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* 1sil) :d,S

(final processing)J5s

machinechipion 11 a ses processes 115

*The cutting process is an interaction between three elements : ① workpiece machine & cutting tool

* the goal from the workpiece> final geometry with acceptable dimensions accuracy & tolerances

dimensional
* the goal from the cutting tool > longest useful tool life (accuracy15580s1)

* Machining operations :

① cutting :
2X : v

· the major source of
energy< Mechanical energy

-> involves single pointledge) or multipoint cutting tools & processes

> multi point

cutting

② Abrasive
processes :

defined cuttingdoa

grinding....

& Advanced machining processes :

-

* Why we use machining processes :

·
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· Basic types of metal clips :

· continuous chips

High rake angle , less curling ,
less tensile stresses ,

lower fracture probability

-Good surface finish

· Not always desirable boye

-> because the chips tend to become tangled around the tool

> we can fix this by putting a chip breaker > rake angle s Nose Curling /10 Sis.

tool surfaces n Bisos
:

I

(strain 11 S
. g.

)

& &Bas
.

<

22

* Built up edge chips

> Con the cutting edge)Gl B's is chip 3

shear zone 115 %, cutting zone 11816. SK's

5 unstable85
.

55.-B, tool 11 ja in s isis
, layers si-

(material 11.5 pile) ps 11 material 11- & hardness /1 jes

tool materials? j) affinityIss soft metals (155.
80's-

unstable its. 3.

%> tool 11 n edge 11 00 slis-

large volume (size ( : jjs
.

5%. unstable :-

high plastic deformation &

supper portion) chip 1199s15.% j built up edge 1sartisti

2) tool (105= Yellower portion) tool 11 & &9 surface & s 5%

(1521) (extremely rough surface so
on

integrity & surface finish C : gen & Built up edge 11 's-

built up lower

surfaces 1 random5% Sis ,Es.

Edge 11 portion 1 &:, rough surfaces
built up (sharp (

5. seedge 11.. tip radius jiji

Cutting &181% 1 85:

(thin & stable) - 1 , I

extremely thin layer built up edgelultuisess

tool & **

v
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· Built up edge is effected by : (factors

D Adhesion of the workpiece material to the rake face of the tool & the strength of the interfacial bond

·is $1 jil j %. tool 11 is &Bes

why

> ex : ceramic cutting tools : have much lower affinity to built up edge than do tool steels ?

↑ because the ceramics are chemically stabled

D Growth of the successive layers of adhered metal on the tool

↳ finigs) is Bil layers 11 -8 1 : 1/

③ Tendency at the workpiece material for strain hardening

8) built up edge 1)-bli strain hardening 11 w material In strength a hardness 11 - ,10

why

(layers5j 1) (built up edge 11 Jaz, 4)(j thickness (1= 2) Spreading, 2 hard - 1 ,10 ?)205 visi
-

when rake = 0 thenlootal cuttingore

whybuilt up edge decreases
, cutting speed (1) increases ? 7 Frictional forces 11 &Sis

.
=Two

(normal force4 cutting force

& z1 rake face 115i component 11 rake angle 1145
.

- -

Temperature 11 06 , 1"90 % <S ? tip 11 & friction forceliste (chip 11-sys-e) friction force 11 & 59. 21 Sis, normal force 118 tool /1529s chip

builtupedge1 jet's 29 jest"ed

jedid cosine (1bis normal force (1= normal force i iis1He s friction force 11 i1 gene friction force 1 11bis ? Boosto

rake anglesit's frictional force 11% rake angle 11 sil git gl ; ne I component

* built up edge decreases
, Depth of cut(to) decreases

& 2 side depthal cut 118 cutting force 1

* built up edge decreases
,

rake angle (d) increases

& 2) cutting force (19194% )5
.

2, Shane 1156 65% Jest,
11 to 504) Cutting = r =

to

tc

shear zone 1 deb s.
585 ? 11 thickness 11 c rake angles(Jis?is ? < normal friction forces 11 =j> & cutting force 11

* built up edge decreases
, Tipradius of the tool decreases

& radius 11 is &is1 , more efficient Ju cutting 11

* built up edge decreases
, by using an effective cutting fluid

friction force 11 is effective cutting fluid Siss
.

8

* built up edge decreases
, cutting speed (V) increases at maximum heat dissipation

friction 11 s % Temperature is shearing 11- Temperature >J ideal work 11 % 100

coefficientStrain Tempreuelgfriction : bitupedge Temperatua



eig

*Serrated chips : (semi continuous (

>Isegments -e) (nonhomogeneous chips)

- the chips have the appearance of saw teeth

I metal 110:wi) red metal a gri S.
1 , built upis; metal

, tool 11.-

hig,
plastic
deformativeO , material 11sisi.%materia

Temperature 1155

strong shear & material 113: 1 = 10:41 iss You Temperature

heat &Je 21 Bl energy Is

Temp 114 % gr shew 5: -ec.E. high shears %50 low strength

strong & hard , material -

* Discontinues chips :

> consists of segments that may be either firmly or loosely attached to each other

These chips usually develop under the following conditions :

high shear strains 5 ductility1 bein , Stichip 115 %65 Nd

hard

brittle &.3 %5 bas impurities & inclusions 8%
,

brittle jo is i-

stress concentration &3. flakes &800 graphite 11:5% gray cast irous 1-

5) is 2 , shear zone 11 Bas 21 I hard particles or impurities 111s , depth of cut 11 % 1; 05-

hard

& Scoopth od aut 111% 85 is.

) (cutting (1) sample size "S % 0
=5

impuritiesandomimpuritiesindu.
e

heut

very low cutting speed > (555 s.

DEVI1s
.

) dissipation Slide generation si

↳, 1j31 & Sis ductility (158) ductility 11 & & 50
.

0 ,8) A misl materias2/ Bisl gladly yeste. jeBaseHe

explain : Discontinues chips formed either at very low speed or very high speed ?

heut

> In very low cutting speed it means that the generation much less than dissipation (the material remains brittle because a Temperature (

In very high cutting speed it means that the generation is very high& high strain rate sensitiy Chard brittle material

↓



9. & is se & radius 11 thickness 118

5 Is minimum bending radius 11 , thickness/Is

thickness 11 = i & rake angle 11 ;;&1.

depth of cut ↑
, chip thickness"

= machine(1-11541 s

> friction 11 is illises 5%8 .

* V : Cutting speed

Is : Shear speed > vectors

X : chip speed
I

0 : shear angle

↓: rake angle 2 > rake face 1, normal 11ss
.

98- 2 > Us &dis

90- 0 + 2
> van g,s k[VsV

24s)

rake face a=09cuttingspeed s soni d shar speed dists i -

Yea539's

-

* depth ot cut (undeform chip thickness

deptha
V : cutting ratio < 1

↓
chip
thickness

< 5/11S
thickness



P.

478

*

continues chips 118,98..

chip breaker (190< (tool 1151sI ) tangling & , 0, =il 2 , jes) 1 : / Continues chips 11



95

*

< cutting velocity slob5i cutting edge 1155

N curling 11sis.
5 =+1 -

>
curling,

dis 555!)

So
> X

,
j ;

smaller radius

: 651 8 curling 119-

& curling up on the rale face

12

Xc : chip flow angle rolle face & curling away from the rake face
7

In : normal rate angle (between Ou & 2)

(y)
i

: inclination angle (between the normal of the cutting direction & cutting edge

⑤

· I need two functions :

↓

D shark bulk > toughness & damping for vibration

=pil3s Is a jusharkwine 7 & cutting edge > hard Ind sharpS

rate face 1 Jo Juniform
S-I Crake face)"

-ve

ratee
side relief angle 51

glank -> > much harderECEA

SaCer Boo poos e
material

ende I eight cutting edges &I

end face 11% Sold
L

--

jsb:0

cutting edge Is
>
dess jgr8

endface. left hand
material 117

834 that being cut
>4019554

mirror image

C

S



cutting tool 11 - Surface being cut 11 touch-Job , chip flow angless Sos
,

n Gl;s1s , a curling 11396% value face 11 -19.

clearance Side

&-S cutting edges , s tool 11 & touch 11554650) surface being cut 11, face I touch =150s< &engfangle release-

cutting zone &15. Cutting fluid N2,%wear 95% Sidees 11.

ongle

& So o Sl 50 nose radius /1 , 150 & < nose radius 11-

&

&
flexible

> 1950 Distation 8 e forces 1108 esves's 88, cutting sand =201 i 1

depth of cut 11 , in cutting edge sol , jo;

Friction

force
S ①

②
coefficient u=& of friction

Normance
crake face)

B : Friction angle

thrust
fix the tool against the workpiece & force 1

we assume that at any instant velocity the cutting velocity is constant < EF= zero

(R)

constant speed than acceleration = zero , net resultant force-zero

R > equal magnitudeas
.
(i) Zero je in L

& opposite direction

resultant force

from the workpiece

&
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&,'ey tool1 &2 tool holder 11

* functions of R on the tool & % +we 11 thrust force 115-

D Advanced the tool / cutting force 1105s
.
) tool against the workpiece 11 55 < thin,

D thrust force ises (F= MN) Friction < tool surface 11, chip 11 interaction-

workpiece (reaction)

-
F= Fu - M

SF = 0

Scaler F = MN

F= RsinB ,
N = RcosB

F

~ =Rsintas s
coefficient
of friction

: M = tan B

> M ranges from about 0 . 5 to 2

usually M < 1

· ex : if M = 2 > means that most of the energy supplied to the tool separated as frictional heat

force 11-i stiff is tool holder 11 51s
.

X-

-
-

Id deflection 8,+ 1) high modulus of rigidityS1 : stiff-
&

when 6 > B

>
since will

deflectionof &is. * I still enough to x =00 ,be negative -

Thrust & : F--ve(upward
depthworkpiece I tool se

> upward >-ue

- thrust force, downward < +ve

normal 11 Clockwise Ju +re rake angle *



* Bo ,
dr

,

E,
a 3. with constant R

58 o

↑
*

cutting35

negativees.
thrustis21Ps4j= (B = d)4%

Fe = zero 1: %
Fc & energy /199

.

5
.

% = B 1450

5. S
.

thrust force 11 Sis. -vex=6-

* The sign of FC is always positive

tool-sis-re j81j 1 Fc j <
-

25 S= 2/ 49 5

y

thrustbadsurfaceavibration,t 680 trukij29508,78151499
.

[i
.

tool 11 :) - ve ist force 11-
diminational
accuracy

Mis

* rake angle, , thrust force

small rake anglesInii ishell -

180)↑ , Ra , for

depth
Sis,

force 11 552, siz , $ metal 11: %, of cut 11 / 1, 25.
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* rake angles ,

shear angles , chip thickness"
, Eg"F,

"

* tool radius
,

F
,

"

↓

~
with

↳ depth- 11

S

=

3

&, shear shara

12 58

Shear normel
3 Zero plane 11 & Stress 115 = 90

%

8%5.S1s8

j

s It)

Fr through the area 55ois Sherress 1

-Shear
Plan

Sis.

Fracture 114 shear 11or e 1109
.

14 50iin 1 norm.



M tensile 1s21is 11 tensile 1is 214 s 1 :1

shear 112is. 21 twisting &91s1s

* 3 C

normal->

T fracture twisting face

fracture 104 Slots.Iudes twisting 1145011.

&
Shear shear Shear normal
Strain 11 &d. so PlanellS, Stress 11 , & S's-1 Stress (1 il 9 -

Sheain : relative motion (sys
.
5)

# ↳shar for) forces & take SI

* normal force gib , ↓ cutting zone 11 % Is I

-05890< constant shear stress &

Sticking, 19451, material In shearing 11

7 150 friction ju sticking 11

normal s ! shears Force 1151 51
, 5: % 201 , B, (rubbing =2) / ,8 sliding <7. curlingstool 11 % via
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Energy= Fc . L

is
w

Ut : Energy per unit volume

Fa
·
is

V = E =

we
= J/mm-

L

2 mm = 0 .002

J/mm3

P= Fc .
V

friction
&

ChipCity E = F
.
V

.
t

E = u = f P

shearCity

-0.

5!

,
-

Friction S1, Shearing / Ja. 851s$1 most of the ts.

FC 11

energy

* The total energy that comes from FC will used for : DShearing to overcome friction

to e 21 to 11 Shearing /128 - /

& volume 11 &
.

cutting ro e

#

gasd
increases > Do constant & UNE constant

&I increases & shear plane decreases

& Us decreses

to 02/0,



'OWas iss
.

Cutting /1
:
45 depta velocity

o·
I

chip cutting
thickness force

thrust

2

(sind +ecosa) r

#o
r== 0.4

Fu

w

j
O

>



a) No friction

So
O ..

51 energy 1 (material removal) cutting 11 S

important) ①
②

O
C

e

> highest value&> average
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cutting zone 11%% I highest temp 11 -

15. cutting tool &S? workpiece 11=
-

Lilyligs. I large heat sink s o, workpiece) 5 %

9. . 55 sinis temp

S
-15% deheat dissipation

Shearing
-

-os] Jisis tool chip interface 11 50 Temp &1.

-d)

y

high friction &.8 g5$1 secondary shear zone 110 50 workpiece5n tool 11 jes, tip 11 is cutting zon 11 -

·& lousy st
,

2) friction 11- by Chip Is tool 115 heat dissipation I

bre si, edges (150401071615base heat generation us heat dissipation 11 Mis, :111 =

Is high heat generation &5419 not material -

&heat dissipation (I

highearles assic hardness d%29

# rubbing al contact 11 sliding%s

metal against hard surfaces
, I metal ainst metal Iag

5 0 Jigs
, 2) hardness 119: 1 : 15.8 %;

- ext le; wear resistan are

limited

5851 ,na&&, finishing cuts I

Temple!

& I 2 & 50:%entiedise in a

intended dimensional accuracy 11

visis surface 11 a thermal damage 1

1) Decarburization :ds:s. 2;

is = &,&,d

1150.61:5.
54 's

--19525 Steel
-

55. 4)

J5
.

521's diffusion

Es is zi

1155% %5
.
54

ilSet theD change in chemical composition for the surface -

ja
19

.

15 19
.41 1p element%

.

S
.

) I Mechanical properties &

& metal Oxidation useful life 11 55%,on

3) phase transformation

2) OxidationIsju

-1,je

Mechanicalproperties (1 &s?,8

metalatical
transformation&F-88 Temp 11 81;15,



⑤

Lideal work)dis

sharp
6

· point & workpiece 11s tool 11
.

Contact 11 Js it s Sharp it tool 11918,5) -

workpiece 11 ,
tool 11 % heat generations rubbing :2151: ne surface & Contact1985 radius 11581, 1

,

>llsS
C SC"

,
To

-Wis isHisI

C E G ,
T

M 7 % %y

1 Kelvin) Im ja iss. 41 energy si

O normalstress" ,
Shears "

"

C

i

· p
& jets. & Temp &I

↓

rake face 11 j 1
,61

T his
heat dissipated Is S1

debicipation

ISpeed "teat ↑ Temp
"

/ generation

friction 11& &% 56 rake face 11

>

heat dissipation, 1891 heat generation 1181.
Temp "Si1 = 110

Temp 1195,
s

.

flank face 11 % J,&1151 /1 Mos is heat dissipations, js% 5
,

%%, workpiece 11o is
,

tool tip 11 28 tool tip 115 jetbil , tip 11 s ji & Temp -

cutting
high temp zone ?Tomateria-Sel, friction o friction C valefacei

highest temp

workpieces a contact on ists. tip"s - - &I Friction (1 b the highest temp 8: Sos1550 ,
16 is Ss2) /chip"S

heat sink 5
"

15%5%, chip Is

&mp
tool

holderMeta heattipation



7 the distance the tool advances in

cutting speed mm/min
linear velocities

to the workpiece per revolution

yoradianreu

N = RPm rev/min Irev = 2 r

v = (TTD)
.
Nmm/min 360°= 2 Trad

*

① Thermocouples

is > two conductors in two different materials

,91

T
ef

emf

ST

② Radiation ii
S

-

5Isig ultraviolet

violet
Thermal2Sea

FrequencySe a Reevared
i

>



workpiece Face in

*

sliding , high friction
, vibration ,
he cutting tolsa

- factors affect tool life : D combination of tool material & workpiece materials cutting conditions /speed , to ,
there is rotation or not .... ( -

* wear : Remove of the material from the surface due to mechanical actions (mainly sliding under stress (

-factors affect tool wear : D cutting tool C2 workpiece material 3) physical , mechanical, chemical properties & processing parameters (such as : V
, feed , to ...

- wear is a Gradual process because the wear is caused by sliding

* Types of wear : Dflank wear crater wear , rose wear chipping of the cutting edge
wears

d I
toois

C

·

%
workpiece 11 & No; & iss & faces 118 + Flankfaces 11 &=S

.

speed
-factors that effect the flank wear : Temperaturee , cutting conditions : depth about

feed

Ik as slee time , Cutting I machining we

2
workpiece tool

materials 119 materials 110 combination &es n

04 wear (1) wear 11 ins

ST

Letool wear I

flank weara (j) $1 time 11., 141 ; 1 ,1900s.-
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↳

*

not lineara cutting speed" ,
tool life

,

* rate of tool life decrease is higher in cutting stronger material for the same tool out (harder - materia 11:00 & Sis
.

Tif 11 J, s grate1

- Ferrite 115- 5% 55l pearlite (1

Sis.

workpiece
1/

&

1134
flank wear

for 7

flan,a -05
. 519115V

Temperature & 2. y ,
I wear ,In tool 115 /j 1 ;5)) Criteria 11

7 55.

Too j 10 .
6 mmShe's Constant wears (wear11s5) wear be ,e tool 11 ;1,ec.5583

~Temple speedi feed

Temp ,
to

Imin
=&is, , feed 11 , speed Ni

-
curve 1118yes stid; speis i

hardness (1 s 1; 1ilss Sliding 11 581 wear 11 isi feeda Speed 11 is independent LS5) Tungsten carbide <

(15
.

harder 1 s11 Jus. (ceramics 119
.

51551/

hardness"
,

brittiness"
, toughness , O.

vibration ; jolil hard1 vid;

chipping %21 stiff-tool 11 isnd



tool life /1 Nji$1491s cutting speed 11 i &

& is feed rate & depth ofcut 110&s

·5.
%.. elements"Sa > The linear motion per revolution

I I

- original i3)4



·is, on

&

& D ②

G

-Crater wear happens on the tool chip interface (Rake face)

1000 S's1) Is thing, 1 speak Temp 1

·Sis ide
, i bl I is & maximum temp 11 -

tool material " is s workpiece 11 : chemical affinity i $1 ; -

= material 11 n ji chip 11558 gal wear1

side view continuously losses in the material

minimum temp to produce the crater wears tool s %

softer a tool material 1158- -

11-5
I'

materih
gusiss.

per
min



zoky

dissolve

* Mechanism 3/
=Is ineach material , %.

① zs
.

!

61's ice :18 gil & Diamond, 1

e ③ ⑪ I Temperature

diffusion

S

I"9
195, wear 19 as

Carbon s :, diamond 118 crater wear

t

strong affinity to steel & carbon 11s

Tempt ,diffusionebon

to the chip
thinning -2) crater wear 11 % 1 %1.

amount of ATime" ,
diffusion S1051 ; six e section :

(Gross chipping) tool failure

#

wear gradua y weraa

-

M

②
①

-

O 7

·

* Two main causes of chipping : nonuniform cooling I is therm stresa

&

C Mechanical shock L
② Thermal fatigue Thermal Fatigue : nonuniform heating a cooling

within the some bulk

force 11 %/
fatigue : Failure due to cyclic loading

&
-

C
C Pisin Green : maximum &51 zero & &5> Maximum1 Zeroes is Cycle 11

E

high Reed I under
Red : (stress is Zerois

sock #= 21
(compression)

Mechanical
Shock 158 1"s 5

.

0 vibration & : 81; 1 :g ? ii. 313411, jajsid-
&

hard impurity: material 11 i81s1s under tensionl , 20 35 30 <

(particles)

* Thermal Fatigue :

compression
Not 111/144(11/e

nonuniform cooling & heating within the same body sin is 1 %1

T-T

cold Tension Mechanical stresses 1 Thermal cycle 11 Jess.

I



* factors that lead to chipping :

& High positive rake angle

I because of the small included angle*
included angle

& crater wear

> because wear progresses toward the tool tip and weakens it

③ Thermal cracks

> thermal cycle like interrupted cutting

&

W
failure

trend Vibration
,

forces· Temperature 11.1.

Tool 11 515% -

range
200

of

Reformance *******
L chipping

123456
too much wear

crater & flank wear i; ,&1,< Direct-

X-
forces

, Temperature 11 8
.

5% (15. 821 <
In Direct 11-

, vibration

-> tool 11;1 indication jeskit Force 11 29. , i

· wear sis, us 1 dull Js
. Sharp

21 e 5 Temperature 11 :Eil ,m 1s1 ,



Muc roughness

surface~boriness

*

-flatness2 ·↳ Sure e

Surface finish : describes the geometric features of surfaces (geometrical reach

surface integrity : pertains to properties that are strongly influenced by the type of surface produced (cracks , 9
.
93559955

.)

surface
Q Continues chips > finish< Chips 11 5518 Surface finish 1151s45t

surface
& Built up edge chips <finish >

& Adversely affect surface finish & integrity : D Built up edge [2 Depth of cut

D small depth of cut

3.depth &
&

positive
rake angle

very bad surface finish

% ·
if the radius depth of cut < boks radius & tangent 1155821

Vertical 11 &30 %5%
. 21 workpiece 1

negative rake angle 85 tool 11 %9 s 21s

tearingacracking si surface damage is

(intigrity & surface finish 110

depth

& cutting edge I radius 11s is of aut 11 fis

&IAll rake angleslie's tool 11 it is
tangentX

extremely sharp ju six u negative %isis is st n negative rake angle 11-



31/5u
T

*

surface roughness 11 ; "8 Feed marks 11-

radius for milling tools

machine surface 1 & jol pos.
Is 50 Feed 11 : 504-

Feed"
,

feed marks

for the tool

Feedins (R)-

& siljiis roughness 11 -

· mm/reu jsts
.

Feed1i S$ Ses i Turning 11I

&i $ tool 11 milling 1105

* 2051'

... To, surface
, intigrityif

Q

② ③ ⑪



=

-Low Melting point 1327%, Lead is perfectly plastic material (1 % %1000) ·
lead

Particles
lead 11399 -

, sharplaneIsa
s

-
tool 11 s Chip 115 Friction 11

-

/

Lubricant 11 &S
.

Lead 11 ·

↑ shearing /10. S zone 11 Primary shear zone /

&
5 ju Stresses" && chip > materia/1oJas

.

# & & j lead particles ju8

·rise

·
E

L

& bes ju Sulfide 11 sl % >og- round edge Git stress raisers -jo-

Stress 1138 & Stress 51 % 1 : 1 -

crack11g stress raisers - Sulfur11s- steel 11 Mn11% 5
.

5%--

sulfidea crack 11,

&Steel 11 9: Sulfides

(impurity w ,4 sulfur 1)

& ejsi Steel 11 is
:

-18 m = 5? Sulfides 11

tensile
9. S 1 strength s : Mechanical properties 115

.

2) Machining &

tensile
I cracks zos, 21 Stresses 115 ) (Compressive



- Primary shear zone > Shearing (18 .&

-> Secondary shear zone > tool chip 11. % friction jets.

.
Q :02 C

00

sa oo

Machinabilityo-Al & S -15% :00, (5% 9,
14) op o

i
,

--

seconda Strength 11958 -- =,1
.

E , Just &5+ De-oxidizers 00 o

Al ,
Si ,

Ca

O2 114is ·
&. De-oxidizers (1 :21 n jol : 50./1 Oxides jss c -

·O2"Es (Al ,
Si

, cal si De-oxidizers je its
2 &jbs Oxides

& Strength 11 N flakes &50 Aluminosilicate , 55% Js

Secondary

crater wear 11Sv= 1 &%, Temp 11%, Friction 11 &s 18 %; shear Sh
zone

· sis.

The 55% s

tensileStrength 11 material 11 11 Sharp 151

is3
C ? y1 , Machinability&si Al silicon 11.1 c 5/1-

hariv)

, cutting tool &5581 , by

Machinability 110so Shape 11 i g1ssida.

( dimensions 11))% 19

·5:1995
.

%
.

Strength , hardness 11 i our Machinabilitys JS
.

j , 11 8 -

2. =9. Machinability (1 ilsj /& Steels 11 j: 19
.
91j = & 151 -

Surface finish& integrity (1ms bile descita! sho Jes x Machinability188 , X

ductile 11 jistis.
(chips 11s y5 so1) built up edge 11

material Yductile soft je is Pure iron : extremely lou carbon steelsis
isdi

9555
.

5j5
.

built up edge

S
--



W

built up edge 11 jet Tendency 11 c. %0. 15 115%. Machinability10.5.5 0
.

15 11 n)-

is 2s energy requirement " force " = 2: life 115, 5
.

Surface finish 1215810 sis. Strength 11 u builtupedge&is? 0 0 . 15 s-

forced power requirements &it 11 .
C. Machinability 1152155% steel a Strength 11%...., chromium ,

nickel 11 % : Alloying elements 11:521-

S
.

builtupedge 11 Jet Tendency 110 Cold working 11 -

Strain Cold
& built up edge 11 Jet Tendency 11 58 % 5=) ductility 1158% hardening 11.. Strength /15. working198 <

&

G

onli



D

working conditions :

①
② ③

&

⑪

Hardness at high temperatures
>

501 & &is t; tool 11 --

machining 11=8 :0
.
5 js

.

41G is s

continuous

un

&

&I1 & osj

"S
wear
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522 Chapter 8 Machining Processes

onto the shaft and the stator is placed in the wall of the spindle hous-
ing. The bearings may be rolling element or hydrostatic; the latter is more
desirable because it requires less space than the former. Because of inertial
e!ects during acceleration and deceleration of machine-tool components,
the use of lightweight materials, including ceramics and composite mate-
rials, is important. Selection of appropriate cutting-tool materials also is
a major consideration. Depending on the workpiece material, multiphase
coated carbides, ceramics, cubic boron nitride, and diamond are typical
tool materials for high-speed machining.

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

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

1. Spindle design for high sti!ness, accuracy, and balance at very high
rotational speeds, and workholding devices that can withstand high
centrifugal forces;

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

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

4. e!ective chip removal systems at very high rates.

8.9 Cutting Processes and Machine Tools for
Producing Round Shapes

This section describes the processes that produce parts that are round in
shape, as outlined in Table 8.7. Typical products machined include parts
as small as miniature screws for eyeglass hinges and as large as cylin-
ders, gun barrels, and turbine shafts for hydroelectric power plants. These
processes are generally performed by turning the workpiece on a lathe.
Turning means that the part is rotating while it is being machined using a
cutting tool. The starting material is typically a workpiece that has been
produced by other processes, such as casting, forging, extrusion, and
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TABLE 8.7 General characteristics of machining processes.

Commercial tolerances
Process Characteristics (±mm)
Turning Turning and facing operations are performed on all types of

materials; requires skilled labor; low production rate, but
medium to high rates can be achieved with turret lathes and
automatic machines, requiring less skilled labor

Fine: 0.025–0.13
Rough: 0.13
Skiving: 0.025–0.05

Boring Internal surfaces or profiles, with characteristics similar to
those produced by turning; sti!ness of boring bar is important
to avoid chatter

0.025

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

0.075

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

0.13–0.25

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

0.08–0.13

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

0.05–0.13

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

0.025–0.15

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

0.8

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

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

• Facing, to produce a flat surface at the end of a part, such as for
those that are attached to other components, or to produce grooves
for O-ring seats;

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

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

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

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

• Threading, to produce external or internal threads in workpieces; and
• Knurling, to produce surface characteristics on cylindrical surfaces,

as in making knurled knobs.

i
eace
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Depth
of cut

ToolFeed, f

(a) Straight turning

(g) Cutting with
a form tool

(e) Facing

(b) Taper turning (c) Profiling

(k) Threading

(d) Turning and
external grooving

(f) Face grooving

(h) Boring and
internal grooving

(i) Drilling

(j) Cutting o! (l) Knurling

Workpiece

FIGURE 8.37 Examples of the wide variety of machining operations that can
be performed on a lathe and similar machine tools.

These machining operations may be performed at various rotational speeds
of the workpiece, depths of cut, d, and feed, f (See Fig. 8.19), depending
on the workpiece and tool materials, the surface finish and dimensional
accuracy required, and the capacity of the machine tool.

Roughing cuts are performed for large-scale material removal, and typ-
ically involve depths of cut greater than 0.5 mm and feeds on the order
of 0.2–2 mm/rev. Finishing cuts usually involve smaller depths of cut and
feed. Most machining operations consist of roughing cuts to define the part
shape, followed by a finishing cut to meet specific dimensional tolerances
and surface finish requirements.
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8.9.1 Turning Parameters

The majority of turning operations involve the use of single-point cutting
tools. Figure 8.38 shows the geometry of a typical right-hand cutting tool
for turning; such tools are identified by a standardized nomenclature. Each
group of tool and workpiece materials has an optimum set of tool angles,
that have been developed through many years of industrial experience.
Some data on tool geometry can be found in Table 8.8.

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

End view Side view

(a) (b) 

Shank

Flank face

Back rake
angle (BRA)

End relief
angle (ERA)

Wedge
angle

Side rake
angle (RA)

Side relief
angle (SRA)

Top view

(c) 

Rake face

End cutting-edge
angle (ECEA)

Side cutting-edge
angle (SCEA)

Nose
angle

Nose
radius

FIGURE 8.38 Designations and symbols for a right-hand cutting tool. The
designation “right hand” means that the tool travels from right to left, as shown
in Fig. 8.19.

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

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

Material rake rake relief relief cutting edge rake rake relief relief cutting edge
Aluminum and

magnesium alloys
20 15 12 10 5 0 5 5 5 15

Copper alloys 5 10 8 8 5 0 5 5 5 15
Steels 10 12 5 5 15 −5 −5 5 5 15
Stainless steels 5 8–10 5 5 15 −5–0 −5–5 5 5 15
High-temperature

alloys
0 10 5 5 15 5 0 5 5 45

Refractory alloys 0 20 5 5 5 0 0 5 5 15
Titanium alloys 0 5 5 5 15 −5 −5 5 5 5
Cast irons 5 10 5 5 15 −5 −5 5 5 15
Thermoplastics 0 0 20–30 15–20 10 0 0 20–30 15–20 10
Thermosets 0 0 20–30 15–20 10 0 15 5 5 15

① Tool geometry

GeMaterial removed rate

single edge

-

OForcesinturnin-feeds
, cutting speed,

DoceC
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tip. Positive-rake angles improve the cutting operation by reducing
forces and temperatures; however, positive angles also have a small
included angle of the tool tip (See Fig. 8.2). Depending on the tough-
ness of the tool material, a small included angle may cause premature
tool chipping and failure. (b) Side-rake angle is more important than
back-rake angle, although the latter usually controls the direction of
chip flow. (c) Relief angles control interference and rubbing at the
tool-workpiece interface. If the relief angle is too large, the tool tip
may chip o!, and if it is too small, flank wear may be excessive.
(d) Cutting-edge angles a!ect chip formation, tool strength, and cut-
ting forces. (e) Nose radius a!ects surface finish and tool-tip strength.
The smaller the radius, the rougher the surface finish of the work-
piece, and the lower the strength of the tool; on the other hand, large
nose radii can lead to tool chatter (see Section 8.12).

2. Material-removal rate. The material-removal rate (MRR) is the vol-
ume of material removed per unit time, such as mm3/min. Referring
to Fig. 8.39a, note that for each revolution of the workpiece, a ring-
shaped layer of material is removed; its cross-sectional area is the
product of the axial distance the tool travels in one revolution (known
as the feed, f ) and the depth of cut, d. The volume of this ring is the
product of the cross-sectional area (fd) and the average circumfer-
ence of the ring (πDavg), where Davg = (Do + Df )/2. For light cuts
on large-diameter workpieces, the average diameter can be replaced
by Do.

The material-removal rate per revolution is πDavgdf . Since the
rotational speed of the workpiece is N revolutions per minute, the
removal rate is

MRR = πDavgdfN. (8.38)

d

DoDf

Workpiece

N

Chuck

Tool
Feed, f

Tool
Feed, f

N

Fc

Ft Fr

(a) (b)

FIGURE 8.39 (a) Schematic illustration of a turning operation, showing depth
of cut, d, and feed, f . Cutting speed is the surface speed of the workpiece at the
tool tip. (b) Forces acting on a cutting tool in turning. Fc is the cutting force; Ft is
the thrust or feed force (in the direction of feed); and Fr is the radial force that
tends to push the tool away from the workpiece being machined. Compare this
figure with Fig. 8.11 for a two-dimensional cutting operation.
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Similarly, the cutting time, t, for a workpiece of length l can be
calculated by noting that the tool travels at a feed rate of fN =
(mm/rev)(rev/min) = mm/min. Since the distance traveled is l mm,
the cutting time is

t = l
fN

. (8.39)

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

3. Forces in turning. The three principal forces acting on a cutting tool
in turning are illustrated in Fig. 8.39b. These forces are important in
the design of machine tools and in determining the tool deflection,
which is especially important in precision machining operations. The
cutting force, Fc, acts downward on the tool and thus tends to deflect
the tool downward; note that the cutting force is the force that sup-
plies the energy required for the cutting operation. As can be seen in
Example 8.4, the cutting force can be calculated (a) from the energy
per unit volume of material machined, described in Section 8.2.5; and
(b) by using the data given in Table 8.3.

The thrust force, Ft, acts in the longitudinal direction; this force is
also called the feed force because it is in the feed direction. The radial
force, Fr, is in the radial direction; it tends to push the tool away from
the workpiece.

4. Tool materials, feeds, and cutting speeds. The general characteris-
tics of cutting-tool materials are described in Section 8.6. Figure 8.40

Cubic boron nitride,
diamond and
ceramics
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50 FIGURE 8.40 The range of applicable cutting
speeds and feeds for a variety of cutting-tool
materials.
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TABLE 8.9 Approximate ranges of recommended cutting
speeds for turning operations.

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

Note: (a) The speeds given in this table are for carbides and ceramic
cutting tools. Speeds for high-speed steel tools are lower than indi-
cated. The higher ranges are for coated carbides and cermets. Speeds
for diamond tools are significantly higher than any of the values indi-
cated in the table.
(b) Depths of cut, d, are generally in the range of 0.5–12 mm.
(c) Feeds, f , are generally in the range of 0.15–1 mm/rev.

gives a broad range of cutting speeds and feeds applicable for these
tool materials. Specific recommendations for cutting speeds for turn-
ing various workpiece materials and for cutting tools are given in
Table 8.9.

EXAMPLE 8.4 Material-Removal Rate and Cutting Force in Turning

Given: A 150-mm-long, 10-mm-diameter, 304 stainless-steel rod is being reduced in diameter to
8 mm by turning on a lathe. The spindle rotates at N = 400 rpm, and the tool is traveling at an
axial speed of 200 mm/min.
Find: Calculate the cutting speed, material-removal rate, cutting time, power dissipated, and
cutting force.

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

V = πDoN.

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

The cutting speed at the machined diameter is

V = (π)(0.008)(400) = 10.05 m/min.

From the information given, note that the depth of cut is

d = 10 − 8
2

= 1 mm = 0.001 m,

See
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and the feed is
f = 200

400
= 0.5 mm/rev = 0.0005 m/rev.

Thus, according to Eq. (8.38), the material-removal rate is

MRR = (π)(9)(1)(0.5)(400) = 5655 mm3/min.

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

t = 150
(0.5)(400)

= 0.75 min.

The power required can be calculated by referring to Table 8.3 and taking an average value for
stainless steel as 4.1 W-s/mm3. Therefore, the power dissipated is

Power = (4.1)(5655)

60
= 386 W.

The cutting force, Fc, is the tangential force exerted by the tool. Since power is the product of
torque, T, and rotational speed in radians per unit time, we have

T = (386)

(400)(2π/60)
= 9.2 Nm.

Since T = (Fc)(Davg/2),

Fc = (9.2)(2)

(0.009)
= 2.0 kN.

8.9.2 Lathes and Lathe Operations

Lathes are generally considered to be the oldest machine tools. Although
woodworking lathes were first developed during the period 1000–1 b.c.,
metalworking lathes, with lead screws, were not built until the late 1700s.
The most common type of lathe, shown in Fig. 8.41, was originally called
an engine lathe, because it was powered with overhead pulleys and belts
from nearby engines.

QR Code 8.1 Turning and
profiling on a turning
center. Source: Courtesy
of Haas Automation, Inc.

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

lgg(inum)
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Spindle speed
selector

Headstock assembly

Spindle (with chuck)
Tool post

Compound
rest

Cross slide

Carriage

Ways

Dead center

Tailstock quill

Tailstock assembly

Handwheel

Bed

Feed selector

Chip pan

Apron

Clutch

Longitudinal &
transverse feed
control

Feed rod

Lead screw

FIGURE 8.41 General view of a typical lathe, showing various components.
Source: Courtesy of South Bend Lathe Co.

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

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

Tracer lathes, also called duplicating lathes or contouring lathes,
are capable of turning parts to various contours, where the cutting
tool follows a path that duplicates the contour of a template. Auto-
matic lathes, also called chucking machines or chuckers, are used
for machining individual pieces of regular or irregular shapes. Turret
lathes are capable of performing multiple machining operations on
the same workpiece, such as turning, boring, drilling, thread cutting,
and facing. Several cutting tools can be mounted on the hexagonal
main turret. The lathe usually also has a square turret on the cross
slide, with as many as four cutting tools mounted on it.

2. Computer-controlled lathes. In modern lathes, the movement and
control of the machine tool and its components are accomplished
by computer numerical controls (CNCs); the features of such a lathe
are shown in Fig. 8.42. These lathes are typically equipped with one
or more turrets; each turret is equipped with a variety of cutting
tools and performs several operations on di!erent surfaces of the
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(a) (b)

Drill
Multitooth

cutter

Reamer

Drill

Tool for
turning

or boring

Individual
motors

Round turret for
OD operationsCNC unit Chuck

End turret for ID operations Tailstock

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

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

EXAMPLE 8.5 Typical Parts Made on CNC Turning Machine Tools

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

Source: Monarch Machine Tool Company.

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

Material: Titanium alloy
Number of tools: 7
Total machining time
(two operations):
5.25 minutes

Material: 52100 alloy steel
Number of tools: 4
Total machining time
(two operations):
6.32 minutes

(c) Tube reducer

Material: 1020 Carbon Steel
Number of tools: 8
Total machining time
(two operations):
5.41 minutes

(b) Inner bearing race

67.4 mm
87.9 mm

98.4 mm

85.7 mm 

235.6 mm

78.5 mm

50.8 mm 23.8 mm

53.2 mm

FIGURE 8.43 Typical parts made on computer-numerical-control machine
tools.

TABLE 8.10 Typical production rates for various cutting
operations.

Operation Rate
Turning

Engine lathe Very low to low
Tracer lathe Low to medium
Turret lathe Low to medium
Computer-control lathe Low to medium
Single-spindle chucker Medium to high
Multiple-spindle chucker High to very high

Boring Very low
Drilling Low to medium
Milling Low to medium
Planing Very low
Gear cutting Low to medium
Broaching Medium to high
Sawing Very low to low

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

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

The ratings given in Table 8.10 are relative, and there can be sig-
nificant variations in specific applications. For example, high-carbon
cast-steel rolls (for rolling mills; see Section 6.3) can be machined
on special lathes at material-removal rates as high as 6000 cm3/min,
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using multiple cermet tools. The important factor in this operation
(also called high-removal-rate machining) is the very high sti!ness
of the machine tool (to avoid tool breakage due to chatter; see
Section 8.12) and its high power, which can be up to 450 kW.

The surface finish and dimensional accuracy obtained in turning
and related operations depend on such factors as the characteristics
and condition of the machine tool, sti!ness, vibration and chat-
ter, processing parameters, tool geometry, tool wear, cutting fluids,
machinability of the workpiece material, and operator skill. Conse-
quently, a wide range of surface finishes can be obtained, as shown
in Fig. 8.24 (See also Fig. 9.28).

4. Ultraprecision machining. There are continued demands for preci-
sion manufactured components for computer, electronics, nuclear
energy, and defense applications. Examples include optical mirrors
and components for optical-systems, with surface finish requirements
in the range of tens of nanometers (10−9 m or 0.001 µm) and shape
accuracies in the µm and sub-µm range. The cutting tool for these
ultraprecision machining applications is exclusively a single-crystal
diamond (hence, the process is also called diamond turning), with
a polished cutting edge that has a radius as small as a few tens of
nanometers; thus, wear of the diamond can be a significant problem.

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

The machine tools for ultraprecision machining are built with very
high precision and high machine, spindle, and workholding-device
sti!ness. These machines, some parts of which are made of struc-
tural materials with low thermal expansion and good dimensional
stability, are located in a dust-free environment (clean rooms) where
the temperature is controlled within a fraction of one degree. In
cryogenic diamond turning, the tooling system is cooled by liquid
nitrogen to a temperature of about −120◦C (see also Section 8.7.3).
Vibrations from external and internal sources must be avoided as
much as possible. Feed and position controls are made through laser
metrology, and the machines are equipped with highly-advanced
computer control systems, which also include thermal and geometric
error-compensating features.

5. Hard turning. As described in Chapter 9, there are several other pro-
cesses, particularly grinding, and nonmechanical methods of remov-
ing material economically from hard or hardened metals. However, it
is still possible to apply traditional machining processes to hard met-
als and alloys by selecting an appropriate tool material and a machine
tool with high sti!ness. One common example is finish machin-
ing of heat-treated steel (45 to 65 HRC) machine and automotive
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components, using polycrystalline cubic-boron-nitride (PcBN) tools.
Called hard turning, this process produces machined parts with good
dimensional accuracy, surface finish, and surface integrity. It has been
shown that it can compete successfully with grinding the same com-
ponents, from both technical and economic aspects. A comparative
example of hard turning vs. grinding is given in Example 9.4.

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

Automatic screw machines are designed for machining of screws
and similar threaded parts at high production-rates. Because these
machines are also capable of producing other components, they are
generally called automatic bar machines. All operations are per-
formed automatically, with tools clamped to a special turret. The bar
stock is automatically fed forward through an opening in the head-
stock, after each screw or part is machined to finished dimensions and
then cut o!. The machines may be equipped with single or multiple
spindles, and capacities range from 3–150-mm diameter bar stock.

8.9.3 Boring and Boring Machines

The basic boring operation, shown in Fig. 8.37h, consists of producing
circular internal profiles in hollow workpieces and enlarging or finishing
a hole made by another process, such as drilling. It is carried out using
cutting tools that are similar to those used in turning. Note that the boring
bar has to reach the full length of the bore, thus tool deflection and main-
taining dimensional accuracy can be a concern. The boring bar must also
be su$ciently sti!, and is made of a material with high elastic modulus
(such as carbides) to minimize deflection and avoid vibration and chatter.
Boring bars have been designed with capabilities for damping vibrations
(see Section 8.12).

Although boring operations on relatively small workpieces can be car-
ried out on a lathe, boring mills are used for large workpieces. These
machines are either vertical or horizontal in design and are also capable
of performing such operations as turning, facing, grooving, and chamfer-
ing. A vertical boring machine (Fig. 8.44) is similar to a lathe, but with
a vertical axis of workpiece rotation. In horizontal boring machines, the
workpiece is mounted on a table that can move horizontally, in both axial
and radial directions. The cutting tool is mounted on a spindle that rotates
in the headstock, and is capable of both vertical and longitudinal move-
ments. Drills, reamers, taps, and milling cutters can also be mounted on
the spindle.
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Cross-rail

Tool head

Workpiece

Work table

Bed
Column FIGURE 8.44 Schematic illustration of the

components of a vertical boring mill.

8.9.4 Drilling, Reaming, and Tapping

One of the most common machining processes is drilling. Drills typically
have a high length-to-diameter ratio (Fig. 8.45) and are capable of produc-
ing deep holes. They are, however, somewhat flexible, depending on their
length and diameter. Moreover, note that chips produced move through
the flutes in a direction opposite to the axial movement of the drill; conse-
quently, chip disposal in drilling and selecting an e!ective cutting fluid are
important.

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

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

The material-removal rate in drilling can be expressed as

MRR = πD2

4
fN, (8.40)

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

The thrust force in drilling is the force that acts in the drilling direction;
if excessive, this force can cause the drill to bend and break. The thrust
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(a)

Tang drive

Shank
diameter

Straight
shank

Neck

Overall length

Flute length
Body

Point angle

Lip-relief
angle

Chisel-edge
angle

Chisel edge

Drill
diameter

Body diameter
clearance

Clearance
diameter

(b)

Lip

Margin
La

nd

Flutes Helix angle

Shank length

Web

Tang Taper shank

FIGURE 8.45 Two common types of drills: (a) Chisel-point drill. The function
of the pair of margins is to provide a bearing surface for the drill against walls of
the hole as it penetrates into the workpiece. Drills with four margins
(double-margin) are available for improved drill guidance and accuracy. Drills
with chip-breaker features are also available. (b) Crankshaft drill. These drills
have good centering ability, and because chips tend to break up easily, they are
suitable for producing deep holes.

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

Surface Feed, mm/rev Spindle speed (rpm)
Workpiece speed drill diameter drill diameter
material m/min 1.5 mm 12.5 mm 1.5 mm 12.5 mm
Aluminum alloys 30–120 0.025 0.30 6400–25,000 800–3000
Magnesium alloys 45–120 0.025 0.30 9600–25,000 1100–3000
Copper alloys 15–60 0.025 0.25 3200–12,000 400–1500
Steels 20–30 0.025 0.30 4300–6400 500–800
Stainless steels 10–20 0.025 0.18 2100–4300 250–500
Titanium alloys 6–20 0.010 0.15 1300–4300 150–500
Cast irons 20–60 0.025 0.30 4300–12,000 500–1500
Thermoplastics 30–60 0.025 0.13 6400–12,000 800–1500
Thermosets 20–60 0.025 0.10 4300–12,000 500–1500

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

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

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

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

Reaming and reamers. Reaming is an operation that makes an existing
hole dimensionally more accurate than can be achieved by drilling alone;
it also improves the surface finish of the hole. The most accurate holes
are produced by the following sequence of operations: centering, drilling,
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Chamfer angle
Chamfer length

Chamfer relief

Helix angle, -
Primary

relief angle

Margin
width

Land width

Radial rake

FIGURE 8.47 Terminology for a helical reamer.

(b)

Rake angle

Hook angle
(a)

Tap

NutLand

Chamfer
relief

Flute
Cutting edge

Heel

Chamfer
angle

FIGURE 8.48 (a) Terminology for a tap; (b) illustration of tapping of steel nuts
in high production.

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

Tapping and taps. Internal threads can be produced by tapping; a tap is
basically a threading tool with multiple cutting teeth (Fig. 8.48). Taps are
typically available with three or four flutes; three-fluted taps are stronger
because their flute is wider. Tapered taps are designed to reduce the torque
required for tapping through-holes, and bottoming taps are designed for
tapping blind holes to their full depth. Collapsible taps are used for
large-diameter holes; after tapping is completed, the tap is mechanically
collapsed and removed from the hole, without having to be rotated. Tap
sizes range up to 100 mm.
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8.10 Cutting Processes and Machine Tools
for Producing Various Shapes

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

8.10.1 Milling Operations

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

The basic types of milling operations are described as follows.

1. Slab milling. In slab milling, also called peripheral milling, the axis
of cutter rotation is parallel to the surface of the workpiece to be
machined, as shown in Fig. 8.50a. The cutter, called a plain mill, has
a number of teeth along its periphery, each tooth acting as a single-
point cutting tool. Cutters used in slab milling may have straight or
helical teeth, producing an orthogonal or an oblique cutting action,
respectively. Figure 8.1c shows the helical teeth on a milling cutter.

In conventional milling, also called up milling, the maximum chip
thickness is at the end of the cut (Fig. 8.50b). The advantages of
conventional milling are that tooth engagement is not a function of
workpiece geometry, and contamination or scale on the surface does
not a!ect tool life. The machining process is smooth, provided that

(a) (b)

(d)

(c)

(e)

FIGURE 8.49 Typical parts and
shapes produced by the machining
processes described in Section 8.10.
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(a) (b) (c)

Workpiece
Conventional

milling
Climb
milling

d
N

D

f

tc

d

v

Cutter

D

v

llc

Cutter

FIGURE 8.50 (a) Illustration showing the di!erence between conventional
milling and climb milling. (b) Slab-milling operation, showing depth of cut, d;
feed per tooth, f ; chip depth of cut, tc and workpiece speed, v. (c) Schematic
illustration of cutter travel distance, lc, to reach full depth of cut.

the cutter teeth are sharp. There is, however, a tendency for the tool
to chatter, and for the workpiece to be pulled away from the surface,
and thus proper clamping is important.

In climb milling, also called down milling, cutting starts at the
thickest location of the chip. The advantage of climb milling is that
the downward component of cutting forces holds the workpiece in
place, particularly for slender parts. However, because of the result-
ing high-impact forces when the teeth first engage the workpiece, this
operation requires a rigid setup, and backlash in the table feed mech-
anism must be eliminated. Climb milling is not suitable for machining
workpieces that have surface scale, such as hot-worked metals, forg-
ings, and castings; the scale is hard and abrasive, and causes excessive
wear and damage to the cutter teeth. In general, climb milling is
recommended for applications such as finishing cuts on aluminum
workpieces.

The cutting speed in milling, V, is the peripheral speed of the cutter,
that is,

V = πDN, (8.41)

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

tc = 2f

√
d
D

, (8.42)

where f is the feed per tooth of the cutter (measured along the work-
piece surface, that is, the distance the workpiece travels per tooth of
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the cutter, in mm/tooth), and d is the depth of cut. With increasing
tc, the force on the cutter tooth also increases.

Feed per tooth is determined from the equation

f = v
Nn

, (8.43)

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

mm/m)/(rev/min)(number of teeth/rev), which is correct. The cutting
time, t, is given by the expression

t = l + 2lc
v

, (8.44)

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

MRR = lwd
t

= wdv, (8.45)

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

2. Face milling. In this operation, the cutter is mounted on a spindle
with an axis of rotation perpendicular to the workpiece surface, and
removes material in the manner shown in Fig. 8.51a. The cutter
rotates at a speed of N, and the workpiece moves along a straight
path and at a linear speed of v. When the cutter rotates in the direc-
tion shown in Fig. 8.51b, the operation is called climb milling; when
it rotates in the opposite direction (Fig. 8.51c), it is conventional
milling.

Because of the relative movement between the cutting teeth and the
workpiece, a face-milling cutter leaves feed marks on the machined
surface, much as in turning operations (See Fig. 8.19). Surface rough-
ness depends on insert corner geometry and feed per tooth [see also
Eqs. (8.35) to (8.37)].

The terminology for a face-milling cutter and its various angles is
given in Fig. 8.52; the side view of the cutter is shown in Fig. 8.53.
Note that, (a) as in turning operations, the lead angle of the insert has
a direct influence on the undeformed chip thickness; (b) as the lead
angle (positive, as shown in the figure) increases, the undeformed
chip thickness (thus also the thickness of the actual chip) decreases;
(c) the length of contact increases; and (d) the cross-sectional area
of the undeformed chip remains constant. The range of lead angles
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FIGURE 8.51 Face-milling operation showing (a) action of an insert in face
milling with the cutter removed for clarity; (b) climb milling; (c) conventional
milling; and (d) dimensions in face milling.

FIGURE 8.52 Terminology for a
face-milling cutter.
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for most face-milling cutters is typically from 0◦ to 45◦. The lead
angle also influences forces in milling; as the lead angle decreases, the
vertical force (axial force on the cutter spindle) decreases.

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

The relationship of cutter diameter and insert angles, and their
position relative to the surface to be milled, is important, because
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Insert

Undeformed chip thickness

Depth of cut, d

Lead
angle

f

Feed per tooth, f

(a) (b)

FIGURE 8.53 The e!ect of lead angle
on the undeformed chip thickness in
face milling. Note that as the lead
angle increases, the undeformed chip
thickness (and hence chip thickness)
decreases, and the length of contact
(and hence the width of the chip)
increases. Note that the insert must be
su$ciently large to accommodate the
increase in contact length.

(b)

Exit
Entry

Re-entry
Exit

(a)
Cutter

Workpiece

(c)

Cutter

Desirable

Milled
surface

+ -

Undesirable

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

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

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

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

Solution: The cross section of the cut is wd = (60)(3) = 180 mm2. Since the workpiece speed v
is 0.6 m/min = 600 mm/min, the material-removal rate is

MRR = (180)(600) = 108, 000 mm3/min.

The cutting time is given by Eq. (8.44) as

t = l + 2lc
v

.

Note from Fig. 8.51 that for this problem,

l2c +
(

D
2

− w
)2

=
(

D
2

)2
,

so that lc =
√

Dw − w2, or 73.5 mm. Thus, the cutting time is

t = [500 + 2(73.5)](60)

600
= 64.7 s = 1.08 min.

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

f = 10
(1.67)(10)

= 0.6 mm/tooth.

For this material, the unit power can be taken from Table 8.3 to be 1.1 W-s/mm3; hence, the power
can be estimated as

Power = (1.1)(1800) = 1980 W = 1.98 kW.

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

3. End milling. The cutter in end milling, shown in Fig. 8.1d, has either a
straight or a tapered shank for smaller and larger cutter sizes, respec-
tively. The cutter usually rotates on an axis perpendicular to the
workpiece, but it can be tilted to produce inclined surfaces. Some

W
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end mills have cutting teeth on their end faces, allowing the end mill
to be used as a drill to start a cavity. End mills are also available
with hemispherical ends (called ball-nose end mills), for producing
curved surfaces, as in making molds and dies. Hollow end mills have
internal cutting teeth and are used for machining the cylindrical sur-
face of solid round workpieces, as in preparing stock with accurate
diameters for automatic bar machines.

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

4. Various milling operations and milling cutters. Several other types
of milling operations and cutters are used to machine various sur-
faces. In straddle milling, two or more cutters are mounted on an
arbor, and are used to machine two parallel surfaces on the work-
piece (Fig. 8.55a). Form milling is used to produce curved profiles,
using cutters with specially shaped teeth (Fig. 8.55b); such cutters
are also used for cutting gear teeth (see Section 8.10.7).

Circular cutters are used for slotting and slitting operations. The
teeth may be staggered, as in a saw blade (see Section 8.10.5), to
provide clearance for the cutter in making deep slots. Slitting saws
are relatively thin, usually less than 5 mm. T-slot cutters are used to
mill T-slots, such as those in machine-tool worktables (See Fig. 8.56).
The slot is first milled with an end mill; a T-slot cutter then cuts the
complete profile of the slot in one pass. Key-seat cutters are used

(a) Straddle milling (b) Form milling

Arbor

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

E
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This chapter describes the important features of finishing operations,
commonly performed to improve dimensional tolerances and surface
finish of products. Among the topics covered are:
• The characteristics of grinding wheels and mechanics of grinding operations.
• Types of grinding machines and advanced abrasive machining processes.
• Abrasive machining operations, including lapping, honing, polishing, chemical

mechanical polishing, and the use of coated abrasives.
• Nonmechanical means of material removal, including chemical and electro-

chemical machining, electrical-discharge machining, laser and electron beam
machining, and abrasive jet machining.

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

Symbols
A area, m2

b kerf, m
co elastic wave speed, m/s
C cutting points per area, m−2

also, electrochemical
machining constant,
mm3/A-min

d depth of cut, m
also, laser spot diameter, m

dw wire diameter, m
D diameter, m
Dw workpiece diameter, m
E cell voltage, V
f feed rate, m/min
F force, N

also, Faraday’s constant

G grinding ratio
also, mass, g

h thickness, m
I amperage, A
l undeformed chip length, m
L length ground, m
K electrical conductivity,

!−1mm−1

also, workpiece material
factor, mm3/A-min

Kp coe!cient of loss
m mass, kg
P power, Nm/s
r ratio of chip width to average

chip thickness
also, radius, m
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R ratio of workpiece to
electrode wear

s gap, m
t chip thickness, m

also, cutting depth, m
to contact time, s
Tr ratio of workpiece to

electrode melting
temperature

Tt melting point of electrode, ◦C
Tw melting point of workpiece, ◦C
"T temperature change, ◦C
u specific energy, W-s/m3

v velocity, m/s
V grinding speed, m/s

also, voltage, V
Vf wire feed rate, m/s

Vs grinding wheel
penetration, m/s

w width of chip, m
Wt electrode wear rate,

mm3/min
αn normal rake angle, deg

also, inclination angle, deg
φ shear angle, deg
η current e!ciency
ρ density, kg/m3

Subscripts
avg average
c cutting
n normal
o original, optimum

9.5 Machining Time in
Electrochemical
Machining vs.
Drilling 627

9.6 Machining Time in
Electrical-Discharge
Machining vs.
Drilling 630

CASE STUDY:

9.1 Gear Grinding with
Engineered
Abrasives 643

9.1 Introduction

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

Abrasive machining processes are generally among the last operations
performed on manufactured products, although they are not necessarily
confined to fine or small-scale material removal from workpieces, and they
can indeed compete economically with some of the machining processes
described in Chapter 8. Because they are hard, abrasives are also suitable
for (a) finishing very hard or heat-treated parts; (b) shaping hard nonmetal-
lic materials, such as ceramics and glasses; (c) cutting o" lengths of bars,
structural shapes, masonry, and concrete; (d) cleaning surfaces, using jets
of air or water containing abrasive particles; and (e) removing unwanted
weld beads.
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In addition to abrasive machining, several advanced machining pro-
cesses have been developed, starting in the 1940s. Also called nontradi-
tional or unconventional machining, these processes are based on electrical,
chemical, fluid, and thermal principles, and are advantageous when:

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

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

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

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

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

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

9.2 Abrasives

The abrasives commonly used in manufacturing are:

1. Conventional abrasives:

• Aluminum oxide (Al2O3);
• Silicon carbide (SiC).

2. Superabrasives:

• Cubic boron nitride (cBN);
• Diamond.

The last two of the four abrasives listed above are the two hardest materials
known, hence the term superabrasives. Abrasives are significantly harder
than conventional cutting-tool materials, as can be seen by comparing
Table 8.6 with Table 9.1. In addition to hardness, an important charac-
teristic of an abrasive is friability, that is, the ability of an abrasive grain
to fracture (break down) into smaller fragments. Friability gives abrasives
self-sharpening characteristics, important in maintaining the cutting e!-
ciency of the abrasives during use. High friability indicates low strength or
low fracture resistance of the abrasive; thus, under the grinding forces, a
highly friable abrasive grain fragments more rapidly than an abrasive grain
with low friability. Aluminum oxide, for example, has lower friability than
silicon carbide.

The shape and size of an abrasive grain also a"ect its friability. For
example, blocky grains, which are analogous to negative-rake-angle cut-
ting tools (Fig. 8.26), are less friable than plate-like grains. As for grain
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TABLE 9.1 Knoop hardness range for various materials and abrasives.

Knoop Knoop
Material hardness Material hardness
Common glass 350–500 Titanium nitride 2000
Flint, quartz 800–1100 Titanium carbide 1800–3200
Zirconium oxide 1000 Silicon carbide 2100–3000
Hardened steels 700–1300 Boron carbide 2800
Tungsten carbide 1800–2400 Cubic boron nitride 4000–5000
Aluminum oxide 2000–3000 Diamond 7000–8000

size, because the probability of defects existing in smaller grains is lower
(due to the size e!ect; Section 3.8.3), they are stronger and less friable
than larger grains. The importance of friability in abrasive machining is
described further in Section 9.5.

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

1. Synthetic aluminum oxide (Al2O3), first made in 1893, is made by
fusing bauxite, iron filings, and coke. Aluminum oxide is divided into
two groups: fused and unfused. Fused aluminum oxide is categorized
as white (very friable), dark (less friable), and monocrystalline (single
crystal). Unfused alumina, also known as ceramic aluminum oxide,
can be harder than fused alumina. The purest form of fused alumina
is seeded gel. First introduced in 1987, seeded gel has a particle size
on the order of 0.2 µm, which is much smaller than abrasive grains
commonly used in industry. Seeded gels are sintered (Section 11.4)
to form larger sizes. Because of their hardness and relatively high
friability, seeded gels maintain their sharpness and thus are used for
di!cult-to-grind materials.

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

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

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

9.3 Bonded Abrasives

Bonded abrasives are typically in the form of a grinding wheel (Fig. 9.1).
The abrasive grains are held together by a bonding material, various types
of which are described in Section 9.3.1; the bonding material acts as sup-
porting posts or braces between the grains. Some porosity is essential in
bonded abrasives to provide cooling and clearance for the chips being pro-
duced, as otherwise the chips would interfere with the grinding operation.
Porosity can easily be observed by looking at the surface of any grind-
ing wheel with a magnifying glass or microscope. Other features of the
grinding wheel shown in Fig. 9.1 are described in Sections 9.4 and 9.5.

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

Bond fracture
Microcracks

Attritious wear Wheel surface

Porosity

Grain
fracture

Bond

Grain

Workpiece

Grinding
wheel

FIGURE 9.1 Schematic illustration of a physical model of a grinding wheel,
showing its structure and grain wear and fracture patterns.
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FIGURE 9.2 Some common types of grinding
wheels made with conventional abrasives
(aluminum oxide and silicon carbide).
Note that each wheel has a specific grinding
face; grinding on other surfaces is improper
and unsafe.

(a) Type 1—straight (b) Type 2—cylinder

(c) Type 6—straight cup (d) Type 11—flaring cup

(e) Type 27—depressed center

(g) Mounted

Grinding face

Grinding face

Grinding faces Grinding faces

Grinding face

Grinding face

(f) Type 28—depressed center

(a) (b) (c)

(d) (e) (f)

Type
1A1

1A1RSS

2A2

11A2
DW DWSE

Superabrasive

Substrate

Superabrasive

Substrate

Superabrasive

Substrate

Superabrasive
Substrate

Superabrasive

Substrate

Superabrasive
Substrate

FIGURE 9.3 Examples of superabrasive wheel configurations. The rim consists
of superabrasives and the wheel itself (core) is generally made of metal or
composites. Note that the basic numbering of wheel types (such as 1, 2, and 11)
is the same as that shown in Fig. 9.2. The bonding materials for the
superabrasives are: (a), (d), and (e) resinoid, metal, or vitrified; (b) metal; (c)
vitrified; and (f) resinoid.

For
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Prefix Grade Structure Bond
type

Manufacturer’s
record

Abrasive
type

Abrasive
grain size

51 A 36 L 5 V 23––––––

Manufacturer’s symbol
(indicating exact
kind of abrasive)
(use optional)

Manufacturer’s
private marking
(to identify wheel)
(use optional)

Example:

Medium

30
36
46
54
60

Fine
 

70
 80
 90
100
120
150
180

Very
fine
220
240
280
320
400
500
600

Coarse

8
10
12
14
16
20
24

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
etc.

(use optional)

Dense

Open

B Resinoid
BF Resinoid reinforced
E Shellac
O Oxychloride
R Rubber
RF Rubber reinforced
S Silicate
V Vitrified

A Aluminium oxide
C Silicon carbide

Soft
A B C D E F G H I  J K L M N O P Q R S T U V W X Y Z

Medium Hard

Grade scale

FIGURE 9.4 Standard marking system for aluminum-oxide and silicon-carbide
bonded abrasives.

Manufacturer’s
symbol
(to indicate type
of diamond)

A letter or numeral
or combination
(used here will indicate
a variation from
standard bond)

B Cubic boron
 nitride
D Diamond

20
24
30
36
46
54
60
80
90

100
120
150
180
220
240
280
320
400
500
600
800

1000

B Resinoid
M Metal
V Vitrified

1.56
3.12
6.25

  25 (low)
  50
  75
100 (high)

Prefix Abrasive
type

Grit size Grade Diamond
concentration

Bond Bond
modification

Diamond
depth (mm)

M – –D 100 P 100 B 1/8

A (soft)

Z (hard)

to

Example:

Absence of depth
symbol indicates
solid diamond

FIGURE 9.5 Standard marking system for diamond and cubic-boron-nitride
bonded abrasives.
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9.3.1 Bond Types

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

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

Vitrified bonds produce wheels that are strong, sti", porous, and
resistant to oils, acids, and water; however, because the wheels are
brittle, they lack resistance to mechanical and thermal shock. Vitrified
wheels are also available with steel backing plates or cups for better
structural support during their use.

2. Resinoid. Resinoid bonding materials are thermosets (Section 10.4),
and are available in a wide range of compositions and properties.
Because the bond is an organic compound, these wheels are also
called organic wheels. The basic manufacturing procedure consists
of (a) mixing the abrasive with liquid or powdered phenolic resins
and additives; (b) pressing the mixture into the shape of a grinding
wheel; and (c) curing it at temperatures of about 175◦C. Because the
elastic modulus of thermosetting resins is lower than that of glasses,
resinoid wheels are more flexible than vitrified wheels. Polyimide
(Section 10.6) can be a substitute for the phenolic in resinoid wheels;
the polymer is tough and has good resistance to high temperatures.

QR Code 9.1 Resin bond
grinding wheels.
Source: Courtesy of
Abrasive Technology.

QR Code 9.2 Resin bond
diamond grinding wheels.
Source: Courtesy of
Abrasive Technology.

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

3. Rubber. The most flexible bond used in abrasive wheels is rubber.
The wheels are made by (a) mixing crude rubber, sulfur, and abrasive
grains together; (b) rolling the mixture into sheets; (c) cutting out
circles; and (d) heating them under pressure to vulcanize the rubber.
Thin wheels (called cut-o! blades) are made in this manner, and are
used like saws for cutting-o" operations.

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

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

9.3.2 Wheel Grade and Structure

The grade of a bonded abrasive is a measure of the strength of the bond,
and it includes both the type and the amount of bond in the wheel. Because
strength and hardness are directly related, the grade is also referred to
as the hardness of a bonded abrasive; thus, a hard wheel has a stronger
bond and/or a larger amount of bonding material than a soft wheel. The
structure is a measure of the porosity, the spacing between the grains
(Fig. 9.1) of the bonded abrasive. Some porosity is essential to provide
space for the grinding chips as otherwise they would interfere with the
grinding operation. The structure of bonded abrasives ranges from dense
to open (Fig. 9.6).

9.4 Mechanics of Grinding

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

1. Conventional abrasive grains have an irregular geometry and are
spaced randomly along the periphery of the wheel (Fig. 9.6). Newly
developed shaped abrasives are available that provide less random
and more aggressive machining surfaces.

2. The average rake angle of the grains is highly negative, typically −60◦

and lower, thus the shear angles are very low (Section 8.2.4).

FIGURE 9.6 The grinding surface of an abrasive wheel
(A46-J8V), showing grains, porosity, wear flats on grains
(See also Fig. 9.7b), and metal chips from the workpiece
adhering to the grains. Note the random distribution and
shape of the abrasive grains. Magnification: 50×.
Source: After S. Kalpakjian.
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3. Depths of cut are very shallow, and chips are small and always
discontinuous.

4. Temperatures are much higher in grinding than in metal cutting; the
temperatures can be high enough for some chips to react with oxygen
in air, often leading to ‘sparks’ (see Section 9.4.2).

5. The grains in the periphery of a grinding wheel have di"erent radial
positions from the center of the wheel.

6. The cutting speeds of grinding wheels are very high (Table 9.2),
typically on the order of 30 m/s.

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

The mechanics of grinding chip formation and the variables involved
can best be studied by analyzing the surface-grinding operation shown in
Fig. 9.9. In this figure, a grinding wheel, with a diameter of D, is remov-
ing a layer of material at a depth d, known as the wheel depth of cut.

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

Process variable Conventional grinding Creep-feed grinding Bu!ng Polishing
Wheel speed (m/min) 1500–3000 1500–3000 1800–3600 1500–2400
Work speed (m/min) 10–60 0.1–1 – –
Feed (mm/pass) 0.01–0.05 1–6 – –

(a) (b)

Grain

VChip
Wear flat

Workpiecev

φ

Chip

α

Workpiece

Abrasive grain

φ

10 µm

FIGURE 9.7 (a) Grinding chip being produced by a single abrasive grain.
Note the large negative rake angle of the grain. Source: After M.E. Merchant.
(b) Schematic illustration of chip formation by an abrasive grain. Note the
negative rake angle, the small shear angle, and the wear flat on the grain.
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(a) (b) (c)

FIGURE 9.8 Typical chips, or swarf, from grinding operations. (a) Swarf from
grinding a conventional HSS drill bit; (b) swarf from a tungsten carbide
workpiece using a diamond wheel; and (c) swarf of cast iron, showing a melted
globule among the chips. Source: Courtesy of J. Badger.

V
Grinding
wheel

Grains

Workpiece

t
d

v
l

D

FIGURE 9.9 Basic variables in surface grinding. In actual
grinding operations, the wheel depth of cut, d, and contact
length, l, are much smaller than the wheel diameter, D.
The dimension t is called the grain depth of cut.

An individual grain on the periphery of the wheel is rotating at a tangen-
tial velocity V; the workpiece is moving at a velocity v. As shown, it is
called up or conventional grinding (see also milling, Section 8.10.1). The
abrasive grain is removing a chip with an undeformed thickness (grain
depth of cut), t, and an undeformed length, l.

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

l %
√

Dd. (9.1)

For external (cylindrical) grinding (see Section 9.6),

l =
√

Dd
1 + (D/Dw)

, (9.2)

and for internal grinding,

l =
√

Dd
1 − (D/Dw)

, (9.3)

where Dw is the diameter of the workpiece.
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594 Chapter 9 Abrasive and Other Material Removal Processes

The relationship between t and other process variables can be derived
as follows: Let C be the number of cutting points per unit area of wheel
surface, and v and V the surface speeds of the workpiece and the wheel,
respectively (Fig. 9.9). Assuming the width of the workpiece to be unity,
the number of grinding chips produced per unit time is VC, and the volume
of material removed per unit time is vd.

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

Volchip = wtl
2

= rt2l
4

, (9.4)

where r is the ratio of the chip width, w, to the average chip thickness. The
volume of material removed per unit time is the product of the volume of
each chip and the number of chips produced per unit time; thus,

VC
rt2l
4

= vd,

and because l =
√

Dd, the undeformed chip thickness in surface grinding
will be

t =

√
4v

VCr

√
d
D

. (9.5)

Experimental observations have indicated that C is on the order of 0.1 to
10 per mm2. Note that the finer the grain size of the wheel, the larger is
this quantity. The magnitude of r is between 10 and 20 for most grinding
operations. Substituting typical values into Eqs. (9.1) through (9.5), it will
be found that l and t are very small quantities; typical values of t are in the
range of 0.3–0.4 µm.

EXAMPLE 9.1 Chip Dimensions in Grinding

Given: A typical surface grinding operation is being performed with D = 200 mm, d = 0.05 mm,
C = 2 per mm2, and r = 15.

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

Solution: The formulas for undeformed length and thickness, respectively, are given by Eqs. (9.1)
and (9.5) as

l =
√

Dd and t =

√
4v

VCr

√
d
D

.

From Table 9.2 the following values are selected:

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

/
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Therefore,
l =

√
(200)(0.05) = 3.2 mm,

and

t =
√

(4)(0.5)

(30)(2)(15)

√
0.05
200

= 0.006 mm.

Note that because of plastic deformation, the actual length of the chip is shorter and the thickness
greater than these values (See Fig. 9.7).

9.4.1 Grinding Forces

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

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

Grain force ∝ v
VC

√
d
D

. (9.6)

The grain force is then the product of the expression in Eq. (9.6) and the
strength of the metal being ground.

The specific energy consumed in producing a grinding chip consists of
three components:

u = uchip + uplowing + usliding, (9.7)

Workpiece

Groove

Ridges
Chip

FIGURE 9.10 Chip
formation and plowing
(plastic deformation
without chip removal) of
the workpiece surface by
an abrasive grain.

where the quantity uchip is the specific energy required for chip formation
by plastic deformation; uplowing is the specific energy required for plowing,
which is plastic deformation without chip removal (Fig. 9.10); and the last
term, usliding, can best be understood by observing the grain in Fig. 9.7b.
Note that the grain develops a wear flat, similar to flank wear in cutting
tools (see Section 8.3).

Typical specific-energy requirements in grinding are given in Table 9.3.
Note that these energy levels are much higher than those in machining
operations with single-point tools, as given in Table 8.3. This di"erence
has been attributed to the following three factors:

1. Size e"ect. Recall that the size of grinding chips is very small, as com-
pared with chips produced in machining operations, by about two
orders of magnitude. As described in Section 3.8.3, the smaller the
size of a metal specimen, the higher is its strength; for this reason,
grinding involves higher specific energy than machining operations.
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2. Wear flat. The wear flat (Fig. 9.7b) dissipates frictional energy, which
contributes significantly to the total energy consumed. The size of the
wear flat in grinding is much larger than the grinding chip, unlike in
metal cutting by a single-point tool, where flank wear land is small
compared with the size of the chip (Section 8.3).

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

EXAMPLE 9.2 Forces in Surface Grinding

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

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

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

MRR = dwv = (0.05)(25)(1500) = 1875 mm3/s.

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

where u is the specific energy, as obtained from Table 9.3. For low-carbon steel, use an average
value of 41 W-s/mm3. Hence,

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

Also note that the angular velocity is

ω = (4000)

(
2π

60

)
= 418.9 deg/s.

Since power is defined as
Power = Tω,

TABLE 9.3 Approximate specific-energy requirements for
surface grinding.

Specific energy
Workpiece material Hardness W-s/mm3

Aluminum 150 HB 7–27
Cast iron (class 40) 215 HB 12–60
Low-carbon steel (1020) 110 HB 14–68
Titanium alloy 300 HB 16–55
Tool steel (T15) 67 HRC 18–82
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where T is the torque and is equal to (Fc)(D/2),

76, 875 = (Fc)

(
0.25

2

)
(418.9),

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

Fn = (1.3)(1468) = 1908 N.

9.4.2 Temperature

Temperature rise in grinding is an important consideration, because it can
(a) adversely a"ect workpiece surface properties; (b) cause residual stress;
(c) cause distortion and di!culties in controlling dimensional accuracy;
and (d) when high, it can cause burning and structural changes. The work
expended in grinding is mainly converted into heat. The surface temper-
ature rise, "T, has been found to be a function of the ratio of the total
energy input to the surface area ground. In surface grinding, if w is the
width and L is the length of the surface area that is ground, then

"T ∝ uwLd
wL

∝ ud. (9.8)

Including the size e"ect and assuming that u varies inversely with the
undeformed-chip thickness, t, the temperature rise is

Temperature rise ∝ D1/4d3/4
(

V
v

)1/2
. (9.9)

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

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

The major e"ects of temperature in grinding are:

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

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

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

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

9.5 Grinding-Wheel Wear

Wheel wear is an important consideration because it adversely a"ects the
shape and dimensional accuracy of ground surfaces, a situation similar
to the wear of cutting tools (Section 8.3). Grinding wheels wear by three
di"erent mechanisms:

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

J
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FIGURE 9.11 Residual stresses developed on the workpiece surface in grinding
tungsten: (a) e!ect of wheel speed and (b) e!ect of type of grinding fluid. Tensile
residual stresses on a surface are detrimental to the fatigue life of ground
components. The variables in grinding can be controlled to minimize residual
stresses, a process known as low-stress grinding. Source: After N. Zlatin.

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

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

2. Grain fracture. Because abrasive grains are brittle, their fracture
characteristics in grinding are important. If the wear flat caused by
attritious wear is excessive, the grain becomes dull and the grinding
operation becomes ine"cient and produces high temperatures.
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Ideally, the grain should fracture or fragment at a moderate rate,
so that new and sharp cutting edges are produced continuously
during the grinding operation. Note that the fracturing process is
equivalent to breaking a piece of rounded and dull chalk into two
or more pieces in order to expose new sharp edges. Recall that
Section 9.2 has described friability of abrasive grains, giving them
their self-sharpening characteristics, an important consideration in
e!ective grinding.

The selection of grain type and size for a particular applica-
tion also depends on the attritious-wear rate. Note that a grain-
workpiece material combination with high attritious wear and low
friability causes dulling of grains and the development of a large wear
flat. Grinding then becomes ine"cient and surface damage is likely
to occur.

The following workpiece material and abrasive combinations are
generally recommended:

a. Aluminum oxide: steels, ferrous alloys, and alloy steels.
b. Silicon carbide: cast iron, nonferrous metals, and hard and

brittle materials (such as carbides, ceramics, marble, and glass).
c. Diamond: composite materials, ceramics, cemented-carbide

ceramics, and some hardened steels.
d. Cubic boron nitride: composite materials, steels and cast irons

at 50 HRC (such as hardened tool steels) or above, and for high-
temperature superalloys.

3. Bond fracture. The strength of the bond (grade) is a significant
parameter in grinding. If the bond is too strong, dull grains cannot
be easily dislodged so that other sharp grains, along the circum-
ference of the grinding wheel, can begin to contact the workpiece
and remove chips; thus the grinding process then becomes ine"-
cient. On the other hand, if the bond is too weak, the grains can
easily be dislodged and wheel wear increases, thus controlling the
dimensional accuracy of the workpiece becomes di"cult. In general,
softer bonds are recommended for harder materials, and for reducing
residual stresses and thermal damage to the workpiece. Hard-grade
wheels are recommended for softer materials, and for removing large
amounts of material at high rates (see also Section 9.5.3).

9.5.1 Dressing, Truing, and Shaping of Grinding Wheels

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

-
Share &

C

s]
i
s
- b shara

&

·
*

explain

Sharp Ms
abrasive

II -.

? 3hard

~,9
.

0 material

·is
ht, firsi

-

dull a

& Ssharp
- grains

edges



Section 9.5 Grinding-Wheel Wear 601

wheel grinds very ine"ciently, generating much frictional heat and causing
surface damage and loss of dimensional accuracy.

Dressing is done by the following techniques:

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

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

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

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

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

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

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

Grinding
face

Grinding wheel

(b)

Single-point
dressing diamond
for dressing forms
up to 60° on both
sides of the 
grinding wheel

Precision
radius dresser
for single- and
twin-track
bearing
production

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

9.5.2 Grinding Ratio

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

G = Volume of material removed
Volume of wheel wear

. (9.10)

In practice, grinding ratios vary widely, ranging from 2 to 200 and higher,
depending on (a) the type of wheel; (b) workpiece material; (c) grinding
fluid; and (d) process parameters, such as depth of cut and speeds of the
wheel and the workpiece. Attempting to obtain a high grinding ratio in
practice is not necessarily desirable because high ratios may indicate grain
dulling, leading to possible surface damage. A lower ratio may well be
acceptable if an overall economic analysis justifies it.

/
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Soft-acting or hard-acting wheels. During a grinding operation, a par-
ticular wheel may act soft (meaning its wear rate is high) or hard (wear
rate is low), regardless of its grade. This behavior is a function of the force
on the grain. The higher the force, the greater the tendency for the grains
to undergo fracture or to be dislodged from the wheel surface, hence the
higher the wheel wear and the lower the grinding ratio. Equation (9.6)
indicates that the grain force increases with the (a) strength of the work-
piece material; (b) work speed; and (c) depth of cut, and decreases with
increasing (a) wheel speed and (b) wheel diameter.

EXAMPLE 9.3 Action of a Grinding Wheel

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

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

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

9.5.3 Wheel Selection and Grindability of Materials

Proper selection of a grinding wheel for a given application greatly influ-
ences the quality of surfaces produced and the economics of the operation.
Selection involves not only the shape of the wheel with respect to the shape
of the part, but also the characteristics of the workpiece material. The
grindability of materials, like machinability (Section 8.5) or forgeability
(Section 6.2.5), is di"cult to define precisely. It is a general indication
of how easy it is to grind a particular material; it includes such considera-
tions as surface finish, surface integrity, wheel wear, cycle time, and overall
economics of the operation.

Specific recommendations for selecting wheels and process parame-
ters can be found in various handbooks. Examples of recommendations
are: C60-L6V for cast irons, A60-M6V for steels, C60-I9V or D150-
R75B for carbides, A60-K8V for titanium, and D150-N50M (diamond)
for ceramics.

Ductile regime grinding. It is possible to obtain continuous chips in
grinding ceramics using light passes and rigid machine tools with good
damping capacity (Figs. 9.7b and 9.10). Known as ductile regime grind-
ing, this technique produces good workpiece surface integrity; however,
because ceramic chips are typically 1–10 µm in size, they are more di"-
cult to remove from grinding fluids than are machining chips, requiring
fine filtration.
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604 Chapter 9 Abrasive and Other Material Removal Processes

9.6 Grinding Operations and Machines

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

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

9.6.1 Surface Grinding

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

(a) (b)

Horizontal-spindle surface
grinder: Traverse grinding

Workpiece

Wheel

Horizontal-spindle surface
grinder: Plunge grinding

Workpiece

Wheel

(c)

Wheel

Rotary table

Workpieces

Work table

FIGURE 9.13 Schematic illustrations of surface-grinding operations.
(a) Traverse grinding with a horizontal-spindle surface grinder. (b) Plunge
grinding with a horizontal-spindle surface grinder, producing a groove in the
workpiece. (c) Vertical-spindle rotary-table grinder (also known as the
Blanchard-type grinder).
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Wheel guard
Wheel head

Column

Bed

Workpiece

Saddle

Worktable

Feed

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

grinder (Fig. 9.14); nonmagnetic materials generally are held by vises,
vacuum chucks, double-sided adhesive tapes, or special fixtures. In this
operation, a straight wheel is mounted on the horizontal spindle of the
grinder; traverse grinding is done as the table reciprocates longitudinally
and feeds laterally after each stroke. In plunge grinding, the wheel is
moved radially into the workpiece, as in grinding a groove illustrated in
Fig. 9.13b. The size of a surface grinder is specified by the surface dimen-
sions of length and width that can be ground on the machine. Other types
of surface grinders include vertical spindles and rotary tables (Fig. 9.13c),
also called Blanchard-type grinders. These configurations allow a number
of parts to be ground in one setup, thus improving productivity.

9.6.2 Cylindrical Grinding

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

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

In universal grinders, both the workpiece and the wheel axes can be
moved and swiveled around a horizontal plane, thus permitting the grind-
ing of tapers and other shapes. Cylindrical grinders can also be equipped
with computer control, so that noncylindrical parts (such as cams) can be
ground on rotating workpieces. The workpiece spindle speed is synchro-
nized with the grinding wheel position such that the distance between the
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FIGURE 9.15 Threads produced by (a) traverse
and (b) plunge grinding. (a) (b)

Grinding wheel

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

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

9.6.3 Internal Grinding

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

9.6.4 Centerless Grinding

Centerless grinding is a high-production process for continuously grind-
ing cylindrical surfaces, where the workpiece is supported not by centers
(hence the term centerless) but by a blade, as shown in Fig. 9.17. Typical
parts that are centerless ground include cylindrical roller bearings, pis-
ton pins, engine valves, camshafts, and similar components. Parts with
diameters as small as 0.1 mm can be ground using this process. Centerless

(a) Traverse grinding (b) Plunge grinding (c) Profile grinding

Workpiece
Wheel

Wheel

Workpiece

Wheel

Workpiece

FIGURE 9.16 Schematic illustrations of internal-grinding operations.

>

&
.

workpiece 11 jets.

3Ligh threading 11: grinding wheel 11 21)

=&grinding a centeri

[
his I center o

S


