toel
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2. Built-up-edge chips. A built-up edge (BUE) may form at thof

the tool during cutting (Fig. 8.4¢); it consists of thi s of metal
BuE from the workpiece that are graduall on the tool (hence
;,PZ:': the term built-up). As it grows larger, the BU ecomend
eventually breaks up; the upper portion of the BUE is carriédaway on
the tool side of the chip and the lower portion is deposited randomly
Lowen on the machined surface. The process of BUE formation and breakup
portion / . : . - :
is repeated continuously during the cutting operation.
worsk +ype of  ganface Lnsh 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 . s
regarded as desirable, because it protects the tool surface.

o howdness of Hhe
chip:

Built-up

edge Hardness (HK) %(gug) % +he bod eFfect

in the Sanface [Linish

386
300 v Vg

the (SUE) _— o2 2 2012 '361 oa0n

a0

229 317 gpq

Workpiece

% (QUE) alwys hag (@) thm?«ss of the (o)
o A,\? her material _g{m‘jm .Om.jmﬂt(, mceaL .
FIGURE 8.6 (a) Hardness distribution in the cutting zone for 31135 steel.
#(BUE) worst type of Note that some regions in the built-up edge are as much as three times harder
Sunface Cnigh- than the bulk workpiece. (b) Surface finish in turning 5130 steel with a built-up
x Besk bype is the Conkinuans s edge. Source: Courtesy of Metcut Research Associates, Inc.

with the chip breaker.
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ﬂffin"éas * K I—_’P mﬁfmdg
SIS BN BUE formation is affected by a' of the workpiece mate-
Y oS 2 pig] 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),
affiby , will for example, have much lower affinity to form BUE than do tool
make highen abiiky ( steels; (b’ growth of the successive layers of adhered metal on the
te produce (BuE)~ tool; (c) tendency of the workpiece material for strain hardening; the
higher the strain-hardening exponent, 7, the higher the probability
for BUE formation.

Generally, the built-up edge decreases or is eliminated @ as the
cutting speed, V, increases; @ as depth of cut, #,, decreases; @ as
rake angle, o, increases; f(@ as tip radius of the tool decreases; and

by using an effective cutting fluid (Section 8.7).

3. Serrated chips. Serrated chips, also called segmented or nonhomoge-
neous chips, are semi-continuous, with zones of low shear and high
shear strain (Fig. 8.4d); the chips have the appearance o ‘@\
hence the term serrated. Metals with low thermal conductivity and
strength that decreases sharply with temperature, such as titanium,
exhibit this behavior.

4. Discontinuous chips. Discontinuous chips consist of segments that
may be either firmly or loosely attached to each other (Fig. 8.4e).
These chips usually develop under the following ‘

a. The workpiece material i 1 ¢/ and cannot undergo the high
shear strains involved in cuttlng

b. The workpiece material contains hard inclusions and impuri-
ties (see Figs. 3.24 and 3.25) or has a structure=s h as that of
graphite flakes in gray cast iron (Fig. 5.13a).{ gand hard
particles act as sites for internal cracks, thereby producing dis-
continuous chips. As the depth of cut increases, the probability

of such(defects)being present in the cutting zone increases.

hfsh&" Shrain -
ham’eﬁ"lﬂ' will make
h:gker ability o
produce (Gug)-
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with tee chipp Ue/m,-/.y T
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@élp mafiug decreases b2
tip vradius will be extremely sharp
He ool will cot the (BUE) when
i+ Sfant ,Qr‘m;wg*

—ﬁ

will howe easier cvkbing
boukh -

c. The cutting speed is very low or very high.

d. The depth of cut (undeformed chip thickness) is large or the rake
angle is low.

e. The machine tool has low stiffness and poor damping.

f. Lack of an effective cutting fluid.

>ﬂ@epemopcm@ on {he
bemp:

re /a,e'l'(/c to Hhe 1’1531'!

An additional factor in the formation of discontinuous chips is the
magnitude of the compressive stresses on the shear plane [see also
Eq. (8.17)]. Recall from Section 2.2.8 that the maximum shear strain
at fracture increases with increasing compressive stress; thus, if the
normal stress is not sufficiently high, the material will be unable to
undergo the large shear strain necessary to form a continuous chip.

Because of the discontinuous nature of chip formation, cutting
forces continually vary during machining. Consequently, the stiff-
ness of the cutting-tool holder, the workpiece holding devices, and
the machine tool are important factors in cutting with discontinuous
or serrated chips. If not sufficiently stiff, the machine tool may begin
to vibrate and chatter (see Section 8.12). Such vibration adversely

SPeCO? 2
So Hhe cuktivg Fluid  wilt
vedoce fhe temp-

% frickon-



478 Chapter 8 Machining Processes

affects the surface finish and dimensional accuracy of the machined
component, and may even cause damage or excessive wear of the
cutting tool and the machine tool itself.

Chip formation in machining nonmetallic materials. Much of the dis-
cussion thus far for metals also is generally applicable to nonmetallic
materials. A variety of chips can develop in cutting thermoplastics, depend-
ing on the type of polymer (see Chapter 10) and the process parameters,
such as depth of cut, cutting speed, and tool geometry. Thermosetting
plastics and ceramics tend to produce discontinuous chips, because they
generally are brittle (see also ductile-regime cutting in Section 8.9.2).

Chip curl. Chip curl (Figs. 8.5 and 8.7a) is commonly observed in all
machining operations with metals and nonmetallic materials, such as
thermoplastics and wood. Factors contributing to chip curl are: (a) the
distribution of stresses in the primary and secondary shear zones; (b) ther-
mal gradients in the cutting zone; (c) work-hardening characteristics of the
workpiece material; and (d) the shape of the rake face of the tool. Process
variables also affect chip curl; generally, the radius of curvature decreases
(the chip becomes curlier) with decreasing depth of cut, increasing rake
angle, and decreasing friction at the tool-chip interface. The use of cut-
ting fluids and various additives in the workpiece material also influence
chip curl.

Chip breakers. Long continuous chips are generally undesirable, because
they tend to become entangled and interfere with the machining operation
and can become a safety hazard to the operator; this situation is especially
troublesome in high-speed automated machinery. The common procedure

Chip breaker

Before i
| Rake face
7))
Radius Positive rake 0° rake

Workpiece

to decrease dhe bending
! redivg g odd more curb‘n?»
(@) (b)

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 chip breakers. Cutting tools inserts generally
incorporate built-in chip-breaker features.
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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. 16 - ock

the cubting edge has an angle

(: Hhe mc Gnadrion mna[¢
=P Pmcluc,c more chip
cunling-

8.2.2 Mechanics of Oblique Cutting

no elongation

Unlike the two-dimensional cutting described thus far, the majority of
machining operations involve tool shapes that are three-dimensional

( The basic difference between two-dimensional and oblique cut- Y
ting are illustrated in Fig. 8.9a. Recall that in orthogonal cutting, the tool

cutting edge is perpendicular to the movement of the tool, and that the ,

chip slides straight up the rake face of the tool. Infg )cutting, the cut- i=m =
ting edge is at an angle(Z)called the inclination angle (Fig. 8.9b). The chip

third dimension.

curls form in two directions:

in Fig. 8.9a flows up the rake face of the tool at an angle o, (the chip flow 1) along the rake face.
. — 2)away from the rake face.
angle), measured in the plane of the tool face. The angl1s the normal For orthogonal:
Py i=0 curls form only along the rake face due the
M‘ : not L"""je"é""‘l in rake angle an.
i ol 2 normal rack ang (e - for oblique: y
the actuek, i 3 ou.fy V4 P On & .7 Top view i=10 helical curls form on two directions along
in the qu-n P and away increasing i increases ac thus more
3 away rather along more elongation less radius
(tighter)
application: drilling
Chip Same ad
\a/ -\ Tool @ i=0° 2-0 curling.
¥ :Ao/ i=15° (hc/icaﬁ )
I m
Workpiece ( v
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rake angle, which is the angle between the normal oz to the workpiece
surface and the line oa on the tool face.

As the workpiece material approaches the tool at a velocity V, it leaves
the workpiece surface as a chip with a velocity V.. The effective rake angle,
a,, measured in the plane of these two velocities, can then be calculated as
follows: Assuming that the chip flow angle, o, is equal to the inclination
angle, i (which has been experimentally verified), the effective rake angle,
e, 1S

op = sin~ ! (sin2i+ cos? isinan) . (8.8)

Since both 7 and «;, can be measured directly, this equation can be used to
calculate the magnitude of the effective rake angle. Note that as 7 increases,
the effective rake angle increases, and thus the chip becomes thinner and
longer. The effect of the inclination angle on chip shape is illustrated in
Fig. 8.9c.
Figure 8.10 shows a typical single-point turning tool; note the various
angles, each of which must be selected properly for efficient machining.
Various three-dimensional cutting tools are described in greater detail
in Sections 8.8 and 8.9, including those for such operations as drilling,
tapping, milling, planing, shaping, broaching, sawing, and filing.
# Single point cubbing fool- Shaving and skiving. Thin layers of material can be removed from
# Insent 2 ysed to install the cutpng  straight or curved surfaces by a process similar to using a plane to shave
[ kool with & cutbing edges wood. Shaving is particularly useful in improving the surface finish and

dimensional accuracy of punched slugs or holes (See Fig. 7.10). Parts that
are long or have a combination of angles and shapes are shaved by skiving,
using a specially shaped cutting tool.

ingkalled by clomps,
madle from Cheaper makerial,-

* %etj SW‘P‘“‘C has Ewo angy e 8 rake: curling by chip flow angle, no touch between sur being
chip and cutting tool.
itive if 3 B eS,lee positive if nose higher than relief +end cutting : same above.
gggg\ﬁ;hgj?ﬁ;ﬂ Teol, holder the rest of cutting edge relief: fluid to enter cutting.

nose id not round will cause chatter and chipping and

the rest of the
fracture of tool

rake face

Cutting edge Toolholder

Back-rake angle, + (BR) Clamp screw
Nose radiu Clamp
Flank face Insert

Seat or shim

@) End-cutting
edge angle
(ECEA)

v Mo s
iu
q)) .
Clearance or end-relief angle

we care about
toughness and damping

we care about strength N X
End foce - " hardness sharpness. # in the. ingert
e * no¢ Sharp 3if i£8
so that end face > "
doesn't contact Sharp the r b.:.'ll_‘z gl bt )
[: material being cut the tool will be hig 4
<+ We want @ + no frickion X heak 2 Wose radius? o king (b)
= Grood Cukbing mirror image
= Grood chip Flow FIGURE 8.10 (a) Schematic illustration of a Figifehand cutting tool for turning.
= Good gurfece Pinish: Although these tools have traditionally been produced from solid tool-steel bars,
4 ‘nteq ity they are now replaced by inserts of carbide or other tool materials of various
shapes and sizes, as shown in (b). advantages:
* 'MSI“ 3 te P'wa‘& #.c onkack P ’ ( ) 1) economical as the tool holder is made of any steel having
between fie workpiece @ the toughness and only the insert is expensive.
ool face. 2) when failure dull we only rotate insert so we don't have to

) change it nor throw the whole tool.
#No conback with fhe mowchine urfoce
onled sov the Sigle edge -



The cukbing cddge is Orkregonal. to fe Section 8.2 Mechanics of Chip Formation 481
‘ cw&‘:iuﬂ kool

8.2.3 Forces in 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 maching

elastic tools so that they have certain specific characteristics, including
strain , in order to maintain the desired dimensional accuracys and
resista 3, The workpiece must be able to withstand the cutting forces without
Mes excessive .

The factors that significantly influence thé forces ahd power in orthogonal =~ # Cubing foree (F)=r mack fimpor tant

: . > Lo source of power k Energy:
cutting are: Z ~ cone. dinction o4, speed (calig ol
1. Cautting forces. The forces acting on the tool in orthogonal cutting are #Thrusk Force (i) =p nofmel o the

. . . . . s ubhi loc. .
shown in Fig. 8.11. The cuttlng force, F., acts in the direction of the Gutheg ety ¥ (F)

cutting speed, V, and supplies the energy required for the machining
operation. The thrust force, F;, acts in the direction normal to the

#(R)in the vae Cutting velocity, that is, to the workpiece. These two
face forces produce the resultant force, R, which can then be resolved into

to keep in space

Ruck foce < two components on the tool face: a friction force, F, along the tool- <
i€ chip interface and a normal force, N, perpendicular to the interface. % Fe (UM
From Fig. 8.11, it can be shown that the friction force is Mz el of fickion.
H' F = Rsin B, Q (8.9)
= =1 N
and the normal force is
N = RcosB. (8.10) L)+ used bo ins tall e
s Tool-chip intewface L wight on Hre
Sme dine as (F)- o & 3
* Secondany shear " workpiece ,
Zone § 4 r‘eﬁsl’ the Nacﬁmu.s .
Tool
Rsultont = Feackion
@ He EF=reno
By Vot (g

> vt Hh Conglant (V')
+ EFs 2("_’_. -

$e RP= &+ .
Fs: Shear force

Eu: mormal in the Shear
plane

Reackion  Workpiece

FIGURE 8.11 (a) Forces acting on a cutting tool in two-dimensional cutting. ne rovnd.
Note that the resultant forces, R, must be collinear to balance the forces. «P s behween (R) & the
(b) Force circle to determine various forces acting in the cutting zone. Loree
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Note also that the resultant force is balanced by an equal and
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
F, = Rcos(f —a) = 2lercosb—®) (8.11)
sin¢cos(¢p+ B —a)

where t is the average shear stress along the shear plane.

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

F; + F . tana
= = ——--- .12
p=tanp F.— F;tan« (8.12)

In cutting metals,@generally ranges from about 0.5 to 2, indicating
that the chip encounters considerable frictional resistance in climbing

SeeRSCATSESITIRC LT i m——
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.

. 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

F; =Rsin (8 — ) (8.13)

or

F,=F.tan( — ). (8.14)

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 < a, it is negative (upward). It is
therefore possible to have an upward thrust force when

the tool-chip interface is low and/or when the rake angle [§ high.

M= ton —s pls | Fichion L=r Rack o-gle T
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This situation can be seen in Fig. 8.11 and noting that when u = 0,
B.=0, so that the resultant force, R, coincides with the normal force,
N; thus, Fg will have a thrust-force component that is upward. Also
note that for the condition of @ = 0 and B = 0, the thrust force
will be zero. These observations have been verified experimentally
(See Fig. 8.12).
The depth of cut has an important influence; as #, increases, R
must also increase and thus, F, will increase as well. Note also that
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.
¢ # Cubting Corce  depends :m Hne Stvengin
of e waorkpiece
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Observations on cutting forces. In addition to being a function o
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 increasgs with increasing depth of cut,
decreasing rake angle, and decreasl){;utting speed. By reviewing the
data given in Table 8.2, the effect of cutting speed can be attributed
to the fact that as speed decreases, the shear angle decreases, and the

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).
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TABLE 8.1 Data on orthogonal cutting of 4130 steel.

u; uypfug
o ¢ V4 w B F.(N) F,(N) MN-m/m®) us uy (%)
25° 20.9° 2.55 1.46 56° 1690 996 2206 1441 765 35
35 31.6 1.56 1.53 57° 1130 454 1475 772 703 48
40 35.7 1.32 1.54 57° 1030 316 1344 650 696 52
45 419 1.06 1.83 62° 1030 302 1344 517 827 62

to = 0.0625 mm; w = 12 mm; V = 0.457 m/s; tool: high-speed steel. Source: After E.G. Thomsen.

TABLE 8.2 Data on orthogonal cutting of 9445 steel.

14 Fc Ft U uf/ut
o (m/s) ¢ y w B (N) (N) (MNm/m?) u uy (%)
+10° 1.0 17° 3.4 1.05 46° 1646 1214 2758 2013 745 27

2.0 19° 3.1 1.11 48° 1600 1260 2690 1834 856 32
3.25 21.5° 2.7 0.95 44° 1463 965 2455 1717 738 30
6.0 |#25° 2.4 0.81 39° 1348 747 2260 1551 709 31
—10° 2.0 16.5° 3.9 0.64 33° 1850 1712 3100 2358 742 24
S8 5 BRIS° 3.5 0.58 30° 1708 1450 2861 2150 711 25
559 p 22° 3.1 0.51 27° 1583 1170 2655 1993 662 25
to = 0.94 mm; w = 6.35 mm; tool: cemented carbide. Source: After M.E. Merchant.

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

. wt,

= Sng’ (8.15)
Sin@= Ef. = lg= ._e'.3¢
3 Sin . o
) and therefore, the average shear stress in the shear plane is
(ﬁsr we ke #(T) Lixed
S because it in ¢
a moakerial Shrmess. M—:i@:%: (8.16)
pre?eri-y S o
and the average normal stress is N LA
el ¥ F F,sing
"~ all = l __n
Shear Plane 2?::‘“ (-——-’:-O_'J — AS = wt, (8.17)
£ (W hen the vake angle decrease
the shean angle Jecrease. Some data on average stresses are given in Fig. 8.13, where the
following conclusions can be drawn: o
a(@ﬂwr enf- on fhe makerial. << a, The shear stress along the shear plane i of the rake
angle.

b. The normal stress on the shear plane decreases with increasing
rake angle. L deperdente on fhe uals of (R)
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FIGURE 8.13 (a) Shear force and (b) normal force as a function of the area of

the shear plane and the rake angle for 85-15 brass. Note that the shear stress in
the shear plane is constant, regardless of the magnitude of the normal stress,
indicating that the normal stress has no effect on the shear flow stress of the
material. Source: After S. Kobayashi and E.G. Thomsen.

ile

c. The normal stress in the shear plane has no effect on the mag-

nitude of the shear stress. However, normal stress strongly

influences fhe allowabl¢ shear strain in the shear zone prior
to_fracture,) Recall from Section 2.2.8 that the maximum shear
strain to fracture increases with the normal compressive stress.
For this reason, small or negative rake angles will often be used

in machining less ductile materials, in order to promote shearing

without fracture.

Determining the stresses on the rake face of the tool presents sev-
eral difficulties: (a) Accurately determining the length of contact at
the tool-chip interface is challenging (Fig. 8.2); the length has been
found to increase with decreasing shear angle, indicating that the con-
tact length is a function of rake angle, cutting speed, and friction at
the tool-chip interface. (b) The stresses are not uniformly distributed
along the rake face; photoelastic studies have shown that the actual
stress distribution is as shown in Fig. 8.14. Note that the normal
stress on the rake face is a maximum at the tool tip, and it decreases
rapidly toward the end of the contact length. The shear stress indi-
cates a similar trend, except that it levels off about half-way along
the tool-chip contact length. This behavior indicates that sticking is
taking place (see Section 4.4.1), whereby the shear stress has reached
the shear-yield strength of the workpiece material.
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5. Measuring cutting forces. Cutting forces are typically measured by
(a) using force transducers, such as piezoelectric crystals; (b) using
force dynamometers; (c) with resistance-wire strain gages mounted
on the tool holder or the workholding device on the machine tool;
and (d) calculating it from the power measured during machining,
provided that the mechanical efficiency of the machine tool can
be determined.

8.2.4 Shear-Angle Relationships

The shear angle and the shape of the shear zone influence the mechanics
of cutting; consequently, much effort has been expended in correlating the
shear angle to material properties and process variables. One approach is
based on the assumption thatthe shear angle adjusts itself so that the
cutting force is a minimum or {b) that the maximum shear stress occurs in
the shear plane. From the force diagram given in Fig. 8.11, the shear stress
in the shear plane can be expressed as

Fs  Fcsec(B—a)cos(p+ B —a)sing

As wt,

(8.18)

Assuming that B is independent of ¢, the shear angle corresponding to the
maximum shear stress can be determined by differentiating Eq. (8.18) with
respect to ¢ and equating it to zero. Thus,

Z—;:cos(¢>+/3—oc)cos¢>—sin(¢+/3—a)sin¢:@ (8.19)
and
tan (¢ + B — &) = cot¢ = tan (90° — @),
or 5
.«
¢=45"+5-3 (8.20)

“#Note from Eq. (8.20) that as the rake angle decreases and/or as the fric-
tion at the tool-chip interface increases, the shear angle decreases, and the
chip becomes thicker. This is to be expected, because decreasing & and/or
increasing B tend to cause greater resistance to the chip as it moves up the
rake face of the tool. This makes the chip thicker, indicating that the shear
angle is decreasing.

fus & gy & % (o) % (B) Both, cffects dne (55 )

st Fo 1 will chonge fre resulbmat
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Another method of determining ¢ is based on a slip-line analysis, which
gives an expression for the shear angle as

¢ =45° + o — B. (8.21)

Note that this expression is similar to Eq. (8.20) and indicates the same
trends. In another study the following simple relationship has been given:

¢=a for o>15° (8.22)

¢ =15° for a < 15°. (8.23)

Several other expressions, based on various models and with differ-
ent assumptions, have been developed over the years. Equations (8.21)
through (8.23) do not agree well with experimental data over a wide range
of conditions (Fig. 8.15a). However, the shear angle always decreases with
increasing 8 — «, as shown in Fig. 8.15a.

8.2.5 Specific Energy

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

Power = F.V. Wkt (“JZS)

The speciﬁc or total energy per unit volume ofmaterial removed,)

Uy, 18 then morChining).
FEV 1 F

T wt,V

where w is the width of the cut. Note that #; is the ratio of the cutting force
to the projected area of the cut. From Figs. 8.3 and 8.11 it can be seen that

(8.24)

Uy

wt,’

FIGURE 8.15 (a) Comparison of experimental and theoretical shear angle
relationships. (b) Relation between the shear angle and the friction angle for
various alloys and cutting speeds. Source: After S. Kobayashi.
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- _Le .
* Vo= —= (chip) - : . . :
the power required to overcome friction at the tool-chip_interface is the

Ve -’l_— (cutting)) . product of F and V,, or, in terms of specific energy fof 1, as
fichional

q n o=/ Ve _ le _ ko , - .

* (r) 3 cubbing vy *(—\;—'T*T) foree e FV, | i) =(chmoz+Ftcosot)r. (8.25)
(-':') :Clu"o Compresson  rakis s(g:_g> . wioV wio wio
te
# e £ (%) r ( Le ) Likewise, the power dissipated along the shear plane is the product of F;
€ = E xf LE 2 . .
(L) wite ME and V. Thus, the specific energy for shearing, u, is
Fime
E; ne vakio:

= £ () = 8.26
£ (r H#E Us ot ( )

w- ge

The total specific energy, u;, is the sum of the two energies

L

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

#Tke volume of matenicl removed where it can be noted that as the rake angle increases, the frictional
= volume of chip - specific energy remains relatively constant, whereas the shear specific
ko will be be with ineressing energy rapidly decreases. Thus, the ratio us/u; increases significantly as
inboe (Ee) «a increases. This trend also can be predicted by developing an expression
Le<<l for the energy ratio, as follows:
Ve <& V= fhen use () ur  FV, Rsin B Vr sin B sin ¢

w, FV Rcos(B—a) V oy cos(B—a) cos(p—a) (8.28)

Experimental observations have indicated that as « increases, both 8 and ¢
increase, and inspection of Eq. (8.28) indicates that the ratio u/u; should
increase with a.

EXAMPLE 8.1 Relative Energies in Cutting

Given: An orthogonal cutting operation is being carried out in which ¢, = 0.1 mm, V = 2 m/s,
a = 10°, and the width of cut = 5 mm. It is observed that . = 0.25 mm, F, = 500 N, and

F, =200 N.
Find: Calculate the percentage of the total energy that is dissipated in friction at the tool-chip
interface.
. up:(gsind+ré0)$0()*r)h—€3

Solution: The percentage of energy can be expressed as W bo

J

Friction energy  FV.  Fr > (B05in(0) + 200 8(0)) £ (og-?;) = 2273
Total energy ~ F.V F. 5ol
. Fe . 500 = 1000
where to 0.1 r Wto S 401
%___(Esino(—r:écosa()*" 7=Z=m=0-40a
Fe F=Rsinp K= LE = 23784
Uy
F.=Rcos(B — )
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and
R =/F} + F2 = /2002 4+ 5002 = 538 N.

Thus,
500 = 538 cos (8 — 10°),

from which we find that

p=317° and F=538sin31.7° = 283 N.

Therefore, the percentage of friction energy is calculated as

(283)(0.40)
P =2 022 =22%
ercentage 500 %

and similarly, the percentage of shear energy is calculated as 78 %.

oy T M 5w ¥ Jwaj& energy M echining /uyﬁe«w

EXAMPLE 8.2 Comparison of Forming and Machining Energies

vods
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 [fir the difference
in the energies dissipated. % plaskie oleformabion
Solution: withouk {riction -

a. The work done in pulling the rod is (see Section 2.12): S AR

(P'QSHC dcpoe/ma,@.'om). g : plastic dle for mokion -
Wiension = (Z)(Volume), (V) = Volume FLor aull Hoe
kpi
where, from Eq. (2.56), ; “10,'. 3 cce.
n ol '“'\'\3 °
e (V)= volume of fue
u= : o de. chip-
The true strain is found from Eq. (2.10) as AA ;,‘( %3_ )'L NG
* Veny small sdrain D 2 10 2 Q ntl
J é__Ellzln =) =Iln(—) =0.105 u=Kke - ®
D 9 e nri

From Table 2.2, the following values for K and 7 are obtained for this material:
volume = T (#r?) #h-. @

w= wx (V) -~ @
Thus, ; T

K = 1275 MPa and n=0.45.

_Keft'| (1275) 0.105)14
EER N 1.45

= 33.5x10° Nm/m°.




490 Chapter 8 Machining Processes
2
AR WP -
=)

and = 178816 S w3 l———? 394.6 Nm

@)(0.010)2(0.15) = 1580 Nm.

———

Woension = (33.5 x 10°

N—

b. From Table 8.3, an average value for the specific energy in machining stainless steels is taken

as 4.1 \%/n_l_r_nf’ The volume of material machined is
J

... Volume = % (102 = 9%] (150) = 2240 min’.

Hence, the work done in machining is

Winach = (4.1)(2240) = 9180 Nm.
20

It will be noted that the work done in machining is over & times higher than that for tension.
The reasons for the large difference between the two energies are that (a) tension involves very
little strain (hence very little work of deformation) and (b) there is no friction. On the other hand,
machining involves significant friction, and the material removed (even though relatively small in
volume) has undergone much higher strains than it does in the bulk material undergoing tension.
Assuming, from Tables 8.1 and 8.2, an average shear strain of 3 [equivalent to an effective strain of
1.7; see Eq. (2.55)], the material removed in machining is subjected to a strain of 1.7/0.105 = 16
times higher than that in tension for this case.

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.

% Why #ee () engipn sowld  be Less ?
= Roth Sl-omkﬂ Wikh S0 ww 5w wadhining

the Lenghh will Hemoin (50 mm bul i 4ewsion TABLE 8.3  Approximate specific energy requirements in

i machining operations.
will mecvease -

2 if we wonk o geb Hhe Some Paival result Specific energy*
we Showld Shonk dhe deasion with Less Material W-s/mm>

leng ko = 50 Less R Aluminum alloys 0.4-1.1
= Cast irons 1.6-5.5
where (\JWWL VCM'L‘)' Copper alloys 1.4-3.3
High-temperature alloys 3.3-8.5
Magnesium alloys 0.4-0.6
Nickel alloys 4.9-6.8
Refractory alloys 3.8-9.6

Stainless steels 7 wverage

Steels 2.7-9.3 =4

Titanium alloys 3.0-4.1

*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
Workpiece relatively cool. Source: After G. Vieregge.

8.2.6 Temperature
E;Cb’\gy —————7&‘(0'42"

As in all metalworking operations, the energy dissipated in machining
operations is converted into heat, which causes a temperature rise in the
cutting zone (Fig. 8.16). The rise in temperature is important because:

e High temperatures can adversely affect the strength, hardness, and
wear resistance of the cutting tool;

e Control of tolerances can be made difficult by dimensional changes in
the workpiece; and

e The machined surface can encounter thermal damage, adversely
affecting its properties and service life.

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 Secondony  Shear
. . . . . -~

(a) primary shear zone and (b) friction at the tool-chip interface. More- J zane -

over, if the tool is worn,_heat is also generated by the dull tool ti-P— rubbing

against the machined surface. nevease of {rickion-

Variables affecting temperature. An approximate but simple expression for
the mean temperature for orthogonal cutting is 6 - Llow shress ¢ Strength Level of e m aler ial

L 0:0006650 \s/VTo " 6p T —r hand mashinabilly —s Grosraquind ]
N pc K

(8.29)— Enenq consumplion T
thern Lnengy to heat T
Lkt
where T is the mean temperature of the tool-chip interface in K;(07)is the
ow stress of the workpiece material (in MPa)@is the cutting speed (m/s);
is the depth of cut (m); pc is the volumetric specific beat of the workpiece
in k!/mjK); and k_is the thermal diffusivity (ratio of thermal conduc-
tivity to volumetric specific heat) of the workpiece material (m?/s). Note Hrermal Lillusi viky 2
that because the material parameters in Eq. (8.29) themselves depend on (k) therm

*(P,_).-—ITE amounk of Enevgy mqu«cd
to incvese the temprof (_1m’) of the 3€é red op Yee heok .

maderidd by (1 k)- KA ——> Lemp §
Se T-——venc»gy requined T — (“‘"le

“The ability of toe wakewal bo
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K ok in the feel é:g 1100 r> Vi WPT
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Annealed: 188 HB g distonce nok in (mm)-

%) Tool material: K3H carbide g
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o =
= a
© =
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© £
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©

300
400 |- 3
| | | 1 Slark of the inferfoce
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in the direction of chip flow

@ ()

/ o FIGURE 8.17 Temperature distribution in turning as a function of cutting

o speed: (a) flank temperature; (b) temperature along the tool-chip interface.—> rake
Note that the rake-face temperature is higher than that at the flank surface. pos
Source: After B.T. Chao and K.J. Trigger.

temperature, it is important to substitute appropriate values that are com-
patible with the predicted temperature range. The properties in Eq. (8.29)
all pertain to the workpiece. It has been shown that thermal properties of

105 the tool material (see Section 8.6) are relatively unimportant as compared
< $ON~ with those of the workpiece material.
5 Chip The temperature generated in the shear plane is a function of the specific
o energy for shear, ug, and the specific heat of the workpiece material. As
L

Eq. (8.29) indicates, temperature rise is highest in machining materials
with high strength and low specific heat. The temperature rise at the tool-
chip interface is also a function of the coefficient of friction. Moreover,
. flank wear (see Section 8.3.1) is an additional source of heat, caused by
FIGURE 8.18 Proportion rubbing of the tool on the machined surface.
of the heat gi;-neraged H;l Figure 8.17 shows results from experimental measurements of temper-
cutting transterred to the ature in a turning operation. Note that (a) the maximum temperature is at
tool, workpiece, and chip . . . .

. a location away from the tool tip and (b) the temperature increases with
as a function of the . . . .

cutting speed. As the speed increases, there is less time for the heat to be

cutting speed. Note that - -
most ofthe CHiingeTergy conducted through the workpiece and tool, and hence temperature rises.

Cutting speed

is carried away by the Also, as speed increases, a larger proportion of the heat generated is car-
chip (in the form of heat), ried away by the chip (convective heat transfer), as can be seen in Fig. 8.18.
particularly as speed The chip is thus an effective heat sink, in that it carries away most of the

increases. heat generated at higher cutting speeds.



Section 8.2 Mechanics of Chip Formation

Feed Depth of cut
(mm/rev) (mm)
> |

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
equivalent 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).

Equation (8.29) also indicates that the mean temperature increases with
(a) the strength of the workpiece material, because of the higher energy
required; and (b) the depth of cut, because of the decreasing ratio of surface
area to chip thickness. Note also that a thin chip cools faster than a thick
chip; however, the depth of cut has been found to have negligible influence
on the mean temperature for depths exceeding twice the tool tip radius
(See also Fig. 8.26).

Based on Eq. (8.29), another expression has been developed for the
mean temperature in turning (See Fig. 8.39), as given by
— depends on bhe velocity (V) &

Toc VP, | 4 the bype of makerial. (8.30)

where a and b are constants, V is the cutting speed, and [ is the feed (as
shown in Fig. 8.19). For a carbide tool, a is approximately 0.2 and b is
0.125; for a high-speed steel tool, a is around 0.5 and b is 0.375.

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

feed voke (F)

» Temp 7O K

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.

will e vod iodton.
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8.3 Tool Wear and Failure

Recall that cutting are subjected to(high stresses,) elevated tem-
peratures, and sliding over the machined surface; these conditions all

induce@eap) (see Section 4.4.2). Because of its effects on_the quality of
the machined surface and the economics of machining,@ool weap)is one of

the most important aspects of machining operationsé@‘\varlety of factors * ¥ %
e

affect tool wear, such as cutting tool and workpiece™materials and their
physical, mechanical, and chemical properties; tool geometry; cutting flu-
ids (if used); and processing parameters, such as cuttingLspeed, feed, and
depth of cut. é ®

In typical wear patterns in cutting tools, regions of wear are identi-
fied as flank wear, crater wear, nose wear, and chipping of the cutting
edge. Whereas wear is generally a gradual 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 temperaturessee Section 8.6).

8.3.1 Flank Wear
Flank wear is generally attributed to r"‘% HHS angle is sk euang

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

V' = C, (8.31)

Where@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
on workpiece and tool material as well as cutting conditions, and{(C)is a
constant. Equation (8.31) is known as the Taylor tool life equation, after
its developer, EW. Taylor. -

€

)
*

=
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Tool-life curves. Tool-life curves are plots of experimental data obtained © cutting Speed g
in machining tests (Fig. 8.20), typically for turning operations. Note that = Tol life ¥

(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) @ Mader iaf hewd ness

=Tl [ |

when % .S'of/cf' < Ttife T

# Taol [fe s fime Fo develop allowalble
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not relaked to Chipping
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FIGURE 8.20 Effect of workpiece microstructure on tool life in turning.
Tool-Life is hyphenated, is given in terms of the time (in minutes) required to
reach a flank wear land of a specified dimension. (a) Ductile cast iron; and (b)
steels, with identical hardness. Note in both figures the rapid decrease in tool life
as the cutting speed increases.

= Vool L\Qe.
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TABLE 8.4 Range of

values for various cutting

tools.
Tool material n
High-speed 0.08-0.2
steels
Cast alloys 0.1-0.15
Carbides 0.2-0.5
Ceramics 0.5-0.7

dependent in. fool - mabeniod.
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Machining Processes

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
action on the tool (see also Section 4.4.2).

The exponent 7 is determined from the tool life curves, with a range of
typical values given in Table 8.4. It has been observed that although tool-
life curves are usually linear over a specific range of cutting speeds, they
are rarely so over a wide range. Moreover, the exponent # can become
negative at low cutting speeds, indicating that tool-life curves may actually
reach a maximum and then curve downward as cutting speed increases.
Consequently, caution should be exercised when using tool-life equations
beyond the range of cutting speeds at which they were developed.

Because of the major influence of temperature on the physical and
mechanical properties of materials (see Section 2.2.6), it would be expected
that wear is strongly influenced by temperature. Experimental investi-
gations have shown that there is indeed a direct relationship between
flank wear and the temperature generated during machining (Fig. 8.21b).
Although cutting speed has been found to be the most significant process

400
2001 o Feed constant,
300 100 speed variable
2ol » Speed constant,
100 - ,g 201 A feed v?rfla_ble
hardesk = 20
£ z = 10
= Q [9)
220017 |8 e or
= i)
5 10| e % oL
2 o \2
5 |% r
o} 0.6
0.2 | 1 1 [ I
1 | | ! 800 1000 1200 1400
50 300 3000 Temperature (°C) ~— weyor
Cutting speed (m/min) Work material: Heat-resistant alloy
Tool material: Tungsten carbide
Tool life criterion: 0.6 mm flank wear
(@) ()
FIGURE 8.21 (a) Tool-life curves for a variety of cutting-tool materials. The

negative inverse of the slope of these curves is the exponent # in tool-life
equations. (b) Relationship between measured temperature during cutting and
tool life (flank wear). Note that high cutting temperatures severely reduce tool
life. See also Eq. (8.30). Source: After H. Takeyama and Y. Murata.
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TABLE 8.5 Allowable average wear land for

cutting tools for various operations.

Allowable wear land (mm)

Operation High-speed steels Carbides
Turning 1.5 0.4
Face milling 1.5 0.4
End milling 0.3 0.3
- . Drilling 0.4 0.4
High precision o Reaming] 0.15 0.15

chhimcj

variable in tool life, depth of cut and feed rate also are important; thus,
Eq. (8.31) can be modified as

Vird* P = C, (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 » = 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.

Equation (8.32) can be rewritten as

t = ClV/ny-lng=x/nf=y/n (8.33)
or
t~ C'V7d 4, (8.34)
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.

Allowable wear land. Although somewhat arbitrary, typical values of
allowable wear land for various processing conditions are given in Table
8.5. For improved dimensional accuracy and surface finish, the allowable
wear land may be specified at a smaller value than those given in the table.
In practice, the recommended cutting speed for a high-speed steel tool is
generally the one that gives a tool life of 60-120 min.; for carbide tools, it
is 30-60 min (See Table 8.9).

Optimum cutting speed. Recall that as the cutting speed decreases, tool
life increases. However, a lower cutting speed means that the rate at
which material is being removed will be low; thus, there is an optimum

cutting speed. Producfuily

S/)t«f thaf you Can o(eﬁne the criterio for iF Cashk /Tfmc»
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498 R Chapter 8 Machining Processes distance = 2400 m distance = 600 m -

@ ok canstent (W) & (ko)

Lewill debermine tne The effect of cutting speed on the volume of metal removed between

|/ mount of molesied removed.  tool indexing (rotating in its holder) or replacement can be appreciated by

t %‘L@: b i=die. analyzing Fig. 8.20a. Assume that the material being machined is in the

ooL U when fue Speed ¢ condition represented by curve “a”. If the cutting speed is 1 m/s, the tool

» Matenial removing rate 3 life will be about 40 min. Thus, the tool travels a distance of (1 m/s)(60

L, cosemc 2400= 60 s/min)(40 min) = 2400 m before it reaches its life. If the cutting speed is

Time Yo e

increased to 2 m/s, the tool life will be about 5 min, and the tool trav-
els a distance of (2)(60)(5) = 600 m. Because the volume of material
removed is directly proportional to the distance the tool has traveled, it
can be seen that by decreasing the cutting speed, more material will be
removed between tool indexing or changes. Note, however, that the lower
the cutting speed, the longer it will take to machine the part, thus reducing
productivity (see Section 8.15).

case (2) # é,sQ?sEg

EXAMPLE 8.3 Increasing Tool Life by Reducing the Cutting Speed

Given: A tool and material combination has # = 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 # = 0.5, the Taylor equation can be rewritten as V./z = 400. Letting V; 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, v £
(0.5V1v/B)= V1. vE'=C
Simplifying this expression, v (6)° % Hoo
e IWER .,

5 025 ==

This relation indicates that the tool-life change is

)= U — (t_2> —1=4-—1=3, 3007 iu\cmasihﬁ-
t 1

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

sl iy e G
proboblly of diffusion  8:3:2 Crater Wear vt J

Although the factors affecting flank wear also influence crater wear, the

most significant factors in crater wear are temperature and the level of --
chemical affinity between the tool and the workpiece materials. Recall that

the rake face of the tool is subjected to high localized stress and tempera-- -

weor in ture, as well as sliding of the chip up the rake face at relatively high speeds --.
" ::“; b hewp. (See Fig. 8.3b). As shown in Fig. 8.17b, peak temperatures in the cutting
wear. in chip 077" Jone can be on the order of 1100°C. Note that the location of maximum %

ot concentraked. T . . .
neen depth of crater wear generally coincides with the location of maximum

temperature at the tool-chip interface.
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FIGURE 8.22 Relationship between

@
£=030F i b ¢ crater-wear rate and average tool-chip
3 E interface temperature in turning:
2tllo.1s L (a) high-speed steel tool; (b) C1
% £ carbide; and (c) C5 carbide. Note that
S 0 f | crater wear increases rapidly within a

* 500 700 900 1100 narrow range of temperature.

x Average tool-chip interface Source: After K.J. Trigger and
temperature (°C) B.T. Chao.

Rake face

Chip Flank face P.K. Wright.

Experimental evidence has indicated that a direct relationship exists

between crater-wear rate and tool-chip interface temperature (Fig. 8.22).
Note, for example, the sharp increase in crater wear after a certain tem-
perature range has been reached. Figure 8.23 shows the cross section of
the tool-chip interface in cutting steel at high speeds. Note (a) the location
of the crater-wear pattern and the discoloration of the tool (called loss of
temper) as a result of high temperatures to which the tool has been sub-
jected; and (b) the similarity of the discoloration profile to the temperature
profile shown in Fig. 8.16.
The effect of temperature on crater wear has been described in terms
of a diffusion mechanism (the movement of atoms across the tool-chip
interface). Diffusion depends on the tool-workpiece material combination
and on temperature, pressure, and_time; as these quantities increase, the
diffusion rate increases. An example of diffusion-induced crater wear can
be observed when a diamond cutting tool is used to machine steel. The
high solubility of carbon in steel leads to rapid crater wear, and eventually
to tool failure.

Tool Wear and Failure

Crater wear -+ J/SGOIOV‘O-@[IOVL (qu“jc " éoo[ majerﬁ/aﬂ
lxc‘omge of the hﬁh '/'CWP')'

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
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Machining Processes

8.3.3 Chipping

The term chipping in machining describes the sudden breaking away of
a piece from the cutting edge of the tool. The pieces may be very small
(microchipping or macrochipping), or they may consist of relatively large
fragments (gross chipping or fracture). Two main causes of chipping are
mechanical shock and thermal fatigue, such as seen in interrupted cutting
operations as i g) described in Section 8.10.

Chipping by mechanical shock may occur in a region of a cutting tool
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
tip (See Fig. 8.31); this is a phenomenon similar to chipping of the tip of
a very sharp pencil. Crater wear also may contribute to chipping, because
wear 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.

8.3.4 General Observations on Tool Wear

In addition to wear and chipping, other phenomena also occur in tools.
The wear groove or notch has been attributed to the fact that this narrow
region is the boundary (the depth-of-cut line, DOC) where the chip is no
longer in contact with the tool. This boundary oscillates because of inher-
ent variations in the cutting operation, thus accelerating the wear process.
Moreover, note that this region on the tool is in contact with the machined
surface from the previous cut (See, for example, Fig. 8.19), that may have
developed a thin work-hardened layer (depending on tool sharpness and
its shape); and this contact would then contribute to the formation of the
wear groove.

Because they are hard and abrasive, scale and oxide layers on the surface
of a workpiece also increase wear, in which case the depth of cut (See
Fig. 8.19) should be greater than the thickness of the oxide film or the
work-hardened layer. In other words, light cuts should not be taken on
rusted or corroded workpieces, as otherwise the tool will travel through
this thin, hard, and abrasive layer.

8.3.5 Tool-Condition Monitoring

With the extensive use of computer-controlled machine tools and imple-
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-
eral categories: direct and indirect. The direct method involves optical
measurement of wear, by periodically observing changes in the profile of
the tool.
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y.
Indirect methods of measuring wear involve correlating the tool condi-
tion with variables such as force, power, temperature rise, surface finish, problem
and vibration and chatter. The acoustic emission technique utilizes a piezo- plitned o Perfec-
electric transducer, attached to a tool holder, which picks up acoustic- condikion -
emission signals (typically above 100 kHz) that result from the stress
waves generated during machining. By analyzing the signals, tool wear ! Frequaney
and chipping can be monitored. This technique is particularly effective in
{1 precision machining operations where, because of the very small amounts
of material removed, cutting forces are low. @ @
- A similar indirect tool-condition monitoring system consists of trans-
ducers (installed in an original machine tool or retrofitted on an existing
machlne) that Contlnually monitor such parameters as sgmdle torque and
Cutting-tool ﬁorces A microprocessor analyzes the signals (which are pre-
amplified) and interprets them. This system is capable of differentiating
the signals from tool breakage, tool wear, a missing tool, overloading of
the machine, or collision of machine components. It can also automati-
cally compensate for tool wear, so that dimensional accuracy of the part

S{'jk-au(-u"e am.alU siSg

Erans aﬂ ucesr
work as Senson

is maintained. @ S u»ﬁzce Cinish & ,'qécjm'ltj
The design of the transducers must be such that they are (a) nonintru- i
sive to the particular machining operation; (b) accurate and repeatable in — Gleometric &

noug lwess

signal detection; (c) rugged enough for a typical shop-floor environment;
and (d) cost effective. Sensors (see Section 14.8), including infrared and
wauiness

fiber optic techniques for temperature measurement, are now being used ——

extensively in a variety of machining operations. ——

8.4 Surface Finish and Surface Integrity woviness Je R
Surface finish describes the geometric features of surfaces, whereas surface /;/:;;s.\\

integrity pertains to properties that are strongly influenced by the type of
surface produced (see also Section 4.3). The ranges of surface roughness in _ im&ﬁj’”{j
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, X
which also correspond to increasing cost and machining time (See also U ,,c‘fyi‘:,c L“"“‘)"‘:j
Fig. 16.5).
gBuilt-up edge and depth of cut can adversely affect surface finish and ,@/:yuc ‘
integrity. 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. Note that at small depths
of cut, the rake angle of an otherwise positive-rake tool can effectively T e o
become negative; the tool may simply ride over the workpiece surface and M
¥not remove any material. If the radius is large in relation to the depth
of cut, the tool will rub over the machined surface, generating frictional
heat, inducing surface residual stresses, and causing surface damage, such
as tearing and cracking. In practice, the depth of cut should generally be
g greater than the radius on the cutting edge.

5‘"00‘

Y
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FIGURE 8.25 Surfaces produced on steel in machining, as observed with a
scanning electron microscope: (a) turned surface, and (b) surface produced by
shaping. Source: JT. Black and S. Ramalingam.

HMore Egcﬂ morKs =3 Lo d sar foce
ﬁm'slt'
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@
°
2
= - FIGURE 8.26 Schematic illustration
S [ . ;
OR3. of a dull tool in orthogonal cutting
2% (- (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.

Machined
surface

Workpiece

Feed marks. In 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 Fig. 8.19). As expected, the higher the feed,
f, and the smaller the radius, R, 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, Ry, in turning can be expressed as

fz

R; =
t 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 f, the roughness is given by the expression

R, = . (8.36)

tan o + cotae
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where o and @, are the side and edge cutting angles, respectively (See
Fig. 8.38). For face milling (See Fig. 8.54), the roughness is given by

fZ

e = 16D = 2fuym)]

(8.37)

where D is the cutter diameter, f is the feed per tooth, and # is
the number of inserts on the cutter. Equations (8.35) to (8.37) are
derived considering only geometry; they do not account for such phe-
nomena as cracking of the workpiece surface, thermal distortion, and
chatter marks.

8.5 Machinability

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.
Thus, good machinability indicates good surface finish and integrity, long
tool life, low force and power requirements, and type of chip produced
are easily collected and do not interfere with the machining operation
(see Section 8.2.1).
moSf WSe -
8.5.1 Machinability of Steels)

Steels are among the most important and commonly used engineering
materials. Their machinability has been studied extensively and has been
greatly improved by adding lead and sulfur, called free-machining steels.
\;J\, er503m (0
Leaded steels. Lecad is added to molten steel and takes the form of
dispersed fine lead particles (See Fig. 5.2a). During machining, the lead
particles are sheared and smeared over the tool-chip interface; because of
their low shear strength, the lead particles act as a solid lubricant (see
Section 4.4.4). This behavior can be verified from the presence of high
ncentrations of lead on the tool-side face of the chips when machining
aded steels. In addition, lead lowers the shear stress in the primary shear
zone, thus reducing cutting forces and power consumption. Leaded steels
are identified by the letter L between the second and third numerals, such
as 10L45. Because of its toxicity and environmental concerns, the trend
has been toward eliminating the use of lead in favor of such elements as
bismuth and tin (lead-free steels).

Resulfurized and rephosphorized steels. Sulfur in steels forms manganese- Jise
sulfide inclusions (second-phase particles; see Fig. 8.27). These particles S
act as stress raisers in the primary shear zone; as a result, the chips pro- | ¢
duced are small and they break up easily, thus improving machinability.
Phosphorus in steels improves machinability by virtue of strengthening] s diow
the ferrite, thereby increasing the hardness of steels and producing less o=e
continuous chips.

£

Less oCqu"b —> curling resishanc T — Less
conkinuous Chips
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Calcium-deoxidized steels. In these steels, oxide flakes of calcium alu-
minosilicate (CaQ, SiO,, and Al,O3) 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
cutting speeds when temperatures are higher.

Effects of other elements on the machinability of steels. (a) The pres-
ence of aluminum and silicon in steels is always harmful, because these
elements combine with oxygen to form aluminum oxide and silicates,
which are hard and abrasive. (b) Carbon mous
effects on the machinability of steels, depending on their composition. As
the carbon content increases, machinability decreases, although plain low-
carbon steels (less than 0.15% C) can produce poor surface finish due
to forming a built-up edge. Alloying elements, such as nickel, chromium,
molybdenum, and vanadium (which improve the properties of steels) gen-
erally reduce machinability. (c) Cast steels have a machinability similar to
that of wrought steels. (d) Tool and die steels are very difficult to machine,
usually requiring annealing prior to machining them.
4 Machinability of most steels is generally impro
which reduces the tendency for built-up edge
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turning and milling operations. The process of heatjfg to and maintaining
a uniform temperature distribution within the sorkpiece may be diffi-
cult to control, whereby the original mic ¢ture of the workpiece may
be altered, adversely affecting the propet the machined part. Some
success has been obtained in laser-assistéd machining of silicon-nitride
ceramics and Stellite (see Section 8.6.3).

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-
cesses. Recall that in machining, the tool is subjected to high localized
temperatures, high contact] stresses, rubbing on the workpiece surface,
and the chip climbing up the rake face of the tool (see Section 8.2).
Consequently, a cutting tool must possess the following characteristics:

. 6N
o Hardness, particularly(at elevated temperatures) (hot hardness), so
that the strength of the tool is maintained at the temperatures

Cutting-Tool Materials 507

encountered in machining operations (Fig. 8.28); N e R ™

o Toughness, so that impact forces on the tool inlinterrupted cutting
operations, such as/milling or turning'a splined shaft, do not chip ot
fracture the tool;

o We istance, so that the tool has an acceptable tool life before it
is( indexea or replaced; and

Resharpened/rotate
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20 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

Temperature (°C) and treatments available for that group.
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weaon voke 4 @ Chemical stability or inertness with respect to the workpiece material,
- so that any adverse reactions that may contribute to tool wear are
minimized or avoided.

Several cutting-tool materials with a wide range of these characteristics are
available (See Table 8.6). Tool materials are generally divided into the fol-
lowing categories, listed in the approximate chronological order in which
they were developed and implemented. Note that many of these materials
are also used for dies and molds, as described throughout Chapters 5, 6,
7,10, and 11.

— @ Carbon and medium-alloy steels;
. High-speed steels;
. Cast-cobalt alloys;
. Carbides;
. Coated tools;
. Alumina-base ceramics;
. Cubic boron nitride;
. Silicon-nitride-base ceramics;
. Diamond; and
~—10. Whisker-reinforced and nanomaterials.

N NNk WIN

¥ Carben & Aedium- Bl This section describes the characteristics, applications, and limitations
, ) d of tool materials. Their characteristics include hot hardness, toughness,
not- 3'“/ for h’ﬁ/‘ C“‘%’”j Spee impact strength, wear resistance, resistance to thermal shock, costs, and
(1o fote prawrolhess ) the ?nge of cutting speeds and depth of cut for optimum performance in
machining.
> only for low cubbing Speel y
8.6.1 Carbon and Medium-Alloy Steels

Carbon steels are the oldest of tool materials, and have been used widely
tor drills, taps, broaches, and reamers since the 1880s. Low-alloy and
medium-alloy steels were developed later for similar applications, but
with longer tool life. Although inexpensive and easily shaped and sharp-
ened, these steels do not have sufficient hot hardness and wear resistance

for machining at high cutting speeds, where temperature rise is signifi-
0 cant. Note in Fig. 8.28, for example, how rapidly t'l:e hardness of carbon
steels decreases as the temperature increases. The use of these steels is thus
limited to very low-speed machining operations or woodworking.
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) ?M\:& \“,\ e 8.6.2 High-Speed Steels — h;‘?’ﬁw S’peeo? Hhewn  carbon meo(mm-—ﬁ’//oy Steel
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e 5 Al beconse  High-speed steel (HSS) tools are so named because they were developed
s Carias ¥ /,{,J could be hapdened to machine at speeds higher than previously possible. First produced in

Gy WA A
€ i . the early 1900s, high-speed steels are the most highly alloyed of tool
indachon heaker For Caic et a(t’/? fhs steels (see also Section 3.10.4). They can be/hardened to various depths,
povdeningy S Wtk o4 have good wear remstange), and are relatively inexpensive. Because of thelr
@ U Sy W Goam 55 o kg high toughness and resistance to chipping and fracture, high-speed steels
S foughness 57 harchess & toughness ;e especially suitable for (a) high positive-rake-angle tools (that is, small
K C"PP’;‘;7 3 Fole e et avwe v by  included angle; see Fig. 8.2); (b) mterruBted cuts; and (c) use on machine
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Highly a{/oy:o?‘ )
M.S tools that, because of their low stiffness, are subject to yibration and
7.8 Carbide formers Chatter. ngh speed steels are the most commonly used tool materials, fol-
have high hot hardness lowed closely by various die steels and carbides. They are especially used
S Z“rtég'i,.fgm?*;,ﬁe" in machining operations that require complex tool shapes, such as drills,
Carlide - forming  elements @ = reamers, taps, and gear cutters. easy to machine

d m
e » i 3¢ There are two basic types of high-speed steels: molybdenum (M series)

;‘ hordacss s " S and ‘tungsten )( (T series). The@serles contains up to about 10% molyb-
fampr 4L o denum, with chromium, vanadium, tungsten, and cobalt as alloying
elements. The T series contains 12 to 18% tungsten, with chromlum, vana-
T dium, and cobalt as alloying elements. The M series generally has hlgher ¥*
wea  g— aBras n resistance than the T series, undergoes istortion duging heat
resis fance:

treating, and is less ex ive. Forming (Forging) Mech/Therm

High=speed Sfeel tools are available in wrought, cast, and sintered
o S e

(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 1mproved

hard d =i High pressure
ardness and wear resistance. com actlon un
Righ t

igh femp léad
8.6.3 to usﬁ)nl;\ anedaaS
yg& b 1 _ hot single solid peice
Siinferes Cast-cobalt alloys have FigHINSEIRESS, typically 58 to 64 HRC, good [Nt

| P &Aemp- EESISEANEE, and maintain their hardness at elevated temperatures. Their

composition ranges from 38 to 53% EOBEANR, 30 to 33% EhEGHmMm, and]

st i be Rl 10 16 20% -g C ly knc tools, these all w

- wolid plece - ) ¢ o . olmrnoln y njwn a? 3 ools, es]i alloys are

powder 2 4 cast an gro}?nh 1ntodre atlfze y scllmp e tool shapes. Becaufse they ﬁtre 1not whigh
their problenas|filOlEA as high-speed steels, and are sensitive to impact forces, they less Jardness

/4/ b speed suitable than high-speed steels for interrupted cutting operations.
( v Nor high rake angle nor machines not stiff
piafy, FEmp- 8.6.4 Carbides )o-d maferial
K tenf 4 L ritpel
The tool materials described thus far possess sufficient toughness, impact
strength, and thermal shock resistance for numerous applications; how-
SV G, Bl @ o L 1, they have significant limitations regarding such important character-
T A - istics as strength and hardness, particularly hot hardness. Consequently,
O el g0 w2 12) : -
- 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
For elastic modlus : productivity.
T . . rigidity (toughness)
o | Because of their high hardness over a” wide range of temperatures
Chony in dim: Important (as can be seen in Fig. 8.28), high elastic modulus, high thermal con— isipate
heat

dim- accwracyf characteristics

em P

Matrix of
something
init

carbides

ductivity, and Jow thermal expansion, carbides are among the most

in tools
available in important, versatile, and cost-effective tool and die materials for a wide “ craber
carbides: P T S S A

range of applications. The two basic categories of carbides ar€ fungsten) — “e
e wont cause  carbide and arbide. In order to differentiate them from coated

. € , %C—@ﬂge tools (see Section 8.6.5), plain carbide tools are usually referred to as
at high shesses e Stein dimensions  uncoated carbides. &> o 5S e
is low because 6f . . . [a— .
the temp- 1. Tungsten carbide. Tungsten carbide @ is a_composite material,
consisting of tungsten-carbide particles bonded together in a cobalt
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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
of carbide tools; as the cobalt content increases, strength, hardness,
and wear resistance decrease, while toughness increases (Fig. 8.29).
Tungsten-carbide tools are generally used for machining steels, cast
irons, and abrasive nonferrous materials. The tools are manufactured
by powder-metallurgy techniques. ol e 1 2l

Titanium carbide. Titanium carbide (TiC) has higher wear resis-
tance than tungsten carbide, but it is not as tough. With a nickel-
molybdenum alloy as the matrix, TiC is suitable for machmlng hard
materials, mainly steels and cast irons, and for machining at speeds
higher than those for tungsten carbide.

Ni-Mo

-+ Inserts. High-speed steel and carbon-steel cutting tools can be produced

in various geometries (See Fig. 8.10), including drills and milling cutters.
However, after the cutting edges wear and become dull, the tool has to
be removed from its holder and reground, a time-consuming process. The
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, has eight cutting edges, and a
triangular insert has six. Inserts also are available with a wide variety of
chip-breaker features (see Section 8.2.1) for controlling chip flow, reducing
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

Cutting-Tool Materials
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FIGURE 8.29 Effect of cobalt content in
tungsten-carbide tools on mechanical
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FIGURE 8.30 Methods of mounting inserts or shim
on toglholders; (a) clamping, and (b) wing hardness, .
lockpins. Source: Courtesy of Valenite. a ()
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FIGURE 8.31 Relative edge strength
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FIGURE 8.32 Edge preparations for inserts to
improve edge strength. Source: Courtesy of
Kennametal, Inc.

—~€«—Increasing edge strength

for specific applications, including toolholders with quick insertion and
removal features, for more efficient operations.

The strength of the cutting edge of an insert depends on its shape; the
smaller the included angle of the edge (Fig. 8.31), the lower its strength.
In order to further improve edge strength and prevent chipping, insert
edges are usually honed, chamfered, or they are made with a negative land
(Fig. 8.32). Most inserts are honed to a radius of about 0.025 mm.

8.6.5 Coated Tools
_Eesce—_

A variety of materials are available as coatings, typically over high-speed
steel and carbide tools. Because of their unique properties, coated tools
can be used at high cutting speeds, thus reducing the machining time, and
hence costs. It has been shown that coated tools can improve tool life by

anforder of magnitude}over uncoated tools; note in Fig. 8.33, for example,
x1Q

two order x100
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100 - Carbon steel
= 26 High-speed steel | can use h|gh
% 15 Cast cobalt-based alloys speed thus time is
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=
o 6 Cemented carbides
= x (0
e 3+ = Improved carbide grades
]
‘2" : First coated grades
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FIGURE 8.33 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.

that the machining time has been reduced by a factor of more than 100
since 1900 Ceramics TiN TiC
*% Com nly used coating materialg include titanium nitride Ltltamum)

carbide, titanium carbonitride, and aluminum oxide (Al;O3), as described

below. Generally in the thickness range of 2-10 pm, coatings are applied

+by chemical vapor deposition (CVD) and physical-vapor deposition (PVD)

techniques, described in Section 4.5. The CVD process is the most com-
mon method for carbide tools with multiphase and ceramic coatings. The
PVD-coated carbides with TiN coatings, on the other hand, have higher
cutting-edge strength, lower friction, lower tendency to form a built-up
edge, and are smoother and more uniform in thickness, which is generally
in the range of 2-4 pum. Medium-temperature chemical-vapor deposi-
tion (MTCVD) provides higher resistance to crack propagation than do
CVD coatings.

Coatings must have the following general characteristics:

A

(]

e Chemical stability and inertness to the workpiece material;
e Low thermal conductivity; to prevent temperature
[ ]
[ ]

£ low Good bonding to the substrate; alﬁ'ncrease of substrate chip)
o mz;«;:@ Ciﬂju.j Little or no porosity. 02/l g;’rf:]';ge to not peel of
o The effectiveness of coatmgssu o eithanced by hardness, toughness, and
heak ——t> / 3:'305",‘;253 high thermal conductivity of th which may be carbide or high-
== speed steel. Honing (see Section 9.7] of the cutting edges is an important
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7Gr hg‘\ SPECC?

Low heat
generation :

Less /;IC/’IOPL " Lhe SECGMQWJ 1. Titanium nitride. Titanium nitride/{TiIN) coatings have low coeffi- sotarcs
Sheowr - Zone —p heaks |, ~ «——cient of(friction} high hardness;"good high temperature properties, a2dless

Various coatings are described below.

crater wear

Lese  creabes weanr. and good adhesion to the substrate. These properties greatly improve
the life of high-speed steel tools and of carbide tools, drills, and
because of the "n;yh hardness cutters. Titanium-nitride coated tools (gold in color) perform well

properties. at higher cutting speeds and feeds; they do not perform as well as

ncoated 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.

2. 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.

3. Titanium carbonitride. Titanium carbonitride (TiCN), violet to
mauve red in color (depending on carbon content), 1s deposited by
physical-vapor deposition techniques, and is harder and tougher than
TiN. It can be used over carbide and high-speed steel tools, and is

(y‘ particularly effective in cutting stainless steels.
% 4. Ceramic coatings. Because of their high-temperature performance,
chemical inertness, low thermal conductivity, and resistance to flank
and crater wear, ceramics are attractive coating materials. The most
commonly used ceramic coating is aluminum oxide (Al,O3). How-
ever, because ceramic coatings are not chemically reactive, oxide
coatings generally bond weakly to the substrate and thus they may
have a tendency to peel off the tool. layev's

5. Multiphase coatings. The desirable properties o fious 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 AlbO3, and then TiNT Tt is ® )
important for (a) the first layer to bond well to'the'stbstrate; (b) the high

outer layer to resist wear and have low thermal conductivity; and havdlaess
high havdness.

X Graod hgh bemp-

Pecl o6

Rake
face
Too

TiN coated

FIGURE 8.34 Wear patterns on
high-speed steel uncoated and ====
titanium-nitride-coated cutting tools.
Note that flank wear is lower for the
coated tool. Flank wear

Uncoated
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(c) the intermediate layer to bond well and be compatible with
both layers.

Typical applications of multiple-coated tools are:

Pt a. High-speed, continuous cutting: TiC/Al; O3;

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).

like powder
Diamond coatings. Polycrystalline diamond is used as a thin coat-
ing, particularly over tungsten-carbide and silicon-nitride inserts.
The films are deposited on substrates by PVD and CVD techniques,
whereas thick films are produced by growing a large sheet of pure dia-
mond, which is then laser cut to shape and brazed to a carbide shank.

Diap ond coated tools are particularly etfective in machining abra-

Sivé ffalsy Shch 44 2 inufisilicop/Aloys; kraphite Ad A fber-
i cdn stol-hafrixComiposite matefials (s€e/SeCrion Ly 14).
Impfovementsin t60l life6f as imyeh asfenfold have be¢h obtained

over other coated tools.

Other coating materials. Advances are gontinually being made in
developing and testing new coating maferials. Titanium aluminum
nitride (TiAIN) is effective in machining aerospace alloys. Chromium-
based coatings, such as chromium/€arbide (CrC), have been found
to be effective in machining softer metals that tend to adhere to the
cutting tool, such as aluminwh, copper, and titanium. Other coat-
ing materlals include 11rc ium nitride (ZrN) and hafnium nitride
(HfN), nanocoatings carbide, boride, nitride, oxide, or some
combination, and composite coatings, using a variety of materials.

Cutting-Tool Materials

like welding melting
temp of connection
is low

515
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o _Sechian o —

= Ceramic tool materials, introduced in the early 1950s, consist primar-

iy of fie-grained, high-purity aluminum oxide. [hey sre pressed into
inserts, under high pressure and at room temperature, then sintered (scc
Section 11.4); they are called C sed, (see also

Alumina ~base ceram ic Section 11.9.3). [ESHIMNCATbIdEIANANZIFCONIMMIORIAE can be added to

are extreme & dard bub pogr- improve such properti hness and resistance to thermal shock.

toughness- .
J Alumina-base ceramic tools have very high

) eSS (i i i

‘ : g. 8.35). Chemically, they are than_high-speed
alominumn © xide £1L203. steels and carbides, thus they have |GNGEMCNCCHCYNONAANCTENEOMIMEE -, clcwically-
AISNEEIACHIg and hence lowe_ptendepcy to form a - Skable

Consequently 8 ) particularly in machining
cast irons and steels. | However ceramics lack toughness, which can result
in premature tool failure by chipping or ¢ fraCruxe~The shape and setup

of ceramic tools7also important;—égative fake angles, hence large
included angles, are generally preferredmvmd chlpplng Tool

failure can Can be reduced by i 1ncreasmg the stlffness an

chatter (see Section 8.12).

. (carboxides), typically contain 70 % |lEiiaEm
oxide and 30% tltamum_ 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).

L wade
whhing ool ‘}‘“V .

' Single crystal diamond Ideal cutting tool ‘
material ( i
CVD

diamond :l Polycrystalline diamond

,Jeaf cu_@-(:(ng tool &
— L,,'j/, shwy“\ X ftoughness

+high hardness S wear- Tool life [ Jesn
resiskamce - under ) ) We can't get both
high Oxide ceramics — : hardness and
speed Coated carbides toughness
(Temp) . : Micrograin carbides

Nitride ceramics |:]

Uncoated carbides

|:]Hi9ht's'°|eed Resists chipping (so
- interrupted and high

Strength and toughw rake angle are
Ductility acceptable)

FIGURE 8.35 Ranges of properties for various groups of cutting-tool materials.
(See also Tables 8.1 through 8.5.)

Hot hardness and wear resistance =
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Cubic structure

8.6.7 Cubic Boron Nitride

Next to diamond, cubic boron nitride (¢BN) 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-

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

¢BN layer provides very high wear resistance and cutting-edge strength. ,
Cubic-boron-nitride tools Mm%ﬂ sizes mﬁé‘f& by the matrix (Co)
At elevated temperatures, cBN is chemically inert to iron and nickel and

its resistance to oxidation is high; it is therefore particularly suitable for

machlmng hardened _fer ous and -tempgratuge alloys (see also hard

turning, in Section 89.2). Because cBN tools are brittle, stiffness and

damping capacity of the machine tool and fixturing dev1ces is important

in order to avoid vibration and chatter. Cubic boron nitride is also used as

an abrasive, as described in Section 9.2.

8.6.8 Silicon-Nitride-Base Ceramics

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

with additions of aluminum oxide, yttrium oxide, and titanium car-

bide. These tools have high toughness, hot hardness, and good thermal-

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

aluminum, oxygen, and #itrogen in its composition. It has higher resis- interrupted cutting
tance to| thermal shock than silicon nitride and is recommended for @nd hard mat
machining cast irons and nickel-base superalloys, at intermediate cutting

speeds However, because of their chemical affinity to steeis, SilN-base tools
m k BUE Crater wear

8.6.9 Diamond

The hardest substance of all known materials is_diamond, a crystalline
form of carbon (see also Section 11.13). As a cutting tool, it has low tool-
chip friction, high wear resistance, and thus the ability to maintain a sharp
cutting edge. Diamond is used where ver e surface finjsh and dimen-

,—-——g_« & y Soft: BUE wont form since stable.

sional accuracy are required, particularly in machining abrasive nonmetal-
AN 7l Nonferrous: due to the chemical affinity of

Abrasive: harder than them

lic" materials and W alloys Smgle -crysta is used carbon to steel leading to the diffusion of
emaoth for spec1al applicafionis] such as machining copper-front high-precision  carbon attoms into steel and thus crater

. wear.
optical mirrors. Diamond is britgle, and tool shape and sharpness are thus

importanti low raké\angles and large included angles are normally used for

a strong-cutting edge. Wear ocfalamond tools may occur by migrochipping
O.and catried away

(caused by thermal str es and oxidation) and_tr mation to_carbon

(caused by the ﬁlgﬂ tggperafures generated during machining).

If soft fer 100% BUE

Tungsten-carbide
insert
Polycrystalline

cubic boron nitride  FIGURE 8.36  Construction of
Braze or diamond layer polycrystalline cubic-boron-nitride or
diamond layer on a tungsten-carbide

Carbide substrate .
nsert.
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Single-crystal single-point diamond tools have been largely replaced by
olycrystalline diamond tools (called compacts), that are also used as wire-
drawing dies for fine wire (see Section 6.9). zfompacts consist of very small
synthetic crystals, fused to a thickness of about 0.5-1 mm, by alhigh-
pressure, high-temperature process, and bonded to a carbide substrate,
similar to ¢cBN tools (See Fig. 8.36). The random orientation of the dia-
mond crystals prevents the propagation of cracks through the compact,

significantly improving its toughness. only to get surface finish
Diamond tools can be used satisfactorily at almostaqy speed but are

suitable mostly for ﬁ-gqlt and uninterrupted finishing cuts. In order to min-
imize toom‘acmre,mand tool must be resharpened as

. ‘ soon ast becomes dull. Because of its %——‘
;\M l S ol g is not recommended for machining plain“carbon steels’ (as is the case with
' sialon tools) and titanium, nickel, and cobalt-base alloys. Diamond is also

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

X 8.6.10 Whisker-Reinforced and Nanocrystalline Tool Materials

edge strength,\and (d) hot hardness.

Whiskers. Whiskers are used as reinforcing fibers”in composite tool
materials. Examples of whisker-reinforced materials include silicon-
nitride-base tools retnforced with silicon-carbrde (SiC) whiskers, and
aluminum-oxide-base tools reinforced witly” silicon-carbide whiskers,
sometimes with the addition of zirconium gxide (ZrO,).

Micrograin carbides. Progress Y napOmaterials (Section 3.11.9) has led
to the development of cutting togh\that are made of very fine-grained
(micrograin, with grain size in the ranpe of 0.2 to 0.8 um) carbides of
tungsten, titanium, and tantg aterials are stronger, harder,
and more wear resistant thaf traditional carbides. In one application, for
example, drills with diapfeters on the order of \00 wm are made from
these materials and used/in the fabrication of microebectronic circuit boards
(see Chapter 13).

N

Functionally-graded carbides. In these tools, the cqmposition of the
carbide in the insgrt varies through its near-surface depth, instead of
being uniform as ‘in carbide inserts. Materials with graded mechanical
properties eliminate stress concentrations and promote betteyr tool life and
performance; however, they are more expensive, and may ndt be justified
for all applications.

8.6.11 Cryogenic Treatment of Cutting Tools

The beneficial effect of cryogenic treatment of tools and other metals on
their performance in machining operations (see Section 5.11.6 for details)
continues to be of some interest. In this application, the tool is cooled very
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slowly to temperatures of about —180°C and slowly returned to room
temperature; it is then tempered. Depending on the combinations of tool
and workpiece materials involved, tool-life increases of up to 300% can
be achieved with this procedure.

8.7 Cutting Fluids @oling (i
Cutting ﬂum machining operations to:

e Cool the cutting zone, thus reducing workpiece temperature and

distortion, and improving tool life;
e Reduce friction and wear, thus improving tool life and surface finish; nermediate layer
o Reduce forces and energy consumption;

o Wash away chips; and
e Protect the newly machined surfaces from environmental attack. as initially they are hot

A cutting fluid predominantly serves as a and/or as a/qubricant
(see Section 4.4.4). Its effectiveness in machining operations depends om
several factors, such as the FCtHOd'GIEpPlication, Eemperatire, BN 1o of materials
§peedyand'type'of machining operation. There are situations, however, in
which the use of cutting fluids can be detrimental. For example, in inter-
rupted cutting operations, such as milling (Section 8.10), the cooling action
of the cutting fluid
(thermal cycling) to which the cutter teeth are subjected, a condition that
can lead to the development of thermal'cracks (thermal fatigue or thermal
s . Moreover, cutting fluids may also cause the chip to become more
i.e., smaller radius of curvature), concentrating the stresses on the
tool closer to its/tip, thus concentrating the/REat€loser to the tool tip and
reduce tool life.
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 éry macﬁining, 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
weat would occur, some tool materials and coatings maintain an accept-
able tool life. Dryeutting has been associated with high-speed machining,
ecause 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

More
cn r"/fru:;

cobalt binders.

8.7.1 Types of Cutting Fluids and Methods of Application

delp s e

There are four basic tzgegtér)ga%g(}ting fluids /?brnmonly usedﬁr'l machin-
ing operations: oils, emulsions, semisynthetics, and synthetics (see Section
4.4.4). Cutting—ﬁﬁid recommendations for specific machining operations
are given throughout the rest of this chapter. In selecting an appropriate




