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Foreword

I am pleased and proud to introduce this book. It will fill a much-needed
niche in machining textbooks for under- and postgraduates, as well as for
those in engineering practice.

Machining processes account for a large proportion of time and effort in
the production of engineered components. Parts of various sizes, shapes,
and, inexorably, of increasing accuracy and complexity are continuously
needed to meet the demands of a wide range of industries and users.
Conventional methods of mechanical machining to tackle these machining
requirements were first established many centuries ago. They have gradu-
ally evolved into more sophisticated techniques as related areas of technol-
ogy continue to emerge and new materials continue to be developed for tools
and as workpieces.

With all these developments, the selection of the right machining process
for a particular application can be a daunting task. It is the place of those who
teach manufacturing in our universities and colleges to provide a proper
education for students on which to base sound decisions on problems they
later meet in practice. This book seeks to provide this kind of instruction.

The basic principles of machining techniques are explained in four useful
introductory chapters. The author then delves more deeply into the subject
by introducing the cutting of cylindrical and flat surfaces and the various
techniques that may be employed.

High-speed machining occupies a strategic place in many manufacturing
companies; this topic is covered in a useful chapter that describes its princi-
ples and advantages. Chapters 8 and 9 address basic abrasive machining and
finishing. The author follows this with a discussion of modern “nontradi-
tional” processes. This leads the reader to consider the other main “nontradi-
tional” processes of electrochemical machining (ECM) and electrodischarge
machining (EDM) in Chapters 11 and 12, after which the author presents a
range of combined hybrid machining methods in Chapter 13. Consideration is
given to the recent interest in micromachining in Chapter 14. Chapter 15 cov-
ers issues related to machinability of engineering materials while Chapter 16
presents the main factors affecting the selection of a machining process.

I found the use of solved problems and review questions used to test the
knowledge and understanding of the reader to be a constructive approach to
reinforcing the material covered.

Professor Hassan El-Hofy began his research career collaborating with
me on hybrid unconventional machining while earning his PhD. It was an
enriching experience for both of us. Since that time, I have been pleased to
see the many research papers of international standing that have been pro-
duced by him.

xvii
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xviii Foreword

This book marks another stage in his professional life: of a journey for
him beginning with his first researches to his present station as a senior
professor, culminating in transferring his knowledge to a fresh generation
of engineers. I trust that they in turn will now benefit from his experience as
they study this book.

Professor J. A. McGeough, FRSE, FI, Mech E, FIEE

The University of Edinburgh
Edinburgh, Scotland
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Preface

Machining processes produce finished parts, ready for use or assembly, at
high degree of accuracy and surface quality by removing a certain machin-
ing allowance from the workpiece material. The removal of material can be
achieved by cutting, abrasion, and erosion. Nonconventional machining
by erosion of the workpiece material regardless of their mechanical prop-
erties has emerged to tackle problems associated with cutting or abrasion
processes. Some machining processes are combined together for achieving
higher machining rates, greater product accuracy, and the best possible sur-
face characteristics.

Many aspects in the field of machining have been covered in detail in the
literature, but this book provides a comprehensive coverage of the field in a
single book.

I am glad to present this new, revised edition, which has benefited from
the suggestions and comments received from readers and professors of vari-
ous universities. This new edition covers the fundamentals of machining by
cutting, abrasion, erosion, and combined processes. It has been expanded
and improved and consists of two new chapters that deal with the concept of
machinability and the roadmap to selecting a machining process that meets
the required design specification.

This new edition is a fundamental textbook for undergraduate students
enrolled in production, materials, industrial, mechatronics, marine, and
mechanical engineering programs. Additionally, students from other disci-
plines may find this book helpful with courses in the area of manufacturing
engineering. It will also be useful for students enrolled in graduate programs
related to higher-level machining topics. Professional engineers and techni-
cians working in the field of production technology will find value here as
well. The treatment of the different subjects has been developed from basic
principles, and knowledge of advanced mathematics is not a prerequisite.
Along with fundamental theoretical analysis, this book contains machining
data, solved examples, and review questions that are useful for students and
manufacturing engineers. A solutions manual is supplied with the book to
help those adopting the book.

The book is divided into 16 chapters. A brief description of each follows
the list:

Chapter 1: Machining Processes
Chapter 2: Cutting Tools
Chapter 3: Mechanics of Orthogonal Cutting
Chapter 4: Tool Wear, Tool Life, and Economics of Metal Cutting
xix
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XX Preface

Chapter 5: Cutting Cylindrical Surfaces
Chapter 6: Cutting Flat Surfaces

Chapter 7: High-Speed Machining

Chapter 8: Machining by Abrasion

Chapter 9: Abrasive Finishing Processes
Chapter 10: Modern Abrasive Processes
Chapter 11: Machining by Electrochemical Erosion
Chapter 12: Machining by Thermal Erosion
Chapter 13: Combined Machining Processes
Chapter 14: Micromachining

Chapter 15: Machinability

Chapter 16: Machining Process Selection

Chapter 1 introduces the history and progress of machining. The impor-
tance of machining in manufacturing technology and the variables of
machining processes are presented. The basics of machining by cutting,
abrasion, and erosion are explained and examples are given.

Chapter 2 describes the geometry of single-point cutting tools, tool materi-
als, properties, and machining conditions.

Chapter 3 covers the mechanics of orthogonal cutting, including chip
formation, and the different theories describing the cutting forces, stresses,
material removal processes, and heat generation in metal cutting.

Chapter 4 discusses tool wear, tool life, and the economics of machining
processes. Specific cutting speed for minimum cost and that for maximum
production rate/minimum time are quantitatively determined.

Chapter 5 describes the mechanics of the machining processes used for
cutting cylindrical surfaces, including turning, drilling, and reaming. For
each process, cutting forces, power consumption, machining time, volumet-
ric removal rate, and surface roughness are evaluated.

Chapter 6 covers processes used for cutting flat surfaces, such as shaping,
milling, and broaching, where cutting forces, power consumption, cutting
time, surface roughness, and material removal rates are calculated.

Chapter 7 presents a concise introduction to high-speed machining (HSM)
and discusses chip formation, characteristics, industrial applications, and
both the advantages and limitations of HSM.

Chapter 8 presents the principles of machining by abrasion. It includes the
theoretical bases of the grinding process, including grinding wheel descrip-
tion, selection, balancing, wear, and dressing and truing, in addition to
economics of grinding. Elements of the undeformed chip, grinding forces,
power, time, and removal rate are analyzed for both surface and cylindrical
grinding applications.
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Preface xxi

Chapter 9 presents the abrasive finishing processes that are used for the
superfinishing of parts produced by reaming or grinding. The kinematics,
characteristics, and applications of honing, lapping, superfinishing, polish-
ing, and buffing are described.

Chapter 10 introduces several modern abrasive processes, including ultra-
sonic machining, abrasive jet machining, abrasive water jet machining, and
abrasive flow machining, and magnetic field-assisted finishing processes,
including magnetic abrasive finishing, magnetic float polishing, magneto-
rhelogical finishing, and magnetorhelogical abrasive flow finishing. For each
process covered, characteristics, material removal, accuracy, and surface
quality are described.

Chapter 11 explores machining by chemical and electrochemical erosion.
The principles of chemical machining and electrochemical machining are
described. Machining systems, process characteristics, and industrial appli-
cations are also covered.

Chapter 12 covers the machining processes that utilize a thermal effect for
melting and evaporation of the workpiece material. In this regard, material
removal mechanisms, accuracy, surface characteristics, and applications for
electrodischarge machining, laser beam machining, electron beam machin-
ing, ion beam machining, and plasma jet machining are explained.

Chapter 13 covers machining processes that combine more than one effect;
these processes are based on either electrochemical or thermal effects that
are mostly assisted by mechanical abrasion action. Electrochemical grind-
ing, honing, superfinishing, ultrasonic, and buffing are typical examples of
electrochemical-assisted processes. Thermal-assisted processes include elec-
trochemical discharge grinding, abrasive electrodischarge grinding, ultra-
sonic-assisted electrodischarge machining, and mechanical brush erosion
dissolution machining.

Chapter 14 covers micromachining by cutting processes that include dia-
mond microturning and microdrilling. Abrasive micromachining processes,
such as microgrinding, magnetic abrasive micromachining and finishing,
microsuperfinishing, microlapping, and microultrasonic machining are pre-
sented. Nonconventional micromachining by thermal erosion (micro-EDM
and laser micromachining), micromachining by electrochemical erosion,
and combined micromachining processes are also covered.

Chapter 15 explains the definition of the relative machinability index
and how the machinability is judged. It illustrates the important factors
affecting machinability ratings. It also presents the machinability ratings
of common engineering materials by conventional and nonconventional
methods.

Chapter 16 provides the factors to be considered when selecting a machin-
ing process that meets the design specifications. These include part features,
materials, product accuracy, surface texture, surface integrity, cost, environ-
mental impacts, and the process and machine capabilities.
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xxii Preface

This book offers the following advantages to its reader:

1. It classifies the machining processes on the basis of the machin-
ing action causing the material removal by cutting, abrasion, and
erosion.

2. Itclearly presents the principles and theories of material removal and
applications for both conventional and nonconventional machining.

3. It discusses the role of machining variables in the technological
characteristics of each process (removal rate, accuracy, and surface
quality).

4. It introduces the basic principles and recent applications of some
combined machining processes.

5. It presents discussions on current technologies in high-speed
machining and micromachining.

6. It presents the principles of machinability evaluation together with
machinability ratings for different engineering materials by various
machining processes.

7. It presents a road map for selecting the proper machining process
for a specific task.

This edition presents 37 years of experience, including research and teach-
ing of different machining and related topics at many universities and insti-
tutions, which culminated with the publishing of a series of machining/
manufacturing books. At the end of that journey, I feel that a second revised
and expanded edition is a welcome addition.

Prof. Hassan Abdel-Gawad El-Hofy
Alexandria, Egypt
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List of Symbols

Symbol Definition

9 constant

A atomic weight

A tool feed rate

A, area of laser beam at focal point

a. tool-chip contact length

A. chip cross section (depth x width)

Achip area of longitudinal chip/tooth

A area of broach chip space

a, grinding wheel cross feed

A, sum of cross section area of structured grooves
in lapping

ay, maximum permissible ECM feed rate

A abrasive mesh size

A, minimum cross section of broach

A, area of shear plane

a, amplitude of superfinishing oscillation

A, area swept by a single teeth in v face milling

a, amplitude of tool oscillation x 2

A, undeformed chip thickness per cutting edge

B workpiece—tool contact length (width of uncut chip)

B shaping/planning width

b, b, shaping width allowance

B, width of tool land

b, width of cut chip

B, grinding wheel width

b, honing stick width

b, workpiece width/cutting width

C Taylor constant

Cig Gy grinding cost

Cy prime tool cost

Cy tool scrap value

C, machining constant

Cap capacitance

Cq overcut

Ce specific heat of the electrolyte
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xxviii List of Symbols

C, cost related to electrolyte $
G fixed cost $
C, cost of grinding $/piece
Cow cost of grinding wheel $/piece
Cy cost of holder $
G cost of insert $
G constant depending on the material
and conversion efficiency
C labor cost/component $
Cn cost related to machine $
C, constant
G process capability ratio
C, specific heat of workpiece material J/kg K
Cpx process capability index
Cpr total machining cost/component $
G, cost of tool sharpening $
Cq cost of nonproductive time $
Cr prime and sharpening tool cost/tool life $
C, tool cost/piece $
Cu prime and sharpening cost/component $
Cp tool changing cost $
Cim machining time cost $
C, crater width mm
Cy, weight ratio of abrasives to abrasives and Y%
carrier medium
D workpiece/tool diameter mm
D, position at the lip of drill diameter where the rake =~ mm
angle y is measured
d, abrasive grit mean diameter mm
dy average workpiece diameter mm
dy beam diameter at contact with the workpiece mm
(slot width)
d; final workpiece diameter mm
d, grinding wheel diameter mm
d, Initial (primary) hole diameter mm
D, spot size diameter mm
dy, width of scratched groove mm
d, cathodic tool diameter mm
d, workpiece diameter in grinding mm
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List of Symbols Xxix

E number taken as 0.5 the frequency of oscillation f,
E. rate of energy consumption during metal cutting N-m/min
E. total energy/unit volume N/mm?
E, total energy to convert a unit mass of work
material to effluent
E; rate of heat generation due to friction N-m/min
at the tool face
E;, friction energy/unit volume N/mm?
[ correction grinding coefficient
e, number less than unity in honing
E, rate of heat generation at the shear zone N-m/min
E,, shear energy/unit volume N/mm?
e, a superfinishing constant less than 1
E, vaporization energy of the material W/mm?
F feed rate mm,/min
F Faraday’s constant, 96,500 Coulomb
j‘ feed rate vector
F, factor considering the negative rake angle of
the abrasive grits
F, axial force N
F,, mean force on the grit N
fo broach tooth land width mm
fa drill land width mm
F, maximum force/tooth in plain milling N
F; friction force N
Fy, friction power in shaper guide ways kW
F, horizontal force component in milling
F focal length of lens cm
F mean tangential milling force/tooth N
Foe maximum allowable broaching force by the N
machine
Fot total mean tangential milling force N
Fo force normal to shear plane N
F. force normal to tool face N
E, vertical shaping force N
fo frequency of pulses s
F, radial force N
1 number of strokes per unit time st
1 slippage ratio %
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shear force

feed force

main (tangential) force

vertical force component in milling
maximum cutting force

grinding ratio

depth of hole required

depth of hole removed/pulse

weight of workpiece in shaping

chip thickness (thickness of the material)
helical pitch of motion

magnetic field strength in air gap

broach tooth height

tool nose displacement from workpiece center
Heat content of effluent

maximum chip thickness

depth of penetration due to grit hammering
hone length

mean chip thickness

mean chip thickness for a setting angle y of the
face milling cutter

mean chip thickness for a setting angle 90°
of the face milling cutter

heat required to raise the electrolyte temperature
depth of penetration (crater)

hardness of the workpiece

length of stroke

partial penetration into the tool

depth of penetration due to grit throwing
penetration into the workpiece

number of machining passes

ECM current

beam emission current

EDM current

maximum ECM current

number of spark out passes

pulse current

mechanical equivalent of heat

current density

thermal diffusivity of chip material
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K thermal conductivity of workpiece material W/m K

k constant

ky constant

ky constant of proportionality

ky constants

K grains participating in the finishing action %

k, probability of an abrasive particle being effective

K, flow stress to BHN hardness number

k, broaching coefficient (1.14-1.5)

K, constant

ke the distance between drill lips mm

K, constant

K grinding constant

K; abrasive jet const

K; labor and overhead ratio $/min

K., distance from cutting edge to crater center mm

k, number of turning passes

k, specific cutting resistance N/mm?

k, constant

K, crater depth mm

K, grinding wheel cost/unit volume $/mm?3
of material removed

k,, kerf width m

[ workpiece length/length of uncut chip mm

L labor wage $

I, length of tool approach mm

L, broach total length mm

Lye broach cutting length mm

L broach finishing length mm

I length of cut chip mm

I length of traverse (drill) cutting edge mm

L length of reamer centering taper mm

Iy length of superfinishing stick protrusion mm
from the workpiece

Ly arc length of the undeformed chip mm

L, length of hole mm

L, total travel mm

Iy length of overrun mm

lo, hone upper overrun mm

lo, hone lower overrun mm
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List of Symbols

laser power

length of reamer cutting part

length of shear plane

depth of cut-to-feed ratio (5-10)

drilling (reaming) torque

abrasive mass flow rate

abrasive and carrier gas flow rate

machine capability

mass of the electrolyte

observed amount of metal dissolved
manufacturing allowance

a whole number in honing

drilling torque at the chisel

material removal rate

number of full lengths of oscillation wave

on the periphery

theoretical amount of metal (ECM)

drilling torque due to the cutting forces

mass mixing ratio

torque per tooth

Taylor exponent

rotational speed/strokes per minute

constant that depends on the grinding conditions
input electrical power during cutting

number of abrasive particles impacting/unit area
number of abrasive grains in a single conglomerate
cutting power

number of cycles

number of pulses

cutting edges used during the life of one holder
average number of cutting edges/insert

friction power

feed power

power required to overcome friction in

the guide ways

grinding wheel rotation

mean grinding power

number of impacts on the workpiece by the
grits in each cycle

motor power
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um

N mm
g/min

g/min
N mm
%

N mm
N mm
min™!

kw

kW

kW
kW
kW

rpm
kW

kW
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N

CREE

Ao
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B’TJ

/c

~

max

E

BRI

Qo=

a

Gehip

Qchip

p
Qrool
Q
Qup

input electrical power at no load

magnetic particles machining simultaneously

shear power

number of tool sharpenings

number of splines

total machining power

workpiece rotation in grinding
number of elements in the alloy

pitch

lapping pressure on the workpiece
minimum pitch related to broach
cross-sectional area

pitch of broach cutting teeth

power density

power required for electrolyte heating
feed power

pitch of broach finishing teeth

load on abrasive grain

magnetic pressure between workpiece and
abrasives in MAF

minimum pitch related to the machine force
maximum oversize (reaming)
minimum oversize

profit rate

shear power

electrical power supplied to the torch
crater wear index

heat generated in the cutting zone
mass flow rate of carrier gas

rate of chip energy taken by friction with tool
heat dissipated to chip

rate of electrolyte flow

rate of friction energy

mass flow rate of abrasive grains
machining allowance

proportion of machining time

plasma flow rate

heat dissipated to tool

volume of material removed

heat dissipated to workpiece
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kW

kW

cal/min
cm?3/s

cal/min
L/min

cm?3/s
mm

%

m3/s
cal/min
mm?
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R resultant force N
r labor overhead ratio %
R’ resultant force between workpiece and chip along N
shear plane
R, arithmetic average surface roughness um
R,(0) initial surface roughness um
R,(t) surface roughness after time t, um
7, chip thickness ration (reaming) mm
R. resistance Q
Ty radius of lapping abrasive grains um
R, ECM gap resistance
R, relative machinability index
"o radius of penetration (crater)
R, radius of grinding wheel planetary motion mm
7, cutting to return speed ratios in shaping and
planing
7 tool nose radius mm
R, peak-to-valley surface roughness um
RT reamer tolerance um
R total mean height of surface roughness um
R, wear ratio 5
s peripheral feed rate in honing
S feed rate mm/rev
Sy yield atoms/ion
S, Slippage ratio %
Sor money received/component $
S, feed rate mm/min
SVR specific grinding removal rate kW/mm?3/
min

S, feed per tooth mm
Seg workpiece table advance per grit mm
S,m mean feed per teeth mm
t undeformed chip thickness (depth of cut) mm
T tool life min
t time
T, boiling temperature °C
t. chip thickness mm
te tool changing time min
t, time to index an insert min

. tool life for minimum cost min
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ty tooth height mm
t; pulse interval us
T; electrolyte initial temperature °C
tn machining time min
foi machining time for pass i min
T, tool life for maximum production rate min
to pulse duration us
tor production time min
T, tool life for maximum profit rate min
T, ratio of the workpiece to tool electrode
melting points

te time to replace insert min
ty secondary (noncutting) time min

t melting point of the tool electrode °C
ty depth of slot (kerf) m
T, melting point of the workpiece material °C
t, maximum depth of cut mm
ty time of tooth contact with workpiece deg
v gap voltage
Vv cutting speed m/min
v cutting speed vector
Uyl grinding wheel planetary speed m/min
Vo cutting for a tool life 60 min m/min
V. beam accelerating voltage kv
Ve average speed m/min
Vs mean flank wear mm
Vian allowable flank wear mm
Vmax maximum flank wear mm
V. material removed per cycle
Vg peripheral speed of the centerless grinding disk m/min
Vy discharge voltage \%
0, volume of the electrolyte
V. economical cutting speed m/min
Vi velocity of chip flow at tool face m/min
Vg grinding wheel speed m/min
V, volume of material removed
Vin volume of abrasive media between workpiece
Vinax maximum speed m/min
Vin minimum speed m/min
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ion beam etch rate atoms
min/
mA cm?
oscillating motion m/min
economical cutting speed m/min
peripheral speed of the workpiece m/min
cutting speed for maximum profit rate m/min

volumetric removal rate
economical volumetric removal rate

volumetric removal rate due to the mm?3/min

hammering mechanism

linear removal rate mm/min

specific removal rate mm?3/
min A

volumetric removal rate due to the mm?3/min

throwing mechanism

shear velocity m/min

cutting rate mm?/min

supply voltage \%

cutting speed for tool life T in minutes m/min

workpiece speed mm/min

volume mixing ratio %

weight of chip kg

weight of shaper ram or planer table kg

reamer wear allowance um

volume ratio of iron in a magnetic abrasive particle %

wear rate of the tool mm?3/min

machine overhead ratio %

chip space number
longitudinal plane

ECM gap width mm
transverse plane
number of components/tool life min-!

valence of anode material

number of cutting teeth

number of teeth cutting simultaneously
number of grains cutting simultaneously
number of finishing teeth

number of grits at the grinding wheel periphery
number of honing sticks
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xXxxvii

Greek Symbols

me
Vos

normal clearance angle

beam divergence

end relief due to motion system

end relief angle due to error in setting
end relief angle

side relief angle

mass ratio

tensile strength

mean stress acting on the tool

wedge angle

friction angle

grinding wheel contact angle with workpiece
normal rake angle

back rake angle

back rake due to motion system

back rake angle due to error in setting
side rake angle

milling cutter approach distance
force acting on a cutting edge of a single
abrasive particle

shear deformation

pulse duration of laser

temperature rise

polarization voltage

thickness of deformation zone
characteristic lapping grain dimension
cutting angle

lapping parameter

time interval

chemical equivalent weight

shear strain

rate of shear strain

nose angle

setting error angle

error angle due tool feed

broach blunting factor (1.25-1.5)
current efficiency

mechanical efficiency
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radian
deg
deg
deg
deg

N/mm?
N/mm?

min-!
deg
deg
deg

%
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slotting rate

plasma torch efficiency

torch efficiency

size of built up edge

chip temperature rise due to friction
cross-section angle of points of grains
mean angle of asperity of abrasive cutting edge
tool ambient temperature

average temperature at shear plane
mean temperature rise

electrolyte conductivity

area conducting current

cutting-edge inclination angle

drill helix angle

chip flow angle

chisel edge inclination angle

pitch of grits at the wheel periphery
reamer helix angle

wave length of superfinishing oscillation
wavelength

coefficient of friction

magnetic permeability in vacuum

relative magnetic permeability of pure iron
coefficient of friction in the guide ways (0.1-0.3)
velocity of magnetic abrasives

velocity of media

velocity of piston

density of workpiece material

density of abrasives

density of abrasive grits

density of the electrolyte

density of media

total length of the broach cutting edges
working simultaneously

normal stress at shear plane

machining process variability

allowable tensile strength

normal stress acting on the abrasive grains
static stress on tool

mean stress acting on workpiece surface
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mm,/min
mm/min
mm/min
g/mm?3
g/cm3
g/mm?
g/cm3
g/cm3
mm

N/mm?

N/mm?
N/mm?
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N/mm?
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Cy mean stress acting on workpiece surface

T mean shear stress N/mm?

T, shear strain at zero normal stress N/mm?

¢, end cutting-edge angle deg

O, side cutting-edge angle deg

0] shear angle deg

() general position deg

(o} entrance angle deg

P, exit angle deg

P, contact angle in horizontal milling deg

P, contact angle in vertical milling deg

0. contact angle in vertical milling radian

0. contact angle in horizontal milling radian

(0% grinding wheel contact angle deg

o cutting speed direction in honing deg

P, direction of the honing speed

Py workpiece contact angle with grinding wheel deg
(cylindrical grinding)

X setting angle (half the drill lip angle) deg

X1 trailing cutting-edge angle deg

Yo exit (reamer) taper deg

W driving disk angle deg
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List of Abbreviations

Abbreviation Description

A Abrasion

AEDM Abrasive electrodischarge machining
AFM Abrasive flow machining

AFP Advanced finishing processes

AISI American Iron and Steel Institute
AJM Abrasive jet machining

ANSI American National Standard Institution
ASA American Standard Association
AWM Abrasive water jet machining

BHN Brinel hardness number

BUE Built up edge

C Cutting

CAD Computer aided design

CAM Computer aided manufacturing

CBN Cubic boron nitride

CHM Chemical milling

CIB-D Cast iron—-bonded diamond

CIM Computer-integrated manufacturing
CMP Chemical-assisted mechanical polishing
CNC Computer numerical control

CvD Carbon vapor deposition

CW Continuous wave

EBM Electron beam machining

ECAM Electrochemical arc machining

ECB Electrochemical buffing

ECD Electrochemical dissolution

ECDB Electrochemical deburring

ECDG Electrochemical discharge grinding
ECDM Electrochemical discharge machining
ECDR Electrochemical drilling

ECG Electrochemical grinding

ECH Electrochemical honing

ECJD Electrochemical jet drilling

ECM Electrochemical machining

ECS Electrochemical superfinishing

EDE Electrodischarge erosion

EDG Electrodischarge grinding

EDM Electrodischarge machining

xli
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EDMUS
EDT
EEDM
ELID
EMM
EP

ES

FS

G

HAZ
HF
HSC
HSM
HSS
IGA
ISO
LBM
LBT
LSG
L&T
MAF
MCK
MEFP
MMC
MPEDM
MR
MRAFF
MRF
MRR
MUSM
NC
ND-YAG
OA
OFHC copper
OT™M
PAM
PBM
PCB
PCD
PCM
PD

PF

PVD

R

RC

List of Abbreviations

Electrodischarge machining with ultrasonic assistance
Electrodischarge texturing
Electro-erosion dissolution machining
Electrolytic in process dressing
Electrochemical micromachining
Electropolishing

Electrostream

Femtosecond laser

Grinding

Heat-affected zone

Hone forming

High-speed cutting

High-speed machining

High-speed steel

Intergranular attack

International Organization for Standardization
Laser beam machining

Laser beam texturing

Low stress grinding

Laps and tears

Magnetic abrasive finishing

Microcracks

Magnetic float polishing

Metal matrix composites

Mechanical pulse electrodischarge machining
Magnetorhelogical

Magnetorhelogical abrasive flow finishing
Magnetorhelogical finishing

Material removal rate

Micro-ultrasonic machining

Numerical control

Neodymium-doped yttrium aluminum garnet
Overaging

Oxygen-free high-conductivity copper
Overtempered martensite

Plasma arc machining

Plasma beam machining

Photochemical blanking

Polycrystalline diamond

Photochemical milling

Plastic deformation

Photo forming

Physical vapor deposition

Roughness of surface

Resistance capacitance/recast
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List of Abbreviations

RS
RUM
SB

SE
STEM
SVR
TEM
UsS
USM
USMEC
UTM
VRR
WC
WRN

xliii

Resolution or austenite reversion
Rotary ultrasonic machining

Sand blasting

Selective etch

Shaped tube electrolytic machining
Specific volumetric removal
Thermal energy method

Ultrasonic

Ultrasonic machining
Ultrasonic-assisted electrochemical machining
Untempered martensite

Volumetric removal rate

Tungsten carbide
Whisker-reinforced material
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Machining Processes

1.1 Introduction

Many manufactured products require machining at some stage of their
production sequence. Machining is the removal of unwanted materials
(machining allowance) from the workpiece so as to obtain a finished product
of the desired size, shape, and surface quality. Generally, machining ranges
from relatively rough cleaning of castings to high-precision micromachining
of mechanical components that require narrow tolerances.

The removal of the machining allowance through cutting techniques was
first adopted using simple handheld tools made from bone, stick, or stone
that were replaced by bronze or iron. The water, the steam, and, later, the
electricity were used to drive such tools in the power-driven metal-cutting
machines (machine tools). The development of new tool materials opened a
new era to the machining industry where machine tool development took
place. Nontraditional machining techniques offered alternative methods
for machining parts of complex shapes in harder, stronger, and tougher
materials that were difficult to cut by the traditional methods.

Machining is characterized by its versatility and capability of achieving
the highest accuracy and surface quality in the most economic way. The
versatility of machining processes can be attributed to many factors, some
of which are

* The process does not require elaborate tooling.
e It can be employed to all engineering materials.
e Tool wear is kept within limits, and the tool is not costly.

® The large number of machining parameters can be suitably con-
trolled to overcome technical and economic difficulties.

Machining is generally used as a final finishing operation for parts produced
by casting and forming before they are ready for assembly or use (Figure 1.1).
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Raw material

Bulk forming sasttln'g
intering

Molding

Sheet metal forming

Machining

Manufacturing processes

Assembly or use

FIGURE 1.1
Manufacturing processes.

However, there are a number of reasons that make machining processes
an obligatory solution as compared with other manufacturing techniques.
These are

¢ If closer dimensional control and tighter tolerances are required
than are available by casting and forming

e If special surface quality is required for proper functioning of
a part

¢ If the part has external and internal geometric features that cannot
be produced by other manufacturing operations

e If it is more economical to machine the part than to produce it by
other manufacturing operations

Micromachining has become an important issue for machining 3D
shapes and structures as well as devices with dimensions in the order of
micrometers. Furthermore, in nanomachining, atoms or molecules (rather
than chips) are removed to produce parts for microelectronics, automobile,
and aircraft manufacturing industries.

1.2 Historical Background

The development of metal-cutting machines, usually called machine
tools, started from the invention of the cylinder that was changed to a
roller guided by a journal. The ancient Egyptians used these rollers for
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transporting the required stones from quarries to building sites. The use
of rollers initiated the introduction of the first wooden drilling machine
that dates back to 4000 BC. In such a machine, a pointed flint stone tip
acted as a tool. The first deep-hole boring machine was built by Leonardo
da Vinci (1452-1519). In 1840, the first turning machine was introduced.
Maudslay (1771-1831) added the lead screw, back gears, and the tool post
to the previous design. Later, slideways for the tailstock and automatic
tool-feeding systems were incorporated. Planers and shapers have evolved
and were modified by Sellers (1824-1905). In 1818, Whitney built the first
milling machine. The cylindrical grinding machine was built for the first
time by Brown and Sharp in 1874. Fellows’ first gear shaper was introduced
in 1896. In 1879, Pfauter invented the gear hobbing, while the gear planers
of Sunderland were developed in 1908.

Further developments for these conventional machines came by the intro-
duction of the copying techniques, cams, and automatic mechanisms that
reduced the labor and work and consequently raised the product accuracy.
In 1953, the introduction of the numerical control (NC) technology opened
wide doors to the computer numerical control (CNC) and direct numerical
control (DNC) machining centers that enhanced the product accuracy and
uniformity. Machine tools form around 70% of the operating production
machines and are characterized by their high production accuracy com-
pared to the metal-forming machine tools.

Machining has been the object of considerable research and experimen-
tation that has led to better understanding of the nature of the machin-
ing processes and improvements to the quality of the machined parts.
Systematic research began in 1850 and has ever since continued to cover the
following topics:

1851—measurements of the cutting forces and power consumption to
remove a given volume of metal

1870—mechanics of chip formation
1893—analysis of forces in the cutting zone

1907—study of tool wear and the introduction of high-speed steel
(HSS)

1928—machinability terms and definitions

1935—introduction of the theoretical models of orthogonal and oblique
cutting

1950—verification of the metal-cutting models

1960—developments in the field of grinding and nontraditional
machining processes

1970—developments in the field of nontraditional and hybrid machin-
ing processes, including micromachining and nanomachining
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4 Fundamentals of Machining Processes

1.3 Classification of Machining Processes

Traditional machining requires a tool that is harder than the workpiece that
is to be machined. This tool penetrates into the workpiece for a certain depth
of cut. A relative motion between the tool and workpiece is responsible for
form and generation cutting to produce the required shapes, dimensions,
and surface quality. Such a machining arrangement includes all machining
by cutting (C) and mechanical abrasion (MA) processes. The absence of tool
hardness or contact with the workpiece makes the process nontraditional,
such as the erosion processes (E) by electrochemical and thermal machining
methods (see Figure 1.2).

1.3.1 Machining by Cutting

Figure 1.3 shows the main components of a typical metal-cutting process.
The machining system includes the tool, the workpiece, and the machine
tool that controls the workpiece and tool motions required for the machin-
ing process. Table 1.1 shows the different tool and workpiece motions for
some important metal-cutting operations. During machining by cutting, the
tool is penetrated into the workpiece as far as the depth of cut. Cutting tools

Machining processes

4 ! h 4
Y 1
[ Cutting (C) ] [ Abrasion (A) ] : [ Erosion (E) ]
I
( 1
Circular Various Bonded Loose I CHM
shapes shapes abrasives abrasives ! ECM
N | ECG
EDM
Turning Milling Grinding Polishing :
. . . . LBM
Boring Planing Honing Buffing !
Drilling Shaping Superfinishing Lapping : AIM
Broaching Abrasive flow 1 WM
Gear cutting : PBM
| USM
I
I
Traditional : Nontraditional
1

FIGURE 1.2
Classification of machining.
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Chip

Tool

Cutting speed

Depth of cut Cut surface

Workpiece

FIGURE 1.3
Machining by cutting.

TABLE 1.1
Tool and Workpiece Motions for Metal-Cutting Processes

Tool Motion

Workpiece Motion Stationary Linear Rotary Spiral

Stationary Shaping/broaching Drilling
Linear Planning Milling

Rotary Turning

Spiral (linear + rotary) Hobbing

have a definite number of cutting edges of a known geometry. Moreover,
the machining allowance is removed in the form of visible chips. The shape
of the produced workpiece depends on the relative motions of the tool and
workpiece. In this regard, three different cutting arrangements are possible,
as depicted in Figure 1.4.

1.3.1.1 Form Cutting

The shape of the workpiece is obtained when the cutting tool possesses the
finished contour of the workpiece. The workpiece profile is formed through
the main workpiece rotary motion in addition to the tool feed in depth, as
shown in Figure 1.5. The quality of the machined surface profile depends
on the accuracy of the form-cutting tool. The main drawback of such an
arrangement arises from the large cutting forces and the possibility of vibra-
tions when the cutting profile length is long.

1.3.1.2 Generation Cutting

The workpiece is formed by providing the main motion to the workpiece and
moving the tool point in the feed motion. In the turning operation, shown
in Figure 1.6, the workpiece rotates around its axis, while the tool is set at a
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Machining by cutting

A 4 i

I I
Form and
Form Generation generation

Shaping Turning Thread cutting
Planing Shaping Slot milling
Drilling Planing Gear hobbing
Form turning Pocket milling
Form milling Contour milling
FIGURE 1.4

Machining by cutting kinematics.

< Rotation
T —

. Feed
Rotation ?
/< I Feed
<
Turning Shaping Drilling

FIGURE 1.5
Form-cutting processes.

feed rate to generate the required profile. During shaping, the cutting tool is
responsible for the main cutting motion while the workpiece feeds to gen-
erate the profile of the cut surface. During milling of contours, the vertical
milling cutter (end mill) rotates (main motion) while the workpiece feeds in
accordance to the required profile.

1.3.1.3 Form and Generation Cutting

During thread cutting, the tool having the thread form (form cutting) is
allowed to feed (generation cutting) axially at the appropriate rate while the
workpiece rotates around its axis (main motion), as in Figure 1.7. Similarly,
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Turning
/7 Rotation
A o
o =1
=
T
Depth of cut 7// Ff’ed \
Feed
Shaping
Rotation
FIGURE 1.6

Generation cutting processes.

Rotation

Rotation

Slot milling Thread cutting

FIGURE 1.7
Form and generation cutting.

a slot, dovetail, and gear can be milled by feeding the workpiece while rotat-
ing the form-milling cutter. Gear hobbing uses a hob that gradually gen-
erates the profile of the gear teeth while both the hob and the workpiece
rotate. Machining by cutting can also be classified according to the number
of cutting edges accommodated in the cutting tool. Single-point machining
utilizes tools having a single cutting edge to form or generate the required
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8 Fundamentals of Machining Processes

geometry. Drilling employs a twist drill that has two cutting edges to form
cut the required hole. In contrast, reaming, milling, sawing, broaching, fil-
ing, and hobbing utilize tools with a definite number of cutting edges to
machine a part.

1.3.2 Machining by Abrasion

In abrasion machining, a small machining allowance is removed by a multi-
tude of hard, small, angular abrasive grains of indefinite number and shape.
These abrasive grains (grit) may be loose or bonded to form a tool of a given
shape such as a wheel or a stick. As can be seen in Figure 1.8, the individual
cutting grains are randomly oriented and the depth of their penetration
is small and not equal for all grains that are in simultaneous contact with
the workpiece. Material is removed by the MA effect; the machining allow-
ance is removed in the form of minute chips that are invisible in most cases.
Examples of abrasive machining using a bonded abrasive wheel during
grinding, is shown in Figure 1.9, or a bonded abrasive stick during honing.
In contrast, lapping, which utilizes loose abrasives in a liquid machining
media, is shown in Figure 1.10.

During abrasion machining, because only a fraction of the abrasives
causes material removal and because there are many sources of friction, the
energy required to remove a unit volume may be up to 10 times higher than
in machining by cutting processes. Unlike most other machining processes,
abrasive machining can tackle materials harder than 400 HV, produce
smooth surface finishes, and enable close control of the material removal. It
is, therefore, normally adopted for finishing operations. Table 1.2 shows the
main and feed motions in some abrasive machining processes. Machining
by abrasion is classified in Figure 1.11 into grinding (used for finishing cut
parts), superfinishing (for ground and reamed surfaces), and modern abra-
sive methods that have found many industrial applications. Figure 1.12

Wheel speed

14
\QB‘OOO fpm (15 rr&

— e

Table speed 50-100 fpm
—— (0.25-0.5 m/s)

FIGURE 1.8
Machining by bonded abrasives.
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Wheel rotation
Grinding
wheel
Workpiece
— = Table
Surface grinding
FIGURE 1.9
Abrasive machining with bonded abrasives.
Low pressure
Lab
‘Workpiece * Oil and abrasives
Lapping
FIGURE 1.10
Abrasive finishing with loose abrasives.
TABLE 1.2
Tool and Workpiece Motions for Abrasion Processes
Tool Motion
Workpiece Motion Stationary Linear Rotary Spiral
Stationary Lapping/ Honing
polishing
Linear Surface grinding
Rotary Superfinishing ~ Centerless grinding ~ Cylindrical
grinding
Spiral (linear + rotary) Cylindrical grinding
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Machining by abrasion

Grindi |I Surface Modern
rinding finishing abrasion

Surface Honing USM
Creep feed Lapping AJM
Cylindrical Superfinishing AWM
Centerless Polishing AI/\\/[FAI\;:[

Buffing MRE
MARAF

FIGURE 1.11
Classification of abrasion machining methods.

Oscillation Feed

I L Abrasive slurry

/

| A
o "

ESETI T

Workpiece

FIGURE 1.12
Modern abrasive machining (USM).

shows a typical ultrasonic machining (USM) operation where successive
layers are removed from the workpiece material by mechanical chipping
using the loose abrasives that are hammered against the workpiece surface
at 19-20 kHz. Further examples of modern abrasive processes include the
high-velocity abrasive jet in abrasive jet machining (AJM), abrasive water
jet machining (AWJM), abrasive flow machining (AFM), magnetic abrasive
machining (MAF), magnetic float polishing (MFP), magnetorheological
finishing (MRF), and magnetorheological abrasive flow finishing (MRAFEF).
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The development of new engineering materials made machining by
cutting and abrasion very difficult because these processes are mainly based
on removing materials using cutting or abrasion tools that are harder than
the workpiece. Traditional machining proved to be ineffective for machining
complex shapes, low-rigidity structures, and micromachined components at
high degrees of accuracy and surface quality.

1.3.3 Machining by Erosion

Traditional machining includes those processes performed by cutting
and abrasion where compression or shear chip formation causes inherent
disadvantages, such as

e High cost due to the large energy used to remove a unit volume from
the workpiece material.

e Workpiece distortion due to the heat generated during cutting and
abrasion.

¢ Undesirable cold working and the residual stresses, which may
require post-processing to remedy their harmful effects.

e Limitations related to the size and complexity of the workpiece
shape.

¢ Highly qualified operators, specialized personnel, and sophisticated
measuring equipment are needed.

To avoid such limitations, erosion machining processes are used that do not
produce chips or a lay pattern on the machined surface. However, volumetric
removal rates are much lower than with machining by cutting and abrasion.
Erosion machining removes the machining allowance by the removal of suc-
cessive surface layers of the material as a result dissolution or melting and
vaporization of the material being machined (Figure 1.13).

1.3.3.1 Chemical and Electrochemical Erosion

These processes utilize chemical erosion in case of chemical machining
(CHM) or electrochemical erosion during the electrochemical machining
(ECM) shown in Figure 1.14a.

1.3.3.2 Thermal Erosion

The thermal erosion of the machining allowance occurs by the melting and
vaporization of the workpiece material. Different energy sources can be
used, including electric discharges, laser beam, electron beam, ion beam,
and plasma jets (Figure 1.14b). Due to the high heat input, microcracks and
the formation of heat-affected zones appear in the machined parts.
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[ Machining by erosion ]
Thermal I

erosion

!

Electrochemical

erosion

CHM EDM
ECM EBM
LBM
PBM
FIGURE 1.13
Erosion machining processes.
Electrolyte Laser beam
Tool (=) " 2
l Feed &1 | T Molten

AT,

(a) Workpiece (+) (b) Workpiece

FIGURE 1.14
Typical erosion machining processes. (a) Electrochemical machining and (b) laser beam
machining (LBM).

1.3.4 Combined Machining

To enhance the performance of some thermal erosion processes, a secondary
erosion process can be added, such as ECM, to form electrochemical dis-
charge machining (ECDM) or electroerosion dissolution machining (EEDM).
In other situations, the MA is combined to electrodischarge machining
(EDM) to form abrasive electrodischarge grinding (AEDG), or EDM is com-
bined to both grinding and ECM to form electrochemical discharge grind-
ing (ECDG). Electrochemical erosion can also be enhanced by combining
with MA during electrochemical grinding (ECG) or ultrasonic erosion dur-
ing ultrasonic-assisted ECM (USMEC) (Table 1.3).
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TABLE 1.3
Combined Machining

Erosion

Abrasion ECM EDM Abrasion
ECM +abrasion EDM + abrasion
(ECG/ECS/ECH/ECB) (EDG/AEDG/EDMUS)
ECM + EDM (EEDM/ECDM)
ECM + EDM + abrasion (ECDG)

Note: ECS, electrochemical superfinishing; ECH,
electrochemical honing; ECB, electrochemical
buffing; EDMUS, electrodischarge machining
with ultrasonic assistance.

1.3.5 Micromachining

Micromachining is the miniaturized shaping of objects by removing
excessive materials from a new stock. For such a purpose, both conventional
and nonconventional methods of machining are adopted. Micromachining
has recently become an important technique for the reduction of workpiece
size and dimensions. It refers to the technology and practice of making three
dimensional shapes, structures, and devices with dimensions on the order of
micrometers. One of the main goals of the development of micromachining
is to integrate microelectronic circuitry into micromachined structures and
produce completely integrated systems.

Conventional methods of micromachining utilize fixed and controlled
tools that can specify the profile of 3D shapes by a well-designed tool surface
and path. These methods remove material in amounts as small as tens of
nanometers, which is acceptable for many applications of micromachining.
The volume or size of the part removed from the workpiece, in mechanical
methods, termed as the unit removal, consists of the feed pitch, depth of cut,
and the length that corresponds to one chip of martial cut. For finer precision
levels (atomic level), there are nonconventional methods of machining. The
unit removal in this case can be as small as the size of an atom. Turning,
drilling, and milling have proven to be applicable to the micromachining
of shapes in the range of micrometers through the miniaturization of the
required tools. In this regard, the development of wire electrodischarge
grinding (WEDG) has significantly advanced the technology of microtool
production. Conventional micromachining methods by turning, drilling,
and grinding have already been applied to materials including copper and
aluminum alloys, gold, silver, nickel, and polymethylmethacrylate (PMMA)
plastics.

Micromachining by unconventional methods relies on the removal of
microamounts of materials by either mechanical methods (e.g., ultrasonic),
anodic dissolution (ECM), or ion impact in ion beam machining. Recent
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applications of micromachining include silicon micromachining, excimer
lasers, and photolithography. Micromachined parts include sensors, parts,
and components in existing instruments and office equipment, as well as
tiny nozzles in ink jet printer heads; the tip for atomic force microscopes
essentially relies on micromachining techniques. Tiny mechanical parts of
microscale or microsize can perform in very small spaces, including inside
the human body. Machines such as precision grinders may be capable of
producing an accuracy level of +0.01 pm.

The high-precision requirements of nanomachining can be obtained
by removing atoms or molecules rather than chips, as in the case of ion
beam machining. Nanomachining was introduced by Tanigushi (1983)
for the miniaturization of components and tolerances from the submi-
cron level down to individual atoms or molecules between 100 and 0.1 nm.
Nanomachining techniques can achieve xnm (McGeough 2002). The need
for such small-scale techniques arose for the high performance and effi-
ciency required in many fields, such as microelectronics, as well as the
automobile and aircraft manufacturing industries.

1.4 Variables of Machining Processes

Any machining process has two types of interrelated variables. These are
input (independent) and output (dependent) variables (Figure 1.15).

A. Input (independent) variables
* Workpiece material, like composition and metallurgical features

e Starting geometry of the workpiece, including preceding
processes

WP-Material

Start. Geom. of WP /—\ Cutting forces, power
7 Selection of MP __7 \ Geom. of product i ]
= Tool material . Surface finish ol :@
‘g / Machining \ ha s - 5
s Tool geometry o process J Tool failure ;
§ Cutting param. __\ (MP) / Economy of MP i %
Hold. devices / Ecolog. aspects ©
Cutting fluid ™ i
FIGURE 1.15

Variables of a machining process.
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Selection of process, which may be conventional or nonconven-
tional processes

Tool material
Machining parameters

Work-holding devices ranging from vises to specially designed
jigs and fixtures

Cutting fluids

B. Output (dependent) variables

Cutting force and power. Cutting force influences deflection and
chattering; both affect part size and accuracy. The power influ-
ences heat generation and consequently tool wear.

Geometry of finished product, thus obtaining a machined sur-
face of desired shape, tolerance, and mechanical properties.

Surface finish: it may be necessary to specify multiple cuts to
achieve a desired surface finish.

Tool failure due to the increased power consumption.

Economy of the machining process is governed by cutting
speed and other variables, as well as cost and economic factors.
Machining economy represents an important aspect.

Ecological aspects and health hazards must be considered and
eliminated by undertaking necessary measures.

15

1.5 Machining Process Selection

Selecting a machining process for producing a specific component made
from certain material to the required shape, size, degree of accuracy, and
surface quality depends on many factors that include the following:

e Part shape

e Partsize

e Part material

* Dimensional and geometric features

e Surface texture

e Production quantity

e Production cost

e Environmental impacts
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Review Questions

11
1.2

1.3
1.4
1.5
1.6
1.7
1.8
1.9

1.10
111

1.12

1.13
1.14

State the major differences between machining and forming processes.
What are the main reasons behind using machining technology in
industry?

What are conditions that make machining processes obligatory
solutions compared to other manufacturing processes?

Explain the need for unconventional machining processes compared
to conventional ones.

Show the general classification of the machining processes.

Using sketches, show the different modes of metal-cutting processes.
State the main limitations of traditional machining methods.

What are the advantages offered by nontraditional machining
processes?

Give examples for abrasion machining using loose and bonded
abrasives.

Using diagrams, show the main types of erosion machining.

Name the important factors that should be considered during the
selection of an unconventional machining process for a certain job.
Explain the following terms: erosion machining, abrasion machining,
and combined machining.

What are the main variables of a machining process?

What are the main factors that affect the selection of a machining
process?
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Cutting Tools

2.1 Introduction

Machining by cutting produces accurate parts by removing the machining
allowance in the form of chips by using cutting tools that are harder than the
workpiece and will penetrate it. Depending on the accuracy requirements,
hand tools, power-driven cutting tools, or common machine tools are used.
Generally, the machining system consists of the cutting tool, the workpiece,
and the machine tool. The machine tool is responsible for

e Application of the cutting power
* Guiding or limiting the tool/workpiece movements

¢ Controlling the cutting variables, such as the cutting speed, depth of
cut, feed rate, and lubrication

¢ Providing the manufacturing facilities, the clamping of the tool, and
the workpiece

The choice of the proper cutting tool and machining variables depends
upon the workpiece material properties, heat treatment, temperature, and
the amount of work hardening prior to machining. Cutting tool material
and geometry play a significant role in the characteristics of the machining
process, wear resistance, cost, product accuracy, and surface quality of the
machined parts (Figure 2.1). Performance indices of machining processes are
determined by measurements of shear angle, cutting forces, power consump-
tion, tool temperature and wear, and machine tool deflection and vibrations.
The impact of such measurements on the machined part’s dimensional accu-
racy and surface quality is of major importance to manufacturing engineers.

Machining by cutting employs tools of a given geometry that are classi-
fied according to the number of cutting edges accommodated in the cutting
tool to single-point or multipoint tool, as shown in Figure 2.2. In this regard,
turning, shaping, boring, and planing utilize tools that have a single cutting
edge to form or generate the required geometry. Drilling employs twist drills
that accommodate two cutting edges to form cut holes. On the other hand,

17
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[ Cutting parameters ]

Depth of cut
Cutting speed
Feed rate
Lubrication
Environment

. Material
Material Heat treatment
Geometry Crystallography
No. of cutting edges Purity
Mechanical properties Mechanical properties
Wear resistance Shear angle Temperature
Thermal conductivity Cutting forces Work hardex}ir}g prior
Power to machining
Surface finish
Tool wear
Deflections
Temperatures
Vibrations
Part dimensions

Economically machined parts of
high accuracy and surface quality

FIGURE 2.1
Main elements of machining by cutting.

reaming, milling, sawing, broaching, filing, and hobbing use tools that have
a definite number of cutting edges to cut the required part geometry.

Machine tools that are normally used in machining by cutting, abrasion,
and erosion represent 70% of the total operating production machines, and
metal-forming machines are about 30%. Metal-cutting machine tools com-
prise about 65% of the total machine tools. Most metal-cutting machines are
lathes and shapers. Single-point cutting tools are, therefore, the most popular
cutting tools. These tools have popular wedge forms that allow the metal to
be removed from the workpiece material.
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[ Machining by cutting ]

v

A 4
Multi point I
Single point

) Drilling
Turleg Reaming
Boring Milling
Shaping Broaching
Planing Hobbing
Sawing
Filing

FIGURE 2.2
Machining by cutting classified by the number of cutting edges.

In the orthogonal cutting arrangement shown in Figure 2.3a, the tool
is at a right angle to the direction of the cutting speed V. However, most
of the practical cutting operations involve oblique cutting (Figure 2.3b),
where the cutting edge is inclined at an angle A to a line drawn at a right
angle to the direction of the cutting speed V, known as the cutting edge
inclination angle A, which is equal to zero A in the case of orthogonal
cutting. The cutting edge inclination angle A determines the direction of
chip flow away from the cutting region. During oblique cutting, the chip
flows at the chip-flow angle A, with a line drawn at a right angle to the
cutting edge. If the chip does not change in width, Stabler’s chip-flow law,
where A=A, holds.

2.2 Tool Geometry

Figure 2.4 shows the main elements of a single-point cutting tool. It consists
of the shank of a rectangular cross section that is used for tool-clamping
purposes. The tool point is formed between the tool face, side (main) flank,
and the end (auxiliary) flank. The side cutting edge is formed by the inter-
section of the tool face and the side flank. The end cutting edge is formed
by the intersection of the tool face and the end flank. A tool nose of an arc
radius ranging between 0.2 and 2 mm is formed by the conjunction of the
side and end cutting edges. Single-point cutting tools can be either right
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Tool

Chip

| Cutting

Workpiece o
direction

Chip flow angle

Ac Cutting edge
Tool inclination angle

/ )\
90°

/

Workpiece

| Cutting
direction

(b)

FIGURE 2.3
(a) Orthogonal and (b) oblique cutting.

Shank

Tool nose

End
(auxiliary)
cutting
edge

Tool f;
End ool face

(auxiliary)
flank
Main cutting edge

Main flank

FIGURE 2.4
Main elements of a single-point cutting tool.

hand or left hand, as shown in Figure 2.5. The geometry of single-point tools
can be described by a number of systems of geometric arrangements and
nomenclature. These include the American Standard Association (ASA)
system and the orthogonal (ISO) system, which are recommended in the
majority of research work carried out.
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Feed — - Feed

Right hand Left hand

FIGURE 2.5
Right- and left-hand single-point tools.

2.2.1 American (ASA) (Tool-in-Hand) (Coordinate) System

The ASA system of tool planes and angles refers to the cutting tool that is
handheld and used for the purpose of grinding and sharpening the tool.
Figure 2.6 shows the three main planes used for determining the tool angles
in accordance with the ASA system. These are

Base plane: Horizontal plane containing the base of the tool

Longitudinal plane, x—x: Along the tool feed and perpendicular to the
base plane

Transverse plane, y—y: Perpendicular to the base plane and the longitudinal
plane x—x

Figure 2.7 shows the different tool angles according to the ASA system.
Table 2.1 shows the recommended turning tool angles.

¥,  Backrake angle

Y,  Side rake angle

a,  End relief angle

a,  Side relief angle

¢.  End cutting edge angle
¢,  Side cutting edge angle
T Nose radius

xx : Tangential plane
Feed yy : Traverse plane

Base plane x

FIGURE 2.6
Different planes adopted by the ASA system.
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l=—Yb

FIGURE 2.7
American (ASA) tool angles.

2.2.2 Tool Angles in Orthogonal System of Planes

This system of planes and angles refers to the cutting tools that are used
in the machining operation. The tool reference planes are three mutually
perpendicular ones as shown in Figure 2.8.

Base plane: Horizontal plane containing the base of the tool

Cutting plane 1: Contains the main cutting edge, perpendicular to the
base plane

Orthogonal plane 2: Perpendicular to the base plane and the cutting plane

This set of reference planes is called the orthogonal system of planes.
Figure 2.9 shows the different angles described by the orthogonal system.
Table 2.2 shows normal rake y and relief angles o for single-point cutting
tools. Accordingly, for the side (main) cutting edge having a wedge angle
between the main flank and the tool face, it can be concluded that

o+PB+y=90°
and the cutting angle & is
d=0+p
Therefore,

0.+ +€=180°

Generally, the tool angles are chosen with respect to the workpiece
to be cut, the tool material, and the machining method used. Tools of
larger wedge angles p are recommended for cutting harder and stronger
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1
2
1-1: Cutting plane
2-2: Orthogonal plane
1
2
Base plane
FIGURE 2.8
Orthogonal systems of planes.
/
[y
a !f
\f
: /
N Cutftmg /f\.\
surface
N ¢ s Machined
( ‘ X surface
E ; ~ _\“‘ -
X d f
/ ™~ - X
Work surface ™
/ “\“\
/ S~

FIGURE 2.9
Different angles in the orthogonal system.

workpiece materials. The rake angle y influences chip form, heat generation,
and, consequently, the tool life. Positive rake angles are used for ductile and
tougher materials.

The orientation of the cutting edge in the cutting plane is known as the
cutting edge inclination angle A (Figure 2.10). The angle of inclination has a
considerable practical significance and determines the direction of chip flow
relative to the workpiece. For positive values, the chip would be directed
away from the machined surface. On the other hand, negative values of A
lead to poor surface finishes, on the account that the chip flow being directed
toward the freshly cut surface.

www.EngineeringBooksPDF.com



Cutting Tools

TABLE 2.2

Normal Rake and Clearance Angles of Single-Point Tools

25

Turning and Boring with Tipped Tools

Cemented Carbides

High-Speed Steel P18

Rough : Finish

Rough : Finish

Metal Being Machined o (°) v () o (°) v (©)
Rolled steel o, > 800 N/mm? 8 12 12-15 6 12 25
and steel 6, > 80 N/mm? 8 12 10 6 12 20
castings 6,> 100 N/mm? 8 12 10 — — —
and steel castings
with a skin
containing
nonmetallic
inclusions, and
in operation with
impact loads
Heat resisting 10 10 10 8 8 20
steels and
super alloys
Cast iron Gray 8 10 5
Malleable 8 10 8
Copper alloys — — — 8 12 12

Source: Arshinov, V. and Alekseev, G., Metal Cutting Theory and Cutting Tool Design,

Mir Publishers, Moscow, Russia, 1970.

§ s

-\ A=0

FIGURE 2.10
Cutting edge inclination angles.

+A

When using ceramic tools for machining steel with 6,<700 N/mm?, the
rake angle y is taken between 10° and 15° steels with ¢,>700 N/mm?, and
cast iron with a hardness BHN <220, y=10°, while for cast iron with a hard-
ness of BHN >200, y is taken from 0° to 50°.

Both the ASA and the orthogonal systems are used to define the various
angles of the faces and flanks of the tool. The ASA (tool-in-hand) system is

www.EngineeringBooksPDF.com



26 Fundamentals of Machining Processes

used for grinding and sharpening the tool, while the orthogonal (tool-in-use)
system refers to the cutting tool being used in the machining operation.
The reason the two systems are required is explained by the following:

1. It is possible that a single-point cutting tool can be held in a machine

tool in various orientations (settings), thereby altering the effective
angles of the tool.

2. In a single turning operation, as the feed is increased, the effective
rake angle is increased and the effective clearance angle decreases.

2.2.3 Relationship between the ASA and Orthogonal Systems
The relationship between the ASA and the orthogonal systems can be

described using the following mathematical relations. In the longitudinal
cross section (along the tool shank),

tan vy, = cos ¥ tan y —sin i tan A

cot 0L, = cos { cot oL —sin  tan A
In the traverse (feed) direction,

tan y,=sin y tan y + cos  tan A

cot 0, = sin y cot oL+ cos  tan A

The relationship between rake and clearance angles in the longitudinal and
transverse cross section is explained by

tanA
tany,=cotytany,——;
siny
tanA
cotols = coty cotdle ——
siny

For calculating the rake and clearance angles in the orthogonal system as a
function of rake and clearance angles in longitudinal/traverse (ASA) system
and the setting angle y, the following equations apply:

tan y =sin x tan ys +cos x tan vy,

cot o = sin  cot ois + cos y cot O,
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2.2.4 Effect of Tool Setting

Consider a single-point tool displaced at a point lower than the workpiece
axis by a distance h, below the workpiece center, as shown in Figure 2.11.
The plane AA, normal to the workpiece radius (d/2), passing through the tool
nose takes the position BB, which is inclined at an angle ¢, where

2h
. — C
sin{ =

Due to the error in the cutting edge setting, the values of back rake and end
clearance angles v, and o, change to v, and a,,, where

Yos =Y~ G

Oles= 0l +

If the tool nose is set at & distance above the center of the workpiece, back
rake v, and end clearance angle a, change to y,, and a,,, where

Ybs:Yb+C

(xes:ae_c

A

B
~ ¢

FIGURE 2.11
Effect of tool setting on ASA tool angles.
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In boring operations, the angles y, and «, change in the opposite direction
where the rake angle increases and the relief angle decreases.

2.2.5 Effect of Tool Feed Motion

As shown in Figure 2.12, the position of the traverse cross-sectional plane is
determined by the cutting speed vector T resulting from the addition of the
primary speed vector V' to the auxiliary motion speed vector f ; the angle of
rotation n becomes

=t *li
1= tan v

As a result of tool motion, the angles y, and «, in the longitudinal cross
section of the motion system will change to

Yom=Yp+t N

Olem = Qe — M

At larger values of feed vector fin relation to the cutting speed V, the motion
system clearance angle may become equal to zero if

af
Vv

o= tan

Ybm

FIGURE 2.12
Effect of tool feed on ASA tool angles.
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However, during actual machining, a minimum value of clearance angle must
be established so that excessive friction between the tool flank and the work-
piece may be avoided. It should be noted that the resulting angles are the true
working angles when the cutting plane coincides with the machine axis y
plane ({=0) and when the effect of feed is negligibly small (n=0).

2.2.6 Solved Example

A turning tool has a side rake angle of 16° and a back rake angle of 10°.
Calculate the plan setting (approach) angle, which will make the cutting
orthogonal. If the setting angle is 50°, what change must be made in order to
achieve orthogonal cutting conditions?

Solution

Because tan y,=cot  tan y,—tan A/sin y, for orthogonal cutting A=0,
then

tan 10=cot y tan 16 —tan 0/sin y

cot y=0.6149

x=58° 24" 25”

For y=50°

tan 10=cot 50 tan vy,

tan v,=0.21,

then y,=11° 52" 2.5”

v, changes from 16° to 11° 52’ 2.5”

or tan y,=cot 50 tan 16

v, =13° 31 43”

Y, increases from 10° to 13° 31’ 43”

2.3 Tool Materials
2.3.1 Requirements of Tool Materials

Cutting tools are subjected to severe conditions with regard to temperature,
contact stresses, and rubbing against the workpiece surface as well
as the chip’s contact with the tool face. Cutting tool materials and their
proper selection are among the most important factors in metal-cutting
operations. Such tools should possess the following characteristics in order
to produce parts economically and at the required degree of accuracy and
surface quality:

High hardness: The tool material must possess higher hardness than the
workpiece material in order to penetrate into it without losing its sharpness.
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Ceramics
70— Carbides

55—

35—

Hardness, HRC

0 300 600 900 1200 1500
Temperature, °F

FIGURE 2.13
Effect of temperature on the hardness of different tool materials.

High hot-hardness: It is the ability of tool material to retain hardness
at elevated temperatures. Hot-hardness can be enhanced by the addi-
tion of chromium, molybdenum, tungsten, and vanadium, which form
hard and stable carbides at elevated temperatures. The effect of tempera-
ture on the hardness of the different cutting tool materials is shown in
Figure 2.13.

High wear resistance: This property ensures the ability to resist abrasion,
which depends on the extent of hard undissolved carbides present in the
matrix. Steels containing high carbon, alloying tungsten, molybdenum,
and vanadium possess high abrasion resistance. The abrasion resistance is
increased in carbides by adding tantalum.

High strength and toughness: Toughness is the ability of the tool material to
resist shocks or impact loads that normally arise during intermittent cutting
operations such as shaping, planing, and milling. The tool material must
possess high strength to resist the cutting forces generated during machining
without deflection.

High thermal conductivity and specific heat: The thermal conductivity of
the tool depends on the tool geometry as well as the specific heat of the
material. Higher specific heat enables the heat generated during machining
to be transferred into the machine body without raising the tool tempera-
ture. Some tool materials such as Widia and ceramics possess low thermal
conductivity, which causes the high-temperature buildup. However, these
materials do not lose their properties due to the high hot-hardness they
normally possess (Figure 2.13).

Low coefficient of friction: Low coefficient of friction reduces the heat
generated due to friction between the tool and the workpiece, as well as the
tool and the chip at the tool face.
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Low cost: For economic production, the cost of the tool material must be
as low as possible. The total cost of a tool includes the initial tool cost, the
grinding (sharpening) cost, and the tool-changing cost.

Chemical stability: Chemical stability or inertness with respect to the
workpiece materials is an important factor so that any adverse reactions
contributing to tool wear are completely avoided.

2.3.2 Classification of Tool Materials

Figure 2.14 classifies the cutting tool materials into ferrous and nonfer-
rous ones.

2.3.2.1 Ferrous Tool Materials

Carbon tool steel: Historically, carbon tool steel was the earliest cutting
tool material to be used in industry. It is a plain carbon steel that contains
0.6%-1.4% carbon in addition to low percentages of manganese, silicon,
sulfur, and phosphorus. This high carbon content allows the steel to be
hardened and thus offers greater resistance to abrasive wear. For efficient
steel hardening, it should possess a minimum of 0.6% carbon. The tool steel

[ Cutting tool materials ]

v

v

Nonferrous II

<  Ferrous Blackalloy
Crobalt
™ Castalloys > Haymf.s
Satellite
L | Carbon tool steel Tantung
N Cerr;ézted »| P (blue)
™1  Alloy tool steel carbides M (yellow)
K (red)
L’ High-speed steel ]
N Ceramics

A 4

Molybdenum (M) ] Diamond
Tungsten (T)

— CBN

FIGURE 2.14
Classification of cutting tool materials.
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possesses low hot-hardness as it loses its temper at about 220°C and is,
therefore, suitable for cutting at low speeds (9 m/min when cutting mild
steel) when the heat generated is low. Therefore, it is extensively used for
manufacturing hand tools, wood working cutters, and other tools that
normally work atlow cutting speeds. Table 2.3 shows the variations of carbon
tool steels and their corresponding applications. The main advantages of
carbon tool steels are that they are cheap and machinable. They also retain
a tough core, which makes them suitable for applications in which impact
and vibrations exist.

Alloy tool steel: The cutting properties of carbon tool steels can be improved
by adding some alloying elements such as Cr, W, Mo, and V. These elements
form carbides that make it possible for the steel to cut at high speeds, which
are 1.2-1.4 times more than that of carbon tool steels and operate at higher
temperatures of 250°C-300°C. Table 2.4 shows the different types and
applications of alloy tool steels.

TABLE 2.3
Various Types of Carbon Tool Steels
Carbon (%) Application
0.6-0.8 Press tools, chisels, wood working tools, hammers, cutting tools for
soft metals, knives for shears, dies
0.8-1.0 Knives for shears, screw dies, large taps, cutters, wood working tools
1.1-1.3 Reamers, drills, small taps, drawing dies, turning tools
1.3-1.4 Files
TABLE 2.4
Alloy Tool Steels
Composition (%) Hardening
Temperature
C Mn Si Cr w A% ©0) Application
0.8-09 04 1.2-15 095-1.25 1.2-1.6 — 850-870 Drills, milling
cutters
09-1.0 04-07 04 1.3-1.6 1.2-1.6 — 820-850 Measuring
gauges
1.1-1.3 08-11 04 09-1.2 1.2-1.6 — 820-850 Metal-forming
dies
14-1.7 04 0.4 11-12.5 0.7-09 0.7-09 1060-1080 Knurling
tools,
broaches,
bending,

drawing and
shearing dies
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High-speed steel (HSS): Before 1870, all lathe tools were made of plain car-
bon steel (1% C, 0.2% Mn) that could be machined at a relatively low speed
of 5 m/min. Robert Mushet introduced new steel having 2% C, 1.6% Mn,
5.5% W, and 4% Cr that was used at a cutting speed of 7.8 m/min. The HSS
was originally developed by Taylor and White in 1901 and achieved cutting
speeds of 19.2 m/min. At that time, the composition was 1.9% C, 0.3 Mn,
8% W, and 3.8% Cr. In order to improve the red hardness, in 1903, the carbon
content was reduced to 0.7%, while the W content was raised to 14%. For
better abrasive resistance, Taylor added 0.3% V to the HSS. By the year 1910,
the tungsten content was raised to 18% W, Cr to 4%, and V to 1% to provide
the well-known 18-4-1 HSS. In 1920, the following three types of HSSs were
in common use.

AISI

Symbol W (%) Cr(%) V(%) Co (%)
T-1 18 4 1. 0
T-7 14 4 2 0
T-4 18 4 1 5

The first super HSS, T-6, appeared in 1923, having the composition of 0.7% C,
4% Cr, 2% V, 20% W, and 12% Co. This type of steel was replaced by the so-
called T-15 HSS around 1939, which contained 1.5% C, 4% Cr, 5% V, 12% W,
and 5% Co. The molybdenum HSS M-2 containing 0.8% C, 4% Ct, 2%V, 6% W,
and 5% Mo has since displaced T-1 in the United States. Current HSS tools
enable steels to be machined at high cutting speeds of 87 m/min.

In the 1950s, an HSS of high hardness and reasonable toughness was
introduced containing 1.4% C, 4% Cr, 4% V, 9% W, 4% Mo, and 12% Co. The
development of HSSs has now reached a saturation point and attempts are
only made to improve the tungsten property of the material. Table 2.5 shows
the composition of different commercially available HSS tools.

HSS is currently coated by titanium nitride (TiN) using the physical vapor
deposition (PVD) method. This coating is known to increase tool life by as
much as three times that of uncoated tools. An increase in the cutting speeds
of 50% has also been reported by Shaw (1984). Figure 2.15 shows a chrome-
plated HSS cutting edge.

2.3.2.2 Nonferrous Tool Materials

Cast alloys: In about 1915, Elwood Haynes devised the nonferrous high-
temperature alloys containing significant amount of Co with Cr and W.
Cast alloys, which contain 40%-50% Co, 12%-25% W, 15%-35% Cr, and
1%-3% C, were used for cutting in 1926. Table 2.6 gives the composition of
a number of cast alloy tool materials. Their structure consists of a cobalt
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TABLE 2.5
Composition (%) of Some Commonly Available HSSs

AISI Type C si C VvV W Mo Co

Molybdenum-type HSS
M1 0.83 035 375 1.18 1.75 8.70 —
M2
Regular C 0.83 033 4.13 1.98 6.13 5.00 —_
High C 1.00 033 513 198 6.13 5.00 —
M3
Class 1 1.05 033 413 250 5.88 5.63 —
Class 2 1.20 033 413 3.00 5.88 5.63 —
M4 1.33 033 425 4.13 5.88 4.88 —_
M6 080 033 413 15 4.25 500 12.0
M7 1.01 0.38 3.75 2.0 1.75 8.70 —
M10
RegularC 089 033 413 20 — 8.13 —
High C 1.01 0.33 413 2.0 — 8.13 —
M15 150 0.33 4.00 5.00 6.50 3.50 5.00
M30 0.80 033 4.00 1.25 2.00 8.00 5.00
M33 0.89 033 375 1.18 1.70 9.50 8.25
M34 0.89 033 375 2.10 1.75 8.48 8.25
M35 0.80 033 4.0 2.00 6.00 5.00 5.00
M 36 0.85 033 413  2.00 6.00 5.00 8.25
M41 1.10 033 413 2.00 6.63 3.75 8.25
M 42 110 040 3.88 125 15 9.50 8.25
M 46 1.26 0.53 3.95 3.13 2.05 8.25 8.30
M48 1.50 0.33 3.88 3.00 10.0 5.13 9.0
M50? 0.80 040 413 1.00 — 4.25 —
M522 090 040 4.0 1.93 1.25 4.45 —
M62 130 028 3.88 2./00 6.25 10.50 —

Tungsten-type HSS
T1 073 030 413 1.10 18.00 — —
T4 0.75 030 4.13 1.00 18.25 0.70 5.00
T5 0.80 0.30 4.38 2.10 16.25 0.88 8.25
T6 0.80 030 438 180 19.75 0.70  12.00
T8 0.80 030 413 210 14.00 0.70 5.00
T15 155 0.38 438 488 1238 1.60 5.00

Source: Machining in Vol. 16 of Metals Handbook, ASM International,
Materials Park, OH, 1989. Reproduced by permission of ASM
International.

2 Intermediate.
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FIGURE 2.15
Chrome-plated (4 um) HSS tools. (From Swineheart, H. J., Cutting Tool Material Selection,
ASTME, Dearborn, MI, 1968.)

TABLE 2.6
Comparison of Some Common Available Cast Alloy
Tool Material

Alloy
Element Tantung G (%)  Tantung 144 (%)
Cobalt 42-47 40-45
Chromium 27-32 25-50
Tungsten 14-19 16-21
Carbon 2-4 2-4
Tantalum or niobium 2-7 3-8
Manganese 1-3 1-3
Iron 2-5 2-5
Nickel 72 74

Source: Machining in Vol. 16 of Metals Handbook, ASM
International, Materials Park, OH, 1989. Reproduced
by permission of ASM International.

2 Maximum.
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matrix with complex tungsten—-chromium carbides. Cast alloys have the
following characteristics:

e Used as tool tips

e Cut at temperature of 925°C

¢ Cutting speeds reach twice that of HSS

® Do not respond to heat treatment

* Resist corrosion and crater wear formation

e More brittle and sensitive to vibrations than cemented carbides

Cemented carbides: Tungsten carbide (WC) was discovered by Henri Moissan
in 1893 during a search to make artificial diamond. Commercial WC with
a 6% cobalt binder was first produced and marketed in Germany in 1926,
the United States in 1928, and Canada in 1930. These carbides exhibited
superior performance in the machining of cast iron and nonferrous and
nonmetallic materials but were disappointing when used for machining
steels. Subsequent developments involved the replacement of all or part of
the WC with titanium or tantalum carbides. This, in turn, led to the appear-
ance of the modern multicarbide cutting tool materials that permit the
high-speed machining of steels. Sintered carbides are available in tips of
different shapes and sizes that are either brazed or mechanically clamped
(Figure 2.16). In general, cemented carbides are composed of tungsten,
titanium, tantalum, or some combination of these, sintered or cemented in a
cobalt binder. These are manufactured as follows:

1. Milling of 94% (by weight) tungsten with 6% carbon
2. Carburization to form WC

FIGURE 2.16
Typical styles of throwaway insert tools. (From Machining in Vol. 16 of Metals Handbook, ASM
International, Materials Park, OH, 1989. Reproduced by permission of ASM International.)
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3. Milling of WC with cobalt binder to obtain uniform and
homogenous mixture

4. Pressing the powder at 1000-4800 atmosphere to form tips
5. Sintering at 700°C-1000°C in hydrogen atmosphere

6. Machining to the final shape

7. Final sintering at 1400°C-1700°C

8. Grinding

Properties of sintered carbides include

e High strength and hardness
® Used for cutting at 1200°C

® Operate at speeds 1625 times that of carbon tool steel and 6 times
that of HSS

® Very brittle and have low resistance to shocks
e Used with rigid machine tools having a wide range of speeds
e Sharpened dry and not quenched

e Used with effective and sufficient cooling

According to ISO, cemented carbides are divided into three main groups
identified by the letters P, M, and K and by the three different colors blue,
yellow, and red, respectively:

1. Group P: Used for machining ferrous materials with long chips
because they contain large amounts of TiC and TaC of higher
hardness and lower toughness, and they are normally used at high
speeds in conditions free from shocks and vibrations (Table 2.7).

2. Group M: Is an intermediate group containing high WC and a lower
percent of TaC and TiC. It is suitable for machining hard steels and
high-temperature alloys in addition to cast iron.

3. Group K: Carbides contain WC of high toughness in addition
to cobalt and are used for machining nonferrous and ferrous
metals with short chips (gray cast iron). They withstand shocks
and vibrations due to their higher bending strength as a result of
cobalt content.

Coated carbides: Coated carbides started in the late 1960s and reached their
full potential in the mid-1970s. The most common coating materials are TiN,
ceramic, diamond, and titanium carbonitride. Coating is usually performed
by chemical vapor deposition (CVD) or PVD.

www.EngineeringBooksPDF.com



Processes

ining

Fundamentals of Mach

38

89 LT <1 0Sd
soryewone ur
pardde aq Aewr uonoss ssoxd diyd
93xe[ ‘spaads mof “uruerd “‘Burn,  SUOISNOUT Y}IM ‘[99)S }SED 991G </ €1 43 0Fd
uor0as ssoxd> dnyo adxey pue
wnrpaw ‘spaads Sumnd wnrpawr
pue [rews ‘Suruerd “Surnu ‘Surumg, 8 o1 8 0ed
Suruuerd aury
‘spaads wnipaw ‘uordas sso1d dryd uour
wnipaw “uryru “SurAdod ‘Guruny, jsed paraduwa) “od)s 3sed ‘(991 9/ 01 il 0zd
uordas sso1d diyd wnrpaw
pue [ews ‘spaads y3ny “Surprua
“Surpeary ‘Surddood ‘Guruing, [991S 15D ‘[991G €9 6 T4 01d
pamore jou suoneIqra ‘Ayrenb
aoejms pood pue Aoemooe y3ny
‘suoroas ssoxd diyd [rews ‘spaads
Y3y “Surroq pue Sunuwng aurg [PAsIsBPAS  0g 9 9 10d (enpq) d
uonedriddy PAUIYDRIA [ELIJEIAI %) (%) (%)deL ssauySnoj  ssauprey oadAy dnoin
M 0D OIL
uonisodwo)

SapIqILD) PaIdUIG JUSIdJJI(] Jo suonyedrddy “uorisoduro)
£'T319v1

www.EngineeringBooksPDF.com



39

Cutting Tools

“JASV JO uotsstunid J Aq paonpoiday ‘6861 ‘TeUOneUI] NSV “SUIiyouiA ‘9T “TOA “YOOQPUUE] SIDJOIN 12241108

Suruerd “Suru “Suruang,

Guruerd “Surpru ‘Suruiny,
Sunyoeoiq
“Burureas ‘Suruerd “Surpru ‘Suruiny,

Sunproiq “Surderns
“Gurureas ‘Gurioq “Surpru “Suruiny,

Surderos “Gurrur sury

“gurroq pue Surumy suy ‘Suruing
sorjewone uo pardde

‘330 Surpnd “Suruiny urroy ‘Suruiny,

uonoas ssoxd diyd wnrpaur ‘spaads
wmipaw “Guruerd ‘Gurpru “‘Guruany,

uonoas ssoxd diyd wnrpaur ‘spaads
Sumnd winrpaw “uryrua “Suruiny,

Uor09s

sso1d diyd wnrpaw pue [[ews
‘spaads y3ny pue wnrpaw ‘Suruing,

S[L}OW SNOLIDJUOU
“PoOM pIey pue 3jog
poom y3usms
MOJ JO S[99)S PUe UOII }S€D)
poom “wnurnwunfe ‘sseiq
‘raddod “(0zz > gH) uoir 3seD)
urepaoiod ‘sonserd
‘sse3 ‘sAof[e nD) 1S YyIm sLoffe
wnurunye ‘(2js pIey| uodr jsed
paradwsa) “(0zg < gH) UoII 1se)
urepaorod ‘sonsed ‘spasys prey
“PURIU0D 1§ YSTY Y3m sKoffe
wnurwmn e “uoir 3sed piep

spejowr Jy31[ “S[e9)S dNIURISNY

[991s Sunsisar jeay uoIr Jsed
‘[993S d1jTUR)SNE ‘[99)S }SkD ‘[9915

UOIT }SED “[99)S asauedueut
‘[9931S dTjTUR)SNE ‘[99)S }SkD ‘[9915

UoIr }Sed %02@ “UOIT 3Sed ‘19938
JSED asaurdurU ‘[99)S JSED ‘[991G

88

06

6

6

6

6L

18

8

¥8

¢l

°]8

0t

0t

s

07

0e

0

0T

103

0YIN

0EN

0CN

0IIN

(pay)

(morRA) I

www.EngineeringBooksPDF.com
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Using the proper coating technique, a thin layer of 4-5 um of titanium
carbide (TiC) is deposited on cemented carbide inserts, which leads to a
reasonable toughness combined with very high wear resistance. Coated
carbides permit 3-4 times longer tool life compared to uncoated car-
bides under the same working conditions. TiN coating (gold color) offers
high resistance to crater wear formation and increases the abrasive wear
resistance and heat resistance, which, significantly, permits higher cut-
ting speeds to be used. It also provides a very low coefficient of friction.
Aluminum oxide ceramic coating (black color) allows much higher cutting
speeds than other coated carbides because of its high resistance to abrasive
wear, heat, and chemical interaction.

Diamond coating applies thin films of polycrystalline diamond using either
the PVD or the CVD coating methods. Diamond-coated tools are suitable for
machining abrasive materials, such as aluminum silicon alloys and fiber-
reinforced materials. A tool life of tenfold of uncoated carbides has been
reported. Titanium carbonitride (black color) appears as an intermediate
layer of two or three phase coatings. It helps the other coating layers to bond
into a sandwich-like structure.

Ceramic: Ceramic was first introduced to the industry by the Germans
in 1930. Ceramic cutting tools were first put into use in the United States
in 1950 after earlier use by Russia, England, and Germany. The main
constituents of ceramics are ALLO; (90%), in addition to 10% shared by
Cr,0; MgO, and NiO. Tips are made by pressing the powder of Al,QO,,
which is then followed by sintering at 1700°C. Ceramic tools have the
following characteristics:

* Poor thermal conductivity: as a result of the high refractoriness,
which keeps the cutting edge unaffected even when the tip is red
hot, thus allowing higher cutting speed than is normally used with
carbides

¢ High corrosion resistance

¢ High compressive strength

e High hardness at low and elevated temperatures
* Higher cutting speeds of 200-600 m/min

e Longer tool life

¢ Reduced built-up edge (BUE)

® Superior surface finish

¢ Coolant is not needed

¢ Lower coefficient of friction

¢ Greater machining flexibility
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Machining of cast iron using ceramic tools has proved to be more effective
than carbides. However, ceramic tools are not recommended for use with
aluminum and titanium alloys, which show greater affinity for oxygen.
There are two basic types of ceramic materials, hot pressed and cold pressed.
The hot pressed is black/gray in color where Al,O; is pressed under extremely
high pressure and at a very high temperature to form a billet, which is cut
to the required insert size. On the other hand, for the cold pressed, white
color, Al,O; is pressed under high pressure but at a lower temperature. The
cold-pressed materials are normally applied for uninterrupted turning and
boring operations.

Cermets: These are alumina oxide (Al,O;)-based (70%—85%) materials con-
taining 15%-30% of TiC. Cermets are hot pressed, much tougher, and less
brittle and are applicable to roughing and face milling of materials having
hardness in the range of 60—80 RC, such as hard cast iron and hard steels.
The strength of cermets is greater than hot-pressed ceramics. Therefore,
cermets perform better in interrupted cutting operations. The presence
of 30% titanium reduces their hot-hardness and resistance to abrasion,
which is still higher than that of HSS and carbides. In 1970, a silicon nitride
(SiN)-base ceramic tool (sialon) material was introduced. It contains SiN
with various additions of Al,O;, yttrium oxide, and TiC. They have high
toughness, hot-hardness, and good thermal shock resistance. Sialon is
recommended for machining cast iron— and nickel-base super alloys at
intermediate cutting speeds.

To use ceramic/cermet tools successfully, insert shape, work material
condition, machine tool capability, machining setup, and the general
machining variables must be considered. High rigidity of the machine tool
and the machining setup used is of particular importance.

Diamond: Polycrystalline diamond, manufactured by sintering under
high pressure and temperature, is now available as a cutting tool material.
Because diamond is a pure carbon, it has an affinity for the carbon contained
in ferrous materials. Artificial diamond has proved to be far superior to
natural diamond for machining nonferrous alloys and abrasive materials
such as presintered carbides and ceramics, as well as graphite and high-
silicon aluminum alloys. Diamond tools should be used for finish turning
and boring of cast iron, aluminum and its alloys, magnesium alloys, bronze,
gold, silver, rubber, and plastic, at speeds ranging from 100 to 2000 m/min.
Diamond tools are costly and are therefore restricted to turning operations
and the dressing of grinding wheels.

Diamond is an extremely hard material and has a high resistance to
abrasion. It possesses high thermal conductivity, has less tendency to
adhesion with metals, and has a low coefficient of friction. It also offers the
highest possible tool life, 50-100 times more than that of cemented carbides.
Due to their high hardness and brittleness, machine tools employed for

www.EngineeringBooksPDF.com



42 Fundamentals of Machining Processes

cutting with diamond tools should be rigid, precise, operate at high speeds,
and have well-balanced rotating parts.

Cubic boron nitride (CBN): The combination of tremendous high-pressure
with high-temperature conditions similar to those used to manufacture
diamond is used to produce the diamond-like crystals of CBN. CBN works
effectively as a cutting tool for most work materials except titanium and
its alloys. However, it should be used as a finishing tool for very hard and
difficult-to-machine materials. As in the case of diamond tools, the machine
tool condition and the machining setup rigidity are critical.

Whisker-reinforced materials (WRM): In order to further improve the per-
formance and wear resistance of the cutting tools used to machine new
work materials and composites, whisker-reinforced composite cutting tool
materials have been developed. WRM include SiN-base tools and aluminum
oxide-base tools, reinforced with silicon carbide (SiC) whiskers. Such tools
are effective in machining composites and nonferrous materials, but are not
suitable for machining cast irons and steels. Table 2.8 summarizes the char-
acteristics of the different cutting tool materials.

2.3.2.3 Nanocoated Tools

Nanotechnology can be used to create multiple nanoscale layers of thin
elemental coatings with special crystalline structures on cutting tools. Each
thin nanocoated layer is optimized to a size of merely 3-4 nm in thick-
ness and reaches half the hardness of diamond. Novel material coatings of
cutting tools accomplish clean manufacturing, that is, avoid the use of a cut-
ting fluid. This involves the use of multilayer nanocoating architectures of
carbide/metal or solid lubricant/metal on cemented carbide tools by PVD
process, namely, magnetron sputtering. Figure 2.17 shows a multilayer nano-
coating of a typical carbide/system (B,C/W) with uniform thickness for the
individual layers as well as uniform spacing between the layers. By provid-
ing numerous alternate nanolayers (literally hundreds of layers) of hard and
tough, hard and hard, or solid lubricating and tough materials, it is possible
to take advantage of the unique properties of nanostructures. Such proper-
ties include higher hardness, higher strength, higher modulus, higher wear
resistance, higher fracture toughness, higher chemical stability, and less
friction than their counterparts where the coating layer thickness is in the
micrometer range.

The nanocoating application for cutting tools has the effect of dramati-
cally increasing the useful life of cutting tools, which substantially reduces
the down times of frequent cutting tool replacements, leading to major cost
savings for companies in a wide range of metal-cutting applications in the
automotive and aircraft industries. Manufacturers will be able to meet the
high tolerances required in today’s marketplace.
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FIGURE 2.17

Multilayer nanocoatings of a typical B,C/W showing the uniform thickness of individual
layers as well as uniform spacing between the layers. (From Kustas, F. M., Fehrehnbacher, L. L.,
and Kumanduri, R., Ann. CIRP, 46(1), 39, 1997. Reproduced by permission of CIRP)

——

Problems

2.1 Describe a tool having —8 14 5 6 20 15 1 signature in ASA system.

2.2 Atoolhas an approach (setting) angle of 55° a normal rake angle of 22°,
and a cutting edge that lies in a plane parallel to the base of the tool.
Find the side and back rake angles for this condition.

2.3 Calculate the side rake angle and the back rake angle when the cutting
edge inclination angle is 6° 29". Orthogonal rake angle is —8° 35" and the
side cutting edge angle is 15°.

2.4 A cutting tool has a setting angle of 60°, back rake angle 12° and side
rake angle of 18° find the normal rake angle on the assumption that
the cutting is orthogonal. If this tool is set at 2.5 mm above center
during turning of a bar 100 diameter, what change will be caused to
the normal rake angle?

2.5 For the case of A=0 and a setting angle of 90° if the normal rake angle

is 10° the normal relief angle is 7°, cutting speed is 200 mm/min, the
tool feed rate is 20 mm/min, and the tool nose is set at 2 mm above the
center; calculate the actual rake and clearance angles if the workpiece
diameter is 200 mm.
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Review Questions

2.1
2.2
2.3
24
2.5
2.6
2.7

2.8
2.9

2.10
211

212

213

214

2.15

2.16
217

2.18
2.19

2.20
2.21

2.22
2.23
2.24
2.25

2.26

2.27

Describe the tool geometry using orthogonal and ASA systems.
Explain the effect of tool setting on the ASA tool angles.

Show the effect of feed motion on the actual tool angles.

Draw the following tool angle signature (7 16 6 8 18 16 1/8).

State the main requirements for tool materials.

Explain what is meant by hot-hardness. Show the hot-hardness
diagram for the different tool materials.

What are the main characteristics of the following tool materials: cast
alloys; ceramics?

What are the properties of cemented carbide tools?

Show the ISO classification of carbide tools. Mention their
applications.

Show the advantages of coated carbides over uncoated ones.

How are cast cobalt alloys different from cemented carbides in terms
of material composition and machining performance?

What are the desirable characteristics of a cutting tool material?
Explain how they are satisfied in the case of HSS?

How do you expect the coating of carbides to improve machining
performance?

Explain the advantages of coated carbides over uncoated carbides.
Name any three materials used for coatings.

Compare CBN tools and cemented carbides with regard to tool material
composition, structure, and machining performance.

State the situations where diamond is preferred as a cutting tool.
What are the advantages and disadvantages of the use of ceramic as a
cutting tool material?

Give a comparative evaluation of the various cutting tool materials.
Explain how effective WC is as a cutting tool material in comparison
to other tool materials.

Compare ceramics and cermets as cutting tool materials.

State the general recommendations adopted when using diamond and
ceramic tools.

Explain what is meant by CBN, CVD, and PVD.

Arrange the tool materials with respect to hardness and toughness.
Compare cemented carbides and cemented oxides with respect to
composition and hot-hardness.

Explain why WCs cut at high temperatures despite their low specific
heat.

Explain why

a. Carbon steel cannot be used for finishing operations.

b. Ceramic tools are not suitable for interrupted cutting.

What are the main advantages of nanocoated cutting tools?
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Mechanics of Orthogonal Cutting

3.1 Introduction

Many attempts have been made to analyze and understand the mechanisms
involved in the cutting process that enable predictions of the important
machining characteristics. In the last century, several models that describe
the cutting process have been developed; these models qualitatively
explain the phenomena observed during metal cutting. Furthermore, they
indicate the direction in which conditions should be changed to improve
the cutting performance in terms of product quality and surface finish.

Due to the conflicting evidence about the nature of the deformation zone
in metal cutting, two schools of thought have emerged. Some workers, such
as Piispanen, Merchant, Kobayashi, and Thomsen, have adopted the thin-
plane model (Figure 3.1a). Palmer, Oxley, Okushima, and Hitomi have based
their analyses on a thick deformation region, as shown in Figure 3.1b. This
model describes the cutting process at very low cutting speeds, although
the thin-shear model can be adopted at higher speeds. Under such circum-
stances, the thin-zone model adequately describes the practical cutting
conditions. It leads to more simple mathematical analysis than does the
thick-zone model. The simple case of orthogonal cutting is considered
because of its simplicity and fairly wide applications. In this situation, the
continuous chip without a built-up edge (BUE) forms the basis of the metal-
cutting model analysis.

3.2 Chip Formation

During machining by cutting, three types of chips are formed that sig-
nificantly affect the surface roughness and the product accuracy. The type
of chip formed depends upon the workpiece material and the machining
conditions (Figure 3.2).

47
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Chip Chip

S\

(a) Workpiece (b) Workpiece

FIGURE 3.1
(a) Shear plane and (b) shear-zone models of metal cutting.

FIGURE 3.2

Different types of chips formed during metal cutting. (a) Discontinuous chip, (b) continuous
chip, and (c) continuous chip with a built-up edge. (From Ostwald, PF. and Munoz, ],
Manufacturing Processes and Systems. 1997. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.)

3.2.1 Discontinuous Chip

Discontinuous (segmented) chips are produced when brittle materials such
as cast iron, bronze, and some ductile materials (under certain machining
conditions) are cut. Brittle materials do not have the tendency to undergo
high shear strains developed in the cutting operation. As the cutting tool
contacts the metal, some compression stresses occur and the chip begins
flowing along the chip-tool interface. As more stress is applied to the brit-
tle material by the cutting action, the metal compresses until it ruptures
at the shear plane and the chip separates from the workpiece, as shown in
Figure 3.3. This cycle is repeated indefinitely during the cutting operation;
consequently, a poor surface is produced on the workpiece. Other machining
conditions that lead to the formation of this type of chip include

® Materials that contain hard inclusions and impurities
¢ Very low/very high cutting speeds
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/

Workpiece

FIGURE 3.3
Discontinuous chip.

e Large depth of cuts

* Very low rake angles

* Low stiffness of the machine tool
¢ Lack of effective cutting fluid

Machining conditions that produce this type of chip cause variations
of the cutting forces. Therefore, the stiffness of the cutting tool holder
and the machine tool is of major importance in avoiding vibrations or
chatter that deteriorates the surface finish, the dimensional accuracy of
the machined components, and can cause damage or excessive wear of
the cutting tool.

3.2.2 Continuous Chip

This type of chip is a continuous ribbon produced when the flow of metal
next to the tool face is not greatly restricted by a BUE or by friction at the
chip—tool interface. Fractures or ruptures do not occur because of the duc-
tile nature of the metal (Figure 3.4). A continuous chip is usually formed at
high cutting speeds and large rake angles. The continuous chip is considered
ideal for an efficient cutting action because it results in better surface finishes,
low power consumption, and a longer tool life. However, continuous chips
are not always desirable, as they tend to get tangled around the tool holder.
Consequently, the machining operation has to be stopped to clear away the
chips. Hence, a major loss of productivity occurs during high-speed auto-
mated machining.

For this reason, chip breakers of a groove type or obstruction type
(Figures 3.5 and 3.6) are used to intermittently break the chips. The use
of chip breakers increases the cutting tool cost and raises both the cutting
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Workpiece
FIGURE 3.4
Continuous chip.
Chip breaker
land width
—.| | ——
Chip breaker j_
depth
FIGURE 3.5
Groove-type chip breaker.
Chip breaker Clip
distance
Chip breaker b‘reaker
wedge angle distance
Chip ‘
Chip
blfe’al;ler FANNAN breaker
cient l \\ \ height
N '
(a) ) —

FIGURE 3.6

Obstruction-type chip breaker. (a) Attached and (b) integrated.
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forces and the power by 20%. Chips can also be broken by changing the
geometry of the tool that controls the direction of chip flow through the
cutting edge inclination angle. Chip breakers are not necessarily required
during intermittent machining, such as milling and shaping, where the
chips already have definite length resulting from the intermittent nature
of the machining operation. Other factors that lead to the formation of the
continuous chip are

® Ductile materials such as mild steel, copper, and aluminum
e High cutting speeds (O60 m/min)

e Small depth of cut

¢ Fine feed rate

e Sharp cutting edge

* Tool material of low coefficient of friction

e Efficient cutting fluid

¢ Large rake angles

3.2.3 Continuous Chip with a Built-Up Edge

The metal ahead of the cutting tool is compressed and forms a chip, which
begins to flow along the chip—tool interface. As a result of the high tem-
perature, pressure, and frictional resistance to the flow of the chip along the
chip—tool interface, small particles of metal adhere to the edge of the cut-
ting tool while the chip shears away. As the cutting process continues, the
buildup of material increases and becomes unstable. Eventually, some frag-
ments are torn off and adhere to the tool side of the chip; the rest randomly
adhere to the workpiece cut surface (Figure 3.7). This buildup and break-
down of the BUE occurs rapidly during the cutting operation. Multitudes of
built-up fragments adhere to the machined surface, causing the formation

Built-up edge fragments

Built-up edge

Built-up edge fragments

welded to machined
surface

FIGURE 3.7
Continuous chip with BUE.
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of a poor surface finish. The BUE changes the geometry of the cutting tool.
BUE is generally undesirable in many cases; however, a thin, stable BUE can
protect the cutting tool from excessive wear. The presence of a large and
stable BUE causes failure of the cutting tool. This occurs through severe cra-
ter wear caused by metal fragments at the back of the chip and by abrasion
of the tool flank due to the presence of hard fragments of BUE adhered to
the workpiece surface.

Experimental evidence indicates that the BUE occurs under the following
machining conditions:

® Ductile materials such as mild steel, copper, and aluminum
* Low cutting speeds (<60 m/min)

e Large depth of cut

¢ Coarse feed rate

e Dull cutting edge

¢ High friction at the chip—tool interface

e Insufficient cutting fluid

* Small rake angles

3.3 Orthogonal Cutting

Figure 3.8 shows the idealized model of the orthogonal cutting operation,
where a single-point tool forms a continuous chip in a ductile material. Most
of the research conducted in metal cutting has adopted this simple orthogonal
metal-cutting system that avoids any complications related to nose geometry

Secondary shear zone

Depth of cut

Workpiece

Primary shear zone

FIGURE 3.8
Orthogonal cutting models.
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Workpiece

Tool

Cutting

Workpiece direction

*El—TooI Feed

\Xforkpiece_

Tool feed

FIGURE 3.9
Orthogonal cutting examples.

of the cutting tool, lead angles, and the combination of the side and back
rake angles. The important factors that affect orthogonal cuttings are the
workpiece material, tool material, cutting speed and feed, and the rake angle.
Figure 3.9 shows typical examples of orthogonal cutting arrangements. At the
shear plane AB, the metal undergoes a concentrated amount of shear. The sec-
ondary shear that occurs along the tool face is ignored. The motion of the chip
along the tool face is considered similar to that of a friction slider of a constant
coefficient of friction from A to C. Merchant developed the analysis for the 2D
orthogonal cutting model using the following assumptions:

1. The tool is perfectly sharp, and there is no contact along the
clearance face.

2. The shear surface is a plane extending upward from the cutting
edge.

3. The cutting edge is a straight line extending perpendicular to the
direction of motion and generates a plane surface as the work moves
past to it.

4. The chip does not flow to either side.

5. The depth of cut is constant.

6. The width of tool is greater than that of the workpiece.

7. The work moves relative to the workpiece with uniform velocity.
8. A continuous chip is produced with no BUE.

9. The shear and normal stresses along the shear plane and the tool
are uniform.
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3.3.1 Force Diagram

Consider the chip as a free body subjected to (a) the force between tool face
and the chip (R) and (b) the force between the workpiece and the chip along
the shear (R’). For equilibrium conditions of the chip, it can be assumed that
the forces R and R’ are collinear and equal. Consequently,

R=FR’
Both R and R’ are resolved into three sets of components:

1. The cutting force F, in the direction of the cutting speed V and the
feed force F, is normal to F..

2. The shear force F, along the shear plane and the normal force to
shear plane, F, .

3. The friction force F; along the tool face and F,, normal to the tool face.

Merchant suggested a compact representation of these forces inside a circle.
The reaction forces are concentrated at the tool point instead of their actual
points of application along the tool face and the shear plane (Figure 3.10).
It is possible to trace a circle having a diameter equal to R or R’ that passes
through the tool point. The cutting force F, and the feed force F, can be
measured using two-component dynamometer.

Other quantities can be determined analytically, as shown in Figure 3.11,
using the following equations:

R=\F2+F}

FIGURE 3.10
Force components on the chip.
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F Be—y
Fe
Fnt
FIGURE 3.11
Merchant force diagram.
R=\Fi+Fx
R=\F{+F%

At the shear plane,

FE=F,cosp—FEsino@
Fs=Fcos@+F, sing
F. = E tan(p+B¢ —7)

E
taan=F—f=u

nt

where f; is the friction angle and p is the coefficient of friction between the
chip and the tool face. Similarly, at the tool face,

F=F ssiny+Fcosy

F..=F, cosy—FEsiny
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The coefficient of friction (1) can be determined by

_ Kk _ Esiny+Fcosy

E. B F, cosy—Esiny

_ R+F tany
F,—FEtany

3.3.2 Shear Angle

During orthogonal cutting, the workpiece material undergoes instantaneous
deformation along the shear plane. The angle that this plane creates with the
cutting speed vector, in a plane normal to the machined surface, is called the
shear angle (¢p). As mentioned earlier, such an assumption appears true at
high cutting speeds.

Let t, [, and b denote the thickness, length, and width of the uncut chip,
respectively. The corresponding dimensions of the cut chip are ¢, I, and b..
During machining, it is assumed that the change of density is negligible and,
consequently, the volume of the uncut chip is equal to that of the cut chip:

t1b=t.lb.
Assuming a negligible change in chip width during orthogonal cutting,
tl=tl.

the chip thickness ratio becomes

:rc

~~
"‘ﬂ

Figure 3.12 shows the length of the shear plane AB (L,), which is given by

Also,

where y is the normal rake angle.
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FIGURE 3.12
Relation between shear angle and cutting ratio.

It follows that

; .
r=to sin@

t.  cos(¢—Y)

The shear angle ¢ can be calculated from the following equation:

¢@=tan™ (rc cosy )
1-rsiny
The shear angle ¢ depends on the chip thickness ratio r.and the normal rake
angle y. The shear angle increases with increasing the ratio r, and the rake
angle v. Greater shear angles are preferred because they reduce the area of
shear plane and, therefore, the cutting force.

The chip thickness ratio 7, depends upon the workpiece material, cutting
speed V, feed rate f, and the tool rake angle y. As the rake angle increases,
1. also increases. Also r. increases with an increase of the cutting speed as
the coefficient of friction decreases. The cutting ratio 7, can be obtained by
measuring the depth of cut, ¢, and the chip thickness, ¢.. However, due to
the roughness of the back surface of the chip, it is difficult to measure f. An
alternative method is to use both / and I, to determine the chip ratio r. using
one of the following methods:

1. The shaper machine orthogonal cutting test where, in a single
stroke, the length of workpiece is | and the length of the chip can
be measured; then calculate the chip thickness ratio r, and ¢ using
the normal rake angle v.

2. Orthogonal turning of a large-diameter shoulder having an axial
groove to cut one revolution of length [, and measure the chip length
I, then calculate the chip thickness ratio 7. and ¢ using the normal
rake angle y.
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When the length of cut (I) is not directly known, it can be established by
weighting a known length of chip, w, where

w =plb.t.=plbt

Because b=b,, then

3.3.3 Shear Stress

At the shear plane, the two components of forces F, and F,; can used to
calculate the mean shear stress T and normal stress ¢ on the shear plane.
Therefore,

E
A,

T=

where A; is the area of the shear plane:

bt
sin@

where b is the width of cut and f is the depth of cut. Using the earlier
equations,

(F, cos@ — E;sin@)sin @
bt

The normal stress at the shear plane ¢ can also be calculated from

G_&_ (F,sin@+ F, cos@) sin¢

As bt

3.3.4 Velocity Relations

Figure 3.13 illustrates the three main velocities that arise during orthogonal
cutting. In the direction of tool movement, the cutting speed V measures
the velocity of the workpiece relative to the cutting tool. The shear velocity
V, is the velocity of the chip, relative to the workpiece, in the direction of the
shear plane. At the tool face, V, measures the velocity of the chip relative to
the tool, in the direction of the tool face. Using the speed diagram shown in
Figure 3.13, the following relations can be derived:
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FIGURE 3.13
Velocity diagram.
Vsin
c= ? = rCV
cos(—7)
_ Vcosy
=
cos(@—-7)

The volumetric removal rate VRR in mm?3/min is given by
VRR =10° Vib

=10’ Vitb

3.3.5 Shear Strain

Figure 3.14 shows the shear strain Piispanen model where the workpiece
material shears a deck of cards inclined to the free surface at an angle corre-
sponding to the shear angle ¢. As the tool moves relative to the workpiece, it
engages one card at a time and causes it to slide over its neighbor. The shear
strain g, can be written as

_As _AD DB

= E
Ay CD CD

€,= cot@+ tan(Q—7Y)

or

cosy
g=——————
sin@cos(@—7)

Vs
&=
Vsing
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FIGURE 3.14
Calculation of shear strain.

3.3.6 Rate of Strain

The rate of strain in machining by cutting ¢ is defined as

i = As Vg
*AYAt Ay

where At is a time interval to achieve the shear strain:

cosy V
gg=—————
cos(9—7v) Ay

During metal cutting, Shaw (1984) reported that at Ay =25 um, cutting speed
V'=33.3 m/min, $=20° and y=0 and the strain rate reaches 10* s}, which is
higher than the strain rate in an ordinary tensile test (10° s™).

3.3.7 Theory of Ernst-Merchant

All the relationships derived earlier describe the forces and velocities in
terms of rake angle v, shear angle ¢, and friction angle f;. Several theories
have been proposed to establish a relationship between ¢ and ;.

Ernst and Merchant assumed that the cutting operation occurs at the
minimum energy requirement and the shear stress reaches the maximum
at the shear plane and remains constant:
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_ bt cos(Be—)
" sing cos(@+Ps—7)

K _ Rcos(¢+Bs—7)sing
A A

T=

where A, is the area of the shear plane and A, is the cutting area that
corresponds to the width of cut b times the depth of cut f. For the minimum
energy requirements,

dt
=0
d¢

Thus,

cos(2¢+PB¢—v)=0

Be v
=45°- """+~
¢ 2 2

This equation assumes that the friction angle p; is independent of the shear
angle ¢.

Merchant found that the theoretical values of shear angle ¢ do not agree
with the experimental ones. Because the distribution of normal and shear
stress on the tool face is not uniform, the value of p; also varies along the
contact length. He assumed that the shear stress t along the shear plane varies
linearly with the normal stress c. The total power consumed in the cutting
operation, is N, is given by

Ne=Ev=1Ay 5B =Y)
sin @ cos(@+ B¢ — )

The calculation of shear angle ¢ is based on the assumption that the total
power would be minimized. Assuming that the shear stress 7 is influenced
directly by the normal stress o on the shear plane, then

T=1,+ko

where 1, is the shear stress when the normal stress 6=0 and k is a material
constant. When the cutting power N, is differentiated with respect to the
shear angle ¢ and t, and p; are considered independent of ¢, then

dN.
de
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o=1tan(@+PBs—7Y)

-1
0= cot (k)_&+1
2 2 2

Merchant called the value of cot™ k the machining constant.

3.3.8 Theory of Lee and Shaffer

Lee and Shaffer derived another relationship for ¢ based on the following
assumptions:

1. The machined material is ideal plastic, which does not strain harden.

2. The shear plane represents a direction of maximum shear stress.

As shown in Figure 3.15, the slip line field A-B—C is plastically rigid and
subjected to a uniform state of stress. Accordingly, it is seen that the angle
ABD =n". Therefore,

n =45°—B
and
n=¢-vy
Therefore,
¢ =45 -Pe+v
¢
FIGURE 3.15
Lee and Shaffer model.
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This ideal plastic solution indicates that the shear stress T and the normal
stress on the shear plane ¢ should be equal. However, this is not the case and
the earlier equation cannot be regarded as a general solution.

In case of the BUE formation, Lee and Shaffer proved that

©=45°—-B¢+v+6

where 0 is a measure of the size of the BUE. They also proved that

o =1(1+26)
e:(cs/r)—l
2

where ¢ and t are the normal and shear stresses on the shear plane,
respectively. It is clear that for the continuous chip with a BUE, 6 must not be
equal to 7; otherwise, 0 tends to zero as the case without a BUE.

3.3.9 Experimental Verification

Figure 3.16 shows the plots of the shear angle ¢ against (f; — y); accordingly,
the relationships obtained by Ernst and Merchant as well as the Lee and
Shaffer theories both form straight lines. Additionally, none of the relation-
ships presented agree with the experimental results. Such a deviation could

50

40

30 —

20 —

Shear angle ()

10 [~

-30

FIGURE 3.16

Comparison of theoretical and experimental shear angle relationships for orthogonal cutting.
(From Pugh, E.H., Mechanics of the cutting process, Proceedings of IME Conference on Technical
Engineering & Manufacture, London, UK., p. 237, 1958.)
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be related to the rough assumption that the cutting tool is perfectly sharp
and neglecting the plowing force particularly at small depth of cuts.

For a given rake angle y, a decrease in the friction angle at the tool face f;
results in an increase of the shear angle @, with a corresponding decrease in
the area of shear A,. Because the mean shear strength of the workpiece in the
shear plane remains unchanged, the force required to form the chip will be
reduced. The increase in the rake angle y usually increases the shear angle ¢
and consequently reduces the cutting forces.

3.3.10 Energy Consideration

The energy consumed during machining by cutting is mainly utilized at the
shear plane, where the plastic deformation occurs, as well as at the chip—tool
interface. Ignoring the kinetic energy/unit volume and the surface energy/
unit volume, the total energy/unit volume E_, is approximately equal to
the sum of the shear energy/unit volume E_, and the friction energy/unit
volume Ej,.

The total energy per unit volume of material removed is therefore

_RV_F _
“vbt bt T

where k, is the specific cutting resistance/energy, i.e. the cutting force
required to remove a chip area of 1 mm?. The shear energy per unit volume
E,, becomes

_EV,_
Vbt Vsing

SV

The shear energy per unit volume is the largest of the components,
typically representing more than 75% of the total. The friction energy per
unit volume is Ej,;:

_EVi_E

Efv_ -
Vbt bt.

3.3.11 Solved Example

In an orthogonal cutting operation,

F, 1000 N
F, 0

Rake angle ~ 45°
Shear angle ~ 45°
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Determine (a) the coefficient of friction, (b) the shear power if Vs=20 m/min,
and (c) the cutting power.

Solution

F=F,siny+F cosy
F, =1000sin 45
F=707.11 N

F. = F cosy—Fsiny
E.. =100cos 45
F,=70711N

The coefficient of friction becomes
p=1

F, =F cos@—Fsin@
F, =1000cos 45

F=70711N

The shear power N, (kW)

_ RV,
60,000

S

_707.11%20

=0.236kW
60,000

S

The cutting power N,

_ Vcosy
° cos(@-7)

www.EngineeringBooksPDF.com



66 Fundamentals of Machining Processes

V= V, cos(p —) _ 20cos(0)

=28.28 m/min
cosy cos 45

EV  1,000x28.28

= = =0.471kw
60,000 60,000

C

3.4 Heat Generation in Metal Cutting

During machining by cutting, it is assumed that all the cutting energy is
converted to heat, and therefore, a considerable amount of heat is generated
at the following three distinct zones, shown in Figure 3.17:

1. Shear zone (75%)
2. Chip sliding on the tool face (20%)

3. Tool sliding on the workpiece machined surface (5%), which is
neglected for perfectly sharp cutting tools

The maximum heat is produced at the shear zone because of the plastic
deformation of the metal; practically, all of this heat is carried away by
the chips.

The rate of energy consumption during metal cutting (N,) is found to be
as follows:

Qchip

Workpiece

Q= Qchip+ Qtool + pr
FIGURE 3.17

Heat generation and heat dissipation in metal cutting. 1, Shear zone; 2, chip sliding on tool;
3, tool sliding on work.
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Conversion of this energy into heat occurs at the shear zone (E,) and the
friction at the tool-chip interface (E;). Therefore, E.=E, + E;, where

E,=FEV;
and

E¢=FV:

where
E.is the rate of energy consumption during metal cutting (Nm/min)
E, is the rate of heat generation in the shear zone (Nm/min)
E; represents the rate of heat generation due to friction at the tool face
(Nm/min)
F, is cutting force in N
F, is shear force in N
F; is friction force in N
V is cutting speed in m/min
V, is shear velocity in m/min
V. is velocity of chip flow in m/min

At the shear zone, the maximum temperature is generated as a result of the
plastic deformation of the metal. More heat arises due to the friction between
the moving chip and the tool face. Additional heat is generated due to the
sliding action between the workpiece and the cutting tool. The total heat
generated in the cutting zone, Q, is given by

Q:ﬂCal/min
]

where
F, is the main cutting force in kg
V is cutting speed in m/min
j is the mechanical equivalent of heat (427 kg m/kcal)

The total heat generated during machining by cutting, Q, dissipates to chip
Qchipr to0l Qo0 and workpiece Q... Therefore,

Q = Qchip + Qtool + pr

Figure 3.18 illustrates the relative amounts of heat dissipated into the chip,
the tool, and the workpiece as the cutting speed V changes:

* Heat in chip (80%)
¢ Heat to tool (10%)
* Heat to workpiece (10%)
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FIGURE 3.18
Relative amounts of heat in chip, tool, and workpiece.

This distribution of heat dissipation is true only for carbide tools during
cutting speeds exceeding 30 m/min. Again, most of the heat is carried away
by the chip. A small amount of the total generated heat is conducted to the
workpiece and the cutting tool. The amount of heat passing to the tool Q,,,
affects its hardness, its wear resistance, and its life, while Quwp affects the
dimensional accuracy as well as the machine tool performance.

3.4.1 Cutting Tool Temperature

Figure 3.19 depicts the experimental temperature distribution in the work-
piece and the chip during machining by cutting. According to Boothroyde
(1981), point X is heated as it passes the primary deformation zone (shear
zone) and is carried away within the chip. Point Y passes through the
primary and secondary deformation zone (chip friction zone). It is heated
until it leaves the secondary deformation zone; afterward, it cools as the heat
is conducted through the body of the chip and, thus, maintains a uniform
temperature. The maximum tool temperature occurs along the tool face
some distance from the cutting edge. Point Z is heated by the conduction
of heat from the shear zone and some heat is conducted from the secondary
deformation zone to the body of the tool.

It is clear that the tool face receives heat from both the highly heated chip
and the considerable work performed overcoming the friction on the face
of the chip. Consequently, the tool face is heated to a higher degree than its
flank. Investigations into this line showed that the temperature on the tool
face is higher than the average temperature of the chip; the thicker the chip,
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FIGURE 3.19
Temperature distributions in workpiece and chip during orthogonal cutting. (From
Boothroyde, G., Proc. IME, 117, 789, 1963.)

the greater the difference. When machining steels, Arshinov et al. (1970)
reported a tool temperature 10%-50% higher than the chip temperature.
When machining cast iron, the tool temperature was 100%-259% higher
than that of the chip.

The actual tool temperature is strongly affected by the workpiece material,
cutting speed, feed rate, depth of cut, tool geometry, and the coolant used.
The high cutting speed results in a greater amount of heat being present in
the chips because there is less time to conduct that heat to the tool or the
workpiece. Thick chips have lower average temperatures than thin chips but
a greater percentage of total heat. Because a thick chip has a greater mass and
a lower temperature, the rate of heat conduction away from a thick chip is
lower than it would be for a thin chip (Swineheart 1968). The temperature of
the cutting tool is determined using the following assumptions:

1. Orthogonal cutting with type 2 chip and single shear plane.
2. The effect of tool flank wear is neglected.

3. The entire amount of energy applied to the process reappears as
heat. Ten percent of the mechanical energy associated with the shear
plane flows to the workpiece in the form of thermal energy.

4. Of the mechanical energy associated with the friction process, 10%
would flow from the tool-chip interface to the cutting tool in the
form of thermal energy.
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5. The shear and friction energy are uniformly distributed over the
contact region.

6. The thermal properties of the workpiece and tool are independent of
the working temperature.

3.4.2 Temperature at Shear Plane
The rate at which energy is expended along the shear plane is given by
Pandey and Singh (1999):

E=FEV,

The shear energy appears as heat, 90% of which travels with the chip while
10% flows to the workpiece. The average temperature at the shear plane, 0
becomes

s/

0.= 0.9EV,
ptVbC,

where
t is the unreformed chip thickness in mm
b is the width of cut in mm
C, is the specific heat J/kg °K
p is the density of workpiece material, g/mm?

The chip, heated to a temperature of 0,, is heated further due to the rubbing at
the tool-chip interface. For a tool-chip contact length a, the friction energy
per unit area/unit time, g, becomes

_RV,
ab

gt

The friction energy liberated at the tool face is divided between the tool (10%)
and the chip (90%):

enip = 0.94

The average temperature rise in the chip due to friction at the tool face 6;
is given by

_0.754.(0.94;)
2kL

0
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where
[ = Vi
4K
Ko X
pCp

where K is the thermal diffusivity of the chip material.
The average temperature rise of the chip due to friction can be calculated
from

a. |Via.
0; = 0.3393¢; °<
f 1\ 1k

Therefore, the mean temperature at the tool face, 6,, can be calculated by

= O9EV: 033034, % V1%
ptVbC, K V 4K

t +0,

where 60, is the tool ambient temperature in °C. Substituting by the shear

speed relation, V,, it follows that

_ 0.9 (F, tan@ — F sin@)cos ¢ +0.3393; a. |Viac
ptbC, cos(9—7) k V4K

0: +6,

3.4.3 Factors Affecting the Tool Temperature

The dimensional analysis of the tool temperature has led to the following
equation, which reflects the impact of some important cutting variables on
the tool temperature 6, (Youssef 1976):

C k V0.41 50.22t0.22

0= 0.56 0.56 , .0.41

C,p K

where
C, is a constant
k is the specific cutting resistance in N/mm?
V is the cutting speed in m/min
S is the feed rate in mm/rev
t is the depth of cut in mm
C, is the specific heat in ]/kg °K
Kk is the thermal conductivity of the workpiece in W/m °K
p is the density of the workpiece material in g/mm?
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3.4.3.1 Machining Conditions

Cutting speed: The cutting forces decrease as the cutting speed increases.
Arshinov and Alekseev (1970) showed that an increase of the cutting speed
from 50 to 250 m/min leads to a 21% decrease in the cutting forces. More heat
is generated as the cutting speed increases, and consequently, the maximum
temperature on the tool surface increases at higher cutting speeds.

Feed rate: The cutting forces increase with feed rate, as does the amount of
heat generated. Because the chip cross section represents the feed multiplied
by depth of cut, the temperature increases by a smaller degree upon an
increase of the feed rate (exponent 0.22) than upon an increase of the cutting
speed (exponent 0.44).

Depth of cut: The total amount of heat generated increases at larger depths
of cut because the main force increases. Additionally, the increase of depth
of cut involves a corresponding increase in the length of active portion of
the cutting tool. Such a situation enhances the heat dissipation through
the tool shank, the total amount of heat is increased, and accordingly, the
temperature is slightly higher in a similar way to the effect of tool feed rate
(exponent 0.22).

3.4.3.2 Cutting Tool

Tool material: The cutting temperature is strongly affected by the mechanical
properties of the workpiece material. The higher the tensile strength and
hardness of the workpiece material, the greater the specific cutting energy k..
Larger forces are required for the chip formation, more work is required for
cutting, more heat is generated, and consequently, higher cutting tempera-
tures are obtained. Materials having high thermal conductivity «, specific
heat C,, and larger density p allow for intensive heat to pass onto the chip
and workpiece, and, as a consequence, the tool temperature rises.

Tool geometry: The cutting geometry is affected by the normal rake angle y
(cutting angle ), approach angle y, nose radius r, and shank cross section.
Table 3.1 summarizes the heat generation, heat dissipation, and resulting tool
temperature 0, that may arise due to the increase of the earlier tool geometric
characteristics.

3.4.3.3 Cutting Fluids

Most machining by cutting operations can be performed using cutting flu-
ids. Heat and wear are produced due to the friction and shearing action
that takes place as the chip is formed. Cutting fluids serve the following
functions:

¢ Cool the cutting tool and workpiece

e Lubricate the cutting tool
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TABLE 3.1
Effect of Tool Geometry on the Cutting Temperature
Increase Of Heat Generation Heat Dissipation 0,
Rake angle y Reduces the work ﬂ Reduces tool cross t Rise
Cutting angle & done in cutting and section for heat
heat generation dissipation

Approach Reduces the length of ' Thicker chip and larger t Rise

angle y active section of the contact area with the

tool which makes tool face
heat concentrated at
smaller width
Nose radius r, Larger cutting forces ' Longer active part of the ﬂ Fall
and more heat in the tool and the increased

chip deformation volume of tool point
Shank cross — Better heat dissipation ﬂ Fall
section from the cutting point

e Result in better surface finish
* Reduce the tool wear and, therefore, the power consumption
e Prevent corrosion of workpiece and machine

¢ Reduce thermal distortion of the workpiece, which permits improved
dimensional control

* Enable the maximum possible cutting speed to be used, thus reduc-
ing time and cost of production

Cutting fluids should possess the following properties:

* Have high specific heat, high heat conductivity, and high film
coefficient

® Have good lubricating properties to reduce frictional forces and the
power consumption

* Be odorless

* Be noncorrosive to the workpiece and the machine

¢ Be nontoxic to operating personnel

* Have low viscosity to permit free flow of the liquid

* Be stable in use and storage

® Permit clear view of the workpiece especially in precision machining
¢ Be safe particularly with regard to fire and accident hazards

Cutting fluids required to carry away heat and swarf are generally water

based. The additions of oils and emulsifying agents serve primarily to inhibit
rusting, although when the oil concentration is raised, some lubrication
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effects are achieved. A cutting fluid, therefore, provides cooling, lubrication,
and antiwelding. Cooling is achieved by supplying an adequate volume of
cutting fluid to carry away the heat generated during cutting. Lubricating
the cutting tool reduces the coefficient of friction between the chip and the
tool. This reduces the temperature and tool wear and the cutting process
therefore becomes more economical. The best cutting fluid provides good
lubrication in addition to its cooling properties. In spite of the lubricating
and cooling action of cutting fluids, there always exists some metal-to-metal
contact between the tool and the chip, and temperatures high enough to
weld the contacting asperities of the metal may be achieved. This is pre-
vented by adding compounds of sulfur, chlorine, etc., to the cutting fluids.
These compounds generate a soapy film that prevents particles of metal from
welding. Cutting fluids can be divided into water-based fluids and straight
or neat oil-based fluids.

Water-based cutting fluids: Water-based cutting fluids are quite commonly
used, the most popular being soluble oil (suds or slurry), in which soluble
oil (1%-5%) is mixed with water to form an emulsion. These fluids have
excellent cooling properties at low cost and there is also some lubricating
effect between the tool and the chip, which reduces tool wear. Modern
soluble oil contains corrosion inhibitors and a biocide to minimize the
growth of bacteria that would otherwise become a health hazard. Less
frequently used forms of water-based cutting fluids are based on chemical
solutions. Soda solutions are often used on grinding operations, as they
exhibit good flushing action and cooling effects. Water itself is seldom
used as a coolant as it causes rust and corrosion of both the workpiece and
the machine.

When water-based fluids are used in conjunction with carbide-tipped
tools, a sufficient stream of cutting fluid should be maintained; otherwise,
the tool may be unevenly cooled and the carbide inserts may quickly fail
by thermally induced fatigue. Care should be taken that a sufficient flow
of fluid is applied at all points of high-speed carbide cutters to prevent the
temperature at a given point on the cutter from fluctuating appreciably.

Straight or neat oil-based cutting fluids: The term “straight,” when applied to
lubricants and coolants, means undiluted. However, most of the oils are not
used straight but are rather mixtures of oils with chemicals such as sulfur
and chlorine added to them. Straight or neat oils are classified into mineral,
straight fatty, compounded or blended, sulfurized, and chlorinated oils.

Lubricants: Lubricant reduces the friction on the tool face and thereby
reduces power consumption, increases tool life, and improves the surface
finish of the machined surface by reducing the occurrence of a BUE. The
cutting fluid should be carefully chosen. It is observed that each metal
being machined, and even each type of machining, has an optimum cutting
fluid. The selection of a particular type of cutting fluid depends on several
factors:
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e Cutting speed

* Feed rate

¢ Depth of cut

e Cutting tool material

* Workpiece material

¢ Velocity of cutting fluid

* Expected cutting tool life

e Cost of cutting fluid

* The life of cutting fluid and loss of cutting fluid during operation

Low speed and shallow cuts require little cooling or lubrication. A lubri-
cant of considerable oiliness is required while machining tough metals at
low speeds and heavy cuts. Shallow cuts at high speeds require good cool-
ants and emulsions of soluble and sulfur-based cutting oils are frequently
employed for this purpose. A lubricant that excels as a coolant is used for
heavy cuts at high speeds. Brittle materials like cast iron are often cut with-
out the use of a lubricant, although emulsions of soluble oil in water are
sometimes used. Two common methods of cutting fluid supply are shown
in Figure 3.20. Table 3.2 shows the selection guides for cutting fluids. They
are influenced by cutting tool material, workpiece material composition and
treatment, and machine tool. Machining with tungsten carbide and ceramic
tools can be performed more effectively without a cutting fluid on aluminum
alloys, copper alloys, plastics, and steels, depending on operating conditions.

A novel machining technique that uses a jet of solid carbon dioxide (CO,) to
cool and lubricate the surface of metal parts and remove the cut material dur-
ing machining (snow machining) has been developed by the University of

Ample stream Under pressure

FIGURE 3.20
Cutting fluid application.
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California scientists. Snow machining eliminates the use of oil-based or
synthetic chemical fluids for metal cutting. It creates a high-velocity stream
of small, micron-sized dry ice particles through the process of adiabatic
expansion of liquid carbon dioxide as it passes through a 0.3 mm diameter
nozzle. The resulting particulate CO, acts as a mechanical force to remove
the cut material while at the same time cooling and lubricating the surface
of the machined part. The new machining process produces virtually zero
hazardous waste, because carbon dioxide is environmentally benign. Other
advantages over traditional cooling fluids come with the fact that carbon
dioxide also is inexpensive, nonflammable, recyclable, and plentiful. Snow
machining has already demonstrated improved performance and cost sav-
ings over traditional dry machining in terms of enhancing the surface finish
and increasing the life of the cutting tool.

3.4.4 Temperature Measurement

To measure the temperature in the cutting zone, some methods have been
developed. For that purpose, the workpiece—tool thermocouple technique is
the most widely used. The measurement system, described by Nakayama
(1956), is shown in Figure 3.21. The test is first conducted without cutting,
and the reading on the millivoltmeter resulting from the rubbing action
of the constant wire on the workpiece is recorded. This reading is subse-
quently subtracted from the readings taken while cutting was in progress.

Mercury
slip ring Electrically
\ connected
/ Steel workpiece
Constantan
wires
Millivoltmeter
Cutting tool
mounted in
dynamometer
FIGURE 3.21

Arrangement for measurement of workpiece temperature using the thermocouple technique.
(From Nakayama, K., Bulletin of the Faculty of Engineering, Yokohama National University,
Japan, 1956.)
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Using this method, the temperature at selected points around the end face of
the tubular workpiece is measured and then used to calculate the proportion
of the shear-zone heat conducted into the workpiece.

When the tool-workpiece area can be observed directly, a camera with
film sensitive to infrared radiation can be used to determine temperature
distributions. In such a technique, a furnace of known temperature distri-
bution was photographed simultaneously with the cutting operation using
an infrared-sensitive plate, enabling the optical density of the plate to be
calibrated against temperature. Other methods of temperature measure-
ments include

Embedded-thermocouple technique

Metal microstructure and microhardness variation measurements

Thermosensitive painting technique

Temper-color technique

3.4.5 Solved Example

Calculate the average tool-chip interface temperature for an orthogonal
cutting of steel using cemented carbide tool under the following conditions
(Pandey and Singh 1999):

Tool rake angle 10°

Shear stress of the work material 200 N/mm?
Uncut chip thickness 0.1 mm
Width of cut 2 mm

Chip thickness ratio 0.25 mm
Cutting speed 1m/s
Coefficient of friction 0.0674
Density of workpiece 6000 kg/m?

Specific heat of the work material 500]/kg K
Thermal conductivity of the work material 50 W/m K
Tool-chip contact length 0.25 mm

Solution

For temperature rise due to shear, the shear angle ¢ is determined by
@=tan| Y
1-rsiny

.= L =0.25
t

C
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Therefore,

0= tanl( 0.25% cos10

) =14°30’
1-0.25xsin10

Shear stress =200 N/mm?

Area of shear plane A, is given by

bt 2.0x0.1

s = . = =0.8mm2
sing sin(14 30)

Shear force F, is

FE=200%x0.8=160 N

_ Veosy _ 1.0xcos10
* cos(b—7) cos(14 30-10)

=0.987m/s

0.9EV, 09x160x0.987 o
= = 3 3 = 237 C
ptVbC, 6000x0.1x107 x1x2x10™ x 500

S

For the temperature rise due to friction,

Vi =Vr.=1%x025=0.25m/s

% - tan(B; - )

v

Bf = tan™' u = tan™ 0.674 = 34°

% = tan(B; —7) = tan(64 — 10) = 0.445

v

F,=160=F, cos@— Esin@=0.968F, —0.25F
F, =187 N
F=83N

F =F,siny+F cosy
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F =187 xsin10+ 83 xcos10=114N

gi = EVi = 114_>;0'25 == 57 x10°N-m/sm?
ab 025x107°x2x10
o, _ 0.754a.(0.9q,)
‘ 2kJL
3
where L = Viae _ 0.25x0.25x 1_? =0.967mm
4K 4x1.6x10
S K 0 6x10°m?/s
pC, 6000x5000
6 -3
0= 0.3393%& Via, _ 0.3393 x57 x10° x0.25x 10 —97.8°C

k V4K 504/0.976

The average tool-chip interface temperature 6, becomes

0;=0,+0:+06,=237+97.8+20=354°C

where 0, is the tool ambient temperature.

Problems

3.1 Calculate the shear angle ¢ when turning a steel tube using a side-
cutting tool of a rake angle 15°. The axial feed =0.2 mm/revolution and
the chip thickness is found to be 0.3 mm.

3.2 In an orthogonal cutting with a tool of rake angle 10°, the following
observations were made:
From Merchant’s theory, calculate the various components of the
cutting forces and the coefficient of friction at the chip—tool interface:

F, 1290 N

F, 650 N
Chip thickness ratio 0.3
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In an orthogonal cutting operation of steel using a tool having a rake

angle 10°, with a depth of cut 2 mm and feed rate 0.2 mm/rev, the
cutting speed is 200 m/min, the chip thickness ratio is 0.31, the verti-
cal cutting force is 500 N, and the horizontal cutting force is 750 N.
Calculate the power consumed in cutting, shearing, and chip friction
at the tool face. Determine the shear strain and the shear strain rate.

3.4

Calculate

In an orthogonal cutting test of a collar, the following data are known:

F,

F,

Rake angle

Velocity of tool advance
Chip thickness

Thickness of unreformed chip

2000 N
1000 N
-15°

40 m/min
3 mm

1.2 mm

a. Cutting ratio

b. Coefficient of friction

¢. Mean shear stress on shear plane

d. Velocity of chip flow on the tool face
e. Main (cutting) power

f. Material removal rate

3.5

In an orthogonal cutting test, the following data are known. Draw to

a scale the force and speed diagrams and then determine the shear
angle, cutting ratio, velocity of chip flow on tool face, and coefficient

of friction:

3.6

F,
Ft

Rake angle

Velocity of tool advance

Chip thickness

Thickness of unreformed chip

2500 N
1000 N
10°

30 m/min
3 mm

1.5 mm

In an orthogonal cutting test of a collar, the following data are known:

F,

Ft

Rake angle

Feed rate

Length of chip in one complete rev.
Velocity of tool advance

2400 N
1600 N
-30°

0.1 mm/rev
70 mm

30 m/min

Calculate the coefficient of friction, cutting ratio, shear angle, and
cutting power.
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3.7 During orthogonal turning of a seamless tube having 32 mm outer
diameter and 28 mm inner diameter, the following data were available:
rake angle —20°, cutting speed 20 m/min, feed rate 0.2 mm/rev, length
of continuous chip from one revolution 50 mm, cutting force 400 N,
and feed force 150 N. Calculate the coefficient of friction, shear angle,
specific cutting energy, and cutting power.

3.8 Inan orthogonal cutting operation, if

The speed of shear V.= cosy
cos(p—7)

The speed of the chip V= sin@

° cos(o-y)
F, 1700 N
F, 1000 N
Rake angle 0°
Shear angle 30°
Velocity of tool advance 50 m/min
Chip thickness 3 mm

Thickness of unreformed chip 1.2 mm

Calculate the machining power, the percentage of power that goes into
covering the friction at the tool-chip interface, and the percentage of
power used at the shear plane.

3.9 Inan orthogonal cutting of mild steel tube, if

Outside diameter 93 mm
Inside diameter 87 mm
Feed rate 0.2 mm/rev
Spindle speed 150 rpm
Length of chip for one revolution =~ 141.3 mm
F, 1500 N

F, 750 N

Rake angle 0°

Determine

a. Shear angle

b. Coefficient of friction

c. The cutting power

d. Specific cutting resistance
e. Volumetric removal rate

3.10 In the shown cutting operation of mild steel shoulder, if

F,=1000 N
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3.11

3.12

F =500 N

Tool rake angle: 0°
Length of chip for one revolution=314 mm

Determine

a. Chip ratio

b. Shear angle

c. Coefficient of friction
d. Cutting power

e. Specific cutting power

e

200 mm

10 mm

2 mm/rev

A planer tool makes an orthogonal cutting under the following
conditions:

Depth of cut 1.5 mm, chip thickness 3.5 mm, width of cut 7.5 mm,
cutting speed 30 m/min, main cutting force 1500 N, normal force
1000 N, and rake angle 10°.

Determine

a. Shear angle

b. Coefficient of friction
c. Cutting power

d. Shear power

During orthogonal cutting of a seamless tube rotating at 1000/ rpm
and having 32 mm outer diameter and 28 mm inner diameter using a
cutting tool of rake angle 0°, moving at axial feed rate 0.5 mm/rev, if
the length of continuous chip from one revolution is 50 mm, cutting
force 1000 N, and feed force 500 N, calculate
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a. Shear angle

b. Coefficient of friction

c. Specific cutting energy

d. Cutting power

e. Chip velocity at the tool face

Review Questions

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

What are the main features of orthogonal cutting? Give practical

examples.

Devise a method whereby you can perform an orthogonal cutting

operation with a round workpiece using a lathe machine. Show the

direction of cutting movements and force components.

What are the conditions that would allow for a continuous chip to be

formed in metal cutting?

For a better machining performance, which type of chip is preferred?

Also what are the conditions that favor the formation of such a chip?

For an orthogonal cutting tool, what are the important angles to be

maintained? Explain their effect on the machining performance.

What is meant by BUE? Explain how they are formed. What conditions

promote their formation?

Derive an expression describing the shear angle in orthogonal cutting

in terms of the rake angle and chip thickness ratio.

Schematically show the Merchant force circle in orthogonal cutting.

Derive the equations for shear and friction forces in terms of material

properties and cutting parameters.

Derive an expression for the main cutting force in orthogonal cutting

in terms of the workpiece material properties and cutting conditions.

Derive an expression for the specific cutting energy in orthogonal

cutting in terms of the shear angle and the mean shear strength of the

work material. Assume Merchant’s minimum energy principle and a

rake angle zero.

Discuss the importance of shear angle in metal-cutting performance.

What factors influence its value?

What are the locations where heat is produced in an orthogonal

cutting operation?

Mark true (T) or false (F):

a. Removing more metals between two sharpenings by lowering the
cutting speed is possible under otherwise identical conditions.

b.In orthogonal cutting, if the shear angle, cutting speed, and rake
angles are given, the chip velocity can be calculated.
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c. In orthogonal cutting at larger rake angles, the cutting power
is lower.

d.The chip sliding velocity at the tool face is greater than the
cutting speed.

e. The specific cutting energy increases at larger rake angles.
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Tool Wear, Tool Life, and Economics
of Metal Cutting

.|
4.1 Tool Wear

4.1.1 Introduction

Due to the interaction between the chip and the tool occurring under high
thermal and mechanical stresses, the tool wears. The mechanism of tool wear
is extremely complicated and depends on the material of the tool, workpiece
to be machined, cutting variables including speed and chip cross-sectional
area, type of coolant, tool geometry, and the condition of the machine tool and
its rigidity. Four basic mechanisms (Figure 4.1) operate singly or in various
combinations to produce diffusion, adhesion, abrasion, and electrochemical
wear.

Diffusion wear: Diffusion wear occurs when atoms in a metallic crystal lat-
tice move from an area of high atomic concentration of that particular metallic
atom to an area of low concentration. The rate of diffusion increases exponen-
tially with temperature. During machining by cutting, the high temperature
generated at the tool-workpiece and the chip—tool interfaces creates favorable
conditions that promote fusion of tool material to the chip and the workpiece.

Adhesion wear: Adhesion wear is caused by the fracture of welds that are
formed as part of the friction mechanism between the chip and the tool.
When these minute particles are fractured, small bits of the tool material are
torn out and carried away to the underside of the chip or to the machined
workpiece surface.

Abrasion wear: Abrasion wear occurs when hard particles on the underside
of the chip pass over the tool face and remove the tool material by mechanical
abrasion action. These particles could be abrasive inclusions in the workpiece,
fragments of the built-up edges (BUEs), or particles of tool material that have
been removed by adhesion.

Electrochemical wear: This type of wear occurs when ions are passed
between the tool and the workpiece causing oxidation of the tool surface.
It is important to note that the tool wear in metal-cutting processes is mainly
due to adhesion and abrasion.

87
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Electrochemical

FIGURE 4.1
Different mechanisms of tool wear.

4.1.2 Forms of Tool Wear

The progressive wear of the cutting tool takes many forms as shown in
Figure 4.2:

1. Tool wear on the tool face is characterized by the formation of a cra-
ter, which occurs as a result of the hot chip flowing over the tool face.

2. Flank wear, which is in the form of a wear land that is generated as
the newly cut surface of the workpiece, rubs against the cutting tool.

Crater wear

Notch wear

Thermal cracks

Flank wear

FIGURE 4.2
Forms of tool wear.
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Minor chipping along the cutting edge is usually accompanied by
flank wear.

3. Notch wear occurs locally in the area of the main cutting edge where
it contacts the workpiece surface. It is caused by hard surface layers
and work-hardened burrs, especially in austenitic stainless steels
(www.widiaindia.com).

4. Thermal cracks occur in the form of small, running cracks across the
cutting edge that are caused by thermal shock loads during inter-
rupted cutting operations.

When machining at high cutting speeds and feed rates, the tool wear occurs
mainly at the tool face. At medium cutting speeds, tool wear occurs simulta-
neously in its flank and face. At low cutting speeds, a substantial tool wear
occurs, primarily at the tool flank. Crater wear occurs when machining
ductile materials, whereas machining brittle materials such as cast iron and
bronze would normally lead to flank wear.

4.1.2.1 Crater Wear

As shown in Figure 4.3, crater wear occurs to the tool face a short distance
from the cutting edge while machining ductile materials like steel and its
alloys. Crater wear weakens the tool strength and increases the cutting

K,

m

1 ]
=

i f_/
Crater width Cy m

L.

FIGURE 4.3
Crater wear.
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temperature and friction between the tool face and the chip. Crater wear
could increase the rake angle and reduce the cutting force. The geometry of
the crater is shown in Figure 4.3; its width, C,, is given by

Cw :2(Km _Bc)

where
K., is the distance between the center of the crater and the cutting edge
B. is the width of the land

As a result of the crater wear, the tool life is determined by fixing the wear
index g, which is the ratio between the crater depth K| and the distance of the
crater centerline from the cutting edge K, (Figure 4.3):

= K
Ko,

The allowable values of g should not exceed 0.4 and 0.6 for carbide and high-
speed steel tools, respectively. The measurement of the crater wear is not as
simple as that of the flank wear. For this reason, the tool life is usually deter-
mined in terms of the flank wear.

4.1.2.2 Flank Wear

Flank wear occurs mainly on the nose part, the main flank, and the auxiliary
flank. As shown in Figure 44, flank wear is not uniform along the active
section of the cutting edge for tools having a nose radius. The maximum
amount of wear is observed at the tool nose. This is due to the more severe
heating at the nose because heat also passes over to it from the end (auxiliary)
cutting edge. Moreover, the relief angle at the rounded nose is usually
smaller than that at the straight edge, leading to the evolution of more heat
from friction between the tool and the workpiece.

Flank wear is mainly caused by the abrasive action of the hard inclusions
in the workpiece, fragments of the BUE, or particles of tool material that have

Depth-of-cut line

S

Tool flank

VBmax

FIGURE 4.4
Geometry of flank wear.
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I II 11

Crater wear, VB

Cutting time

FIGURE 4.5
Increase of flank wear with time.

been removed by adhesion. This type of wear depends primarily upon the
hardness of the cutting tool and workpiece at the high working temperatures,
the amount and distribution of hard constituents in the workpiece, and the
degree of strain hardening of the chip. If a sharp tool is used to cut at a given
speed for a specific period of time and the flank wear Vy is measured, a curve
similar to that shown in Figure 4.5 is obtained, which indicates the following
three main divisions:

Section I: This is the wear-in period (initial wear), where the sharp cutting
edge is quickly broken down by the heavy abrasion action and hence a finite
land is formed.

Section II: The uniform wear period is characterized by the gradual increase
of the flank wear with time. The slope of the line in this period depends on
the cutting conditions (speed, feed, and depth of cut), tool geometry, type of
coolant, and workpiece and tool materials.

Section III: The period of rapid (destructive) wear occurs intensively due to
the formation of thermal cracks and plastic deformation of the tool material.

After the tool wear enters Section I1I, it is uneconomical to grind the tool
and the accuracy of the machined parts is drastically affected. To avoid the
sudden breakdown of the cutting tool, they should therefore be reground
when the average flank wear Vj reaches a certain allowable value, Vi,
that depends on the workpiece material, tool material, and the type of the
machining operation as shown in Table 4.1.

Crater wear is more prominent when machining ductile metals and their
alloys, whereas flank wear is prevalent in brittle materials of discontinuous
chips regardless of the tool material used.
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TABLE 4.1
Recommended Values of Vi,
Tool Material  Vj,,; (mm) Process
HSS tools 1.5 Turning and face milling
0.5 End milling
0.4 Drilling
0.2 Finish turning
0.15 Reaming and broaching
Carbide tools 0.8 Roughing
0.4 Finishing
0.15 Reaming and broaching

Note: The allowable wear land V5, is selected small for
higher accuracy and better finish.

4.1.3 Impact of Tool Wear

Figure 4.6 shows the different impacts of tool wear, which include the
following:

1. The cutting forces increase by the rubbing action occurring as a
result of the flank wear. In some instances, crater wear reduces the
cutting forces by effectively increasing the rake angle.

2. Flank wear affects the position of the cutting edge with respect to
the workpiece, which, in turn, alters the dimensional accuracy of
machined parts.

3. Surface roughness deteriorates as a result of the tool wear, parti-
cularly if the tool wear occurs by chipping of the tool material.

4. Tool temperature increases due to the tool rubbing against the
workpiece or the chip along the tool face.

Dimensional Surface
accuracy roughness

Machining cost

[ Tool temperature ]

FIGURE 4.6
Tool wear impacts.
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5. Flank wear increases the tendency of the tool to vibrations and
chatter.

6. Machining cost is increased due to the reduced tool life.

4.2 Tool Life

The tool life (cutting edge durability) is the time a newly sharpened tool
cuts satisfactorily before it becomes necessary to remove it by regrinding
or replacement. This is based on the amount of wear that occurs before the
cutting edge becomes so worn that a catastrophic failure becomes imminent.
The tool life can also be expressed, quantitatively, using the length of work
cut, the volume of metal removed, the number of components produced, and
the cutting speed for a given time V; (the cutting speed for a tool life of T in
min). The tool life is the most widely used criterion for the evaluation of the
machinability of the different materials because of its direct impact on the
total machining cost.

4.2.1 Formulation of Tool-Life Equation

Figure 4.7 shows the effect of increasing the cutting speed from V1 to V4
using four newly sharpened tools of identical geometry operating under
identical cutting conditions of feed and depth of cut. The corresponding
cutting T1, T2, T3, and T4 for reaching the allowable flank wear Vg, for each
cutting speed are plotted in Figure 4.8. Plots of log T against log V are shown
in Figure 4.9. Taylor produced the empirical tool-life equation, which can be

Va>V3>V2>V1

\I/4 V3 V2 Vi
f /
:‘;3 Allowable flank
S wear (V;
A Ball)
g f//
w~

™|

T4 T3 T2 T1
Cutting time

FIGURE 4.7
Variation of flank wear with cutting time at different cutting speeds.
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Cutting speed, V'
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T4 T3 T2 T1
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FIGURE 4.8
Tool life-cutting speed relationship.
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FIGURE 4.9
Log tool life-log cutting speed.
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TABLE 4.2

Range of n Values for Different
Cutting Tools

Tool n Exponent
High-speed steels 0.08-0.20
Cast alloys 0.10-0.15
Carbides 0.20-0.50
Ceramics 0.50-0.70

Source: Kalpakjian, S., Manufacturing
Processes  for  Engineering
Materials, Addison-Wesley,
Reading, MA, 1997.

written as VT"=C, where V is the cutting speed in m/min, T is the tool life
in min, n is the Taylor exponent, and C is the Taylor constant.

Table 4.2 shows the experimentally determined n values. Although the cut-
ting speed has been found to be the most significant variable that affects the
tool life, the depth of cut and the tool feed rate are also important. The earlier
equation can therefore be generalized as

VesiT" =C

where
t is the depth of cut (mm)
S is the feed rate (mm/rev) in turning

Typical experimental values for #, x, and y are n=0.15, x=0.15, and y=0.6 and
indicate that the cutting speed, feed rate, and the depth of cut are of decreas-
ing order of importance regarding their effect on the tool life T.

4.2.2 Criteria for Judging the End of Tool Life

Tool wear: This is frequently used in terms of the allowable value of the flank
wear, Vi

Radial force component (Schlesinger criterion): The end of tool life is recognized
if the radial cutting force component increases suddenly from its original
value by 10%. This method, however, requires special measuring devices,
which makes it inapplicable in the machining workshops.

Surface roughness: During finishing operations, the tool life is ended and
regrinding is required if the surface roughness exceeds a certain predeter-
mined level.

Bright band: The end of tool life occurs when a bright band appears on the
machined surface of steels or dark spots in the case of machining cast iron.
Such marks indicate that wear interval IIl is beginning and that tool failure is
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imminent if the machining process continues. Such a criterion is, therefore,
unsuitable for finishing operations.

Noise: This criterion is mainly used in drilling operations.

Radioactivity of the chip: In this method, the cutting tool is first irradiated to
produce radioactivity in the tool material. During cutting, the wear particles
are transmitted to the chip; therefore, the wear rate and the tool life can be
determined by measuring the radioactivity of the chip.

4.2.3 Factors Affecting the Tool Life

Figure 4.10 shows the different factors that affect the tool life. These include
the following:

4.2.3.1 Cutting Conditions

The effects of cutting speed, feed rate, and depth of cut can be summarized
by the following equation:

V015606015 — ~

where the exponents of V, t, and S and the constant C depend on the cutting
conditions. It is clear that the cutting speed V is the principal factor affecting
the tool life, while the feed rate S and the depth of cut t have less effect.

4.2.3.2 Tool Geometry

Rake angle: The increase of the normal rake angle reduces the cutting forces
and the tool temperature on the rake face. These factors reduce the tool wear
and consequently increase the tool life. Such an observation occurs up to a
certain limit, beyond which excessive rake angles reduce the tool tip strength

Tool material (Machine tool rigidity) Built-up edge ]

Workpiece Cutting conditions
¢ Material properties Tool life . Spged

* Chip area

e Coolant

* Surface temperature
e Specific heat

[ Tool geometry ]

FIGURE 4.10
Factors affecting tool life.
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and limit the heat dissipation to the tool shank; this, in turn, decreases the
tool life. There is therefore an optimum rake angle at which the maximum
tool life can be achieved.

Side cutting edge angle: This angle affects the direction of chip flow.
Increasing this angle increases the width of tool edge engaged in cutting,
and the uncut chip thickness decreases. This tends to decrease the tool-chip
interface temperature and the force per unit length acting on the edge, which
increases the tool life (Juneja, 1984).

Nose radius: Because of the effect of nose radius on the tool temperature
(Table 3.1), it follows that an increase of nose radius increases the tool life.

Relief angle: An excessively high relief angle weakens the tool and enhances
the fracture of the tool tip; an excessively low relief angles reduce the tool life.

4.2.3.3 Built-Up Edge Formation

During the formation of the BUE, some of the chip material is welded at the
tool face; this material breaks down periodically and goes with chip, while
other material adheres to the machined surface. Because these fragments are
highly work-hardened materials, their rubbing against the tool flank surface
increases the tool wear rate. In contrast, the welded fragments sliding along-
side the chip enhance the formation of the crater wear. A stable BUE may
protect the tool surface from wear and perform the cutting action itself.

4.2.3.4 Tool Material

The relative decrease of tool life with an increase in the cutting speed is
indicated by the Taylor exponent n of the tool-life equation. The smaller the
value of n, the greater the effect of the cutting speed variation on tool life
(Figure 4.11). For a ceramic tool, the value of n ranges from 0.5 to 0.7, for
carbides from 0.2 to 0.5, for cast alloys from 0.10 to 0.15, and for high-speed
steel from 0.08 to 0.2. In turning operations, the performance of ceramic tools
is much better at high cutting speeds than at low speeds. At low cutting
speeds, however, some grades of carbides perform better than ceramics.

4.2.3.5 Workpiece Material

Mechanical abrasion wear is highly affected by the workpiece microstructure,
hardness, strength, and work-hardening property. Generally, the higher the
hardness of the workpiece material, the shorter the tool life. The presence
of microhard constituencies also affects the tool wear. In this regard,
for high-carbon steels, the tool life varies considerably with different pearlitic
structures. Spheroidized structures lead to longer tool life than the lamellar
structures. Low-carbon steels containing large percentages of ferrite give
longer tool life and large surface roughness.
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FIGURE 4.11

Effect of tool material on V-T relation.

The microstructure of castiron consists of free graphite (spheroidal graphite)
in the case of nodular cast iron or hard cementite in the case of white cast
iron. The presence of the iron carbide in white cast iron reduces the tool life.
Workpiece temperature prior to machining affects the tool life. The higher is
the workpiece temperature, the softer the material and the longer the tool life.

4.2.3.6 Rigidity of the Machine Tool

The use of rigid machine tools along with good workpiece and tool fixation
avoids possible vibrations, imbalance, and the excessive cutting forces that
reduce tool life.

4.2.3.7 Coolant

The use of cooling fluids reduces the tool temperature and therefore reduces
tool wear, which in turn ensures longer tool life. Proper coolant supply also
avoids formation of thermal tool cracks, especially during interrupted cuts.

4.2.4 Solved Example

The durability of a cutting tool is 40 min at a cutting speed of 140 m/min and
100 min at a cutting speed of 60 m/min. Calculate

1. Taylor constants

2. The tool life for V=1 m/min

3. The cutting speed for a tool life T=1 min
4. The tool life for V=70 m/min

5. The cutting speed for durability of 120 min
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Solution

Taylor constant
VTt =C
140 (40)"=C
60 (100)"=C
140 (40)" =60 (100)"
2.33 (40)" =(100)"
log 2.33+n log (40)=n log (100)
n=0.923
140 (40)" =C
140 (40)"* =C

C=42153
For V=1 m/min
T%9% = 4215.3

T=8457.16 min
For T=1 min

V=C=4215.3 m/min
For V=70

70 (T)*** =4215.3

T=84.76 min
For T=120 min

V(120)*9% =4215.3
V=50.78 m/min

4.3 Economics of Metal Cutting

The economics of machining by cutting is of a vital interest to the manufac-
turing engineers. Machining at low cutting speeds and feed rates increases
the production cost because of high machine and operator usage times. At
high cutting speeds and feed rates, the production cost is also high because
of the increased cost of frequent tool replacement and the high cutting power
consumption. Therefore, optimum conditions leading to the minimum pro-
duction cost exist.
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Machining using very low speeds and feed rates results in a high produc-
tion time (low production rate) because of the long cutting time. Alternatively,
high cutting speeds and feed rates result in a longer production time because
of the frequent need to change the worn cutting tools. Similarly, optimum
conditions leading to a minimum production time (maximum production
rate) exist. The manufacturing engineer’s role is to minimize the production
time and the production cost. These two contradictory criteria cannot be met
simultaneously and a compromise must be made.

Regarding the selection of the feed rate, the guiding principle for optimum
cutting conditions in roughing operations is that the feed rate should always
be set at the maximum possible value (Boothroyde, 1981).

The cutting speed has a predominating effect on the tool life, which influ-
ences the cost of tooling and forms a significant part of the production cost.
The problem of selecting the cutting speed is considered in many ways; an
optimum cutting speed for a machining operation realizes the minimum
production cost (economic cutting speed) and realizes the minimum produc-
tion time (maximum production rate).

4.3.1 Cutting Speed for Minimum Cost

The production cost is defined as the total average cost of performing the
machining operation using one machine tool. In practice, the production of
a component involves several machining operations using different machine
tools. Under these conditions, the total manufacturing cost involves many
components.

The cost related to a single component C,, is the sum of the cost of the
machine C,,, the tool cost C,, and the labor cost C,. Therefore,

Cpr:Cm+Ct+CL

Cost related to the machine, C,: The cost of the machine is calculated as

Cn=Mc(1+x)

where
Mc is the initial cost of the machine divided by the number of working
hours per year, multiplied by the amortization period
x is the machine overhead, which includes the cost of power consumed by
the machine and the cost of servicing the machine

The increase of the cutting speed reduces the machining time, increases the
rate of production, and lowers the machine cost per component. However, the
machine cost per component increases as the wear of the machine elements
and the consumed power increase with increasing cutting speed. Under
such contradicting effects, the cost related to machining a component can
be considered approximately constant (Figure 4.12). The cost related to the
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FIGURE 4.12

Variation of total production cost with cutting speed.

machine may decrease slightly at a higher speed V due to the decrease of the
cutting forces and the increase of the machining efficiency as a result of the
decrease of the cutting power (Youssef, 1976).

Cost of tool, Ci: The method used to estimate the tool cost depends on the
type of the tool used. For regrindable tools, the following items can be used
to estimate the cost of providing a new tool. The cost related to the tool C, is
formed from two main parts, namely,

1. Prime and sharpening cost Cy: The prime and sharpening cost of a
tool related to a single tool life Cy is given by

C, = (C,—C,)+nCs
ng+1
where
C,, is the prime cost of the tool
C, is the tool scrap value
1, is the number of tool regrinds during its service life
C, is the cost of one tool sharpening

The number of parts machined during a single tool life z can be cal-
culated from z=T/t,, where T is the tool life and ¢, is the actual
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machining time for a single component. According to Taylor for-
mula, the tool life T can be expressed by

1/n
T= [C}
%4

When machining cylindrical components of length / and diameter d
using a feed rate S, mm/rev, and a rotational speed N, the machining
time t,,, becomes

1

SN

_ mdl

~ 1000VS

ty =0V

tm

m

where
_mdl
~ 1000S
The prime and sharpening cost/component, C,;, becomes

C
Ctl =
z

Crtm
T
_ CT‘GV((l/n)fl)

t1
C
It is clear from the preceding equation that the increase of cutting
speed raises the tool prime and sharpening cost C,;.

Ctl =

1/n

. Tool changing cost, C,: The tool changing time, ¢, is the time taken

to remove and replace the worn tool from the machine, set a new
tool in its correct position, and restart the machining processes.
Therefore, for a single tool life T,

Ct2 = tCtL(l + 7’)

where
L is the labor cost per unit time
ris the overhead ratio (2-3)

The cost of labor, L(1 +7), includes the working benefits provided by
the company, the cost of working facilities, and the cost of adminis-
trators necessary to employ the worker. The tool changing cost per
component C,, becomes

tCtL(l + r)ﬁv((l/n)_n
Cp =
C

1/n
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This part of the tool cost also increases with the cutting speed V.
The total cost of the tool C, becomes

Ct = Ctl + Ct2

If a disposable insert is used, the cost of providing a sharp tool, for
a single component, can be estimated from

C. :((Ci/"e)Jf(Ch/Ne)]

z

where
C,; is the cost of the insert in dollars
n, is the number of cutting edges per insert
C,, is the cost of holder in dollars
N, is the number of cutting edges used during the life of one holder
z is the number of parts produced in a single tool life

Labor cost, C;: The total production time comprises the cutting
time t,,, in addition to a secondary time t,. The labor cost is therefore
calculated from

CL=t L(1+7r)+t.L(1+7)
CL=d8V1LA+7)+tL1+7)

As the cutting speed, V, increases, the labor cost related to the
machining time ¢, decreases, while that related to the secondary
time remains unchanged.

For machining a single component, the total, Corr becomes
((1/n)-1) ((1/n)-1)
CoV t LA+7)0V
Cpr=Cp+— 7 o fall )1/ +OV L1+ 7)+tL(1+7)
c c'

According to the preceding equation, the unit cost C,, can be calcu-
lated for certain values of L, w, C, t., and Cy. To determine the cutting
speed for minimum cost, the preceding equation must be differ-
entiated with respect to the cutting speed V and equated to zero.

Consequently,
dc,, _0
dv
((1/n)-2) ((1/m)-2)
CoVv t . OL(1+7r)V
ﬁL(1+r)V2=(1—1)T +(1—1J aOLL+7)
n Cl/n n Cl/n
C t.L(1+
L(l-{—}"):( 1 ) T +( 1 ) ct ( r)
n—l [C/V]l/n n—l [C/V]l/n
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Then the economic tool life T, becomes

_(1_ Cr
L _(n 1)|:td+ L(1+r):|

The cutting speed for machining at the minimum cost (economic
cutting speed) V, becomes

C
((A/m)=1)[te +(C2/LA+7))])"

Ve=

To calculate V, it is necessary to know the tool hanging time, the
cost of providing a sharp tool, the operator cost, as well as the Taylor
constant n.

It has been found that the unit cost decreases with an increase in the feed rate
and depth of cut. It is, therefore, recommended to use the maximum possible
feed rate and depth of cut. However, this is limited by the rigidity and the
maximum power available by the machine tool used in the machining process.

The effect of the cutting speed on the production cost is shown graphically
in Figure 4.12. The three individual cost items (machine cost, labor cost,
and tool cost), represented in the total production cost equation, are plotted
separately. The figure demonstrates how an optimum cutting speed arises
for a given set of machining conditions. It should be noted that the optimum
(economical) cutting speed V, is independent of the batch size and the
nonproductive time ¢, for one component.

4.3.2 Cutting Speed for Minimum Time

The production time ¢, is defined as the average time taken to produce a
single component. For each component, it consists of the following items:

Nonproductive time, t;: This is the time taken to load and unload each
component and to return the tool to the beginning of the cut.

Machining time, ¢,: The time elapsed in the actual cutting process.

Tool changing time, t,: The time involved in changing a worn tool. If a
disposable insert is used,

where
1, is the average number of cutting edges used per insert
t. is the time to index the insert in min
t.. is the time to replace the insert in min
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Hence, the total production time per component, £, is

b = b by + L

¢ 13‘/((1/71)—1)

tor =t +OV T+
C

1/n

The minimum production time occurs when

dt,
o
dv

Therefore,
((1/n)-2)

g2 = Log )
- n C,l/n

Consequently, the tool life for maximum production rate can be calculated

from
T, = (1 - 1) tt
n

The corresponding cutting speed V, is determined from

<
[(/m)-1)te ]

According to Boothroyde (1981), the factor (1/n — 1) is seven for high-speed
steel tools, three for carbides, and one for oxides and ceramic tools.

It follows that the tool life for the minimum cost, T,, and the minimum
production time, T, become, for high-speed steel,

Cr
T.=7|to+———
[ v L(1+r):|

To = 7tct

for carbides,
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and for oxides and ceramics,

Cr
T =t +
{t L(1+r):|

TO = 3 tct

The corresponding cutting speeds can be calculated from Taylor tool-life
equation.

4.3.3 Cutting Speed for Maximum Profit Rate

Figure 4.13 shows the variation of the total production cost and production
time with the cutting speed. It is clear that for economic machining, the
production time is greater than that for minimum time. In contrast, when
machining at conditions of maximum production rate, the production cost
is higher than that for minimum cost. The question that arises is related to
what working conditions should be selected. Normally, machining condi-
tions leading to the minimum production cost are selected. Machining for
maximum production rate (minimum time) may be justified in cases of

Time/piece, t,,

//>\ —

V.

o

Cutting speed, V'

FIGURE 4.13
Variation of total production time with cutting speed.
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war, emergencies, and whenever delay penalties are imminent. If S, is the
amount of money the company receives for each component, the profit per

component is given by S, — C,,, and the rate of profit P, is given by

P.= Spr =Cor
For

Substituting by C,, and t,. and differentiating with respect to the cutting
speed V and equating by zero, the tool life for maximum profit rate (efficiency)
is obtained. The line of maximum profit rate is plotted (dotted line) in Figure
4.14. It is clear that if a profit is to be made, the cutting speed for maximum
efficiency, V,,,, lies between that for the minimum cost, V,, and the maximum
production rate, V.

During machining at a variable cutting speed, as with the case of a facing
operation, Boothroyde (1981) proved that the tool life for minimum cost,
maximum production rate, and maximum profit rate are identical to those
for constant cutting-speed operations. In milling, shaping, and planing oper-
ations, the cutting tool is engaged in the actual cutting for a proportion, Q,,,
of the machining time, t.. Therefore, the tool life for minimum cost, T,, maxi-
mum production rate, T, and maximum profit rate, T,,, should be corrected
by the factor of Q...

Production time/piece, £,

. I . [ =
& | Maximum P, I “:;
U.; -
O/ SOV
¢ ! | E
8 | | &
v |
I |
I . "~ <ORe ————————- P.=0
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VE VO
Cutting speed, V/
Te TO
Tool life, T
FIGURE 4.14

Cutting for high-efficiency machining.
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4.3.4 Solved Example

In a production process of a gear wheel from carbon steel, the following data
are known:

Labor wage in the production shop, L~ 10$/h

Overhead expenses, r 2
Tool price, C;, - Cy, 20%
Estimated sharpening times, 1, 9
Cost of one sharpening, C, 0.5%
Taylor exponent, 1 0.25
Tool changing time, £, 5 min

Calculate the tool life for minimum cost and maximum production rate.
Calculate the tool service life in each case.

Solution

For minimum time,

TO = (1_1)tct
n

T, = (1 - 1)5
0.25
T, =15 min
the service life = (n, + 1) T,

=150 min

For minimum cost,

(1 G
Te= (n 1)|:td+ L(1+r):|

— (Clt - CZt) + nsCs

C
! ng+1
Cr = 20+9x0.5
10
Cr=2.45%
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L= £= 0.167$/min

T.=3|5+ 245
0.167 x 3

T.=27.7min
the service life = (n, + 1) T,

=277 min

Problems

41

4.2

4.3

44

The following data have been obtained in a tool wear test carried out
in turning at two cutting speeds of 60 and 75 m/min. Determine the
tool-life equation, if the failure criterion is 0.7 mm flank wear. Also
determine the tool life for a cutting speed of 90 m/min.

. Flank Wear (mm)

Cutting

Time (min) V=60 m/min V=75 m/min
0 0.00 0.00

5 0.37 0.57

10 0.50 0.75

15 0.65 0.99

20 0.80 1.20

The tool-life equation for high-speed steel is given by
Vt0.350.6T0413 =C

A tool life of 60 min was obtained at V=40 m/min, t=2.0 mm, and
§=0.25 mm/rev. Calculate the effect on tool life if the feed, speed, and
depth of cut are increased by 30%.

The durability of a cutting tool is 40 min at a cutting speed of 120 m/min
and 100 min at a cutting speed of 60 m/min; calculate

a. The tool life at V=70 m/min

b. The tool life at V=180 m/min

The durability of a cutting tool at a cutting speed V=30 m/min was
found to be 30 min. If the Taylor exponent n=0.25, calculate

a. The cutting edge durability at V=80 m/min

b. The cutting speed corresponding to T'=120 min
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4.5

4.6

4.7

4.8

4.9

4.10

Fundamentals of Machining Processes

Prove that, for maximum productivity, the cutting speed is given by

)

Inamachining operation using titanium carbide tools, blunting occurred
after 216 min at a cutting speed of 120 m/min. At that speed, the machin-
ing time was 12 min. If the cutting speed is increased to 180 m/min,
blunting occurred after machining of 10 pieces only. Calculate

a. The maximum number of pieces if the tool changing time is 10 min

b. The number of parts cut at 240 m/min

c. The cutting speed that realizes a tool life of 1 min

A tool used for metal-cutting operation showed the tool life-cutting
speed relationship:

VTO.125 =45

Originally, 12 min was required to change a dull tool, but a new tool
holder has made it possible to reduce that time to 5 min. What increase
in the cutting speed does this permit to achieve the maximum produc-
tion rate from this operation?

If the Taylor equation is given by VT°2*=31.6, for maximum produc-
tion rate, calculate the cutting speed if the tool changing time is 10 min
and the number of components if the machining time is 7.5 min.

A tool cutting at 32 m/min has a total life of 54 min when used for
rough cut. Determine the tool life when used for a finish cut given
n=0.124 for rough cut and n=0.1 for finish cut.

During machining 18 mm diameter bar on a center lathe at a cutting
speed of 110 m/min, the total life is found to be 60 min. If #=0.2, cal-
culate the speed at which the spindle should rotate to give a total life
of 5 h. If the length of 50 mm per component is machined, what the
cutting time per piece and how many pieces can be cut between two
changes? The feed used is 0.15 mm/rev.

Review Questions

41
4.2

4.3

Show by neat sketch the various forms of wear-in cutting tools.
Explain the effect of cutting parameters on tool wear of a single-point
cutting tool.

Show, diagrammatically, the variation of the flank wear with time and
explain its importance from the tool-life point of view.
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44
4.5
4.6
4.7
4.8
4.9
4.10

4.11

412

4.13

How do you define the tool life? Explain the parameters that control

the tool life of a single-point cutting tool.

What are the tool failure criteria that are generally practiced in

industry?

Explain using a neat sketch how the average chip-tool interface

temperature can be measured.

Discuss the main factors that affect the tool life.

What are the possible impacts of the tool wear?

State the criteria that judge the end of tool life.

Derive the relationship for minimum cost cutting speed and tool life

in a single-point turning of cylindrical parts. State the assumptions

made.

Derive the relationship for minimum time cutting speed and tool life

in a single-point turning of cylindrical parts.

Using sketches, show the main elements leading to

a. Economic cutting speed

b. Cutting speed for maximum production rate

Mark true (T) or false (F):

a. It is desirable to have higher n values in Taylor tool-life equation.

b. Crater wear occurs when machining brittle materials.

c. The tool life for maximum production rate is less than that for
minimum cost.

d. Under normal cutting conditions, it is found that most of the heat
generated during cutting is dissipated by the tool rather than by
the chip.
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Cutting Cylindrical Surfaces

5.1 Introduction

Machining external cylindrical surfaces is performed using a rotating
workpiece and a tool feed motion that depends upon the surface profile
required. Cylindrical forms can be created using form tools that are fed
across the rotating workpiece, while forms such as threads can be generated
using a form tool that achieves form and generation cutting simultaneously.
Internal cylindrical surfaces can be machined by drilling, enlarging, and
boring and finished by the reaming process.

5.2 Turning

Turning is a method of machining by cutting in which the workpiece carries
out the main rotary motion, while the tool performs the linear motion. The
process is used for the external and internal turning of surfaces. The basic
motions of the turning process, shown in Figure 5.1, are as follows:

1. The primary motion is the rotary motion of the workpiece around
the turning axis.

2. The auxiliary motion is the linear motion of tool, also called the feed
motion.

Turning processes can be classified according to the direction of tool feed:

e Straight turning occurs when the direction of the feed motion is
parallel to the turning axis.

¢ Taper turning occurs when the direction of the tool feed motion
intersects with the turning axis.

e Traverse turning occurs when the direction of the tool feed motion
is perpendicular to the turning axis. This can be divided into facing
and radial turning.

113
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FIGURE 5.1
Basic elements of turning.

Depending upon the number of tools cutting simultaneously, single-point
tool and multipoint tools are distinguished. Multipoint turning can be
performed with divided feed or divided depth of cut.

5.2.1 Cutting Tools

Figure 5.2 shows common applications of some standard turning tools.
These tools can be either monometallic or bimetallic (Figure 5.3). Table 5.1
shows the general features of the turning tools.

5.2.2 Cutting Speed, Feed, and Machining Time

The speed of the cutting motion or the peripheral speed of the workpiece is
calculated in m/min from

_ mdN
1000

where
d is the diameter of the workpiece being machined in mm
N is the rotational speed of the workpiece in rpm

The rate of feed f in mm/min is expressed by
f=SN

where S is the tool feed in mm per revolution. The machining time ¢, in
minutes is calculated from Figure 5.4 as follows:
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FIGURE 5.2

Standard turning tools and their application. 1, Straight roughing tool; 2, bent roughing tool; 3,
pointed finishing tool; 4, goose neck tool; 5, square nosed finishing tool; 6, offset tool; 7, parting
tool; 8, facing tool; 9, boring tool for through holes; 10, boring tool for blind holes; 11, recess-
ing tool. (From Kaczmarek, J., Principles of Machining by Cutting, Abrasion and Erosion, Peter
Peregrines, Stevenage, UK., 1976. Reproduced by permission of IEE.)

[ Turning tools ]

I
| .

[ Bimetallic ] [ Monometallic ]
v
r i ] [ Tool steel ’

Detachable joint [ Permanent joint to a steel shank High-speed steel

Mechanical joint to the ~ Welded Brazed Glued
tool holder high- sintered metal
(throwaway tips) speed carbide tip oxide tip
steel
FIGURE 5.3

Classification of turning tools.

LI+

=

where
l,is length of approach in mm
I, is the length of overrun in mm
lis the length of cutting in the direction of feed motion
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TABLE 5.1
Turning Tool Features
Property Level
Rake angle —20° to +30° normal
+5° to +20° recommended
Clearance angle 6°-15° normal
8°-12° recommended
Main edge inclination angle 0°-5°
Auxiliary edge inclination angle ~ 5°-10°
Approach angle 45°, 60°, or 90°
Nose radius 1-2 mm
Shank cross section Rectangular (commonly used)
Square (withstand bending stresses)
Round (boring and threading tools)
Iy L
1
N ’
{/\
o~
s -
; e |
FIGURE 5.4

Elements of machining time in turning.

If the length of workpiece [ is greater than or equal 200 mm, both /, and [,
may be neglected and the machining time ¢, is equal to the cutting time f,

(t.=t.) where

t.= L (min)

When cutting occurs in several passes, kp, at different tool feed rates S and
rotational speeds N, the machining ¢, (in min) becomes

kp
tn = 2 toi (Min)
i=1
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5.2.3 Elements of Undeformed Chip

As shown in Figure 5.5, the depth of cut ¢, in mm, is calculated from

d—de, .
t=——(min
5 (min)
where
d is the initial diameter of workpiece in mm
d; is the diameter of the machined (final) surface in mm

The chip cross-sectional area (shaded area) A, in mm? becomes

A.=St=hb

where
h is the chip thickness in mm
b is the workpiece contact length with the cutting tool in mm

For the main cutting edge angle y (45°-90°), A. becomes
A, = Sbsiny(mm?)

The higher the machining accuracy requirements and the harder the
workpiece material, the smaller will be the undeformed chip area A, and the
greater is the cutting edge angle y. The ratio of the depth of cut to the feed
rate, m, is taken as m=t1/s.

The value of m depends upon the material being machined and the
accuracy requirements. Most frequently m is taken as 5 < m < 10 (Kaczmarek,
1976). In rough turning, feed rates are often contained within the range
0.2-0.6 mm/rev and the depth of cut is kept within the range 0.5-5 mm.

N

l
L

—§_l
dg

o .._I s "
b

FIGURE 5.5
Elements of chip formation in turni
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5.2.4 Cutting Forces, Power, and Removal Rate

The main (tangential) cutting force F, (Newton) in the direction of the cutting
speed V can be calculated from

where k, is the specific cutting energy in N/mm?. Therefore, the cutting
power N_in kW becomes

RV
"~ 60x10°

C

The motor power N, required is given in kW by

RV
60x10° M,

m

where n,, is the mechanical efficiency of the machine tool used in the cut-
ting operation. The rate of material removal (VRR) in mm?3/min is also
given by

VRR=10°VS¢t

or

VRR =nd,,StN

where d,, is given in mm by

_d+df

dav
2

In turning, three components of force are shown in Figure 5.6:

* The main cutting force F,: in the direction of the cutting speed V,
tangential to the cut surface and at right angles to the turning axis.
Both V and F, determine the cutting power required by the main
spindle drive.

e The feed force F,: in the direction of feed motion. Both F, and the feed
rate f (mm/min) determine the power required by the feed drive.

® The radial force F,: in the direction of workpiece radius.
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FIGURE 5.6
Force components in turning.

Because the feed rate f (mm/min) is very small compared to the cutting
speed V and F; <« F,, the principal force influencing the cutting power is
the main cutting force component F,. Because there is no motion in the
radial direction, the power consumed by the radial component F, is zero.
Thus, the cutting power is calculated based on the main cutting force
component F, only.

Kaczmarek (1976) reported average values of the force components in
turning steel, F,=(0.4-0.6) F, and F,=(0.2-0.3) F,. In case of turning cast iron,
F.=(0.33-0.6) F,, and F,=(0.15-0.3) F,. Therefore, there is no need to deter-
mine all the force components accurately, it is sufficient to know F, and both
F, and F, can be determined approximately.

The force components F,, F,, F, can be measured using lathe dynamom-
eters (Shaw, 1984) and (Youssef and El-Hofy, 2008). The main cutting force F,
can, however, be calculated using the power consumed in cutting (N, —-N,)
according to the following equation:

_60x10°(N; —N,)

E
Vv

(N)

where
N; is the input electrical power during cutting (kW)
N, is the input electrical power at no load (kW)
V is cutting speed in mm/min

The value of the specific cutting resistance k, (N/mm?) can be determined from
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5.2.5 Factors Affecting the Turning Forces
5.2.5.1 Factors Related to Tool

Tool material: According to Kaczmarek (1976), the effect of tool material on the
cutting forces can be explained by the following causes:

® Various forces of adhesion and cohesion between particles of mate-
rial closely adhering to each other

e Various shapes and sizes of crystals that mechanically influence
friction between the tool and the chip and workpiece

* Resistance of the surface layer to pressure that is decisive for the
actual contact between the chip and the tool face

Rake angle: As the rake angle vy increases, the specific cutting resistance k,
decreases and so the main cutting force F, for soft materials due to the
decrease of the magnitude of plastic deformation.

Setting angle x: As the tool setting angle c increases, the main cutting force
F, and the radial force F, decrease, while the axial component F, increases.
For a given chip area A, the increase of y increases the chip thickness &
and decreases the tool contact length b. Then the specific cutting energy
k, decreases and F, and F, decrease. The dependence of the cutting forces
on the setting angle % is shown graphically in Figure 5.7. Accordingly, F,
has a minimum value at x=60° The influence of x on F, and F, is greater
than in case of F,, and with increasing y, F, diminishes and F, increases
(Kaczmarek, 1976).

Tool wedge angle p: As the wedge angle p increases, the rake angle ydecreases,
and hence, F,, F,, and F, increase, given the clearance angle o is maintained
constant.

Clearance angle a: As this angle decreases, the friction force between the tool
and the workpiece rises, and consequently, the cutting forces rise; however,
this effect can be neglected.

Cutting edge inclination angle A: With the range of the cutting edge inclina-
tion angle A from —5° to +5°, the influence of this angle on the main cutting
force F, can be neglected. On the other hand, the effect of A on both F, and F,
is more pronounced.

Nose radius: With a curvilinear nose edge, greater cutting forces are created
by the relatively long length of the cutting edge. The great influence is on the
radial force F, and it is practically nonexistent as far as the axial component
F, is concerned.

Tool shape: Form-cutting tools may cause cutting force variations of the
order of 20%-30% as compared with the ordinary cutting tools.

Tool wear: Crater wear increases the actual rake angle and, consequently,
reduces the cutting forces. Flank wear raises the friction forces by increasing
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FIGURE 5.7

Influence of the main cutting edge angle on cutting forces. (From Kaczmarek, J., Principles of
Machining by Cutting, Abrasion, and Erosion, Peter Peregrines, Stevenage, U.K., 1976. Reproduced
by permission of IEE.)

the contact area between the tool and the workpiece, which raises the cut-
ting forces.

5.2.5.2 Factors Related to Workpiece

Material structure: Experiments showed that the highest cutting forces occur
during the cutting of steels having sorbitic structure and spheroidal car-
bides. In the case of steels having lamellar pearlitic structure, the cutting

forces are lower.

Hardness and ultimate tensile strength: Kaczmarek (1976) reported the
increase of the cutting forces as the hardness and ultimate tensile strength of
the workpiece material increased.

5.2.5.3 Factors Related to Cutting Conditions

Undeformed chip: Research results indicated that the influence of the depth of
cut is greater than that of the tool feed rate when > S.
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FIGURE 5.8

Reduction of cutting forces as a result of use of coolant. (From Kaczmarek, J., Principles of
Machining by Cutting, Abrasion, and Erosion, Peter Peregrines, Stevenage, UK., 1976. Reproduced
by permission of IEE.)

Cutting speed: This influences the cutting forces directly, on the speed
of deformation, and indirectly, by influencing the cutting temperature.
With the range of cutting speeds practically applied, the thermal effect
prevails. Results showed that using sintered carbide tools at cutting
speeds exceeding 50 m/min, the cutting forces decrease as the cutting
speed increased.

Coolant: The application of coolant causes a reduction of the cutting forces
as a result of decreased external friction. This effect is more pronounced
in thin undeformed chips and at low cutting speeds. Figure 5.8 shows that
at a cutting speed of 3.7 m/min, the reduction of the cutting forces ranges
between 15% and 40% depending on the feed rate S. At high cutting speeds,
between 60 and 90 m/min, the effect of coolant disappears and the reduction
of forces amounts from 2% to 6%.

5.2.6 Surface Finish

Surface finish is an important factor by which the machinability of a
material is judged. Poor surface finish indicates low machinability and
vice versa. The surface finish depends upon the type of chip formation,
the nose radius, and other machining conditions such as feed rate, cutting
speed, and depth of cut. A discontinuous chip causes cracks; these extend
to the machined surface, cause vibrations, and form ridges on the machined
surface, which deteriorates the surface finish. A continuous chip with built-
up edge (BUE) causes deterioration to the surface finish as fragments of the
BUE periodically fracture and deposit as small particles on the machined
surface. A continuous chip without BUE ensures steady-state (ideal) cutting
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Nose radius, 7,
Machined surface
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FIGURE 5.9
Surface profile produced by rounded nose tool.

conditions and minimum force fluctuations; therefore, a better surface
quality is ensured.

Cutting tools are usually provided with a rounded corner. Figure 5.9 shows
the surface profile produced by such a tool under ideal conditions, where the
peak-to-valley surface roughness R, and the arithmetic average roughness R,
can theoretically be estimated, respectively, from

52

R:
‘ 8n

(mm)

SZ
R,=———(mm
18+/3n, (mm)

The surface roughness increases at higher feed rates and decreases while
using a larger nose radius (Figure 5.10). The same figure also indicates the
decrease of surface roughness at high cutting speeds. Increasing the depth
of cut raises the cutting forces and consequently, the amplitude of tool vibra-
tions. The cutting temperature also rises, which activates the formation of the
BUE. Generally, the influence of the depth of cut is rather small (Kaczmarek,
1976). For a pointed tool, the ideal peak-to-valley surface roughness R, is
shown in Figure 5.11 and can be calculated from

S

Ri=———
coty —coty;

For a surface having triangular irregularities,
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FIGURE 5.10

Influence of tool nose radius on the surface roughness. (From Kaczmarek, J., Principles of
Machining by Cutting, Abrasion, and Erosion, Peter Peregrines, Stevenage, U.K., 1976. Reproduced
by permission of IEE.)
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FIGURE 5.11
Surface profile produced by a pointed cutting tool.

therefore,

S
* 4(coty —cotyy)

where % and y; are the main and auxiliary cutting edge angles. These
equations show that the surface roughness is directly proportional to the
feed rate S. Practically, it is not usually possible to achieve conditions lead-
ing to an ideal surface roughness. The actual surface roughness obtained
during turning is the result of the geometry of the tool and the feed rate
(ideal roughness), in addition to the natural roughness that is a result of
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irregularities occurring in the cutting operation. Boothroyde (1981) dictated
the factors that contribute to the normal roughness as

e Occurrence of BUE
e QOccurrence of chatter or vibrations in the machine tool

® Inaccuracies in machine tool movements such as that of the carriage
on a lathe bed

e Defects in the structure of the workpiece material
¢ Discontinuous chip formation when machining brittle materials

e Tearing of the work material when cutting ductile materials at low
cutting speeds

¢ Surface damage caused by chip flow

5.2.7 Assigning the Cutting Variables

The cutting variables, including the depth of cut, rate of tool feed, and the
cutting speed V, are selected to provide the maximum output and minimum
cost using a given machine tool. The general procedure adopted by Arshinov
and Alekseev (1970) is described as follows:

1. Select the maximum possible and feasible depth of cut.
2. Select the maximum possible feed rate.
3. Calculate the cutting speed.

This procedure is based on the fact that for ordinary single-point tools
(>0 at t>S5), the cutting temperature, tool wear, and tool life are influ-
enced most by the cutting speed and then by the depth of cut and the rate
of feed, respectively. Table 5.2 shows the recommended cutting speeds for
different workpiece materials, while Figure 5.12 provides the flowchart for
that procedure.

5.2.8 Solved Example

A steel rod 250 mm long and 200 mm in diameter is being reduced to 190 mm
in diameter all over its length in one travel. The machine spindle rotates at
500 rpm, whereas the tool is moving at an axial feed of 0. 5 mm/rev; calculate
the following:

e Material removal rate (mm3/min)

e The specific cutting energy in N/mm? if the consumed power is
2.5 kW

* Main cutting force
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TABLE 5.2

Approximate Range of Recommended Cutting
Speeds for Turning Operations

Work Material Cutting Speed (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

Source: Kalpakjian, S., Manufacturing Processes for Engineering
Materials, Addison-Wesley, Menlo Park, CA, 1997.

Note: (a) These speeds are for carbides and ceramic cutting
tools. Speeds for HSS tools are lower than indicated.
The higher ranges are for coated carbides and cermets.
Speeds for diamond tools are considerably higher than
those indicated. (b) Depths of cut, f, are generally in the
range of 0.5-12 mm. (c) Feeds, s, are generally in the
range of 0.15-1 mm/rev.

* The cutting time
® The specific power consumption in kWh/mm?
¢ The maximum surface roughness if the tool nose radius is 1.25 mm

Solution

Given the initial rod diameter d=200 mm, final rod diameter d;=190 mm,
length of rod /=250 mm, rotational speed N=500 rpm, and feed rate
5=0.5 mm/rev, the depth of cut t is given by

d_df:200_190:
2 2

5mm

_ AN wx200x500
1000 1000

=100 m/min

The material removal rate VRR is

VRR =10°V#S = 10° x 100t x 5% 0.5

=785 mm?>/min
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Select the depth of cut, £ for n passes
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v
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L train in the machine < cutting torque

v

The force required to cause deflection
to the workpiece within certain limits < |
2 52,05
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v

Select cutting speed
N, < the main drive motor power

v

[ Perform machining

A

A

FIGURE 5.12
Assigning cutting variables flowchart.

The cutting power N, is given by

4
60,000

C

where F, =k, tS

_ kitSV kyx5x0.5x100m

25= =
60,000 60,000
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The specific cutting energy is
k,=191 N/mm?>
Cutting force, F,, is

F,=191x5%x0.5=4775N

The machining time, for />200 mm, /,=/,=0

y L +I+1, 250

m = =1.0 min
f 0.5x500

Specific power consumption=2.5/785 x 60=>5.3 x 10> kWh/mm?
The surface roughness R,

2
R, _ S _05x0.5x1000 _ 25 um
8n 8x1.25

5.3 Drilling

Drilling is a method of machining by cutting used for making holes by
means of twist drills. The process involves two basic motions: the primary
rotary motion and the auxiliary linear feed motion. In the horizontal drill-
ing operation, the workpiece performs the rotary motion, while the tool
undergoes the linear feed motion. This type is used to drill long holes using
automatic, turret, and center lathes. In the vertical drilling arrangement, the
tool performs, simultaneously, both the rotary and feed motions using the
drilling standard machines. This type of drilling is the most important and
widely used (Figure 5.13).

Through-hole drilling produces holes through the workpiece, whereas
in blind-hole drilling, the hole reaches a certain depth in the workpiece
material.

Based upon the engagement of the drill cutting edge, drilling is achieved
in a solid material, while in the secondary drilling (enlarging) operation,
only parts of the cutting edge are working in the cutting operation.
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Feed + rotation

Twist drill

FIGURE 5.13
Elements of drilling operation.

5.3.1 Drill Tool

The cutting tool used for drilling is the twist drill shown in Figure 5.14. Drills
are classified by the material from which they are made, method of manu-
facture, length, shape, number and type of helix or flute, shank, point char-
acteristics, and size series. The drill point is characterized by the following:

Lip angle x and the double-lip angle 2y, also known as the point
angle.

Length of transverse cutting edge [, and the chisel edge inclination
angle A,

Distance between lips 21,

Land width f; that plays the role of the trail edge in the portion
adjoining the lip.

Land inclination angle A, measured on the peripheral surface of the
drill diameter d; it is also called the inclination angle of flute helix.

Figure 5.15 shows the normal, longitudinal, and transverse cross sections
of the drill point. Drilling is a complex 3D cutting operation with the
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V
Working part

Cutting part

FIGURE 5.14

Twist drill and its point. 1, Lip; 2, face; 3, chisel edge; 4, flank; 5, flute; 6, land; 7, mark recess;
8, shank taper; 9, tang. (From Kaczmarek, J., Principles of Machining by Cutting, Abrasion, and
Erosion, Peter Peregrines, Stevenage, UK., 1976. Reproduced by permission of IEE.)

cutting conditions varying along the entire cutting edge from the axis to the
periphery. Figure 5.16 shows that the rake angle normal to the cutting lip y
decreases from the periphery toward the drill center:

_ﬁ tan}\q

tany=
any d tany

where
d is the drill diameter
d, is the diameter that corresponds to the rake angle y

5.3.2 Elements of Undeformed Chip

During drilling, the cutting speed V (m/min) is the peripheral speed mea-
sured on the outer diameter of the drill. Therefore,
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FIGURE 5.15
Normal longitudinal and transverse cross section of the drill point. (From Kaczmarek, J.,

Principles of Machining by Cutting, Abrasion, and Erosion, Peter Peregrines, Stevenage, U.K., 1976.
Reproduced by permission of IEE.)

N2

>

FIGURE 5.16
Rake angle at selected points of a twist drill.

_ N

=000 T/ min)

14

where
d is the outer diameter of the drill in mm
N is the drill rotational speed in rev/min
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FIGURE 5.17
Elements of undeformed chip in drilling and enlarging operation.

The actual peripheral speed in drilling varies along the cutting edge of the
tool point, from zero at the center to a maximum value V at the tool periphery.
The feed rate S is the speed of the rectilinear motion of the drill in mm/rev.
Figure 517 shows the shape of the undeformed chip formed in drilling.
Generally, the drill can be considered as a two-lathe tool point engaged in
internal straight turning. Therefore, the depth of cut, ¢, for each of them is
d/2. The distance by which every point of the cutting edge will advance in
the axial direction is S/2 in mm/rev.
The undeformed chip area A, for a single cutting edge
S _d_Sd

Ac=—X—

el 2
2%y =y mm)

or
Ac.=hb
where £ is the chip thickness to be removed by each drill lip.
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For a cutting edge angle y, which is constant and depends on the particular
application, the chip area is

S
A 2sm)(

where b is the undeformed chip length. In case of the hole enlarging, the chip
area A, is given by

Aczgxd—do — S(d_do)
2 2 4

where d, is the diameter of the primary hole in mm.

5.3.3 Cutting Forces, Torque, and Power

As shown in Figure 5.18, the drilling forces are decomposed into two main
components that are situated at a distance (4/4) from the drill axis. Each com-
ponent is further decomposed in three directions:

® The axial components F,; and F,, are in the direction of the tool feed
that is parallel to the drill axis.

® The circumferential (cutting) components F,; and F,, are in the
direction perpendicular to the projection of lips in the plane normal
to the drill axis.

e The thrust components F,; and F,, are in the direction parallel to the
projections of the drill lips on the plane normal to the drill axis.

The resultant axial drilling force F, becomes

Fa=Fal+Fa2

The resultant torque M is

M=M, - M,(N mm)

where

d d
Mv=Fv15=Fv2§(N mm)

M, =F12kq=F,2kg(N mm)
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Fv2

FIGURE 5.18
Drilling forces.

For a properly sharpened drill, it is possible to assume that
Fv1:Fv2:FV(N)

and
Pal = FaZ = Fa(N)

If the drill is not properly sharpened (F, #F,,), a side force may act on the
drill, which typically leads to the production of inaccurate holes caused by
the side drift of the drill.

The main cutting force F, acting on each lip can be calculated from

F v = kSAC
where

k, is the specific cutting energy in N/mm?
A is the chip cross-sectional area in mm?
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E =k, S—d=k5bh
4

-
2siny

In the majority of cases, F,, and F,, are considered to counterbalance each
other. Hence, M, =0, and

M=MV:FVé
2

2
e (i
4 )\ 2 8

The total drilling power, N,, can be written as

Nt=NC+Nfd(kW)

where
N, is the main (cutting) drilling power
N4 is the feed power

Ignoring the feed power (Ny; =0), the total power N, is equal to the main cut-
ting power N.. Hence,

EV  kSdV

= = kW
60x10° 4><60><103( )

Nt:NC

The motor power N, becomes

kSdV

= 0V W
4><6O><103nm( )

where 1, is the mechanical efficiency of the drilling machine.

5.3.4 Factors Affecting the Drilling Forces

The drilling torque M and the axial thrust force 2F, are affected by many
process parameters as shown in Figure 5.19.
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FIGURE. 5.19
Factors affecting drilling forces.

5.3.4.1 Factors Related to the Workpiece

Workpiece material: The cutting forces depend upon the hardness of the work-
piece material or its ultimate tensile strength. The higher the ultimate tensile
strength and the hardness (Brinell hardness number (BHN)) of the material,
the greater will be the axial force 2F, and the drilling torque M.

5.3.4.2 Factors Related to the Drill Geometry

Drill diameter: The larger the drill diameter d, the greater the undeformed
chip area A, will be and, consequently, the larger the drilling forces F, and
the moment M, which is the multiplication of F, by the drill radius d/2.

Helix angle ),: The helix angle of the drill flutes A, affects the torque M and
the axial thrust since it determines the rake angle of the drill. Because

it follows that the greater the helix angle A;, the larger is the rake angle v at
each point of the lip, the more easily the chip is formed, and consequently the
lower the drilling torque M and the axial thrust force 2F,.
Point angle: The increase of point angle 2y increases the axial thrust force.
Additionally, the undeformed chip thickness /1 also decreases as ) increases
because

hzgsinx
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Under such circumstances, the main drilling force F, and the resulting
torque M decreases, provided that all other machining conditions are kept
unchanged.

Chisel edge angle . 4,: Arshinov and Alekseev (1970) reported that the longer
the chisel edge angle A, the higher the drilling torque and the axial thrust
2F,. Thinning the web reduces the axial thrust by 30%-35% compared to a
drill having unthinned web.

Drill wear: The increase of drill flank wear raises both the axial thrust force
2F, and the drilling torque M by about 10%—16%.

5.3.4.3 Factors Related to Drilling Conditions

Feed rate: Higher drill feed rate S increases the chip cross-sectional area A,
that in turn raises the cutting forces F, and the resultant torque M. Under
such conditions, thicker chips (large h) are cut, which raises the chipping
resistance as well as the axial thrust force 2F,.

Cutting speed: There is no visible influence of the cutting speed on the axial
thrust 2F, and the drilling torque, M.

Drilling depth: The increase of the drilling depth generates improper condi-
tions related to the delivery of the cutting fluid, chip ejection, and heat evo-
lution. Under such conditions, the drilling tool wear increases as well as the
drilling torque M and the axial thrust force 2F,.

Cutting fluid: The use of a suitable cutting fluid reduces the axial thrust
2F, and the drilling torque M by 10%-30% for steel, 10%-18% for cast iron,
and 30%—40% for aluminum alloys compared to dry drilling (Arshinov and
Alekseev, 1970).

5.3.5 Drilling Time
The time for drilling or enlarging a through hole of length [ (mm) is deter-
mined by

tn = STI:T (min)

where
L., is the total drill travel necessary for making the given hole in mm
S is the feed rate in mm/rev
N is the drill rotational speed in rev/min

As shown in Figure 5.20, the length of drill travel L, can be expressed by

Ly=L,+I+],(mm)
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FIGURE 5.20
Elements of drilling tool travel.

where

d
I,=—cot
5 cotx

where
I is the length of the drilled hole (cutting length) in mm
I, is the amount of overrun, usually 2-3 mm
I, is the tool approach distance in mm

For machining blind holes, /,=0. Hence,

L.=1+I

5.3.6 Dimensional Accuracy

The accuracy and shape of drilled holes is much more important than sur-
face quality. There are errors (Figure 5.21) that occur to various degrees as a
result of
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FIGURE 5.21

Errors in hole geometry.

1. Error in shape occurring when the hole diameter is not uniform
throughout the depth of the hole

. Burrs that are formed at the entrance to and exit from the workpiece
. Errors in hole location

. Errors in roundness

91 = W DN

. Errors in dimensions
For high-accuracy requirements, the following should be considered:

1. The machine tool must be rigid enough to assure that no machine
elements are deformed by the cutting forces.

2. The tool feed must be directionally stable.

3. The cutting tools must be properly ground so that balanced forces
that eliminate the deflection of the cutting tool during machining
are ensured.

4. The axis of the spindle, sleeve, and the tool must coincide.
5. The workpiece must be properly clamped.
6. The drilling tools must be guided using suitable guide bushes.

Table 5.3 shows the average diameter increase for drilled holes having
different diameters.
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TABLE 5.3

Average Diameter Increase of Drilled Holes

Hole Increase Value, d,,,, — d.,,,, (mm)

Nominal Hole Drilling without Drilling with
Diameter (mm) Drill Guide Drill Guide
<6 0.12 0.07
6-10 0.16 0.09
10-18 0.21 0.12
18-30 0.27 0.16
30-50 0.34 0.21

Source: Kaczmarek, J., Principles of Machining by Cutting,
Abrasion and Erosion, Peter Pergrenius, Stevenage,
UK., 1976. Reproduced by permission of IEE.

5.3.7 Surface Quality

Drilling is a roughing operation and, therefore, the accuracy and surface fin-
ish are not of primary concern. For higher accuracy and good surface quality,
drilling must be followed by some other operation such as reaming, bor-
ing, or internal grinding. Deterioration of the surface roughness produced in
drilling is mainly caused by

¢ Chip flow across the drill flutes that scratches the machined surface
¢ Chip particles that are welded to the drill land and form the BUE

¢ Drill feed marks

¢ Drill taper toward the shank

Kaczmarek (1976) reported drilling surface roughness in the range of
10-20 um R, for steel and cast iron depending upon the cutting conditions.
When using a coolant and a rigid drilling machine, a roughness of less than
5 um R, can be obtained.

5.3.8 Selection of Drilling Conditions

Figure 5.22 depicts typical drilling operations, while Figure 5.23 illustrates
the procedure for selecting the drilling variables. Tables 5.4 and 5.5 show the
recommended feeds and speeds for drilling various engineering materials
using different tools.

5.3.9 Solved Example

A hole is to be drilled in a block of aluminum alloy having a specific cut-
ting energy of 2000 N/mm? using 20 mm diameter twist drill at a feed
of 0.2 mm/rev. The spindle rotation is at 900 rpm. Calculate the drilling
torque M, material removal rate VRR, and the drilling power N..
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[j I . .
/ l -
ﬁ Drilling Counterboring Reaming 7/1/ : %

Step drilling Countersinking I
Spot-facing

FIGURE 5.22
Drilling operations.

Reduce Select the rate of feed S taking into
feed account the required surface finish, the
drill strength, etc.

N

Select the cutting speed, V'
Select rotational speed, N
Select from the nearest N from the
machine

v

Calculate the actual cutting speed ]

)

A 4

Calculate the axial feed force 2 F¢
Check for the feed mechanism
N, < the mail drive motor power

A 4

Perform machining

FIGURE 5.23
Assigning drilling variables flowchart.

Solution

Given k,, 2000 N/mm? 4, 20 mm; S, 0.2 mm/rev; and N, 900 rpm, the chip
cross-sectional area A. can be calculated from

Sd
=—=1 2
A. 1 mm
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TABLE 5.4

Recommended Feeds and Speeds for Drilling Various Materials

Cutting Feed

Hardness Drill Speed Rate Helix Point
Material Drilled (HB) Material (m/min) (mm/rev) Angle (°) Angle (°)
Aluminum and 45-105 HSS 107 z 32-42 90-118
its alloys
Copper and its
alloys
High To 142 HSS 61 z 15-40 118
machinability
Low To 124 HSS 21 z 0-25 118
machinability
High-temperature
alloys
Cobalt-base 180-230 HSS-Co 6.1 W 28-35 118-135
Iron-base 180-230 HSS-Co 7.6 X 28-35 118-135
Nickel-base 159-300 HSS-Co 6.1 W 28-35 118-135
Iron
Cast (soft) 120-150 HSS 43-46 z 20-30 90-118
WC 27-50 Y 14-25 90-118
Cast (medium 160-220 HSS 24-43 Y 20-30 90-118
hard) wC 27-50 X 14-25 90-118
Hard chilled 400 WC 9 X 0-25 130-140
HSS 27-37 Y 20-30 90-118
Malleable 112-126 WC 30-46 X 14-25 118
HSS 18 Y 20-30 116
Ductile 190-225 WC 24-30 X 14-25 118
Manganese and 50-90 HSS 46-122 Zz 25-35 118
its alloys
Plastics HSS 30 Y 15-25 118
WC 30-61 X 15-25 118
Plain carbon steel
t0 0.25C 125-175 HSS 24 Y 25-35 118
to 0.50 C 175-225 HSS 20 Y 25-35 118
t00.90 C 175-225 HSS 17 Y 25-35 118
Alloy steel
Low carbon 175-225 HSS 21 V4 25-35 118
(0.12-0.25)
Medium carbon 175-225 HSS 15-18 X 25-35 118
(0.3-0.65) 488+ WwC 23-30 0.01-0.04 25-35 118
Stainless steel
Austenitic 135-185 HSS-Co 17 X 25-35 118-135
Ferritic 135-185 HSS 20 X 25-35 118-135
Martensetic 135-175 HSS-Co 20 z 25-35 118-135
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TABLE 5.4 (continued)
Recommended Feeds and Speeds for Drilling Various Materials
Cutting Feed
Hardness Drill Speed Rate Helix Point
Material Drilled (HB) Material (m/min) (mm/rev) Angle (°) Angle (°)
Precipitation- 150-200 HSS-Co 15 X 25-35 118-135
hardened
Tool 196 HSS 18 Y 25-35 118
241 HSS 15 Y 25-35 118
Titanium
Pure 110-200 HSS 30 X 30-38 135
o and o—f 300-360 HSS-Co 12 Y 30-38 135
B 275-350 HSS-Co 7.6 w 30-38 135
Zink alloys 80-100 HSS 76 Z 32-42 118

Source: Machining in Vol. 16 of Metals Handbook, ASM International, Novelty, OH, 1989.

Reproduced by permission of ASM International.

TABLE 5.5

Feed Rates for Materials Listed in Table 2

Feed Rate in mm/rev for Drill Diameters Of

Code 3.2mm 6.4 mm 12.7 mm 19.1 mm 25.4 mm
w 0.038 0.08 0.089 0.114 0.13

X 0.05 0.089 0.15 0.216 0.265
Y 0.08 0.13 0.20 0.267 0.217
Z 0.08 0.15 0.25 0.394 0.483

Source: Machiningin Vol. 16 of Metals Handbook, ASM International,
Novelty, OH, 1989. Reproduced by permission of ASM
International.

The main cutting force F, becomes

F, =ksA.=2000 N

The drilling torque M becomes

d

M=FV§=20,OOO N mm

The rate of material removal VRR can be calculated from

VRR=2(A

Vv

=y2=
2) 22
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where V is the cutting speed in m/min

~mdN _ mx20x900

= = =187 m/min
1000 1000
VRR =10’ x18mx 0-2x20 56,520 mm®/min

The drilling power N.

= RV _ 2,000x18m ~1.838 kW

60,000 60,000

L]
5.4 Reaming

Reaming is a method of finishing holes using a multipoint cutting tool
called the reamer. The kinematics of reaming is similar to that of drill-
ing where the tool rotates and feeds toward the workpiece as shown in
Figure 5.24. Regarding the machining accuracy, reaming is divided into
preliminary reaming where roughing and medium accuracy are obtained.
Finish reaming is used to finish holes to a high degree of accuracy.

u I Reamer
7

Workpiece

=

FIGURE 5.24
Kinematics of reaming.
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TABLE 5.6

Average Allowance in Rough Reaming

Reamer Diameter (mm) Upto20 21-35 3645 46-50 50-60 61-70 71-80
Allowance (each side; mm) 0.5 0.75 1 1.25 1.5 1.75 2

Source: Kaczmarek, ., Principles of Machining by Cutting, Abrasion and Erosion, Peter Pergrenius,
Stevenage, U.K., 1976. Reproduced by permission of IEE.

Preliminary reaming and finish reaming are often applied after hole
drilling in order to raise their accuracy. In this regard, the accuracy level
obtained in drilling ranges between classes 14 and 10 and the surface
roughness is between 2.5 and 3.0 um R,. Preliminary reaming produces
accuracy classes of 12-9 and a roughness of 2.5 um R,. This is related to
the larger number of cutting edges of the reamer (>2), which permits more
uniform cutting forces, which reduces the possible tool deflection. The
machining allowance cut by preliminary reaming depends on the reamer
diameter as shown in Table 5.6.

5.4.1 Finish Reamers

Finish reaming follows the drilling and preliminary reaming process. It pro-
duces an accuracy class of 8-5 and a roughness of 0.8-3.2 um R,. For large
diameters and high-accuracy requirements, three reaming passes are usu-
ally applied. Finish reaming may be either machine or hand type. Finish
reamers are made either of the tool steel or sintered carbides. Figure 5.25
shows a finish reamer that has a working part and a shank. The working part
is made of the following sections:

X [/)N v/‘
~—»|
«—— d,—» — ¢
—  ——

— d —»

FIGURE 5.25
Finish reamers.
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Centering taper: It is present in through-hole reaming and is characterized
by the angle 2y and length [, (1-3 mm).

Cutting part: It has a length [,=1.3 to 1.4h cot2y (2y is the centering taper
angle) and carries the main cutting edges, it has a lip angle y (0.5°-1.5°) for
steel hand reamers. In machine reamers, 2y =15° for machining through
holes in steel and y =5° in cast iron. In case of reamers with sintered carbide
points y =30°-45°,

As shown in Figure 5.25, the rake angle of the cutting section y=0°-10° for
tool steel reamers and y=-5°-0° for sintered carbide reamers. Smaller
angles are recommended for brittle materials, while larger ones are used
for ductile materials. The clearance angle o ranges between 6° and 15°.

Sizing section: It gives the correct dimensions to the hole and smoothes its
walls. Its length ranges from 0.3 to 0.25 of the reamer diameter. In this section,
the rake angle g is close or equal to zero, while the clearance angle is similar
to that of the cutting section. The finishing edges have a land of 0.08-0.5 mm
for tool steel reamers and 0.15-0.25 mm for sintered carbide ones.

Back taper: It reduces the friction during machining and avoids scratch-
ing the machined surface when the reamer is withdrawn out of the hole.
The exit taper converges toward the shank at an angle y, (0.005-0.008 mm)
per 100 mm in hand reamers and 0.04-0.08 mm per 100 mm in machine
reamers.

The number of the cutting edges in the working part of the reamer Z_

Z.=1.5Jd +(2 to 4)

where d is the nominal diameter of the reamer in mm (see Table 5.7). Flutes
for reamers may be straight for machining brittle materials or helical ones
for machining ductile ones. The helix angle on the periphery A, is taken from
7° to 8° for hard steel and cast iron and A, = 12°-20° for soft steel and malleable
cast iron, while A, =35°-45° when machining light alloys.

5.4.2 Elements of Undeformed Chip

Like drills, reamers have a rotary cutting motion and an axial feed motion.
During reaming, the cutting speed V (m/min) is the peripheral speed mea-
sured on the outer diameter of the drill. Hence,

TABLE 5.7
Number of Teeth Related to Reamer Diameter

Reamer Diameter (mm)  2-10 11-20 21-30 3140 41-50 51-80 81-100
No. of teeth, Z_ 6 8 10 12 14 16 18

Source: Youssef, H. A., Theory of Metal Cutting, Alexandria, Dar Al-Maaref, Egypt, 1976.
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_ N
1000

1% (m/min)

where
d is the outer diameter of the reamer in mm
N is the reamer rotational speed in rev/min

The feed rate S is the speed of the rectilinear motion of the reamer in mm/rev.

For a reamer having Z_ cutting edges, the feed per cutting edge S, of the
reamer is therefore

S, =i(mm)

The feed rate f, in mm/min, can be calculated from
f=SN (mm/min)

Figure 5.26 shows the shape of the undeformed chip formed in reaming.
The undeformed chip area A, for a single cutting edge

A.=S5,H(mm?)

or

A.=hb

7
2

NN\

FIGURE 5.26
Elements of undeformed chip in finish reaming.
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where & is the chip thickness to be removed by each cutting edge:
h=S,siny
For a cutting edge angle y, the chip area A, is

A.=bS,siny

where b is the undeformed chip length that is equal to the length of the active
part of the cutting edge:

b = t = d — do
siny 2siny
where
t is the depth of cut
d, is the diameter of the predrilled hole
— d— do
="

Generally t=0.0054 +0.1 mm.
The depth of cut ¢ in finish reaming is taken, according to Table 5.8, from
0.05 to 0.25 mm depending on the reamer diameter.

5.4.3 Forces, Torque, and Power in Reaming

Force, torque, and power in reaming can be calculated as in the case of drill-
ing. The main cutting force F, acting on each cutting edge of a reamer, can
be calculated from

where
k, is the specific cutting energy, N/mm?
A_is the chip cross-sectional area in mm?

TABLE 5.8

Average Allowance in Finish Reaming

Reamer Diameter (mm) Upto5 6-10 11-15 1630 31-50 5160 61-80
Allowance (each side) mm 0.07 0.1 0.125 0.150  0.150 0.20 0.25

Source: Kaczmarek, J., Principles of Machining by Cutting, Abrasion and Erosion, Peter
Pergrenius, Stevenage, U.K., 1976. Reproduced by permission of IEE.
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The resultant torque on the reamer will be given by

M=ZCFV(d°+t)
2

The total drilling power, N, can be written as

_ ZEV
60x10°

(kW)

C

The motor power N,

N.

m

Np=—(kW)

where 1, is the mechanical efficiency of the drilling machine used. Because
of the small cross-sectional area of the chip, the force, torque, axial thrust
force, and reaming power are low.

5.4.4 Reaming Time
The time for reaming a through hole of length I is determined by

. =S%(min)

where
L., is the total reamer travel necessary for finishing the given hole in mm
S is the feed rate in mm/rev
N is the reamer rotational speed in rev/min

As shown in Figure 5.27, the length of the reamer travel L, can be expressed
by
Lyn=1,++I,(mm)

where

L =%Cotx+(2 to 3)(mm)

where
l;, is the length of the reamed hole (cutting length) in mm
I, is the amount of overrun, usually taken as 2-3 mm
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FIGURE 5.27
Elements of reaming tool travel.

5.4.5 Selection of the Reamer Diameter

For proper selection of the reamer diameter, the following should be
considered:

¢ The amount of oversize cut by the reamer
* The expected wear allowance
* The manufacturing tolerance of the reamer

Figure 5.28 shows the tolerance zones for a reamer diameter on the basis
of the produced hole tolerance. Accordingly, HT is the hole tolerance zone
measured from the nominal hole size, line 0-0:

* AB: upper limit of the reamer diameter
e CD: lower limit of the reamer diameter
® P it minimum expected oversize

* Pra

e HT: hole tolerance

: maximum expected oversize

The reamer tolerance RT is divided into the manufacturing tolerance M; and
the wear allowance W, (see Table 5.9).

RT =W, + M
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0 Nominal size

min

FIGURE 5.28
Tolerance zones for a reamer.

TABLE 5.9

Reamer Allowances

Tolerance, um for Normal Size, mm, of the Reamer Diameter

Tolerance Hole
Component Grade 1-3 3-6 6-10 10-18 18-30 30-30 50-80 80-120
Maximum 2nd 4 5 6 7 8 9 10 12

amount reamer
cuts oversize

P ax 3rd 7 8 10 12 15 17 17 20
Manufacturing 2nd 3 4 5 6 8 9 10 12
tolerance, M; 3rd 7 9 10 12 15 17 18 20
Minimum 2nd 3 4 4 5 5 5 7 8
amount reamer
cuts oversize,
P, 3rd 3 4 4 5 5 5 7 8

min

Source: Arshinov, V. and Alekseev, C., Metal Cutting Theory and Cutting Tool Design, Mir
Publishers, Moscow, Russia, 1970.

5.4.6 Selection of Reaming Conditions

In reaming, due to the low values of the torque, axial thrust force, and con-
sumed power, there is no need for checking the speed and feed with regard
to the strength and available power of the machine tool. Tables 5.10 and 5.11
show the recommended feeds and speeds for reaming.
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TABLE 5.10
Recommended Feeds and Speeds for HSS Reamers
Speed Feed Speed Feed
Material (m/min)  (mm/rev?) Material (m/min)  (mm/rev)
Aluminum 45 A Steel, 130 Bhn 29 A
Bakelite 14 A Steel, 150 Bhn 24 B
Brass, leaded 54 A Steel, 170 Bhn 20 B
Brass, red or yellow 45 A Steel, 200 Bhn 17 B
Bronze, cast 45 B Steel, 230 Bhn 14 C
Bronze, soft 54 A Steel, 260 Bhn 12 C
Copper 13 C Steel, 300 Bhn 6 C
Duralumin 36 A Steel, 130 Bhn 6 C
Everdure 11 B Steel, 360 Bhn 5 D
Glass 3 D Steel, 400 Bhn 3 D
Cast iron, chilled 3 D Steel, cast 7 C
Cast iron, hard 14 C Steel, forged alloy 9 C
Cast iron, medium 20 A Steel, forged carbon 11 C
Cast iron, pearlite 18 A Steel, low-carbon 22 B
Cast iron soft 27 A Steel, medium-carbon 20 BorC
Malleable iron 20 B Steel, high-carbon 14 D
Monel 9 C Steel, stainless 4 C
Nickel 13 C Steel, tool 11 D
Plastic 18 C Titanium 12 A
Rubber, hard 18 B Wood, hard 90 A
Zinc alloy 45 A

Source: Tool and Manufacturing Engineering Handbook, SME, McGraw Hill, Troy, MI, 1976.
Reproduced by permission of SME.
2 Key to feed per revolution.

TABLE 5.11

Key to Feed Rate in Table 4.11

Reamer Diameter (mm) A B C D
3.19 0.153 0.128 0.102 0.077

12.77 0.306 0.255 0.179 0.128

25.54 0511 0409 0306 0.204

51.08 0.817 0.664 0511 0.332

63.85 1.098 0.894 0.715 0.460

76.62 1430 1.149 0.894 0.587

Source: Tool and Manufacturing Engineering Handbook,
SME, McGraw Hill, Troy, MI, 1976. Reproduced
by permission of SME.
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Problems

Turning

5.1

5.2

5.3

5.4

It is required to face a disk of 450 mm outer diameter with a central
hole of 150 mm. A lathe machine is used for that job, the spindle speed
is 50 rpm, feed rate is 0.3 mm/rev, and the depth of cut is 2.5 mm.
The specific cutting energy at these cutting conditions is 1550 N/mm?.
Calculate

a. The machining time

b. The power consumption at the beginning of the operation

c. The power consumption at the end of the operation

If the disk in the preceding problem is faced at a constant surface speed
of 60 m/min, calculate

a. The rotational speed at the start

b. The rotational speed at the end

c. The cutting power at the start

d. The cutting power at the end of operation

It is required to turn a steel shaft having a diameter of 50 mm and
a length of 400 mm on a center lathe that uses a gearbox providing
the following rotational speeds: 63, 100, 160, 250, 500, 710, 1000, and
1600 rpm. The machining has been performed under the following
conditions:

Tool =high-speed steel (HSS)

Cutting speed =231

Feed rate=0.2 mm/rev

Depth of cut=1 mm

Specific cutting resistance =2500 N/mm?

Calculate

a. The machining time

b. The main cutting force

c. The cutting power

d. The volumetric removal rate

e. The ideal surface roughness, R, if the nose radius is 1.5 mm
The specific cutting power in kWh/mm3

-

In a rough turning operation of mild steel bar of 80-72 mm using
a feed rate of 1 mm/rev, cutting speed is 30 m/min, and specific
cutting energy is 1800 N/mm?. This process is followed by a finishing
process to a diameter of 71 mm, feed rate 0.2 mm/rev, cutting

www.EngineeringBooksPDF.com



154

5.5

5.6

5.7

5.8

5.9
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speed 300 m/min, and specific cutting energy 4000 N/mm?. For both
cases, calculate

a. The cutting force

b. The cutting power

c. Surface roughness, R, if the tool nose radius is 1 mm

d. The total machining time for the part if the length is 500 mm

Using a lathe machine having a motor power of 4 kW and mechani-
cal efficiency of 0.85, calculate the maximum feed for turning 85 mm
diameter to 80 mm, the specific cutting resistance of the material is
1800 N/mm? and the spindle speed rotates at 250 rpm.

During external turning operation using HSS tool, calculate the feed rate
if the workpiece rotates at 200 rpm and the process is carried out in two
passes. The original diameter is 102 mm, the final diameter is 92 mm, the
specific cutting resistance is 3000 N/mm?, and the cutting power is 4 kW.

In a turning operation of 90 mm diameter to 85 mm using feed rate
0.4 mm/rev, the ratio between main cutting force (F,) to feed force (F,)
to radial force (F,) is 5:2:1, respectively. The specific cutting resistance
is 3000 N/mm?, and the rotational speed is 150 rpm. Calculate

a. The resultant cutting force

b. The main cutting power

c. The feed power

d. The motor power in kW if the mechanical efficiency is 0.90

For the shown turning operation, the specific cutting energy is
2000 N/mm?. Is the process orthogonal? Why? Calculate the chip area,
cutting force, cutting power, and motor power (0.8 efficiency).

{/\ 200 rpm

100 mm | 90 mm

0.5 mm/rev —=

A lathe, equipped with six-speed gearbox (35, 70, 140, 280, 560, and
1120 rpm), is used to machine a shaft made of extruded brass of 60 mm
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diameter and a length of 500 mm. Its diameter is to be reduced to
55 mm in two cuts using the following conditions:

Roughing  Finishing

Depth of cut, mm 2 0.5
Feed, mm/rev 0.4 0.1
Cutting speed, m/min 100 180
Specific cutting energy, N/mm? 1600 2400

You are required to

a. Select suitable spindle speeds for roughing and finishing cuts

b. Calculate the machining power for both cases

c. Calculate the theoretical surface roughness if the tool nose radius
is1 mm

d. Calculate the total machining time

5.10 It is required to turn a stainless steel component 100 mm diame-
ter and 200 mm long. The depth of cut t is 6 mm and the feed rate
5=0.5mm/rev. A triangular-shaped carbide tip is used to perform the
cut. It has been found that the tool life T (min) is related to the cutting
speed V (m/min), feed S (mm/rev), and depth of cut t (mm) by

_ 5.83x10"
V°St
What cutting speed can be used to produce 10 pieces with a single
cutting edge?

Drilling

5.1 In a drilling operation using a twist drill, the rotational frequency is
5 s71, the feed rate is 0.25 mm/rev, and the drill diameter is 12 mm.
Assuming that k,=2000 N/mm?. Calculate
a. The volumetric removal rate
b. The undeformed chip thickness if the point angle is 120°
c. The drilling torque in Nm
d. The machining time if the workpiece thickness is 25 mm

5.2 A 25mm diameter twist drill is used in a drilling operation at 200 rpm
and feed of 0.125 mm/rev. Calculate
a. The material removal rate
b. The material removal rate if drill diameter is doubled

5.3 Calculate the drilling torque M and the thrust force 2F, required for

drilling 20 mm diameter hole in steel 50 having the ultimate tensile
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5.4

5.5

5.6

5.7

5.8
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strength ¢, of 500 N/mm?. The feed S, torque M, and axial thrust force
are described by

S$=30d /o,
M=454%% (‘N mm)
2F, =1104"%(N)

Calculate the drilling power and machining time when drilling a blind

hole of 16 mm diameter hole and 45 mm depth using 20 m/min cutting

speed, feed rate 0.25 mm/rev, and specific cutting energy 2000 N/mm?.

For these conditions, if the durability was 30 min and Taylor relation is

given by VI"2=C, calculate

a. The durability if the cutting speed is doubled

b. The cutting speed that realize maximum, productivity if the tool
exchanging time is 4 min

Calculate the cutting force, the drilling torque, and power required to

enlarge a 18 mm diameter hole to 36 mm diameter in a nickel chrome

steel (k,=3000 N/mm?) using a tool of 120° point angle, feed rate

0.3 mm/rev, and a rotational speed of 300 rpm.

Calculate the cutting power required to drill 25 mm diameter hole
using 0.15 mm/rev and a cutting speed of 35 m/min if the thrust force
and the drilling torque are given by

M=8004""5"*(N mm)

2F, =400425%5(N)

where
d is the drill diameter (mm)
S is the feed rate in mm/rev

What would be the maximum feed if the maximum available motor
power is 6 kW and the machine efficiency is 90%?

On an upright drilling machine, a 20 mm diameter hole is to be pro-
duced in a plate of SAEE 112 steel, 30 mm thickness. The cutting speed
selected is 10 m/min, and the cutting torque measured is 20 Nm.
Calculate the spindle speed, the depth of cut, the main cutting force,
and the cutting power.

The component shown as follows, 35 mm diameter of brass 70/30 hav-
ing a specific cutting energy 2000 N/mm? is to be machined on the
center lathe using turning tools of carbide k type and HSS twist drills.
The following speeds and feeds are used:
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5.9

Turning: cutting speed 10n m/min, feed rate 0.2 mm/rev

Drilling: cutting speed 5t m/min and a feed rate 0.25 mm/rev

For turning operation, calculate

a. The cutting time when turning 30 mm diameter to the length
of 55 mm

b. The cutting power in kW

For drilling, calculate

a. The depth of cut for when drilling 10 mm diameter
b. The drilling power for d=10 mm
c. The cutting power when enlarging 10 mm diameter to 20 mm

@35
010
- 20 —
30

-

7

55

75

It is required to enlarge a hole having 12 mm diameter to 18 mm
diameter through its length of 60 mm, using a twist drill of point
angle 120°. The spindle rotates at 480 rpm, the feed speed used is
60 mm/min, and the specific cutting resistance of the material is
2000 N/mm?. Calculate the following:

a. Feed rate

b. Cutting power

c. Enlarging time

d. Enlarging torque

Review Questions

5.1

5.2
5.3

What are the factors that control the surface finish in turning? What
are the cutting conditions for finish turning?

Show by neat sketch the constructional features of a twist drill.

Write a short note on lip, helix, and rake angles in drilling.
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5.4
5.5
5.6

5.7
5.8
5.9
5.10
5.11
5.12
5.13

5.14

Fundamentals of Machining Processes

Show the main forces generated during turning operations.

Discuss the main factors that affect the cutting forces in turning,.
Derive an expression for the ideal surface roughness in turning using
rounded nose cutting tool.

State the main factors that contribute to the natural surface roughness.
Show, using a diagram, the geometry of a twist drill.

Derive an expression for the drilling torque in terms of tool diameter,
feed rate, and rotational speed.

Explain the main parameters that affect the drilling torque during
drilling.

Show diagrammatically the main parts and angles of a finish reamer.
Explain the procedure of choosing a reamer diameter.

Show, using line sketches, the kinematics and the undeformed chip
geometry of straight turning, drilling, and reaming.

Explain why, in turning, the feed rate is less than the depth of cut.
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Cutting Flat Surfaces

6.1 Introduction

Machining flat and contoured surfaces is performed with a single-point
cutting tool during shaping for small- and medium-sized workpieces. For
larger workpieces, a process called planing is used. For high production rate
requirements, multipoint milling cutters are used in plain- and face-milling
operations. Additionally, broaching is used for machining surfaces and
internal contours to a high degree of surface quality.

6.2 Shaping and Planing

Shaping and planing are machining by cutting processes that are used to pro-
duce flat and contoured surfaces. Their kinematics involves a reciprocating
main (cutting) motion and an auxiliary feed motion. As shown in Figure 6.1,
the cutting tool in shaping is reciprocating by the ram of the shaper machine,
while the feed is imparted to the workpiece. In planing, the linear reciprocat-
ing (cutting) motion is performed by the workpiece, while the cutting tool
performs the feed motion.

During shaping and planing, cutting occurs only during the working
stroke at a cutting speed V, and the tool feed S (in mm/stroke) is performed
during the noncutting return stroke at the speed V, > V. However, the return
speed may be restricted by the inertia of the heavy reciprocating parts in the
case of planing large components. The high return speed is achieved dur-
ing shaping using the quick return mechanism or a hydraulic mechanism,
as shown in Figure 6.2. Slotting is a similar process to shaping, where the
cutting tool reciprocates in the vertical plane instead of the horizontal one.

6.2.1 Shaper and Planer Tools

Shaper and planer tools may be either straight or gooseneck type, as shown
in Figure 6.3. In most cases, gooseneck tools are used to reduce gouging of

159
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Tool
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Intermittent
feed motion

Machined
surface

Workpiece

Primary
motion
B-planing

FIGURE 6.1
Kinematics of shaping and planing.

the workpiece so that better surface quality may be attained. Shaper, planer,
and slotting tools have rake angles of 5°-10° for high-speed steel (HSS) tools
and range from 0° to —15° in the case of Widia tools. Clearance angles are
6°-8° for HSS tools and from 10° to 16° for Widia tools. The cutting edge
inclination angle is normally 20° and the nose radius is 1-2 mm.

6.2.2 Elements of Undeformed Chip

Similar to the case of machining by turning the chip, cross-sectional area
A, (Figure 6.4) becomes
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E|  Forward cutting speed é Forward cutting speed
E_ i‘ll Velocity diagram ]\ TE: Velocity diagram
= lll Raftio| 161 &
gl Z
—_— o
2 ! Return speed I 2 Return speed
\ Downward pull >
-
,,‘\1' g 5 Sensing 3 _DTD_
I’ . control
I
| L
I
\ Cutting A Return 4 Pilot to
‘\ stroke . stroke | |control valve

Mechanical shaper Hydraulic shaper

FIGURE 6.2
Quick return mechanisms in shaping. (From Ostwald, P.F. and Munoz, J.. Manufacturing
Processes and Systems. 1997. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.)

A.=St=hb(mm?)

or
A, = Shsiny (mm?)
Because
h=_Ssin y(mm)
A.=bSsiny
where
=— ! (mm)
siny

h is the chip thickness in mm

b is the workpiece contact length with the cutting tool in mm
S is the feed rate in mm per stroke

x is the main cutting edge angle (45°-90°)
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Straight shaping tool Gooseneck shaping tool
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Planing tool Slotting tool

FIGURE 6.3
Shaping, planing, and slotting tools.

Workpiece

FIGURE 6.4
Elements of chip formation in shaping.
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The higher the machining accuracy requirements and the harder to machine
the workpiece material, the smaller the undeformed ship area A, and the
greater the cutting edge angle y.

6.2.3 Cutting Forces, Power, and Removal Rate

The main (cutting) force F, (Newton) in the direction of the cutting speed V
can be calculated from

Fv = ksAc (N)

where k, is the specific cutting energy in N/mm?2. Hence, the cutting power
N.in kW becomes

RV
- 60x10°

(kW)

C

Extra power, Ny, is required to overcome friction in the guideways. Therefore,
the total power N, becomes

Ni=N.+Ng

For the shaper machine, N;, becomes

_ (W—-FE)uV
5~ 60,000
For planing,
W+Gy +F)uV
Nfg =
60,000
where

F, is the main cutting force (in the direction of the cutting force V) in N
V is the cutting speed in m/min

W is the weight of the shaper ram/planer table in N

G,, is the weight of the shaper ram/planer table in N

F, is the vertical component of the cutting force in N

P
L is the coefficient of friction in the guideways (0.1-0.3)

The motor power required can be calculated on the basis of the cutting
power N_as

EV

=V (kW
60><103nm( )

m

where n,, is the efficiency of the machine used in the cutting process.
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The maximum cutting force F,, is achieved when the total motor power N,
is utilized in the machining process. Therefore,

3
F, = %(N)

Feed rates and rotational speeds should consequently be selected such that
F, is less than F,,.
For a given feed rate S, the maximum possible depth of cut, t,, becomes

3
_ 60x10°Nw N, (mm)
Vs

The rate of material removal (VRR) in mm3/min is given by

VRR=10°VSt(mm?®/min)

tx

where V is the cutting speed in m/min, which for the shaper machine with a
rocker arm mechanism, is measured at the middle of the stroke; it is given by

S

V=10"NH, (1+ 1) (m/min)

where
H, is the length of machining stroke in mm, which is normally taken as 1.2
times the length of the machined workpiece
1, is the ratio between the return speed V, and the cutting speed V

6.2.4 Shaping Time
The time for shaping a length I times a width B is determined by

tm= % (min)

where
B is the total machining width in mm
S is the feed rate in mm/stroke
N is the speed of reciprocation in stroke/min
As shown in Figure 6.5, the total width B can be expressed by

B:bw +b1+b2 (mm)

where b, and b, are the width allowances, which are taken as 5 mm:
10°V

= m (stroke/min)

H,=1+2A
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FIGURE 6.5
Elements of shaping tool travel.

A=0.1x1

where [ is the workpiece length in mm. Therefore, the machining time ¢,
becomes

— (bw +bl +b2)Hs(1+(1/rs))

10°SV (min)

fm

6.2.5 Selection of Cutting Variables
Using the data of Tables 6.1 through 6.3, the following steps are recommended:

. Determine the depth of cut.
. Select the feed rate.
. Select the cutting speed permitted by the cutting tool.

= W N =

. Calculate the number of strokes/min, correct for the available values,
and then calculate the actual cutting speed.

5. Check for the available power N, >N otherwise, reduce the cutting
speed and then the feed rate.

6. Check that the vertical component of forces is less than or equal to
the minimum force developed by the ram.

6.2.6 Solved Example

A shaper is operated at 2 cutting strokes/s and is used to machine a workpiece
of 150 mm in length at a feed of 0.4 mm/stroke and depth of cut of 6 mm.
Calculate

1. The cutting speed

2. The total machining time to produce 100 components each of 100
mm in width if r,=2

3. The material removal rate
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TABLE 6.2
Typical Speeds Used in Shaping

Cutting Speed (m/min)

Material Roughing Finishing
Aluminum 45 60

Brass and bronze 45 60

Gray iron 18 12 and 30
Low-carbon steel 15 10 and 25
Tool steel 12 18
Heat-treated alloys 3-5 69
Source: Reproduced from ASM International,

Machining, in Metals Handbook, Vol. 16,

ASM International, Materials Park, OH,

1989. With permission of ASM International.

Lower speed is used for broad-nose finishing tools
and high speed for conventional or nose radiused

tools.

TABLE 6.3

Typical Feeds, Depth of Cut, and Removal Rates for Shaping Steel and Gray
Iron (Data Based on 340 Strokes on 3.7 kW Shaper Having a Maximum Stroke

167

Length of 400 mm)
Cutting

Speed Number Feed Depth of Removal Rate

Material (m/min)  of Strokes (mm/Stroke) Cut(mm) (mm?x10%min)
1045 steel 13 21 1.6 4.75 59
(annealed) 1.9 4.75 6.6
1.3 6.35 5.7
9.8 15 1.9 6.35 6.2
Gray cast iron 20 30 0.94 12.7 7.5
1.27 12.7 10.0
0.64 19.1 7.6
0.94 19.1 11.3

Source: Reproduced from ASM International, Machining, in Metals Handbook, Vol. 16,
ASM International, Materials Park, OH, 1989. With permission of ASM

International.

Solution

a. Given that N=2 strokes/s, =150 mm, S=0.4 mm/stroke, b=100 mm,
and t=6 mm, the length of stroke H, is given by

H,=1+2A

H,=1+0.2x1=150+30=180 mm
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The cutting speed, V, is therefore

V=10"NH, (1+1)

Ts

N =2x60=120 stroke/ min
. 1
V=107 x120x180 1+§

V=324 m/min

_ B _b+5+5_ 100+5+5
SN SN 0.4x120
b. For machining 100 pieces, the total machining time is given by
Total t,=2.29%x100=229 min

= 2.29min

m

¢. The volumetric removal rate (VRR) is
VRR=10VSt

VRR=32.4x10°x0.4x6

VRR =77,760 mm?®/min

6.3 Milling

Milling is a machining process where the cutting tool carries out a rotary
motion and the workpiece a rectilinear motion. The process is used to
machine external surfaces, slots, and contoured surfaces using multitoothed
milling cutters or end mills. Milling cutters are also available for cutting sur-
faces of revolution, cutting off metals, machining threads, and cutting gears
as shown in Figures 6.6 through 6.8.

During milling, the process of cutting by each tooth is periodically inter-
rupted and the traverse cross section of the undeformed chip is not constant.
The principal types of milling processes are horizontal (peripheral or plain)
milling and vertical milling that, as shown in Figure 6.6, are characterized
by the following descriptions:

Horizontal (plain) milling: In this type of milling

¢ The cutting teeth are arranged on the surface of the cylindrical tool.

e There is a contact between the cylindrical surface of the cutter and
the machined surface.

¢ The machined surface is parallel to the cutter’s axis of rotation.
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Face-milling cutter

FIGURE 6.6
Plain- and face-milling cutters. (From Arshinov, V. and Alekseev, G., Metal Cutting Theory and
Cutting Tool Design, Mir Publishers, Moscow, Russia, 1970.)

Vertical (face) milling: This type has the following features:

¢ The cutting edges are situated both on the face of the end mill and
on its cylindrical surface.

e There is a contact between the face of the milling cutter and the
machined surface.

* The milled surface is generated at right angle to the cutter axis of
rotation.

Milling cutters with cutting edges that are situated on the face and on a large
part of the cylindrical surface are called shell end mills.

6.3.1 Horizontal (Plain) Milling

Depending on the direction of cutter rotation with respect to the movement
of the workpiece, plain milling is divided into up- and down-milling opera-
tions (Figure 6.8).

Up (conventional) milling: In this case, the direction of workpiece feed,
f, is opposing the direction of the milling cutter rotation, N (Figure 6.9a).
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FIGURE 6.7
Different types of milling cutters. (From Arshinov, V. and Alekseev, G., Metal Cutting Theory
and Cutting Tool Design, Mir Publishers, Moscow, Russia, 1970.)

The chip varies from a minimum value at the tooth entry to a maximum
thickness at the tooth exit. The forces acting on the workpiece are directed
upward. Up milling possesses the following advantages (Youssef, 1976):

* Does not require a backlash eliminator in the milling machine.

e Safer in operation due to the separating forces between the cutter
and workpiece.

* Fragments of built-up edge (BUE) are absent from the milled surfaces.
e The life of the cutter is not affected by the sandy or scaly surfaces.
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FIGURE 6.8
Form milling cutters. (From Arshinov, V. and Alekseev, G., Metal Cutting Theory and Cutting
Tool Design, Mir Publishers, Moscow, Russia, 1970.)

Milling cutter

(a) Workpiece (b) Workpiece

FIGURE 6.9
Up- and down-milling arrangements. (a) Up milling and (b) down milling.

® Loads are not acting suddenly on the teeth.
* Looseness in moving parts is not detrimental to the cutting motion.

Down milling: In this case, the cutter rotation is in the direction of workpiece
feed as shown in Figure 6.9b. The chip thickness varies from a maximum
value at the tooth entry to a minimum value at the tooth exit. The forces in
down milling are directed downward. The advantages of down milling are

e It is possible to use simplified fixtures to mill parts that cannot be
easily held on the machine.

¢ Milled surfaces are not affected by the revolution marks and are eas-
ily polished.

* The method requires lower machining power.
® The tendency of vibrations and chattering is low.
e Cutting edge blunting is less possible.
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FIGURE 6.10
Parts of teeth of solid plain-milling cutter. (From Ostwald, PF. and Munoz, J.: Manufacturing
Processes and Systems. 1997. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.)

Generally, down milling is preferred because it provides favorable cutting
conditions that lead to better surface quality. However, it requires more rigid
equipment without looseness in the feeding mechanism because the cutter
tends to climb on the workpiece.

6.3.1.1 Plain-Milling Cutters

Full nomenclature of the milling cutter teeth can be found in American
National Standard B94.19-1968. Figure 6.10 shows the main parts and angles
of a peripheral (plain) milling cutter.

6.3.1.2 Cutting Speed of Tool and Workpiece Feed

The cutting speed V is the peripheral speed of the cutter rotary motion:

V= TN (m/min)
1000
where
d is the outer diameter of the milling cutter in mm
N is the rotational speed in rev/min

The feed motion of the workpiece may be linear, curvilinear, or helical (gears
and threads). For a linear workpiece motion, a feed rate f in mm/min, and a
milling cutter having Z_ teeth, the feed per revolution, S, equals
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S=£(mm/rev)

The feed per tooth S, in mm/tooth becomes

_f
S,= NZ. (mm/tooth)

Values of feed per tooth, S,, are usually smaller than those normally used in
turning and planing operations.

6.3.1.3 Elements of Undeformed Chip

Depth of cut: Depth of cut, ¢, is the dimension of the undeformed chip that is
removed in a single pass and measured in a direction perpendicular to the
machined surface.

Milling width: Milling width, b, is the dimension of the undeformed chip
measured in the direction perpendicular to the feed motion and parallel to
the machined surface.

Assuming a straight-tooth cutter, the contact angle between the workpiece
material and the tooth, ¢, can be calculated from (Figure 6.11)

aj2—t

CcoS 0=

a2

FIGURE 6.11
Elements of chip formation in plain milling.
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2t
=1-=
cosd

The time of contact between the workpiece material and the cutting tooth, t,,

becomes t, =( 3%0 ) X (;)

3 cos\(1-2t/d)
® 360N
The maximum chip thickness, /,, can be calculated. Because

. he
sin Q.= S

z

h.=S5, sin ¢.= NfZ sin ¢,

C

It follows that

2
sin¢.= 1—(1—%)

d
or
t
ing.=2. |5
sin ¢ \/;
Therefore, h, becomes
n=2L |t
Nz \Nd

6.3.1.4 Forces and Power in Milling

The maximum tangential force on a single tooth, F,, is
F.=kbh. (N/tooth)

F,=kb,, 2f \/? (N/tooth)
NZ.\d

The mean tangential cutting force, F,,, becomes
E.=kbh. (N/tooth)

where &, is mean chip thickness

f \F
F.=kb,, — (N /tooth
NZ d( / tooth)
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The number of teeth cutting at the same time, Z,, is given by

Zo=""7.
21
Because
O.=sin .
7. Ze \F
nt\Nd
where

¢, is the contact angle
Z.is the number of cutter teeth

The total mean cutting (tangential) force, F,,,, caused by the effective number
of teeth, Z,, becomes

kstfbw
Fpe=—2"(N
=N (N)

Variation of cutting forces with time: During plain up milling, the thickness
of the chip to be cut by each tooth increases from zero to a certain maxi-
mum value and decreases to zero again. This means that the cutting forces
will vary in the same trend. Figures 6.12 and 6.13 show typical changes in
peripheral cutting force in up milling using a cutter with straight teeth. Such
diagrams are valid for situations when the contact angle is smaller than the
angular pitch of the cutter teeth. Thus, there is always only one tooth cutting
at a time. Periodic variations of forces cause vibrations, which may lead to
chatter. Better uniformity of tooth loading and quick work is obtained by
increasing the number of teeth cutting at one time or by using helical teeth.
The mean cutting power N, in kW is calculated as follows:

Ne= IV qow)
60x10
g
E‘
Tooth number
FIGURE 6.12

Variation of cutting forces with time during up milling using a single-tooth cutting at a time.
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FIGURE 6.13
Variation of cutting forces with time during up milling when two teeth cutting at a time.

The total power, N,, expressed in kW, becomes
N¢=N.+ Ny =N (kW)

where Ny is the feed power that can be calculated using the horizontal feed

force and the workpiece feed rate f.
The motor power, N, in kW, becomes

N

m

Np=—(kW)

where 1, is the mechanical efficiency of the milling machine used in the
machining operation. The VRR is calculated from

VRR = ftb,, (mm’ /min)

Figure 6.14 shows the resolution of forces for straight up-milling and
down-milling operations. Accordingly, the resultant force R excreted on
the workpiece from a single tooth is given by

R=\,Fn21t +F’
R=\/R+F%
where

F., is the main tangential cutting force
F, is the radial component of force
F, and F,, are the horizontal and vertical components, respectively

For a milling cutter having helical flutes,

R=\Fa+F’+F}
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FIGURE 6.14
Resolution of cutting forces in plain up and down milling.

R=F+F:+F2

where F, is the axial component acting along the cutter axis and is dependent
on the helix angle of the milling cutter. This force can, however, be compen-
sated for by using interlocking cutters with helical flutes having opposite
angles.

6.3.1.5 Surface Roughness in Plain Milling

The cylindrical motion of the milling cutter in relation to the machined
surface generates a surface roughness similar to that shown in Figure 6.15.
The theoretical peak-to-valley surface roughness, R,, can be described as

R ORE
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FIGURE 6.15
Surface roughness in plain milling.

52

Rt:

4d

2
Ri= fz 2
447N

It follows that the maximum surface roughness, R,, in the case of peripheral
milling, increases with the workpiece feed rate, f, and decreases with cutter
diameter d, number of cutter teeth Z_, and cutter rotational speed N. The
quality of machined surface depends also on the workpiece material, cutter
material, tooth shape, coolant type, and the method of coolant application.
The surface roughness differs from the theoretical values for several reasons:

e Runout of the milling cutter tooth tips due to the sharpening and
mounting errors, the bent arbor, and its varying rigidity

* Rounding of the cutting edge and tooth wear
e Irregularities of the cutting edge
e BUE formation

6.3.1.6 Milling Time

In the plain-milling operation shown in Figure 6.16, the milling time, £, in
min, can be calculated from
tn= Lm (min)

f
Ln=L+I1+1, (min)

where
L., is the total length of cutter travel in mm
I, is the length of cutter approach in mm
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4z,

|

FIGURE 6.16
Machining time in plain milling.

lis the length of the surface being milled in mm
I, is the length of cutter overrun in mm

The approach length, [,, and the length of cutter overrun, I, depend on the
depth of cut, t, and the cutter diameter, 4 (both in mm). Then

L,=1,=A+./t(d-t)(mm)

where A ranges between 2 and 5 mm. Because

f=S,Z.N(mm/min)

po FAAYHA=D L

" S,Z.N

6.3.1.7 Factors Affecting the Cutting Forces

These factors are classified according to workpiece material, tool material,
tool shape, and machining conditions (see Figure 6.17).

Rake angle: As shown in Figure 6.18, the decrease of the cutting forces and
power was explained by the degree of plastic deformation decreasing at
lower rake angles.

Cutter diameter: The forces and power decrease due to the reduction of
thickness of the chip 5. Despite the increase of k,, the decrease of chip area
h,xb,, decreases the forces and power (Kaczmarek, 1976).

Number of teeth: For the same feed/tooth, S,, the total resistance may
increase or the number of teeth cutting simultaneously, Z,, may increase.

Cutting edge radius and wear: The forces and power increase with the
increase of edge radius and wear.
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‘Workpiece material
Microstructure
Hardness
Strength

Tool material and shape Cutting conditions

Rake angle Feed rate
Helix angle - Depth of cut
Edge radius and wear i s Cutting speed
Cutter diameter Width of cut

Number of teeth Coolant

FIGURE 6.17
Factors affecting plain-milling forces.

Cast iron

Plain-milling force

Rake angle, y
FIGURE 6.18

Effect of rake angle on cutting forces. (Reproduced from Kaczmarek, J., Principles of Machining
by Cutting, Abrasion and Corrosion, Peter Peregrines. © 1976. With permission of IEEE.)

6.3.1.8 Solved Example

In horizontal milling, if =144 mm, Z =10 teeth, t=4 mm, V=50 m/min,
S,=0.12 mm/tooth, b, =40 mm, and k,=2500 N/mm?, calculate

1. The maximum tangential force on a single tooth

2. The mean cutting power

Solution

a. The maximum hip thickness, #,, is

d

www.EngineeringBooksPDF.com



Cutting Flat Surfaces 181

ho=2x0.12 /i ~0.04mm
144

The maximum tangential force on a single tooth, F,, is therefore
F.=kbhe
F.=2500x40x0.04=4000N

b. The mean cutting power N_ is

1000V _ 1000 x50
nd  mx144

N =110.58 rpm

f=5,Z.N=0.12x10x110.58=132.7 mm/min

Therefore,
E.= kqtfb, _ 2500%x 4 x132.7 x40 —1061.6 N
TN ntx144 x110.58
E.V  1061.1x50 _ 0.88KW

“T60x10° 60,000

6.3.2 Face Milling

Face-milling operations are classified according to the workpiece situation
relative to both the milling cutter and the milling width. Figure 6.19 shows
the different types of face-milling operations that include

Feed Feed Feed

i f
|

1@ &
s | s

Full-face milling Unilateral part-face Bilateral part-face
milling milling

FIGURE 6.19
Different types of face milling.
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1. Full-face milling when the milling width, b, is equal to the milling
cutter diameter.

2. Part-face milling when the milling width, b,, is smaller than the
cutter diameter, d. Unidirectional part face occurs when the mill-
ing cutter protrudes beyond the workpiece surface in one side.
Bilateral part face occurs when the milling cutter protrudes beyond
the workpiece surface in two sides. This may be symmetrical or
nonsymmetrical.

6.3.2.1 Face-Milling Cutters

Figure 6.20 shows face relief and clearance angles of a face-milling cutter.
The axial and radial rake angles are also represented. Table 6.4 shows the
recommended face and rake angles for face-milling cutters.

6.3.2.2 Elements of Undeformed Chip

Figure 6.21 shows the chip formation parameters in face milling. Assuming
the nonsymmetrical bilateral case of an entrance angle ¢, and leaving angle ¢,
as it is, the chip mean thickness can be calculated by integrating the hatched
element and then dividing by the contact length per tooth.

Axial rake angle

Peripheral cutting

edge angle
1st face clearance 45
angle
Nose chamber F tti d
Face relief angle ace cutting edge
angle
1st peripheral
clearance angle
Peripheral relief
angle

Radial rake
angle

FIGURE 6.20
Face, relief, and clearance angles of a face-milling cutter.
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TABLE 6.4
Rake Angles for Face-Milling Cutters
HSS Cast Alloy Sintered Carbide

Radial Axial Radial Axial Radial Axial
Material to Be Milled Rake (°) Rake(®) Rake(°) Rake(°) Rake(°) Rake (°)
Soft cast iron 10-15 10-15 6-8 6-8 3-6 3-6
Mild steel 10-15 10-15 3-6 3-6 0-(=5) 0-(-5)
Hard cast iron 10 10 3-6 3-6 0-3 0-3
Hard alloy steel 10 10 0-3 0-3 0-(-10) 0-(-10)
Aluminum alloys 20-35 20-35 10-15 10-15 10-20 10-20
Magnesium alloys 20-35 20-35 15-25 15-25 15-25 15-25
Yellow brass and bronze 10 10 5 5 3 3
Titanium 0 0 0 0 10 10

Source: Reproduced from SME, Tool and Manufacturing Engineering Handbook, McGraw-Hill,

Dearborn, MI, p. 4.14, 1976. With permission of Cincinnati Machines.

[0} az,

s,
% B P oy

/

[ /
(Pl/&;// O-0,- 0,
iy 0 -
sl E
<%) 17
FIGURE 6.21

Elements of chip formation in face milling.
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For a tool setting angle y =90, the area of the hatched element, A,,, becomes

Au:SZ$n¢(gd¢)

where
S, is the feed per tooth in mm
d is the cutter diameter in mm

The area swept by a single tooth, A, is

o
A= ['s, 2sinodo
o

A,=5, 5 (costy-costr)

The mean chip thickness £, 4, becomes

Z

hm(90)= ( d /2)&

S,(cos ¢L —cos )
Oc

For the setting angle, y, the mean chip thickness &, is

B0y =

S, siny(cos ¢, — cos 0,)
Hing) = Y

The mean cutting force on a single tooth, F,,, is

7 L mr

Fn= kDl

_ kybS, sin X(Cgs d, — cos §,)

Ex
Oc

Because t=bsin y,

_ ktS,(cos@;—cos@,)
Q.

If the number of teeth cutting at the same time, Z,, and the feed per tooth,
S, are

Fa

Z.=% 7.
2n

5= 1
NZ.
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then the total mean force F,, (in the direction of the cutting speed V) becomes

E o ks ft (cos @ —cos @)
me 21N

The peripheral cutting force on the tooth in a full-face-milling operation starts
to increase after 10°, probably as a result of the initial sliding of the tooth on the
material until the chip thickness becomes sufficient for plastic deformation to
begin. Generally, during part-face milling, depending on the entrance angle,
cutting speed, depth of cut, and feed per tooth, the impact of a tooth at the start
of cutting may increase the cutting force by 10%-80% (Kaczmarek, 1976).
Figure 6.22 shows the variation of forces when only a single tooth is cut-
ting. Figure 6.23 shows the case when two teeth are engaged in milling,
while Figure 6.24 shows the total force under such a condition. Figure 6.25

Milling force

Tooth number

FIGURE 6.22
Vertical milling force for one tooth cutting at a time.

Milling force

Tooth number

FIGURE 6.23
Vertical milling force for each tooth when two teeth cutting at a time.

ANAWAWAWAWAWEF AN

Tooth number

Milling force

FIGURE 6.24
Vertical total milling force for two teeth cutting at a time.
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mt //_\

VIR

FIGURE 6.25
Resolution of forces in face milling.

shows the resolution of the cutting force, F,,, and the radial force, F,, in the
horizontal (feed) direction, F,, and the vertical direction, F,,.
The mean cutting power, N,, can be calculated as

N.= EnV i
60x10

For a mechanical efficiency 1, the motor power, N,,, becomes
N,

m

(kW)

Np=—(kW)

6.3.2.3 Surface Roughness

Figure 6.26 shows the surface profile produced by a face-milling cutter. Under
ideal conditions, the peak-to-valley surface roughness, R,, and the arithmetic
average roughness, R,, can theoretically be estimated, respectively, from

SZ
“n

Ry

FIGURE 6.26
Theoretical surface profile produced by rounded nose teeth milling cutter.
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FIGURE 6.27
Theoretical surface profile produced by pointed teeth milling cutter.

SZ
R,=—
18/3r,
where 7, is the nose radius of the cutting edges. For a pointed tool, the ideal

R, is shown in Figure 6.27 and can be calculated from

—_— SZ
coty —coty,

t

For a surface having triangular irregularities, the average roughness, R, is
given by

Therefore,

Ry=——— 2
4(coty —coty1)

where x and y; are the main and auxiliary cutting edge angles, respectively.

These equations show that the surface roughness is directly proportional
to the feed per tooth, S,.

Table 6.5 shows that the permissible R, values are considerable greater than
that of plain milling. Moreover, the roughness in the direction of workpiece
feed is greater than that in the traverse direction, especially at larger values
of feed rates (Youssef, 1976).

6.3.2.4 Machining Time

Referring to Figure 6.28, the machining time in face milling is calculated by

Ly _ Ln

fS,ZN

tn=
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TABLE 6.5

Permissible R, Values for Plain- and
Face-Milling Operations

Permissible R, Values (pm)

Operation Plain Milling  Face Milling
Fine milling 5 12
Semi-fine milling 12 32
Rough milling 13 80

Source: Youssef, H.A., Theory of Metal Cutting,
Alexandria, Dar Al-Maaref, Egypt, 1976.
With permission.

FIGURE 6.28
Calculation of face-milling time.

where L, is the total length of the workpiece travel:

Lm:§+2A+l—y

SEER)

6.3.2.5 Solved Example

In a vertical slot-milling operation, the cutter diameter is 30 mm, the number
of teeth is 8, the depth of cut is 4 mm, the feed/tooth is 0.1 mm, the workpiece
feed rate is 120 mm/min, the specific cutting resistance is 1000 N/mm?, and
the length of the part is 300 mm. Calculate the milling time and the motor
power if the mechanical efficiency is 90%.
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Solution

Given d=30 mm, Z.=8, t=4 mm, S,=0.1 mm/tooth, f=120 mm/min,
k,=1000 N/mm?, and /=300, the machining time in face milling is calculated
as follows: For slot milling,

y=4/(15)*—(15)* =0mm

The total length of the workpiece travel

Lmz%+2A+l=3—20+2><3+300—11=321mm

o= tn 3215 g in
F 120

The milling cutter rotational speed N

_f 120
S5.Z. 0.1x8

=150rpm

p ok ft(cos @1 —cos @,)
m 2nN

_ 1000120 x 4(cos 0 — cos 180)
2x%x3.14%x150

Fmt = 1019N

_ mdN _ 3.14x30x150
© 1000 1000

The mean cutting power, N,

EnV _1,019%x14.13 _ 0.24 KW

" 60x10° 60,000

=14.13m/min

C

The motor power, N, becomes

N = 024 =0.27kW
NMm 0.9

N, =

6.3.3 Selection of Milling Conditions

The following procedure can be followed to select milling conditions (see
Figure 6.29 and Tables 6.6 and 6.7):

1. Select the depth of cut based on the machining allowance to be
removed.

2. Consider a maximum workpiece feed for roughing, taking into
account the size of the milled surface, workpiece material, strength
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Select the depth of cut, ¢ for n passes
t=0.75-2 mm, roughing

I

Reduce Select the maximum possible feed Select 1
feed/tooth per tooth, S, for roughing ¢ ecfeidsma

1 v

Select the cutting speed, V'
Select rotational speed, N
N, < the main drive motor power

[ Calculate workpiece feed rate, f ]

t=0.1-0.4 mm,
finishing

A

Calculate the feed force
Check for the feed mechanism

Perform machining ¢ h 4
FIGURE 6.29

Assigning cutting variable flowchart.

of the cutter edge, rigidity of the machine, and the strength of the
feed mechanism of the milling machine.

3. Select the cutting speed for the given tool life.

4. Calculate the cutter rotational speed, select from the available speeds
by the machine drive, and calculate the actual cutting speed V.

5. Calculate the feed rate, f, select from the available machine settings,
and calculate the actual feed per tooth.

6. Calculate the cutting power, which should be less than the motor
power.

7. Calculate the feed force, which must be less than the maximum force
permitted by the feed mechanism of the milling machine.

6.4 Broaching

Broaching is a machining by cutting method using a multipoint broach
tool having successive cutting points where each point projects a distance
further than the proceeding one in the direction perpendicular to the
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TABLE 6.6
Cutting Speeds in Milling, m/min
HSS Tools Carbide-Tipped Tools

Work Material Rough Mill  Finish Mill Rough Mill  Finish Mill
Cast iron 15-18 24-33 54-60 105-120
Semi steel 12-15 20-27 42-48 250-300
Malleable iron 24-30 33-39 75-90 120-150
Cast steel 14-18 21-27 45-54 60-75
Copper 30-45 45-60 180 300
Brass 60-90 60-90 180-300 180-300
Bronze 50-45 45-54 180 300
Aluminum 120 210 240 300
Magnesium 180-240 300450 300-450 300-450
SAE steels

1020 (coarse feed) 18-24 18-24 90 90

1020 (fine feed) 30-36 30-36 135 135

1035 23-27 27-36 75 75

X-1315 53-60 53-60 120-150 120-150

1050 18-24 30 60 60

2315 27-33 27-30 300 300

3150 15-18 21-27 60 60

4150 12-15 21-27 60 60

4340 12-15 18-21 60 60
Stainless steel 18-24 30-36 72-90 72-90
Titanium 9-21 180-300 60-70 60-70

Source: Reproduced from SME, Tool and Manufacturing Engineering Handbook,
McGraw-Hill, Dearborn, MI, pp. 6-32,1976. With permission of Cincinnati
Machines.

Note: Feeds should be as much as the work and equipment will stand, provided

a satisfactory surface finish is obtained.

broach length. As shown in Figure 6.30, the process is similar to planing by
a series of consecutive tools. The basic motion in broaching is the rectilin-
ear motion of the broach or the workpiece. In some cases, broaching carries
a rectilinear and rotary motion, while the workpiece is kept stationary, or
vice versa.

Broaching dates back to the early 1850s when it was used for cutting
keyways in pulleys and gears. After World War I, broaching contributed
to the rifling of gun barrels. Advances in broaching machines and form
grinding during the 1920s and 1930s enabled tolerances to be tightened
and broaching costs to become competitive with other machining pro-
cesses. Today, almost every conceivable form and material can be broached.
If properly used, broaching can greatly increase productivity, hold tight
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Workpiece

_
LS %
2

Broach

FIGURE 6.30
Elements of broaching operation. (Reproduced from Kaczmarek, J., Principles of Machining by
Cutting, Abrasion and Erosion, Peter Peregrines. Copyright 1976. With permission of IEEE.)

OO

Round Keyway Spline Square Hexagonal

FIGURE 6.31
Internal shapes machined by broaching.

tolerances, produce precision finishes, and minimize the need for highly
skilled machine operators.

The cutting speed in broaching is the speed of progressive motion of the
broach or workpiece. Broaching is classified as internal or external accord-
ing to the broach position in relation to the workpiece. Broaching is gener-
ally used for machining through holes of any cross-sectional shape, straight
and helical slots, external surfaces of various shapes, and external and
internal toothed gears (Figure 6.31). Regarding the application of broaching
force, pull-broaching and push-broaching operations are distinguished in
Figure 6.32.

The machining allowance in broaching can be removed by depth cut-
ting when the entire width of the machining allowance is cut at one time or
side cutting when the entire depth of the machining allowance is cut at one
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Workpiece
length

Workpiece
length

N TN
Push
FIGURE 6.32
Broaching operations.
S ‘ [=—Width —— l=— Width —| La-— Width ——|
T f Flols ki
) | [T
) & | 1] &
A a | | | [a)
& ¢ I —
s,
Depth cutting Side cutting Depth and side cutting
FIGURE 6.33

Broach cutting model.

time. In depth and side broaching, the width of the machining allowance is
divided among several teeth (Figure 6.33). Depending on whether the broach
tooth edges are parallel to the final contour of the machined surface or not,
broaching can be either parallel or nonparallel (Figure 6.34).

6.4.1 Broach Tool

The broach has three main cutting sections, as shown in Figure 6.35. The
teeth in the first section usually have deep chip-holding spaces and a steep
rise from one tooth to the next for rough cutting of the machining allowance
layer by layer.

The central section of the broach gradually establishes the workpiece
profile at a progressively smaller feed per tooth. The last several teeth
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7\
) N

(a) (b)

FIGURE 6.34
(a) Parallel and (b) nonparallel broaching.

Cutting motion

- n————— .
Chip breakers R .e ar
; pilot
Slot 4
- T
== |
F
Pull end L._-Pri(l):tt ~———— Roughing teeth I+ Semi ~} :
finishing Finishing
teeth teeth
FIGURE 6.35

Broach tool.

provide finishing and final sizing (finish teeth), smoothen out the machined
surface, and produce the final shape and dimensions within specified toler-
ance limits. Burnishing teeth that have no cutting edges sometimes follow
the finishing teeth.

The tooth configuration depends on the material being broached and
whether rough or finished cutting is being performed. The length of the
broach is determined by the amount of stock it removes from the workpiece,
the length of the cut, and the allowable chip thickness for the material to be
machined. The length of the cut principally determines the tooth spacing
and stock removal determines the number of teeth required. Each cutting
tooth can resemble a turning tool having similar characteristics, as shown
in Figure 6.36.

Clearance angle: The clearance angle, o, is the angle between the tangential
plane and the tool point flank that is ground onto the lands to reduce friction.
For roughing and semifinishing teeth, the entire land is relieved by a. On the
finishing teeth, the part of the land immediately behind the cutting edge is
often left straight so that repeated sharpening (by grinding the face of the
tooth) does not alter the tooth size. Table 6.8 shows the broach teeth clearance
angles. For internal broaching, the clearance angles are made as small as pos-
sible to minimize the loss of broach size by regrinding.
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size

FIGURE 6.36
Geometry of cutting teeth (1 and 2) and finishing teeth (3) of a broach. (From Arshinov, V. and
Alekseev, G., Metal Cutting Theory and Cutting Tool Design, Mir Publishers, Moscow, Russia, 1970.)

TABLE 6.8
Broach Clearance Angles o
Clearance Angle (°) Clearance Angle Tolerance (min)
Kind of Teeth
Semifinishing

Type of Broach Roughing  Semifinishing Sizing Roughing and Sizing
Round and spline 3 2 1 +30 +15

broaches
Keyway broaches 3 2 2 +30 +30
External surface

broaches
Adjustable 34 34 34 +30 +30
Nonadjustable 34 2 1-2 +30 +15

Source: Arshinov, V. and Alekseev, C., Metal Cutting Theory and Cutting Tool Design,
Mir Publishers, Moscow, Russia, 1970.

Rake angle: This angle depends on the workpiece material and the type
of broach teeth (Figure 6.36). Table 6.9 shows typical rake angles for cutting
teeth of the broach.

Land: This, f,, is a chamber on the flank side of the finishing teeth having a
width 0.05-0.2 mm that supports the cutting edge against stresses.

Pitch: This, P, is the distance between the teeth that is determined by the
length of the cut and is influenced by the type of workpiece material. A
relatively large pitch is required for roughing teeth to accommodate the
greater chip load. The tooth pitch is smaller for semifinishing and finishing
teeth to reduce the overall length of the broach tool. P is calculated so that
two or more teeth cut simultaneously to prevent the tool from drifting
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TABLE 6.9
Rake Angles for Cutting and Sizing Teeth

Cutting  Sizing

Work Material Yeur ) Ysiz ()
Steel 15 5
Gray cast iron 10 5
Malleable iron 10 -5
Aluminum and its alloys 20 20
Bronze and brass 5 -10

Source: Youssef, H.A., Theory of Metal Cutting,
Alexandria, Dar Al-Maaref, Egypt,
1976. With permission.

or chattering. For a work surface length / in mm, the pitch P is generally
taken as

P=1.25-1.51 (mm)

To avoid the formation of long chips, notches are uniformly cut into the teeth
of the broach in a staggered manner (chip breakers). Chip breakers can, how-
ever, be eliminated for workpiece materials producing discontinuous chips,
narrow broaches (<3 mm), and for the finishing teeth.

6.4.2 Chip Formation in Broaching

The feed per tooth (thickness of the undeformed chip), S,: This can be described
as the difference between positions of consecutive cutting teeth. When
many teeth are simultaneously engaged in the cutting process at large S, an
increase in power, beyond that rated by the machine, occurs. When S, is too
small to permit the teeth to bite into the workpiece, the end result is a glazed
finish. Table 6.10 presents typical values of feed per tooth in broaching.

TABLE 6.10
Feed per Tooth in Broaching
Feed per Tooth S, (mm)

Bronze
Type of Broach Steel CastIron  Aluminum  and Brass
Round 0.015-0.03  0.03-0.10 0.02-0.05 0.05-0.12
Straight spline 0.025-0.08  0.04-0.10 0.02-0.10 0.05-0.12
Serration spline 0.03-0.15  0.04-0.08 — —
Square and hexagonal ~ 0.015-0.08  0.08-0.15 0.02-0.10 0.05-0.20
Keyway 0.05-0.20  0.06-0.20 0.05-0.08 0.08-0.20

Source: Arshinov, V. and Alekseev, C., Metal Cutting Theory and Cutting Tool
Design, Mir Publishers, Moscow, Russia, 1970.
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The width of the undeformed chip, b: This is measured along the cutting edge.
For parallel broaching,

b is the width of a keyway

b is the circumference of a round broach

b is the total length of all the splines

The undeformed chip area, A,, for a single cutting edge is given for a single
spline as
A, =S5,b(mm?)
for n, splines,
A, =ny,S,b (mm?)
and for circular broach,
A,=§,md(mm?)

where
S, is the chip thickness to be removed by each tooth in mm
d is the diameter of broach in mm
b is the spline width in mm

The total chip cross-sectional area, A, is

A=A, Z.(mm?)

where Z, is the number of teeth simultaneously cutting, given by

z=L
P
where

lis the length of workpiece in mm
P is the average pitch of the broach teeth

6.4.3 Broaching Force and Power

The main cutting force F, acting on the broach tool can be calculated from
F,=kA.(N)

where
k is the specific cutting energy in N/mm?
A_is the chip cross-sectional area in mm?

F,=ksS,2b(N)
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TABLE 6.11
Recommended Speeds for Broaching Various Materials
Internal Broaching External

Material (m/min) Broaching (m/min)
Steel ¢, 500-700 N /mm? 2-8 6-10

Cast iron 2-8 5-10

Brass and bronzes 2.5-10 8-12

Light metals 3-14 10-15

Source: Youssef, H.A., Theory of Metal Cutting, Alexandria, Dar
Al-Maaref, Egypt, 1976. With permission.

This holds true where Xb is the total length of the cutting edges for all the
teeth in simultaneous cutting operation. Therefore,

S b=Z.b(mm)

Fv = ksszbzenb (N)

l
F= ksSzbnb F (N)
where n, is the blunting factor (1.25-1.5).

The broaching power, N,, can be written as

RV kSmulbV
60x10°  60x10°P

The motor power, N, is given by

(kW)

c

N.

Npn=—%(kW)

m

where n,, is the mechanical efficiency of the broaching machine used.

Table 6.11 shows the recommended broaching speeds for broaching vari-
ous materials. Because the broaching speeds are normally below 3 m/min,
HSS is a suitable broach tool material.

6.4.4 Broaching Time

The broaching time, t,,, for a single pass of a broach is calculated by

where
L, is broach travel length in mm
ky is the coefficient taking into account the return stroke of the broach
(if any) (1.14-1.5)
V is the cutting speed in m/min
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FIGURE 6.37
Elements of broach tool travel. (Reproduced from Kaczmarek, J., Principles of Machining by
Cutting, Abrasion and Erosion, Peter Peregrines. © 1976. With permission of IEEE.)

As shown in Figure 6.37, the length of broach travel, L,,, can be expressed by
Lyn=1+1+1,+1,(mm)
The length of broach, 1, is

lb = lcb + lfb
lb =Z.Py+ 7Py

where
l'is the length of workpiece surface in mm
l, is the broach length in mm
I, is the length of approach (10-20 mm)
I, is the length of overrun (1020 mm)
Z.is the number of cutting teeth
Zis the number of finishing teeth
P, is the pitch of cutting teeth in mm
Py, is the pitch of finishing teeth in mm
L is the cutting length of broach in mm
ly, is the finishing length of broach in mm

6.4.5 Accuracy and Surface Finish

For normal surface and internal broaching, tolerance grade of IT7 and IT8
can be obtained; however, under special conditions, a tolerance grade of
IT6 can be achieved. Table 6.12 shows the maximum surface roughness (R,)
obtained in broaching and turning processes. The accuracy and surface
finish in broaching depends on many factors, including

e Workpiece composition and homogeneity

® Broaching speed
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TABLE 6.12

Surface Roughness (R,) for Broaching and Turning
Machining R, pm

(Cutting) Process  Finishing  Semifinishing Roughing
Broaching 0.63-2.5 2.5-10 10-25
Turning 14 4-63 63-250

¢ Broach angles and wear
¢ Coolant used
* The type of broach (push or pull)

6.4.6 Broach Design
The length of broach: This, I, is given by
ly=Z.P
The total number of teeth, Z_, can be calculated from

7t
S

where
P is the average pitch
S,m is the mean depth removed per tooth
t is the allowance to be removed

Pitch P: The choice of the proper pitch should ensure the following:

1. That sufficient chip space that depends on the workpiece material
and the type of chip formed. The chip space number X is given by

ACS
A,

where, as shown in Figure 6.38, A, is the chip cross-sectional area
of space in mm? and A, is the area of longitudinal chip removed per
tooth, which equals (I S,). The chip space number X ranges between
3 and 10 depending on the workpiece material and the type of the
broach teeth. It follows that

X=

As=5,1X

because
A, = ho
3.6
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FIGURE 6.38
Chip space in broaching.
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FIGURE 6.39
Recommended shape of broach tooth.

According to Figure 6.39, the tooth height h,=0.4 P, the broach land
f,=0.3 P, and the chip space radius f,=0.5 P, and the chip space
radius, ry, is 0.5:

P*=9S,I1X

P=3{S5,IX

2. The resultant cutting force should be less than the maximum
allowable force for the given cross section of the broach. For a broach
having a minimum cross-sectional area, A,, and an allowable tensile
strength, 6,; (N/mm?),

Fv S Aocall

l
ksszbnb E < Aocall
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Therefore, the minimum pitch, P,,, becomes

k.S ,bm, .1
Ao: sYz nb <P
Ay O

3. The resultant broaching force, F,, should be less than the maximum
allowable force by the machine, F,

m/c*

Fm/C>FV
F./c > kS,b L
m/c sznbp

l

m/c

Prje=ksS, My, <P

4. In order to make sure that 2-3 teeth are in actual contact at a time,
the pitch of broach P should be less than half the workpiece length
(I/2), which ensures better guidance and smoother cutting action.

5. Sometimes a broach tool will vibrate when a heavy cut is taken,
especially when the cutting load is not evenly distributed. Vibration
may also occur when tooth engagement is irregular or when an
extremely hard workpiece is machined. To prevent possible chatter-
ing, the pitch, P, of the broach can be made nonuniform.

6.4.7 Solved Example

It is required to machine a keyway of 10 mm in depth and 20 mm in width
for a 100 mm long steel workpiece having a specific cutting energy of
2500 N/mm?. Assume a chip space number 8 and a cutting speed 6 m/min;
calculate the total broach length and the maximum cutting power.

Solution

For roughing, S, is taken as 0.08 mm/tooth and 8 mm to be removed. For the
roughing broach,

P=3.S,IX
P.,=30.08x 100 x8 = 24mm

:i:i =100 teeth
S, 0.08
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loo=Z.Py,=2400mm

Z. =@ = 4 teeth
24

Fv: ksszbnbze
F,=2500x0.08 x20x1.25x4=20,000 N

RV 20,0006
60x10°  60x10°

=2kW

C

For the finishing broach, S, is taken as 0.02 mm/tooth to remove 2 mm:

Py, =34/0.02%x100x8=12mm
l
be<(2:50)mm

Zs 2 =100 teeth

_t_
S, 0.02
lp=2;P=12x100=1200mm

ZEQ =~ 8teeth
12

F,=k.S,bnuZe
F,=2500%0.02x20x1.25% 8
F,=10,000 N

_ EV = 10,000>;6 —1KW
60x10 60x10

C

Problems
Shaping

6.1 During machining a steel workpiece on the shaper machine using a
quick return ratio of 3:2 with a workpiece of 200 mm in length and a
cutting speed of 18 m/min, calculate the number of strokes/min.
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6.2  For a shaping process under the following conditions

Cutting speed =15m/min

Feed rate =0.6 mm/stroke

Depth of cut =3.2mm

Workpiece =CI block 200 mm x 300 mm
Specific cutting energy =2500 N/mm?

Shaper: no. of strokes/min =12,19.5,30.7, 49, 78.6, and 125.8

a. Select a suitable number of strokes/min if the quick return
ratio=V,/V=2.

. Calculate the machining time.

. Calculate the machining power.

. Calculate the motor power if the machine efficiency is 85%.

e. Suggest a suitable tool material.

o n T

6.3  Calculate the shaping time for a workpiece length 600 mm and width
150 mm using a feed rate of 0.5 mm/stroke. The height of the part
was 60 mm, which was reduced to 50 mm at a maximum depth of cut
2 mm, the cutting speed was 30 m/min, and V:V, was 1:2.

6.4  The force on the cutting tool of a planer machine is 8000 N when its
table makes 300 strokes/h for a length of 1.8 m. The friction resistance
on the cutting stroke is 600 N. Calculate the power required for the job
neglecting the friction on the return stroke.

Horizontal milling
6.5 Consider the horizontal milling of a mild steel workpiece having a spe-
cific cutting energy k,=3200 N/mm? under the following conditions:
Machining parameters
e V=60m/min
e =360 mm/min
e (=32mm
Cutter
e Z.=16teeth
d=144 mm

e b, =40 mm

Calculate

The maximum chip thickness

The maximum tangential force/tooth

The machining power, N,

The expected surface roughness

Machining time for one travel if the workpiece length =360 mm

P o TR
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6.6

6.7

6.8

6.9

A component is to be machined on the horizontal milling machine
with a slab-milling cutter of 100 mm diameter. The cutter has 16 teeth,
cutting speed is 100 m/min, and the feed per tooth is 0.025 mm.

Calculate

a. The rate of work feed in mm/min

b. Milling power if the depth of cut is 5 mm, width of cut=120 mm,
and the specific cutting energy k,=2400 N/mm?

c. The machining time for one travel if the part length is 500 mm

A horizontal milling operation is performed under the following
conditions:

Workpiece

e Mild steel St 50

e b,=10mm

e k,=2000 N/mm?
Cutter

¢ d=100 mm
e Z.=12teeth
Machining parameters
¢ V=30m/min
¢ =600 m/min
e t=4mm
Calculate
The maximum chip thickness.
The maximum tangential force per tooth.
The total tangential force acting on the cutter.
The total machining power.
The motor power if the efficiency is 85%.
If the number of teeth under the first cutting conditions is 6 teeth
(instead of 12).
f. What would be the machining power?
g. What is your comment?

P o TR

In Problem 6.7, if the depth of cut is increased from 4 to 8 mm and the
feed is decreased from 600 to 300 m/min so that the metal removal rate
remains constant, estimate

a. The maximum chip thickness.

b. The machining power.

c. Compare with the previous case.
d. What is your comment?

A slot of 20 mm width is to be produced using the horizontal mill-
ing machine. The specific cutting energy of the workpiece material is
5000 N/mm?, the cutting speed is 50 m/min, the feed rate is 200 mm/min,
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the depth of cut is 4 mm, the cutter diameter is 140 mm, and the number
of teeth is 12.

Calculate
a. The mean total cutting power
b. The expected surface roughness

Vertical milling

6.10 A vertical milling operation is to be performed under the following
conditions:
Cutter: Diameter 200 mm and 16 teeth
Workpiece: k,=1160 h,,-%% N/mm? and the width of cut is 100 mm.
Machining parameters: Cutting speed is 50 m/min, feed rate is
350 mm/min, and depth of cut is 5 mm.
Consider the following two cases:
1. Bilateral part-face milling with the center of the cutter at the
center of the workpiece
2. Unilateral part-face milling with the cutter tangent to one of
workpiece edge
Calculate
a. The mean chip thickness.
b. The machining power.
c. Which setting is preferred and why?
6.11 During a vertical milling operation for cast iron block of 600 mm
length, the consumed power is 1.2 kW when using a cutter, having
100 mm diameter and 6 teeth, depth of cut 6 mm, workpiece feed rate
200 mm/min, cutting speed 20 m/min, and a cutting width of 40 mm.
Calculate
a. The cutter rotational speed
b. The specific cutting energy
¢. The machining time for one travel
Broaching
6.12 Make the necessary design calculations for a 4 x 8 broach used to cut
a keyway of 25 mm length in a hub of cast iron gear. Assume the chip
space number is 6, S, for roughing is 0.1 mm, and S, for finishing is
0.04 mm.
6.13 It is required to machine a slot 120 mm length, 15 mm width, and

6 mm depth in 16 MnCr5 steel. Design the necessary broach if the
feed per tooth is 0.16 mm. Calculate the main cutting force assuming
6.;=350 N/mm?, the chip space number is 10, the blunting factor is
1.34, and the specific cutting resistance is 4500 N/mm?.
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6.14

6.15

6.16

6.17

A roughing section of the broach is to remove stock 3.2 mm deep from

a steel surface 200 mm long and 50 mm wide. Each tooth takes a cut

that is 0.13 mm deep. How long should the roughing section be? What

pull force should the broaching machine exert if the specific cutting

resistance of the material is 4000 N/mm?? What power is required for

a broaching speed of 6 m/min? And if the efficiency is 80%, calculate

the motor power required.

A broaching operation must produce a slot 8 mm wide by 3 mm deep

by 60 mm long in workpiece of 1035 steel. The depth of cut per tooth,

S,,1s 0.075 mm:

a. How many teeth will the broach have?

b. If the pitch is 12.5 mm, how long will the broach be?

c. If the specific cutting resistance is 4000 N/mm?, find the broach-
ing force.

d. If the cutting speed is 20 m/min, what is the power required?

It is required to machine a slot with a length 100 mm, a width 15 mm,
and a depth 4 mm. Calculate the length and pitch of the broach
assuming a superelevation of 0.15 mm/tooth. Calculate the main
power in kW if the specific cutting resistance is 2000 N/mm? and
a cutting speed of 10 m/min is used. Also, calculate the broaching
time.
The part shown in the following, made from mild steel having a spe-
cific cutting resistance of 2500 N/mm?, is to be machined by shaping
and finished by grinding (before making the slot):
a. Shaping the top surface at a cutting speed of 12 m/min, return
speed 24 m/min, and feed rate 0.5 mm/stroke, to remove a depth
of cut 2 mm, calculate the following;:
e Shaping power
¢ Shaping time
b. When milling the slot shown in the same figure using a cutter
diameter 100 mm, 12 teeth, at a cutting speed 10x m/min, and
feed rate 60 mm min. Calculate

¢ The milling power
* VRR
* The milling time

c. The same slot is to be made by broaching using a rise per tooth
0.08 mm, chip space number 10, cutting speed 10 m/min, and
blunting factor 1.25. Calculate the following;:

* Broach length.
* Broaching power.
* Which is faster to make, the slot milling or broaching?
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Review Questions

6.1 Show, using line sketches, the elements of undeformed chip during
shaping, peripheral milling, and face-milling operations.

6.2 Compare between peripheral up- and down-milling operations.

6.3  Sketch the different milling operations. Show the milling cutters used
for each case.

6.4 Derive a formula for surface roughness in a peripheral milling
operation.

6.5 Discuss the main factors that affect the cutting force in peripheral milling.

6.6 Derive the formula for calculating the average cutting forces in
(a) peripheral milling and (b) face milling.

6.7  Show the shape and the main angles of a face-milling cutter.

6.8 Draw a broach tool showing main parts and angles.

6.9 Derive a formula to calculate the broaching forces and power.

6.10 Mark true (T) or false (F):

a. In a mechanical shaper, the cutting speed is constant along the

stroke length.

Up milling produces better surfaces than down milling.

Broaching can be used to enlarge holes.

d. In planer machines, the tool reciprocates while the workpiece is
fixed.

e. Milling machines are more productive than mechanical shapers.

f.  Up milling is preferred, provided that the horizontal milling
machine is sufficiently rigid.

g. The feed movement of the shaper machine is performed at the
end of the return stroke.

h. Surfaces produced on vertical milling machines are character-
ized by their flatness compared to those produced on horizontal
milling machines.

i. Ceramic tools are used on planers to produce the best surface
finish.

0o
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High-Speed Machining

7.1 Introduction

High-speed machining (HSM) or high-speed cutting (HSC), for a given mate-
rial, is defined as the cutting speed above which shear localization develops
completely in the primary shear zone. It is preferable to define machining
speeds quantitatively in terms of specific ranges. One suggestion is that
600-1,800 m/min should be termed as HSM, 1,800-18,000 m/min very HSM,
and >18,000 m/min as ultra-HSM. In case of very difficult-to-machine mate-
rials, it is preferable to use the term high-throughput machining rather than
HSM in order to maintain a proper focus on realistic machining conditions.
HSM finds many industrial applications due to the development of tougher,
more refractory tool materials and of HSM spindles. HSM can be used to
machine parts that require the removal of significant amounts of mate-
rial and to machine long, thin webs. The need to reduce cost and increase
machining productivity has created new interests in HSM.

7.2 History of HSM

The concept of HSM was introduced by Salmon during a series of tests
between 1924 and 1931 at cutting speeds up to 16,500 m/min during machin-
ing of aluminum using helical milling cutters. Salmon observed that the cut-
ting speed reached a maximum value at a given cutting speed called the
critical cutting speed. However, as the cutting speed was further increased,
the temperature was decreased and the material and cutter permitted prac-
tical cutting temperatures. Salmon’s findings are now of historical interest
because the interpretations of his theory have been responsible for confusion
and false expectations concerning HSM.

In 1958, Vaughn studied a series of variables involved in the traditional
machining that became very important in HSM. Accordingly, the rate at
which the metal can be machined is affected by

211
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Size and type of the machine

Cutting tool used

e Power available

e Material to be cut

Speed, feed, and depth of cut

These five variables can be broken down further into (Metals Handbook, 1989)

* Rigidity of the machine, cutter, and workpiece

e Variations in speed from the slowest to the fastest, depending on the
machine tool used

¢ Variations in feed and depth of cut from light to heavy and whether
cut dry or with the aid of lubricant or coolant

e Type and material of the cutting tool
¢ Variations in cutter shape and geometry
e Type and physical characteristics of the work material

® Specific requirements of desired cutting speed, tool life, surface
finish, power required, residual stresses, and heat effects

Recent advances in computer control systems have provided the capability of
accurately manipulating high-performance automatic production machines.
Additionally, progress in bearing and spindle design, tool changing, tool
retention devices, and cutter materials made contribution toward proving
Vaughn'’s experiments.

During the 1970s, a series of tests by the U.S. Navy with Lockheed Missiles
and Space Company proved that it was economically feasible to introduce
HSM into the production environment in order to realize major improvement
in productivity. In the late 1970s and early 1980s, General Electric Company
provided a database for machining aluminum alloys, titanium alloys, nickel-
based superalloys, and steels. Today’s definition of HSM may include the use
of high cutting speed, high spindle speed, high feed rate, and high-speed
and feed machining.

7.3 Chip Formation in HSM

Two types of chips are observed during HSM, depending on the type of
work material to be machined and its metallurgical condition (Figure 7.1).
Continuous chips are likely to occur during the HSM of metals or alloys of
BCC/face-centered cubic (FCC) structures, high thermal diffusivity, and low
hardness such as aluminum alloys and soft low-carbon steels.
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FIGURE 7.1

Chips form during HSM. (a) Continuous chips. (b) Shear localized chips. (Reproduced from
Machining, in Vol. 16 of Metals Handbook, ASM International, Novelty, OH, 1989. With permis-
sion of ASM International.)

Shear-localized chips are possible with titanium alloys, nickel-based super-
alloys, and hardened alloy steels, which are characterized by low thermal
diffusivity, hexagonal close-packed crystal structures, and high hardness.
Figure 7.2 shows the shear-localized chip formation process.

It is easier to dispose the shear-localized chips than the continuous chips,
especially at high speeds. However, shear-localized chips are not accom-
panied by a reduction in tool wear. Once the shear localization chips are
formed above a certain speed, they persist with an increase in the cutting

Work material

FIGURE 7.2

Shear-localized chip formation. 1, Undeformed surfaces; 2, part of the catastrophically shear
failed surface separated from the following segment due to intense shear; 3, intense shear band
formed due to catastrophic shear during the upsetting stage of the segment being formed; 4,
intense sheared surface of a segment in contact with the tool and subsequently slide along
the tool face; 5, intense localized deformation in the primary shear zone; 6, machined surface.
(Reproduced from Machining, in Vol. 16 of Metals Handbook, ASM International, Novelty, OH,
1989. With permission of ASM International.)
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FIGURE 7.3

Range of cutting speeds for high-speed milling. (Reproduced from Schultz, H., Ann. CIRP,
41(2), 637, 1992. With permission of CIRP.)

speed. With several metals and alloys, the degree of segmentation depends
on the cutting speed. In this regard, AISI 4340 steel forms continuous chips
at a cutting speed of 120 m/min, although a segmented type is formed at
975 m/min. Additionally, titanium alloy Ti-6Al-4V forms segmental chips at
all speeds irrespective of its heat treatment condition. Typical cutting speed
ranges for HSM are shown in Figure 7.3.

7.4 Characteristics of HSM
HSM is characterized by the following:
1. The cutting forces decrease with increasing speed until a minimum

is obtained at a speed that depends on the material. Beyond this
speed, the force tends to slowly increase (Figure 7.4).
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Cutting force

Cutting speed

FIGURE 7.4
Variation of cutting forces with cutting speed.

Melting temperature

Chip-tool interface temperature

Cutting speed

FIGURE 7.5
Variation of chip-tool interface temperature with cutting speed.

2. The chip—tool interface temperature increases with high speed,
approaching the melting point of the material as shown in Figure 7.5,
rather than falling off at a high speed as earlier claimed by Salmon.

3. Tool wear occurs mainly due to the high-speed chemical dissolution
and partially by the high-speed diffusion. Therefore, it is recom-
mended to

* Choose chemically stable tools to avoid the chemical dissolution
of the tool at the melting point of the work piece

* Promote transition to the diffusion limited wear regime
* Isolate the tool from the workpiece
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For the best performance of the HSM cutting tools, it is essential to apply

¢ High-precision grinding
e Short overhang and thick core for minimum deflection

¢ Short edge and contact length for minimum vibration risk, low
cutting forces, and deflection

® Oversized and tapered shanks
e Holes for air blast or coolant
e Symmetrical tools

Modern cutting tools do not require cutting fluids during machining. Coated
carbides, cermets, ceramics, CBN, and diamond perform better in a dry cut-
ting environment. HSM occurs at high temperatures of around 1000°C. Any
cutting fluid that comes near the cutting zone will instantaneously be con-
verted to a steam and will have no cooling effect. In high-speed milling,
the coolant emphasizes the temperature variations that take place with the
insert going in and out of the cut. Such variations are smaller in case of
dry cutting. Therefore, the use of cutting fluid causes thermal shocks, cyclic
stresses, thermal cracking, and end of tool life. The hotter the machining
zone, the more unsuitable it is to use the cutting fluids. Modern carbide
grades, ceramics, and CBN are designed to withstand constant high cutting
speeds and high temperatures. If milling is to be performed wet, harder
micrograined carbides with thin physical vapor deposition (PVD)-coated
TiN layer should be used. There are some cases where the use of cutting
fluid is defended in HSM applications such as

* Machining of heat-resistant alloys performed at low speeds
¢ Finishing of stainless steel and aluminum

® Machining of thin-walled components

® Machining nodular cast iron

Dry HSM is more economical since the cost of coolant represents 15%—20% of
the total production cost. It produces a cleaner, healthier workshop and elim-
inates bacteria formation and bad smells. Also, better chip formation takes
place and there is no need for regular maintenance of the cooling systems.

7.5 Applications

HSM can be used for machining light metals, nonferrous metals, and
plastics. For machining steel, cast iron, and difficult-to-cut alloys, the pro-
cess is suitable for the final finishing operations. For the production of

www.EngineeringBooksPDF.com



High-Speed Machining 217

high-quality surfaces, the final finishing time can significantly be reduced,
especially in the tool and die-mold industry. Typical HSM applications
include the following;:

Airframe and defense: This is primarily applied in end milling using small-
sized milling cutters for machining aluminum alloys. Under these circum-
stances, the tool wear is not a limitation with the carbide milling cutters.
A 15 kW, 20,000 rev/min spindle is used to machine A7 wing parts made of
aluminum at a feed rate of 15,000 mm/min on long external tapered flanges
and 7500 mm/min in pocket areas. The material removal rate is 1300 cm?®/min
for such a job, and an integrated machining system is required. Figure 7.6
shows a typical example of a pocketed aircraft part.

Aircraft engine propulsion: Nickel-based superalloys and titanium alloys are
used in aircraft engine propulsion components, which constitute a major
limitation in HSM to a cutting speed of about 600 m/min using CBN and
ceramic cutting tools. Figure 7.7 shows a typical engine impeller machined
by high-speed milling.

b 6600 i
| |

RO T 1
=L

Dimensions in mms

FIGURE 7.6
Pocketed aircraft part machined by HSM. (Reproduced from Tlusty, J., Ann. CIRP, 42(2), 733,
1993. With permission of CIRP)

FIGURE 7.7
Machining of a jet engine impeller. (Reproduced from Tlusty, J., Ann. CIRP, 42(2), 733, 1993.
With permission of CIRP.)
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Forging die for automotive industry

FIGURE 7.8
Machining of a mold for a plastic bottle and a forging die for automotive industry. (Reproduced
from the website of AB Sandvik Coromant, Sweden. With permission.)

Automobile industry: In the automobile industry, HSM is performed on gray
cast iron and aluminum alloys, especially the high-silicon type. Gray cast
iron can be machined at 1500 m/min using Si;N, tools, and aluminum alloy
(10%-20% Si) can be machined at 750 m/min with polycrystalline diamond
tools. Spindle power of 150-375 kW is required, and chip removal rate of
16,000 cm3/min have been obtained.

Die and mold industry: In the die and mold industry, it is crucial to select
adequate cutting tools for specific operation, roughing, semifinishing, and
finishing. Moreover, utilize optimized tool paths, cutting data, and cutting
strategies. The following are typical die and mold applications:

e Forging dies of shallow geometry are good candidates for HSM,
where short tools result in high machining productivity due to
reduced bending (Figure 7.8).

* Die casting dies that are made from tool steel and have a moderate
or small size.

¢ Injection molds and blow molds.

* Modeling and prototyping of dies and molds at a cutting speed of
1500-5000 m/min and high feed rates.

e Milling electrodes in graphite and copper using TiCN or diamond-
coated solid carbide end mills.

7.6 Advantages of HSM

In addition to the increased machining productivity, HSM offers the follow-
ing advantages:
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¢ Increased machining accuracy, especially when machining thin
webs due to reduced cutting forces.

e Better surface finish and a reduction in the damaged layer.
® Reduced burr formation.
e Better chip disposal.

¢ Possibility of a higher stability in cutting due to the stability lobes
against chatter vibrations.

e Simplified tooling.
¢ Low cutting force that gives small and consistent tool deflection.

e Better dimensional tolerances of 0.02 compared to electrodischarge
machining (EDM) (0.2 mm).

¢ Increased durability and life of hardened dies or molds compared to
EDM-machined ones.

® Design changes are quicker using the computer-aided design (CAD)/
computer-aided manufacturing (CAM) technology.

7.7 Limitations of HSM

1. When machining aluminum alloys, the maximum cutting speed is
not limited by the life of the cutting tool, and the technology of HSM
is almost available in terms of hardware and software. However,
the cutting speed is still limited by the tool wear in machining of
difficult-to-cut materials such as superalloys, titanium alloys, and
hardened tool steel.

2. Additional energy has to be supplied to the cutting process in order
to accelerate the chip past the shear zone, which reaches 10% of the
cutting energy at 10,000 m/min and becomes equal to the cutting
energy at 30,000 m/min.

3. The high acceleration and deceleration rates and spindle start and
stop lead to faster wear of the guide ways, ball screws, and spindle
bearings, which raise the maintenance cost of the machine tool.

4. The process requires specific knowledge, programming equipment,
and interface for fast data transfer.

Review Questions

71  Explain what is meant by HSM.
7.2  State the main factors that affect the material removal in HSM.
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7.3  Describe the main types of chips formed during HSM.

7.4  What are the main characteristics of HSM?

7.5  State the main recommendations for cutting tools used in HSM.

7.6 Describe the applications that require the use of cutting fluids in HSM.
7.7  What are the major industrial applications for HSM?

7.8  State the advantages and limitations of HSM.
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Machining by Abrasion

8.1 Introduction

Machining by cutting (C) utilizes single- or multipoint tools with a definite
number of cutting points and geometric features. Abrasive processes are
carried out using the abrasion action (MA). Accordingly, abrasive tools
containing an indefinite number and shape of cutting points remove
the machining allowance in the form of minute chips that are nearly invis-
ible to the naked eye and partially oxidized (Figure 8.1). Abrasive processes
have the following features (Kaczmarek, 1976):

1. Due to the varying shape of abrasives situated in a random posi-
tion, only a portion carries out the abrasion machining action, while
another part plastically scratches the work surface. The remaining
part rubs against the work surface and causes elastic deformation.

2. The size of the undeformed chip removed by a single abrasive grain
is very small compared to machining by cutting processes and
varies from point to point.

3. The maximum machining speed is more than 10 times higher (from
4000 m/min) than that used in machining by cutting processes.

Machine tools used for abrasive machining have special features, unlike
tools used for machining by cutting. In this regard, machine tool rigidity,
vibrations, and, in some cases, thermal deformation of the machine tool
elements are of particular importance. Abrasive processes are classified
according to the type of the abrasive tool and the type of bonded abrasives
in the form of grinding wheels, stones, and sticks. Other processes use loose
abrasives during lapping and polishing processes.

Abrasive machining processes are capable of producing smooth surfaces
and tight tolerances. In contrast to the machining by cutting processes,
the individual cutting edges are randomly distributed and are randomly
oriented. The depth of engagement (chip thickness) is small and is not
equal for all abrasive grains that are simultaneously in contact with the
workpiece. Because there are many sources of friction, the energy required
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Machining by abrasion

Abrasion
action
(MA)

Abrasives

Abrasive tool

FIGURE 8.1
Machining by abrasion.

for removing a unit volume may be up to 10 times higher than that in
machining by cutting. Most of that energy is converted into heat, which
causes distortion of the machined surface. In the instance of heat-treated
steels, the high temperature may cause a transformation to austenitic fol-
lowed by chilling and the formation of martensite and cracks. During
machining by abrasion, a considerable number of grains may not produce
chips when the abrasive grains penetrate to a depth of a hundredth of a
millimeter. Because grain corners are rounded off at the edges, a minimum
penetration of the grain is necessary for the machining action to begin. The
process of cutting using a single abrasive grain takes one of the following
phases (Figure 8.2).

Elastic deformation: Only elastic deformation of the workpiece, grit, and
bond takes place. No material is removed; however, substantial heat is gen-
erated by both elastic deformation and friction.

Plowing: Atlarger depths of engagement, the grit may simply plow through
the workpiece surface, pushing material to the side and ahead of the grit,
causing burnishing to the surface. The number of grits that burnish or rub
against the surface is considerable because of the nonuniform grit distribu-
tion in the grinding wheel or the small rake angles resulting from the stray
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S

Workpiece Workpiece

Elastic deformation Plowing Chip formation

FIGURE 8.2
Different actions of abrasives with the workpiece.

positions of loose or bonded abrasives. Burnishing is one of the causes of
higher specific cutting forces in abrasive machining processes.

Chip formation: Chips are formed at less negative rake angles, larger depths
of grit penetration, higher speeds, and with less ductile materials.

Abrasive machining is, therefore, a mixture of cutting, plowing, and rub-
bing with the percentage of each highly dependent on the geometry of the
abrasive grit. As the grits are continuously abraded, fractured, or dislodged
from the bond, new grits are exposed, and the mixture of cutting, plow-
ing, and rubbing continuously changes. The grain shape determines the tool
geometry in terms of rake angle and the clearance angle (Figure 8.3). Grits
with negative rake angles or rounded cutting edges do not form chips but
instead plow, or simply rub, a groove in the surface.

Figure 8.4 shows the general factors that affect the abrasive machining
process. Factors that are related to the workpiece include material, heat treat-
ment, mechanical properties, temperature, and work hardening prior to
abrasive machining. The abrasive material, bond type and grade, structure,
and wear resistance affect the performance of the process. Machining condi-
tions, such as the depth of cut, feed rate, machining speed, and the use of
lubricant, affect the process characteristics. The cumulative effects of vari-
ables related to the abrasive tool, workpiece, and abrasion conditions have
a direct impact on the process performance indices that can be measured

- Y/‘-m_

Workpiec/ ‘ _f /\X/orkpiece

Positive rake angle Negative rake angle

FIGURE 8.3
Abrasive grits with positive and negative rake angles.
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Cutting parameters
Depth of cut
Abrasive speed

Feed rate
Lubrication
Environment

/ Workpiece \

Material

Abrasive Heat treatment
Material Crystallography

Size Purity

Bond < Mechanical
Structure properties
Hardness Temperature

Wear resistance Work hardening prior

to machining

Measurements
Cutting forces
Power
Surface finish
Abrasive wear
Deflections
Temperatures
Vibrations
Part dimensions

Economically machined parts of high
accuracy and surface quality

FIGURE 8.4
Main elements of machining by abrasion.

on lines such as machining forces, temperature, deflections, and vibrations.
The surface roughness and part dimensions are also evaluated in order to
achieve economic machining at high accuracy and surface quality.

8.2 Grinding

In grinding, the conventional cutting tool is replaced by an abrasive tool
comprised of abrasive materials. These abrasives have a high resistance to
deterioration and heat. The abrasive grains are held together by a bonding
material that forms a shaped tool. The grinding tool can be in the form of a
wheel, stick, or any other shape.
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8.2.1 Grinding Wheels

A magnified view of a grinding wheel is shown in Figure 8.5. Grinding
wheels are produced by mixing the appropriate grain size of abrasive with
the required bond and then pressing them into shape. The characteristics of
the grinding wheel depend upon a number of variables that influence the
performance of the grinding process. These variables are discussed in the
following.

8.2.1.1 Abrasive Materials

Abrasive materials are hard with adequate toughness and can act as cut-
ting edges for a sufficient time. They are able to fracture into smaller pieces
when the force increases, which is termed friability. This property gives the
abrasives the necessary self-sharpening capability. Most common abrasive
particles include

Aluminum oxide (AL,O;): It has high hardness (Knoop number=2100) and
is very tough. It can withstand high temperatures (up to 2050°C) and forms
sharp cutting edges when fractured. The hardness and toughness of the
abrasives depend upon its aluminum oxide content. The higher is the content,
the greater the hardness, and the lesser the grain toughness. Al,O, abrasives
are used for grinding metals and alloys that have a high tensile strength,
such as steel, malleable iron, and soft bronze. Under these conditions, Al,O,
abrasives will not lose their sharpness because they are easily fractured and
expose new sharp grains to the workpiece.

Silicon carbide (SiC): Its abrasives are harder than ALO; (Knoop
number=2500). They are more brittle and less tough and are primarily
used for materials that have a low strength (i.e., cast iron, cast bronze, cast
aluminum, cemented carbides). SiC abrasives are available in black, which

Wheel speed Bond

Voids

Abrasives

Workpiece Feed ———

FIGURE 8.5
Magnified view of a grinding wheel.
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TABLE 8.1

Characteristics of Abrasive Materials

Abrasive Knoop Hardness Uses

Aluminum oxide 2000-3000 Safer and tougher than SiC used for steels
and high-strength materials

Silicon carbide 2100-3000 Nonferrous, nonmetallic materials, hard
and dense metals, and good finish

Cubic boron nitride 4000-5000 Hard and tough tool steels, stainless steel,
aerospace alloys, and hard coatings

Diamond (synthetic) 7000-8000 Some die steels and tungsten carbide

Hard steel -700

Source: Rao, PN., Manufacturing Technology: Metal Cutting and Machine Tools, 8th edn.,
Tata McGraw-Hill, New Delhi, India, 2000.

contains 95% SiC, and green, which contains 98% SiC. They are also used for
sharpening carbide-tipped cutting tools and for dressing grinding wheels as
a substitute for diamond.

Boron carbide (B,C): It has a hardness that approaches that of diamond. It is
brittle and expensive and is used for lapping cemented carbide tools, cutting
precious stones, and grinding high-hardness cutting tool materials.

Cubic boron nitride (CBN): Its properties are similar to that of diamond and
have a high resistance to heat. CBN wheels are used for machining extra hard
materials at high speeds. It is 1020 times more expensive than aluminum
oxide (AL, O,).

Diamond: 1t is the hardest abrasive material and has a very high chemi-
cal resistance capacity, as well as a low coefficient of thermal expansion.
It is inert toward iron and can withstand high pressure and temperature.
Artificial diamond has a better fracturing property than industrial diamond
and is used for the finish grinding of carbide tools and dies. Table 8.1 sum-
marizes the characteristics of the abrasive materials used in grinding-wheel
manufacturing.

8.2.1.2 Grain Size

The size of an abrasive grain (grit) is identified by a number based on the
number of openings per square inch of the sieve size. A larger grain number
represents fine grains and vice versa. The particle sizes of the abrasive grains
are divided into three categories:

Coarse: 10,12, 14, 16, 20, and 24
Medium: 30, 36, 46, 56, and 60
Fine: 70, 80, 90, 100, 150, 180, 200, 220, 240, 280, 320, 400, 500, and 600

The choice of grain size is determined by the nature of the grinding opera-
tion, the material to be ground, and the relative importance of the removal
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rate and surface finish. Very fine grains remove a particularly small depth
of cut and therefore provide a better surface finish. Although fine grains
remove less material, there are more grains per unit area of the grinding
wheel; this increases the rate of material removal. Fine grains are also used
for making form-grinding wheels.

8.2.1.3 Wheel Bond

The function of the bond is to keep the abrasive grains together under the
action of the grinding forces. As the grains become dull, they must either be
broken by forming new cutting edges or torn out, leaving the bond. Standard
grinding-wheel bonds are vitrified, silicate, resinoid, rubber, shellac, oxy-
chloride, and metal.

Vitrified: This type of bond, also known as ceramic bond, is made of
vitrified clay and is most commonly used in the manufacturing of the grind-
ing wheels. These wheels have good strength and porosity (used for high
removal rates) and are not affected by water, oils, or acids. Vitrified bond is
brittle and sensitive when impacted but can cut at speeds of 2000 m/min.

Resinoid (B): This bond is also very strong and has more elasticity than
the vitrified bond. However, it is not resistant to heat or chemicals and is
generally used for rough grinding, parting off, and high-speed grinding
(3000-3930 m/min). It can also be used for fine finishing during centerless
grinding.

Silicate (S): This bond is a soda silicate (NaSiO,), which releases the abrasive
grains faster than the vitrified bond. It is used for operations producing less
heat. Sodium silicate is affected by dampness, is less sensitive to shocks, and
is not used as often as other bonds.

Rubber (R): This is the most flexible bond. It is very strong and not as porous
as others. It is affected by dampness and alkaline solutions and is generally
used for cutoff wheels, regulating wheels in centerless grinding, and polish-
ing wheels.

Shellac (E): This bond is primarily used for obtaining a high surface finish
when grinding camshafts and rolls, as well as in thin cutoff wheels. It is not
commonly used.

Oxychloride (O): This is a magnesium oxychloride bond that is restrictively
used in certain wheels and segments, particularly in disk grinders.

Metal: These bonds are made of copper or aluminum alloys and are used
for diamond and CBN wheels. The periphery of the wheel up to a depth of
5 mm or less contains the abrasive grits.

8.2.1.4 Wheel Grade

The grade is also known as the hardness of the wheel and it designates the
force holding the grains. The wheel grade depends upon the type of bond,
the structure of the wheel, and the amount of abrasive grains. Harder wheels
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TABLE 8.2
Grinding-Wheel Hardness for Different Materials
Wheel Hardness

Cylindrical Surface Internal
Workpiece Material Grinding Grinding  Grinding Deburring
Steel up to 80 kg/mm? LMN K,L KL
Steel up to 140 kg/mm? K KJ ]
Steel more than 140 kg/mm? ] L] I O,PQR
Light alloys ] LK I
Cast iron K I ]
Bronze, brass, and copper LM J K ]

Source: Rao, PN., Manufacturing Technology: Metal Cutting and Machine Tools, 8th edn.,
Tata McGraw-Hill, New Delhi, India, 2000.

will hold the abrasive grains until the grinding force greatly increases. The
wheel grade is designated by a particular letter as follows:

Very soft: C,D,E, E G
Soft: H, L], K

Medium: L, M, N, O
Hard: P, Q,R, S

Very hard: T, U, V, X, Y, Z

Soft grades are generally used for machining hard materials and hard
wheels are used for soft materials. When grinding hard materials, the
grit is likely to quickly become dull. This increases the grinding force
and tends to knock off the dull grains. In contrast, the hard grinding
wheels, when used with soft material, retain the abrasive grits for a longer
period of time, improving the material removal rate. Table 8.2 shows the
recommended grinding-wheel hardness for different workpiece materials
and grinding operations.

8.2.1.5 Wheel Structure

Wheel structure denotes the numerical ratio and the relative arrangement
of abrasive grains, bonds, and bores per unit volume of the grinding wheel.
The structure may be open or dense (Figure 8.6). Open-structure wheels are
used for high material removal rates and, consequently, produce a rough
surface finish. Dense structures are used for precision form-grinding opera-
tions. Wheel structure is designated by a number from 1 to 15; the lower
the number, the more dense (compact) the structure or the closer the grain
spacing. The higher the number, the more open or porous is the structure:

Very compact: 1, 2
Compact: 3, 4
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Sequence  Prefix 1 2 3 4 5 6
Abrasive Abrasive grain size Grade Structure Bond  Manufacturer’s record
type type
/ 51 A 36 L 5 v 23
Manufacturing symbol Coarse Mediul Fine Very fine 1 Manufacturing private marking|
indicating exact kind of 8 §6 % to identify wheel (use optional)
abrasive (use optional) %g 16 1
12 54
Aluminum oxide-A 16 60 g E gﬁSiﬁmid
s e 20 ellac
Silicon carbide-C 8 le) Oxychloride
9 R Rubber
10 S Silicate
11 Vv Vitrified
12
13
13
14
15
16
Etc.
Very soft Soft Hard Very hard
AB CDETF G H IJ] K P QR S T UV XY Z
Grade scale
FIGURE 8.6

ANSI standard marking system.

Semicompact: 5, 6
Porous: 7, 8

Very porous: 9, 10
Extra porous: 11-15

8.2.1.6 Grinding-Wheel Designation

A standard marking system defined by the American National Standard
Institute (ANSI) involves the use of letters or numbers in each of the seven
positions as indicated in Figure 8.6. Table 8.3 gives the specifications of grind-
ing wheels for different grinding operations.

8.2.1.7 Wheel Shapes

Figure 8.7 shows some commonly used grinding-wheel shapes. A variety of
standard face contours for straight grinding wheels are shown in Figure 8.8.

8.2.1.8 Selection of Grinding Wheels

The selection of a grinding wheel for a particular operation depends upon

* The material to be machined
e Accuracy and surface finish

Machining variables

The grinding machine condition
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TABLE 8.3

Wheel Grades for Different Materials

Operation Grinding-Wheel Designation
Cylindrical grinding of hardened steel A60L5V
Cylindrical grinding of soft steel A54M5V
Cylindrical grinding of aluminum C36K5V

Surface grinding of hardened steel A60M12V

Surface grinding of soft steel A46]5V

Surface grinding of gray cast iron C36J8V

Tool grinding of high-speed steel A46K8V

Source: Rao, PN., Manufacturing Technology: Metal Cutting and Machine
Tools, 8th edn., Tata McGraw-Hill, New Delhi, India, 2000.
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FIGURE 8.7
Grinding-wheel shapes.
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FIGURE 8.8
Standard face contours for straight grinding wheels.

The material to be ground: The material to be ground affects the choice of the
abrasive type, grain size, and wheel grade as follows:

Abrasive type: To grind metallic materials, Al,O, grinding wheels are
primarily used (steel and its alloys). For nonmetallic materials, SiC wheels
are used if the hardness is 800 Knoop or less. SiC is also suitable for grinding
gray cast iron, aluminum, copper, glass, cemented carbides, and ceramics.
Diamond wheels are used to grind the harder nonmetallic materials.

Grain size: The high-speed grinding of hard, brittle materials uses a
medium to fine grain size. Soft and ductile materials are more efficiently
ground when using grinding wheels that have coarse grains.
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Wheel grade: Very hard and dense materials usually require soft-grade
wheels. Under such conditions, abrasive wear occurs quickly. The soft grade
enables the worn grains to break away and expose new, sharp ones. For soft
materials, a harder wheel grade is recommended. Generally,

® Hard materials use a soft-grade, a fine-grit, and friable abrasive
(ALO,) grinding wheels.

* Soft materials use a harder-grade, a coarse-grit, and tough abrasive
wheels.

¢ Heat-sensitive materials use soft grades, and wheels using friable
abrasives are recommended.

The grinding ratio (G) is defined as the volume of material removed from
the work/unit volume of wheel wear and is a useful measure of mate-
rial grindability. The higher the ratio, the easier it is to grind the work
material.

Accuracy and surface finish: For high accuracy and good surface quality, fine
grains are used; resinoid and shellac bonds are recommended. For roughing
and semifinishing, coarse grains and vitrified boned wheels are used.

Area of contact: The area of contact determines the unit pressure between
the wheel and the workpiece. If there is a small area of contact, then a high
unit pressure will occur during cylindrical grinding. In such a case, hard-
grade, fine-grit wheels are more suitable. Low unit pressure occurs during
surface grinding, requiring coarse grains and soft-grade wheels to permit
the abrasive grains to break down. The wheel will sharpen itself under the
normally light unit grinding pressure.

8.2.1.8.1 Machining Conditions

Wheel speed: This is measured in m/min rather than rpm. As the wheel
speed increases, each grit does less work each time it strikes the workpiece,
resulting in less wheel wear and, therefore, lower cost. Increased wheel
speed produces high removal rates with fewer tendencies to distort the
workpiece. The grinding-wheel speed affects the choice of the wheel bond.
In this regard, vitrified bond grinding wheels are suitable for speeds up to
2400 m/min. For higher speeds, rubber, shellac, or resinoid bond must be
specified. The grinding-wheel speed also affects the grade selection. As the
wheel speed is reduced, faster wheel wear occurs and a harder wheel grade
is required.

Wheel infeed: This is the rate at which the wheel is fed into the workpiece.
Higher infeed rates increase the wheel wear and produce a rough surface
finish that has a less satisfactory shape. High infeed rates generally result
in greater machining productivity that requires a harder grade of grinding
wheels.
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Work speed: This is the speed at which the workpiece traverses across the
grinding-wheel face or rotates about its center. Higher work speeds increase
the grinding-wheel wear and produce excessive heat, which calls for a harder
grade of wheels to be used.

Work cross-feed: This is the rate at which the workpiece is moved across
the wheel face. Heavier cross-feeds increase the wheel wear, produce rough
surfaces, and lead to higher machining productivity, which calls for a harder
wheel grade to be used.

Grinding machine condition: Grinding machines operated under poor con-
ditions, where spindles were loose in their bearings or had a shaky foun-
dation, and required harder wheels than machines operating under good
conditions. If the grinding fluids are used, a slightly harder grade is rec-
ommended. Heavy machine vibration breaks down the grinding wheel
faster and, consequently, affects the produced geometry and surface quality.
Heavy vibrations also have the tendency to produce chatter marks on the
workpiece. Vibrations may also be caused by bearings, spindles, work parts
of the machine, and other external sources.

8.2.1.9 Wheel Balancing

A new grinding wheel should be balanced when used. Due to the high
rotational speed, any imbalance would be harmful for the machine
parts and produce a poor surface quality. Such wheels are supplied with
removable balance weights allowing for location adjustment (Figure 8.9).
In static balancing, the wheel is rotated on an arbor and the balancing
weights are adjusted until the wheel no longer stops its rotation at a
specific position.

Balance
weights
trial

position

Horizontal
marks

Wheel
mount

“Heavy” marks

FIGURE 8.9
Grinding-wheel balancing.
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8.2.1.10 Truing and Dressing

With continuous use, the grinding wheel becomes dull and the sharp abra-
sive grit becomes rounded. The condition of a dull grinding wheel with
worn-out grains is termed as glazing. Additionally, some grinding chips can
get lodged into the voids between the grits, resulting in a condition known
as grinding-wheel loading. Generally, loading occurs during the grinding
of soft and ductile materials. A loaded grinding wheel cannot cut properly.
Such a grinding wheel can be cleaned and resharpened by means of a pro-
cess called wheel dressing, and the surface of the grinding wheel can be
obtained by truing. During the truing process, a diamond is used to remove
material from the cutting surface in order to bring the wheel to the required
geometric shape. It also restores the cutting action of a worn wheel, as in the
case of dressing. Dressing clears the cutting surface of the wheel of any dull
grits and embeds swarf in order to improve the cutting action.

Dressing and truing are affected by dislodging the whole grits from the
bond and chipping the edge of the grit. The grinding wheel is rotated at
a normal speed and a small depth of 0.025 mm is given while moving the
dressing tool across the face of the wheel in an automatic feed. Figure 8.10
shows the setting angle for the diamond dressing and truing tools.

Crush truing and dressing use hardened steel rollers (62-64 RC) like that
of the workpiece. This type of dressing and truing is used during the crush
truing of contours and irregular shapes of grinding wheels and is faster than
diamond truing. As seen in Figure 8.11, a crushed grit is likely to have more
favorable cutting angles than diamond-trued grits (greater clearance and
lower negative rake angles). However, diamond-truing will not produce a
surface on the machined part like that of the same wheel. Crush dressing
tends to remove the whole grits by fracturing the bond posts, especially in
open-structure wheels, and it tends to provide sharp cutting edges on any

Toolholder
3°-15°
Grinding wheel
Toolholder
s
Grinding wheel s \
FIGURE 8.10

Diamond turning and dressing of grinding wheels.
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—

Cutting direction Cutting direction

Diamond Crusher
Diamond dressing Crusher dressing
FIGURE 8.11

Effect of diamond and crush dressing on the grit shape.

fractured grits. Diamond truing at very deep cuts tends to remove the whole
grain and creates a very smooth wheel. This can then be used for a fine sur-
face finish on the workpiece (Lissaman and Martin, 1978).

8.2.1.11 Temperature in Grinding

The bulk of the energy supplied during grinding is converted into heat. A
good proportion of that heat is transferred to the chip, workpiece, and grind-
ing wheel. The proportion of heat going to the chip and grinding wheel is
rather small due to the small cross section of the chip and the poor thermal
conductivity of the wheel. There is no thermal heating to the wheel because
the temperature gradient in the cutting grains is very steep and there is
enough cooling time between cuts.

When grinding steel, a larger proportion of the total heat is transferred
to the workpiece and causes a temperature of about 1500°C. A high tem-
perature like this could lead to the development of thermal stresses, residual
tensile stresses, thermal cracking, and microstructural changes into the
workpiece. If the temperature is high enough, a layer of austenite is followed
by rapid quenching and forms martensite. Grinding fluids reduce the work-
piece temperature; however, they cannot prevent the surface damage of the
workpiece because of the rapid heat generation and transfer to the workpiece
machined surface. The high grinding temperature promotes attrition and
fracture of the abrasive grits. It also enhances chemical reactions between
the wheel and work. The use of cutting fluids also reduces the loading of the
grinding wheel and retards attrition. The fluid should also flush away the
chip produced. High grinding temperature occurs at the following grinding
conditions:

¢ High grinding speed

e Fine chip

* Low thermal conductivity of the wheel
e High strength of the workpiece material
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Low-stress grinding (LSG) utilizes special combinations of grinding param-
eters that reduce the heat shock and plastic deformation inherent in all
grinding operations (lower infeed and softer grinding wheels). Under these
conditions, excellent dimensional control, fine surface finish, a minimum of
residual stress, and low workpiece distortion are achieved. LSG was found
suitable when low distortion, absence of cracks, fine finish, and high fatigue
strength are needed (Bellow, 1978).

8.2.2 Wheel Wear

Grinding wheels will wear faster than other cutting tools. The grinding-
wheel ratio represents a generally accepted parameter of grinding-wheel
wear. A grinding ratio of 10 means that it removes 10 times as much work-
piece material as is lost from the wheel. The grinding ratio does not include
the amount dressed from the grinding wheel in the course of preparation.
A high grinding ratio is recommended because the grinding wheel wears
less than a grinding wheel with a low grinding ratio. As seen in Figure 8.12,
three distinct zones are observed and are in a similar pattern to single-point
tool wear. For a newly dressed wheel, the wheels wear quickly as the sharp
edges of the grits are quickly worn away. In the second phase, a steady-state
wear occurs. In the third phase, the wear ratio is increased as the whole grits
are lost from the grinding wheel. The third stage occurs if the wheel glazes
in the second stage, which normally occurs with hard wheels. The wheel
must be resharpened before beginning the third stage. The grinding-wheel
wear occurs due to two main mechanisms.

Attritional wear: This type of wear is similar to the flank wear of a
single-edged cutting tool. It occurs when cutting and rubbing with the
workpiece surface. Due to attritional wear, the grains become flat faced and

Linear wear Rapid wear
=) Quick
E wear
L
=
5 e
i)
=
G 5
< Om G=_™
Sw

Volume of metal removed

FIGURE 8.12
Development of grinding-wheel wear.
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Grain

Grain fracture

Workpiece

Flank wear

FIGURE 8.13
Types of wheel wear.

the resulting wear is measured by the ratio of the flat area of the grinding
wheel. Attritional wear accounts for 4% of the total wheel wear. Gradual
wear reduces the cutting ability of the wheel and occurs by the chemical
reaction between the tip of the grain and the metal being cut, especially
at high temperatures. However, this type of wear can be reduced by the
choice of a suitable grinding fluid. Another reason for gradual wear is
that the plastic flow of the abrasives also depends on the temperature
at the abrasive/chip and the heat generation into the body of the grain
(see Figure 8.13).

Wear by fracture: This type of wear also occurs by grain and pond fracture.
Grain fracture is unlike gradual wear and improves the cutting ability of the
abrasives. Grain fracture is more likely to occur during wet grinding rather
than dry. The more effective the coolant, the greater is the likelihood of the
fracture. Post-pond fracture occurs when the whole grain is fractured from
the wheel. For soft grinding wheels, the entire wear may be due to the bond
fracture, unlike grain fracture, which occurs in the case of harder grind-
ing wheels. The change in grinding-wheel diameter roughly indicates the
amount of wheel wear by fracture.

It is likely that all of the earlier wear mechanisms occur simultaneously in
most operations, but the relative importance of the mechanisms in any given
application depends upon the operating conditions, abrasive type, bond type
and amount, and work material. Tough abrasives favor attritional wear and
the loss of the whole grits. Friable abrasives favor chipping or fracturing of
the grains. Low bond strength or quality favors the loss of the whole grains,
and abrasives with a high solubility with the workpiece material favor attri-
tional wear (Juneja, 1984).

www.EngineeringBooksPDF.com



238 Fundamentals of Machining Processes

8.2.3 Economics of Grinding

The unit cost for grinding a component (C,) involves grinding time cost (Cy,),
wheel cost (C,,,), and a fixed cost (C;). The machining time cost (C,,,) decreases
when the volumetric removal rate (VRR) increases and the cost related to the
grinding wheel increases at a high VRR (see Figure 8.14). Therefore,

Cg =Cim +Cgy +C;

The grinding cost per unit volume of material removed can be described by

K. K,
g = +
VRR G

+Cf

where
VRR is the rate of material removal in mm?3/min
C, is the cost of grinding in dollars per piece
C; is the fixed cost in dollars
Cim is the cost of grinding time in dollars per piece
Cw is the cost of the grinding wheel in dollars per piece
K; is labor and overhead ratio in $/min
K, is the grinding-wheel cost per unit volume of material removed in
$/mm?
G is the grinding ratio in mm?®/mm?

Ce=Cim+ Cowt C¢

Cost/piece C,

Optimum v,

Grinding removal rate v,

FIGURE 8.14
Variation of total cost with grinding removal rate.
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The grinding ratio G decreases as the removal rate (VRR) increases and for
many applications can be empirically expressed by

G(VRR)" =Kg

Substituting in the earlier equation, C, becomes

1
K. K(VRR)"

Cy=
VRR Ko

Ce

where 1, and K are constants whose values depend on the grinding con-
ditions. The grinding-wheel cost C, against VRR is plotted in Figure 8.14.
Differentiating C, with respect to VRR and equating by zero would lead to
the following: For

dc, 0
dVRR

_ mK, (VRR)""!

K
L Ko

Therefore, the economic VRR, can be described as

1/(ny+1)
VRR, = [KLKG}
anv

8.2.4 Surface Roughness

Generally, the surface roughness obtained by grinding lies between 0.1 and
0.75 pm R,, better than that obtained by turning or milling. The surface
roughness depends upon the distribution of the abrasive grains. A better
surface finish is produced by a small abrasive grain size, a dense structure,
and a closer spacing between grains. For a given wheel specification, the
surface finish can be improved by reducing the work speed and the depth
of cut and increasing the grinding-wheel speed. A rigid machine tool, well-
designed spindle bearings, and an accurately balanced wheel (difficult to
maintain in practice) are all necessary for a better surface finish. Effective
coolant filtration prevents the recirculation of the abrasive fragments from
scratching the ground surface. Slow traverse of the dressing tool, a small
dressing depth, and a blunt diamond tool should be used for a rougher
workpiece surface.
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Ground surface roughness depends on the direction of measurement.
The roughness is generally greater across the lay, and at some points, the
maximum depth of the grooves produced lies in the section plane rather
than along the lay. Surface waviness may occur along the lay if the grind-
ing wheel runs out of balance at enough of a level to generate chatter marks.
Experience has shown that, for ground surfaces, the average roughness R,
and the peak-to-valley roughness R, can be related by

R.= (1 to 1)Rt
3 4

L]
8.3 Surface Grinding

8.3.1 Elements of Undeformed Chip
Figure 8.15 shows the surface grinding process where the depth of cut has
been exaggerated. Similar to milling, the grinding-wheel contact angle ¢, is

OF t
= 1=
OC = d/2

cos, =

where
tis grinding depth of cut
d is the grinding-wheel diameter (both in mm)

t= d—zg(l—cos(bg)
CF = dzi(sin dg)
2
CF*= (dng (sindg)?
(sing,)* +(cos¢)* =1

CF*= (0;‘5) [1-(cosd,)’]
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FB=t
CO=0B=dg/2 o
FO=dg/2-t
CB=1
- N |
c F
VW B
E
g
H
g
B C } = B
EH=hg

FIGURE 8.15
Surface grinding depth exaggerated.

CF = |Jtd, -t

The arc length of the chip that is not deformed, [, is the length of BC which
is given by

l,=BC=/CF+#
I, = |JHd,

Figure 8.15 also shows the shape of the chip thickness, &, which is given by

he= CEsin ¢,
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2
n=2CE || b
dg dg

where CE is the workpiece table advance per grit S,, (mm) (similar to S, in

horizontal milling).
t
hy=2CE f—
dg

Neglecting (t/d,)?,
Assuming that the grinding-wheel periphery contains Z, grits that are
displaced at a pitch of A, (Figure 8.16), the wheel rotates at a speed of 1, rpm,
and the workpiece table advances at a linear speed v,,. Therefore, CE becomes
CE=S§,; and

v
Sy = —
s ngZg
Therefore,
ndy=Zhg
\/
/
\
VW
FIGURE 8.16

Grit distribution on the wheel surface.
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Uwhg Oy

SZ = =
® ngmdy, vy °

where v, is the grinding-wheel speed in m/min and the maximum chip

thickness h, becomes
Uy |t
he=2Ak, — |——(mm)
vg \ dg

The mean chip thickness h,,, is expressed by

8.3.2 Cutting Forces, Power, and Removal Rate

The mean longitudinal force acting on the grinding wheel in case of surface
grinding can be given by

F, = ZeghmgSt frks

where
Z., is the number of grains cutting simultaneously
S, is the grinding width (traverse feed of workpiece in mm/pass)
k, is the specific cutting energy for the mean chip thickness h,,
f, is a factor considering the negative rake angle of the abrasive grits (1-7)

The number of grains cutting at the same time, Z,,, is calculated from

Eg/

65; _ L‘igg _ dy g

Zog="Zg 5
7% om A, 21 2A

Because

s
dg

d t
Ze -8 |-
i
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d t v t
F=—2 |—\, 2 |—S, f.ks
}‘g\/;gvg\/;tfy‘

F. = tstfyksvl(N)
Ug

where S, is the traverse feed of the workpiece in mm/min.
The mean grinding power N, is given by

Fog v, tS5fk

- = S (KW
& 60x10° 60><103( )

The VRR can be calculated from

VRR =10° v,,tS; (mms/min)

v, frk
N, =82 (kW
8 60><103( )

The feed power Ny, is given by

Fo, Uy
fd = Ng 7(1(W)

60x10° )

8.3.3 Factors Affecting the Grinding Forces

In surface grinding, the cutting forces are relatively low compared to
those in milling and turning processes. In contrast to most machining by
cutting operations, the radial force F, is larger than the tangential force
F, (Figure 8.17). During surface grinding, the ratio of F, to F, reaches two.
Therefore, grinding is an inefficient machining process when judged on the
basis of the energy required to remove a unit volume from the workpiece.
Typical values are 48 J/mm?3, which is 20 times greater than what is required
to cut a similar material using a single-point tool. Such a difference can be
attributed to the fact that most of the grains have a large negative rake and
a rapidly developing flat when they contact the workpiece (glazed appear-
ance), making the abrasion process frequently impossible.

8.3.4 Grinding Time

Horizontal axis: A surface grinding operation with a horizontal axis is shown
in Figure 8.18. The grinding wheel will have to traverse beyond the active
workpiece length by the approach distance. The grinding time ¢, becomes
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Grinding wheel

Workpiece F,

FIGURE 8.17
Surface grinding forces.

L] A l A

~ L+ 1,+1 -

FIGURE 8.18
Grinding time in horizontal axis surface grinding.

Ow

tn = i(la i )(min)

where
i is the number of passes
I, is the length of approach in mm (2-10 mm); for wider grinding wheels,
higher I, values are taken
I, is the length of overrun in mm (I,=0 for infeed grinding) and through
grinding [,=(1.1-1.5 B,) where B, is the grinding-wheel width in mm
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l,=1,=A+/ds(d; —t) (mm)

I, is small in grinding and allows for the table reversal at the end of each
stroke. The grinding-wheel radius is, therefore, assumed as the approach
allowance. Then

_ Gy
T2

For a workpiece width b,, and wheel cross-feed S,, the number of grinding
passes iis

. by

i=—"
St

Vertical axis surface grinding: In such a case, the machining time t,, can be

calculated as shown in Figure 8.19 using the following:

b= Kgdg +1\ by
VU dg

where
b,, is the workpiece width in mm
i is the number of passes
d, is the grinding-wheel diameter
K,=11-12

dg v, \ d,, v,

g8
5 bo,v ! 8 "8

L Iy I l ——-i

FIGURE 8.19
Grinding time for vertical axis surface grinding.
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8.3.5 Solved Example

A surface grinding operation is performed under the following conditions:

Vv, =30 m/min, vy = 1500 m/min, k,= 1800 N/mm?,
t=0.02 mm, d, = 200 mm,

Ag =20 mm, f,=5, and S;= 4 mm/pass

Calculate the mean chip thickness, grinding power, and feed power.

Solution

The mean chip thickness h,,, is

Uy |t
=t g
g g

30 /0.02

Bp=20% - [t
1500 \ 200

hm = 0.004 mm

The mean grinding power N, is

_ UwWtS fiks
¥ 60x10°
N,= 30><O.02><4><35><1800 — 0.36 kKW
60x10
The feed power Ny is
Nu=N, 2 =036 20 =0.0072 kW

v, 1500
8.3.6 Surface Grinding Operations
8.3.6.1 Plain (Periphery) and Face Grinding with Reciprocating Feed

In these operations, the workpiece carries out the linear reciprocating
motion at a rate of v,. The grinding wheel performs the main rotary
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—————
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FIGURE 8.20

Plain surface grinding with reciprocating feed.

==
i

FIGURE 8.21
Face surface grinding with reciprocating feed.

motion at a speed v, and the rectilinear traverse feed rate S, either in
a stepwise or continuous mode in the direction of workpiece width b,
(Figures 8.20 and 8.21).

8.3.6.2 Surface Grinding with a Rotating Table

During plain grinding, the width of the grinding-wheel periphery B, is
less than the workpiece width b,, (Figure 8.22), and during face grinding
(Figure 8.23), the grinding-wheel diameter d, is larger than the workpiece
width b,,.
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-
%
|

x y -

X

FIGURE 8.22
Surface grinding using a rotating table.

FIGURE 8.23
Face grinding using a rotating table.

In plain grinding, the grinding time £, can be given by

t, = l(Kgdg“'bWJ (min)

Ow

8.3.6.3 Creep-Feed Grinding

During creep-feed grinding, as shown in Figure 8.24, the entire depth of cut
is removed in one pass using very low infeed rates. The depth of cut ¢ is in
the order of 1-30 mm and the work speed in the order of 1-0.025 m/min.
The actual material removal rates are in the same range as conventional
grinding. The cutting forces, the power required, and the grinding ratio G
are high. Grinding-wheel speeds v, are as low as 18 m/s compared to 30 m/s
during conventional grinding. The infeed rates S, are low, in the order of
0.005 mm/pass. Oil-based fluids are commonly used at high volumes due to
the high heat generated in the process (Salmon, 1992).
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Coolant —=

— \ |

— = Workpiece speed v,,

FIGURE 8.24
Creep-feed grinding.

8.4 Cylindrical Grinding
8.4.1 Elements of Undeformed Chip

Figures 8.25 and 8.26 show the chip formation for cylindrical grinding and
the maximum chip thickness /1, can be described as

he=dyy = dgx

_ (x+y)d,
dy +dg

he = S, sin(ot, = Bg)

sin(o, +Bg) = sin o, +sin B,

0.5

1,1

he=2S,,\t| —+—
g\[(‘iw dg)
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Workpiece feed

Grinding wheel

FIGURE 8.25
Chip formation in cylindrical grinding.

st

X y—"'-
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FIGURE 8.26
Geometry of chip formed in cylindrical grinding.

Ow
Sre=—"Ag
Ug

0.5
w11
ey = 2ngﬁ(didJ
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g
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The mean chip thickness ,, can be taken as follows:

0.5
hm:ngw(;i;]
& w &

8.4.2 Forces, Power, and Removal Rate

The effective number of grits that are cutting simultaneously Z,, can be
calculated as follows:

7. = O _ My Oy _ dy0y
G TEom A, 2m 22,

. . t
SIN0s= 05 =2\ (1= (d,/dy)

The positive sign is used for external grinding, while the negative sign is for
internal grinding:

. td
Sln¢g=2 W
wTlg
4,
sin ¢, = 2 71i(dg/dw)
md
Z,= "0
g }\'g

1 1
Zog= =t [
5 xg‘f (1/d, +1/d,)

In case of plunge grinding, if the grinding-wheel width is B,, grinding force
F, becomes

F, = ZeghmBg fyks

In case of traverse grinding at a rate of workpiece feed S, in mm/rev,

Fv = Zeghmstfyks
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Therefore,

Fo= 215, £k, (N)
Ug

The grinding power N, is

Fog o, tS fiks

- kW
& 60x10° 60><103( )

The feed power Ny becomes

Ow
Nfd = Ng 7('](W)
Ug

The VRR is given by
VRR = 10%0,,tS, (mm?®/ min)

The specific volumetric removal, SVR, is therefore

N g
VRR

SVR = (kW/(mm?/min))

8.4.3 Factors Affecting the Grinding Forces

Figure 8.27 shows the forces that occur during cylindrical grinding. These
grinding forces are not high in value and the greatest is the radial force
component F,, which is 1.5-3 times the tangential force component F.,.

Workpiece

FIGURE 8.27
Forces in external cylindrical grinding.
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The high radial force is related to the higher resistance to the penetration
of the abrasive grains into the workpiece due to their irregular geometric
shapes and rounded edges. This leads to machining at negative rake angles.
The force F, increases with workpiece speed v,,, depth of grinding ¢, and feed
rate S; and decreases with the increase of v,. Since the ratio of the grinding-
wheel speed v, to v, lies in the range of 60-100, the power required to drive
the grinding wheel N, is greater than the power consumed in driving the
workpiece (feed power) N.

8.4.4 Factors Affecting Surface Roughness

As shown in Figure 8.28, the factors that affect the quality of ground surfaces
are divided into those related to the workpiece, grinding wheel, and grind-
ing conditions. Figure 8.29 shows the effect of the workpiece diameter on the
ground surface. Accordingly, the increase in work diameter d,, at a constant
peripheral speed improves the ground surface quality by reducing the sur-
face roughness. The reason for this is the decrease of the mean chip thickness
cut by a single grain /.. According to Figure 8.30, it is unfavorable to reduce

[ Workpiece material ]

inding wheel
Grindi & Grinding conditions
Abrasives
Wheel speed
Hardness .
Workpiece speed
Wear .
. Longitudinal feed
Dressing . .
. Workpiece diameter
Diameter
FIGURE 8.28

Factors affecting grinding surface roughness.

Surface roughness

Work diameter d,,

FIGURE 8.29
Effect of work diameter on surface roughness.
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fE—

Surface roughness

!

Work diameter Vg

FIGURE 8.30
Effect of grinding speed on surface roughness.

Grinding depth

Surface roughness

Work diameter v,,

FIGURE 8.31
Effect of work speed and grinding depth on surface roughness.

the grinding-wheel peripheral speed v, because when reduced, the thickness
of the undeformed chip diminishes and reduces the surface roughness.

Figure 8.31 shows the effect of workpiece peripheral speed v,, and grind-
ing depth on the surface roughness. The greater the workpiece speed and
the larger the grinding depth, the higher the surface roughness because
of the increase of the undeformed chip thickness. Increasing the feed rate
causes deterioration to the surface roughness, as shown in Figure 8.32. The
increase of feed rate reduces the number of contacts between the grind-
ing wheel and the particular points of the workpiece. This then reduces
the chance of irregularities left over by the preceding cutting points to be
smoothed out.

8.4.5 Solved Example

A carbon steel shaft is to be ground under the following conditions: n,=2400
rpm, v, = 1500 m/min, dg =300 mm, n,, =60 rpm, k,=800 N/mm?, {=0.04 mm,
fy =5, Bg =20 mm/min, table feed=1 m/min, d,=75 mm, and A= 30 mm.

www.EngineeringBooksPDF.com



256 Fundamentals of Machining Processes

Surface roughness

Longitudinal feed v,

FIGURE 8.32
Effect of longitudinal feed on surface roughness.

Calculate the mean chip thickness, force, grinding power, feed power,
VRR, and specific power consumption.

Solution
Because
Vy _ Auly
vy dghy
Dw_ X060 _, g5

vy 300x2400

0.5
o)
g w g

1 1 0.5
o =30 % 0.00625+/0.04 | —— +——
(75 300)

h = 0.005 mm

(%
F, = =" 1S, fks
S,

St

= 1(6)ﬂ =16.7mm/rev

F,=0.00625x%0.04 x16.7 x 5x 800
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F,=0.00625x0.04 x % x5x 800

F,=167N
F, .
= Vg - 16 7n><300>3<2400 0.63 (kW)
60x10 60x10
The feed power
Nig=Ng -
Ug
Nig=0.63x0.00625 = 0.004 (kW)
The VRR

VRR =10° v,tS;
VRR =0.00625x 1500 %1072 x 0.04 x 16.7
VRR = 0.006 (mm®/ min)

Specific volumetric removal, SVR, is therefore

SVR = Ne
VRR
SVR = 006 _ 10(kW/mm?/min)
0.006

8.4.6 Cylindrical Grinding Operations
8.4.6.1 External Cylindrical Grinding
Longitudinal grinding: As seen in Figure 8.33, the auxiliary motion is

composed of

* The rotary motion of the workpiece, whose rotational speed is
denoted by 7, in rpm and the peripheral speed by v,,, m/min

e The linear motion S,, which is mostly carried out by the workpiece
and sometimes by the grinding wheel
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Grinding wheel d,v

Workpiece

FIGURE 8.33
Straight cylindrical grinding.

The motion parallel to the machined surface is called the longitudinal
motion and is measured by feed per revolution S or feed per minute S,. The
tool advance (depth of cut) in the direction of 4, is called the cross-feed and
is carried out before each grinding pass. The range of the grinding-wheel
speed vw extends from 700 to 4800 m/min. The rotary auxiliary workpiece
motion ranges from a few to several tens of m/min. The range of feed rate S,
applied lies between 0.2 and 0.9 of the grinding-wheel width B,/workpiece
revolution. The depth of cut, ¢, is in the order of micrometers or hundredth of
a millimeter per workpiece revolution.
The grinding time can be calculated from

. i(umo)(mm)
S,

Si = Sn,,(mm/min)

where
i is the number of grinding passes (single travel)
I, is the length of approach in mm (2-10 mm)
I, is the length of overrun in mm (I,=0 for end feed grinding) and in
through grinding [,=(1.1 B, to 1.5 B,) where B, is the grinding-wheel
width in mm

The number of grinding passes is calculated from

i=Im g
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where
qr is the grinding allowance in mm
t is the grinding depth in mm
i, is the number of spark out passes, which even up the original surface
irregularities and compensate for elastic—elastic deformation of the
workpiece and machine-workpiece-grinding-wheel system

During the external cylindrical grinding of tapered surface, the direction of
the longitudinal feed, parallel to the machined surface, intersects with the
axis of rotation as shown in Figure 8.34.

In deep grinding, shown in Figure 8.35, the grinding allowances on the
order of one-tenth of a millimeter are removed in a single machining pass
in a similar way to creep-feed grinding. The grinding wheel is set at cut-
ting edge angles 1.5° and 5°. This method requires a very rigid machine tool
because the cutting forces will be high. It is used for grinding materials of
low specific cutting energy (brass, bronze, and cast iron) to moderate levels
of accuracy and surface quality.

Plunge grinding: In this type of grinding, the linear feed is directed particularly
to the machined surface as shown in Figure 8.36 at a feed rate S in mm per revo-
lution. Typical applications include the grinding of protruding surfaces, where
the grinding wheel B, is greater than the length of grinding (workpiece) /. In
groove grinding and paring off, /=B, and the machining time ¢, is given by

b= L+ Gm _ la+qm(
5 Sty
where

n,, is the workpiece rotational speed in rev/min

S is the grinding-wheel feed per revolution in mm/rev
m is the machining allowance, which for parting off conditions equals the
workpiece radius in mm

Workpiece \{[“_ ) —.

[ Grinding
a wheel

FIGURE 8.34
Taper cylindrical grinding.
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AN

2%
Grinding wheel
1.5°-5
|
Workpiece
B R e e e G,

FIGURE 8.35
Deep grinding.
Grinding
/“\\ wheel
l dg, Vg
Infeed i
|
Workpiece | | rr\ dyy vy
L |
N '
|
FIGURE 8.36

Cylindrical plunge grinding.

8.4.6.2 External Centerless Grinding

Longitudinal: In this type, shown in Figure 8.37, the workpiece is supported
by the guide and is friction driven by the driving disk. On the opposite side,
the workpiece is in contact with the grinding wheel that performs the grind-
ing work. The driving disk is specially formed so that the friction surface
may contact the workpiece along the entire width. Considering the angle v,
the rate of the longitudinal feed S, can be calculated from
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Workpiece I’

feed S, —™

Workpiece \| x_ ] s : /J\

/ Lo
Driving disk ; Grinding
wheel

Guide

FIGURE 8.37
External centerless grinding.

Si=e,vgsiny

S
=1-—5
= 7100

where
vy is the peripheral speed of the disk in m/min
e, is the correction coefficient (2-8)
S, is the slippage, percent
y is the driving disk inclination angle

If the grinding-wheel speed is v,, the peripheral speed of the workpiece is
calculated from

Uy = €,0q COSY U,

The machining time for this case f,, becomes

L+1+1,
bn=—" (min)

eg0g siny

Applications for this type include the grinding of cylinders without
protrusions, such as steeples, shafts, bushes, and rings. It is also used for
end feed operations, in machining stepped shafts, and in neck bushes.
The depth of cut ranges from 0.002 to 0.2 mm. Longitudinal feed S, of
150 m/min for large diameters to 10,000 m/min for very small diameters
is normally used.
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[\

Vg
Infeed S,
Vi Workpiece

FIGURE 8.38
Plunge centerless grinding.

Plunge grinding: The condition for this method, as shown in Figure 8.38, is
that B, > 1. The driving wheel is only responsible for the peripheral workpiece
speed v, because the inclination angle y =0. This process is used for grinding
formed surfaces. The transverse speed of the grinding wheel S, does not
exceed 0.05 mm/rev. The machining time ¢, is given by

la Jm la Im .
t - 1 <4 7
m= St = Sn (mln)

8.4.6.3 Internal Cylindrical Grinding

With longitudinal feed: Internal grinding with longitudinal helical feed is
shown in Figure 8.39. Accordingly, the workpiece rotates at a peripheral
speed v,, and the grinding wheel performs the primary motion v, and the
longitudinal feed motion at a rate of S,. The depth of cut is set by advancing
the grinding wheel toward the workpiece axis in the direction of 4,.
Planetary grinding: In this arrangement (Figure 8.40), the workpiece motion
is rectilinear. The grinding wheel performs two rotating motions: about its
own axis (main motion) v,, and about the axis of the hole being ground at a
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Workpiece

/N
Se——m I_1

]

Internal grinding with longitudinal feed.

Grinding
wheel

Workpiece

I

FIGURE 8.40
Planetary internal grinding.

radius R at a peripheral speed v,,,. For longitudinal and planetary grinding,
the machining time can be calculated from

tn=1 M(min)
St

With traverse feed: In this case, the workpiece carries out a rotary auxiliary
motion v,, and the grinding wheel a primary motion v, and linear feed
motion S, that is perpendicular to the workpiece surface, as shown in Figure
8.41. This can also be performed by the planetary method when the primary
motion and both auxiliary motions are carried out by the grinding wheel.
The machining time ¢, is

tn = Ltq (min)

W
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7

Internal grinding with transverse feed.

8.4.6.4 Internal Centerless Grinding

With longitudinal feed: Centerless grinding with longitudinal feed is depicted
in Figure 8.42. The workpiece rests on two disks that act as guides with an
adjustable distance between the axes. The workpiece is pressed to the guides
and is driven by the top driving wheel. The grinding wheel is in contact with
the internal surface and performs the grinding operation. The machining

time ¢, is given by
b= (M”lo)(min)
St

With traverse feed: As shown in Figure 8.43, the workpiece rests on disks
with the distance between axes suitably adjustable to the workpiece diam-
eter. The wheel rotates at a speed v,, using one of the driving rollers. The
grinding wheel is in contact with the internal surface and rotates at a speed
v,. Cutting conditions for internal grinding should be reduced by 20%-40%,
similar to those of external grinding. The machining time ¢, is given by

tn= M(min)

w
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FIGURE 8.42
Internal centerless grinding with longitudinal feed.

Workpiece
[%

w

Grinding wheel

FIGURE 8.43
Traverse feed internal centerless grinding.
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8.5 Wheel Speed and Workpiece Feed

The maximum value of the grinding-wheel speed v, depends on the
wheel bond, the production method of the grinding wheel, and the type of
application used. Table 8.4 shows the recommended data for reciprocating
peripheral surface grinding and Table 8.5 shows the recommended data for
cylindrical grinding.

Problems

8.1 Ina horizontal axis surface grinding of 0.05 mm depth using a 250 mm
wheel diameterand awidth20mm, calculate the maximum chip thickness
if the table speed is 10 m/min and the wheel speed is 1200 m/min. The
workpiece has a specific cutting energy of 2000 N/mm?. The rake angle
factor is f, =5 and the grit spacing is 10 mm. Calculate the grinding time
if the plate size is 250 x 100 and the infeed rate is 5 mm/pass.

8.2 A surface grinding operation is carried out using 25 mm grit spacing,
grinding-wheel speed 1650 m/min, workpiece speed 9 m/min, wheel
diameter 200 mm, and depth of cut 0.025 mm. Estimate the maxi-
mum chip thickness and the maximum force if the wheel cross-feed is
4 mm, the specific cutting energy is 3000 N/mm?, and the rake angle
coefficient is 7.

8.3 A steel shaft having a 250 mm diameter is to be ground using
cylindrical grinding. The wheel width is 50 mm and runs at
2000 m/min. If the motor is rated 15 kW and the rake angle factor is
4, what traverse rate can be permitted if the depth of cut is 0.05 mm/
pass, workpiece rotational speed is 50 rpm, and its specific cutting
resistance is 4500 N/mm??

8.4 A cylinder, with a 50 mm diameter of a steel material, k,=9000 N/mm?,
is to be ground using a 250 mm diameter wheel, 25 mm width,
30 mm distance between grains, and a negative rake angle factor of 4.
If the wheel rotates at 2500 rpm, the workpiece rotates at 100 rpm, the
table feed is 1 m/min, and the depth of cut is 0.01 mm, calculate the
following:

a. Mean chip thickness
b. Main grinding force
c. Main power

d. Feed power

e. VRR

8.5  Calculate the economic removal rate if the grinding ratio G and the VRR
V., can be described by GVRR?>=2.5. If the abrasive cost is $0.05/mm?,
of the work material, the machine and overhead cost is $10/h.
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Review Questions

8.1

8.2

8.3
8.4

8.5

8.6

8.7

8.8

8.9

8.10

8.11

8.12

8.13

8.14

8.15

8.16

8.17

8.18

8.19

What are the various abrasive machining operations you are familiar
with? Explain their applications.

How is grinding different from other machining operations? What is
the classification method used for grinding processes?

How is the abrasive selected for a grinding operation?

What is the marking system used for grinding wheels? Explain the
individual element with respect to wheel performance.

A grinding wheel is specified as A46]8V. Give the meaning of each
symbol and explain the significance of each in relation to the action of
grinding.

Explain how the choice of grinding-wheel grade is affected by the area
of the arc of contact and the material of the workpiece.

What are the grinding process parameters? Explain their effect on
the grinding performance and wear rate.

Describe briefly creep-feed grinding. What are its applications?

What are the possible different surface grinding operations?

What are the advantages and limitations of centerless grinding
operation?

Using sketches, describe the following terms: dressing, truing, and
balancing of a grinding wheel.

Using sketches, describe the different arrangements of centerless
grinding. Mention the application of each type.

Using sketches, describe the different arrangements of cylindrical
grinding. Mention the application of each type.

With the aid of sketches, write a short note on the grade and structure
of a grinding wheel.

Mention the various types of bonds used for grinding wheels. State
the application of each type.

Give the specifications of a grinding wheel required for the external
cylindrical grinding of a 50 mm diameter steel SA 1020 shaft. What
would be the specifications of the internal grinding for a 50 mm diam-
eter using the same material?

Using sketches, show the mechanics of

a. Internal cylindrical grinding

b. Internal centerless grinding

State which grinding wheel is recommended for the following
applications:

a. Rough grinding of C70 steel

b. Finish grinding of bronze rods

c. Grinding of single-point cutting tools

Explain each item of the following standard bonded abrasive wheel
marking: C 46 M 4 V.
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8.20
8.21

8.22
8.23

8.24
8.25

Fundamentals of Machining Processes

Using sketches, explain the different types of grinding-wheel wear.

Describe the relationship between the mean chip thickness, cutting

forces, and power in surface grinding.

Describe the relationship between the mean chip thickness, cutting

forces, and power in external cylindrical grinding.

State the main factors that affect the surface roughness in grinding.

[lustrate the different types of surface grinding operations.

Mark true (T) or false (F):

a. Grinding can be followed by milling operation.

b. Open-structure grinding wheels are recommended for soft
materials.

c. Grinding-wheel grade represents the hardness of the abrasive
grains.

d. Grinding-wheel truing restores the shape of the wheel.

e. In creep-feed grinding, the depth of cut is removed in several
machining passes.
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Abrasive Finishing Processes

9.1 Introduction

The geometric characteristics of machined surfaces affect their wear resistance.
In this regard, large surface macro-irregularities result in nonuniform wear,
with the projecting peaks of the surface worn off first. In the case of surface
waviness, the crests wear down first as the friction and specific pressure will be
higher at these than for uniform bearing surfaces of mating parts. Microsurface
irregularities are subjected to elastic deformation and crushing or shearing
during contact with other sliding surfaces. The valleys between the ridges of a
machined surface may be the focus of concentrated internal stresses; these may
lead to failure of the machined parts. In case of assembly, the strength of the
interference fit also depends on the height of the surface micro-irregularities
left by the final machining process. The resistance to corrosion by a liquid, gas,
or water depends upon the surface finish. The higher the quality, the lower
is the area of interaction between the surface and the corrosive medium and,
therefore, the improved service life of the machined parts.

Surface finishing is carried out by many machining processes that use
abrasives that may be loose or in the form of sticks. Depending on their
kinematics and working motions, the following smoothing processes are
distinguished:

¢ Honing with long-stroke motions

¢ Superfinishing with short-stroke oscillatory motions
e Lapping by means of labs

¢ Polishing by abrasives attached to wheels

Buffing by loose abrasives supplied to wheels

The main objectives of the aforementioned smoothing processes are to
improve surface quality and, only partially, to correct accuracy of shape
and dimensions. The machining allowances are of the order of the mean
total height of surface irregularities R, left over by the previous machining
operations.

271
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9.2 Honing

Machining accurate holes to within +0.025 mm in diameter and maintaining
true roundness and straightness with surface finishes under 0.5 um R, are
difficult to achieve by finish boring and internal grinding. Holes machined
by such methods may suffer from a significant number of errors that need to
be corrected by honing as shown in Figure 9.1.

Honing is a smoothing process where a tool (hone) carries out a rotary
motion and a reciprocating motion at one or two frequencies although the
workpiece does not perform any motion. The process is performed using
heads with a number of hones mounted on them depending on the diameter
of the workpiece surface as shown in Figure 9.2.

When compared to grinding, honing has the following characteristics:

1. The large number of grains, which is a hundred times greater than
that of grinding, participates in the smoothing process and there-
fore, the machined surface is many times larger.

2. Cutting speeds are reduced to 1/50-1/150 of the grinding speeds.

3. Achieving better surface quality (roughness number 9 [0.32 um R_]
to number 13 [0.02 um R,]).

OWEEE

Out-of-round Bellmouth Waviness Undersize Barrel
Taper Boring Reamer Rainbow Misalignment
marks chatter
FIGURE 9.1

Common bore errors that can be corrected by honing. (Reproduced from Machining, in Vol. 16
of Metals Handbook, ASM International, 1989. With permission of ASM International.)
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/// . .
Workpiece — £ +~ Honing stick
’ =
Spring pressure
g : !
£ - Ve Rotating + reciprocating
) /\ shaft

FIGURE 9.2
Abrasive contact of the tool with workpiece. (From Tool and Manufacturing Engineers Handbook,
SME, McGraw-Hill, Troy, MI, 1976. With permission.)

4. Ensures good quality of surface layer resulting from the low cutting
temperatures.

5. Obtaining very high dimensional accuracy independent on the
machine tool used.

6. The metal removal rate is relatively high. The following are the mer-
its of honing:

a.The smooth and quite operation enables high accuracy and sur-
face finish to be achieved.

b.Several holes may be honed simultaneously.

c. Relatively high productivity and low cost in comparison with
other hole finishing methods.

The process faces difficulties in the following areas:

a. Improving the straightness of holes

b. Honing tough nonferrous metals due to glazing or clogging of the
bores of the honing sticks

According to Figure 9.3, the stroke length H, should be sufficient enough for
honing the entire length of the hole:

Hs:l—HL +101+102

where
I is the workpiece length in mm
H, is the hone length (1.5-1500 mm)
lo, is the hone upper overrun in mm
lo, is the hone lower overrun in mm
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Honing stick | » o 3
da 4

Work

'

FIGURE 9.3
Stroke lengths as related to work length, hone length, and overruns.

Honing can be performed for diameters of holes ranging from few millime-
ters up to 1 m and a length I between 1 cm and 20 m. For long honing strokes,
vertical honing machines are used. Honing applications include

e Cylindrical and tapered surfaces
¢ External surfaces in the form of cylinders and cones

e Formed surfaces and plane surfaces (not frequently used)

Blind holes can also be honed if they are extended and enlarged at the end
to allow possible hole overrun. For applications of high productivity require-
ments, an oscillatory motion is imparted to the honing head at a frequency of
20 Hz in addition to its normal reciprocating motion. For improved surface
quality in finish honing, the process is performed without rotary motion,
only with reciprocating motion, using hones arranged in such a way that
covers the entire circumference of the machined hole. Honing of external
surfaces can be accomplished by mounting four hones to holders on a con-
tracting yoke. The workpiece is then rotated, while the sticks envelop the
workpiece and a hand pressure is applied.

9.2.1 Honing Kinematics

The working motions in honing (Figure 94) are the uniform rotary motion at
a rotational speed N and peripheral speed, V,=mdN, a reciprocating motion at
a stroke frequency f,, and an average linear feed speed S, in the axial direction:

St = ZHSﬂ

Combining S, and V,, the cutting (honing) speed V becomes

V=V2+s?
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O
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\_________,/ ij: I’f \‘“xj
Isometric view of Stick, at end of forward stroke “Metal shaving” development
half cylinder composite view of A of abrasive path
FIGURE 9.4

Combined rotations and reciprocation result in a crosshatched surface finish, generated on a
true cylindrical surface. (Reproduced from Tool and Manufacturing Engineers Handbook, SME,
McGraw-Hill, Troy, M1, 1976. With permission of SME.)

The direction of the cutting speed V is determined by the angle ¢, (20°-60°),
where

Vo=V cos¢,
S;=Vsind,

An optimum value of the cutting speed direction is ¢, = 45°. The composition
of the rotary and reciprocating motions should occur so that the abrasive
grains of the hones should not move along their own trails at all. This can
be achieved if the stroke length is not a multiple of the helical pitch of the
motion path (Kaczmarek 1976). Consequently,

Hy=(my, +en)H
H, =(my, +ey)nd tan ¢,
where
H is the helical pitch of motion

m, is a whole number
len| <1
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A number smaller than unity (<0.2) indicating what part of the circumfer-
ence the trails of the given points are displaced s is given by s=e,nd.

The value of s should not be greater than the circular pitch between hones
minus hone width b;:

SSLd—bh
Zy

where Z,, is the number of honing sticks. Therefore,

H
tang,=—>——
¢ (mh +en )TCd
At the same time,
tan ¢, :i: ZHsfr
V, mN

P

Therefore,

N
—=2(my, +ey)
fe
If 1/e,, is made a prime number, grain passes will not follow their own trails.
If H, and d are given and the angle ¢, is assumed,

S

my+ep=———-
nd tan ¢,

The honing time f,, can be calculated from

tm:lxldqu
fr st

where
1/f, is the time of a single stroke
nd/s is the number of strokes corresponding to the circumference
g/t is the number of passes
f is the number of strokes per unit time
s is the peripheral feed rate of honing sticks
t is the depth of cut
Jm is the allowance to be removed
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9.2.2 Process Components

Hones: Abrasive materials used for honing sticks are SiC, A1,O;, CBN, and dia-
mond. Recommendations for the particular type of abrasives are similar to
grinding. In this regard, SiC is used for honing cast iron and nonferrous materi-
als and Al,O; is widely used for honing of steel. Diamond abrasives are recom-
mended for chrome-plated, extremely hard carbides and ceramics. Diamond
hones are also used for blind holes, transfer line honing, and automatic honing
of small parts in mass production. The size of abrasive grains varies within a
wide range from 14 to 400 um. Grain numbers up to 320 are used to improve
the accuracy when larger allowances are to be removed. Grains of the smallest
size (microdust) are only used to improve the surface quality.

The type of bond does not play an important role in the honing process.
However, the bond strength is essential because it determines the permis-
sible rotational speed and the number of strokes per minute used in the hon-
ing process. In this regard, phenolic resins are popular because their strength
reaches 700 kg/mm?. Regarding the hone life, Al,O, or SiC hones are capable
of performing 100-500 operations depending on the honing allowance and
the other process factors. Diamond dust hones perform 5,000-50,000 opera-
tions within the allowance range of up to 30 um.

Hone hardness lies within the limits of medium L to hard P. Generally,
a higher hardness is recommended for large machining allowances, rigid
workpieces, and higher unit pressures. For high accuracy requirements and
unrigid workpieces, lower hone hardness is chosen. Table 9.1 shows the
selection criteria of honing stones for different materials and surface finishes
required. Normal hone length ranges from 1/3 to 3/4 of the work surface
length I so that with overrun of 1/3-1/2 of the hone length, the change in
unit pressure does not cause any sharp errors.

TABLE 9.1

Selection of Honing Stone Characteristics

Grain Size for a Surface

Work Hardness Finish (um)
Material BHN Abrasive  Grade 0.01 0.025 0.3 0.4
Steel 200-300 AlLO, R 600 500 400 320
330-470 O 600 500 400 320
60-65 RC J 500 400 320 280
Cast iron 200-470 SiC Q 500 400 280 280
60-65 RC SiC ] 400 280 220 150
Aluminum SiC R 600 500 4000 320
Copper 120-140 SiC R 600 500 400 320
180-200 SiC R 600 500 400 320

Source: Rao, PN., Manufacturing Technology: Metal Cutting and Machine Tools,
8th edn., Tata McGraw-Hill, New Delhi, India, 2000.
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Honing fluids: Generally, a sulfurized material based on hard oil, mixed
with kerosene, is used for honing. The cutting fluid flushes the abrasive
sticks from chips and sludge, acts as a coolant that carries away the heat
generated by abrasion and friction, and acts as a lubricant.

9.2.3 Process Description

Honing produces round and straight bores because the relationship of the
abrasion forces of the sticks to the surface being machined is completely
independent on the honing machine. The fact is that either the tool or the
workpiece float, as shown in Figure 9.5, enables the tool to exert an equal
pressure on all sides of the bore regardless of the machine vibrations. As
the tool reciprocates through the bore, the pressure and the resulting pen-
etration of grit are greatest at the high spots and, consequently, abrading
the crests of the waviness and making the bore straight. After leveling the
high spots, each section of the bore receives an equal abrading action by
thousands of grains during a single hone reciprocation of the tool as shown
in Figure 9.6.

9.2.4 Process Characteristics

Honing is a finishing process that removes very small allowances to improve
the quality of surfaces. The main performance indices for honing are the

FIGURE 9.5

Either the tool or the workpiece floats to permit the bore and the tool to align. (Reproduced
from Machining, in Vol. 16 of Metals Handbook, ASM International, 1989. With permission of
ASM International.)
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Roundness error Roughness Form error

FIGURE 9.6

Long, rigidly supported stick generates a true cylinder by abrading all inaccuracies and then
cutting equally on all sequence of the bore. (From Tool and Manufacturing Engineers Handbook,
SME, McGraw-Hill, Troy, MI, 1976.)

surface roughness and the linear material removal rate. Figure 9.7 shows
main process parameters that affect the performance of honing.

The honed surface is a cross-lay pattern made up of a multitude of small
diamond-shaped plateaus, each surrounded by the cut pattern of the hon-
ing stone. The plateaus carry the load, and the valleys in between act as oil
reservoirs. Because the abrasive grains are small and so many of them act-
ing simultaneously, heat and stresses generated in the workpiece surface are
neglected.

Effect of time and grain size: The rate of material removal in honing dimin-
ishes with time in a hyperbolic way, independently on the grain number
as shown in Figure 9.8. For any grain size, the mean total height of sur-
face roughness decreases with honing time, until, as a result of wear, some

[ Workpiece material ]

[ Honing time ] [ Honing speed ]

FIGURE 9.7
Factors affecting honing performance.
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FIGURE 9.8
Effect of time on removal rate and roughness of honed parts.
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FIGURE 9.9
Effect of unit pressure on removal rate and roughness of honed parts.

burning and surface scratching occur, which raises the surface roughness.
The use of fine-grained hones yields lower rates of material removal and an
improved surface finish.

Effect of unit pressure: Normal honing pressures are between 1.0 and
3.2 MPa. The material removal rate increases with unit pressure. At low
unit pressures, the surface roughness remains unchanged. Above a cer-
tain value of unit pressure, its influence diminishes. In the normal work-
ing range, the increase of unit pressure deteriorates the surface roughness
(Figure 9.9). Higher unit pressures are selected when the machining
allowance is relatively high and the surface quality requirements are
low. In such a case, hones are hard, grains are coarse, and the speed of
reciprocation is high.
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Effect of speed: Generally, higher cutting speeds are used for honing met-
als that shear easily such as cast iron and nonferrous materials. The hon-
ing speed should be decreased when the contact area between grains and
the bore increases. Higher speeds produce fine surface finish and raise the
removal rate (Figure 9.10). It decreases the dimensional accuracy, overheats
the workpiece, and dulls the abrasives. Table 9.2 shows the rotary and recip-
rocating speeds of honing some engineering materials. An increase in that
speed improves the self-dressing characteristics of the abrasive sticks, which
improves the material removal rate.

Increasing the peripheral speed of hones causes a linear growth of the
material removal rate. On the other hand, surface roughness becomes

“ ------ Removal rate “
Roughness -
g Z
= <
= =
3 s
=}
£ g
" E
=
wv
Peripheral speed
FIGURE 9.10
Effect of peripheral speed on removal rate and roughness of honed parts.
TABLE 9.2
Selection of Honing Process Parameters
Honing Speed (m/min)
Rough Honing Finish Honing
Work Hardness Rotary Reciprocating Rotary Reciprocating
Material RC Speed Speed Speed Speed
Cast iron 15-20 23-28 10-12 32 13.5
Steel 15-35 18-22 9-11 25 12
35-60 14-21 12-15 28 17.5
Alloy steels 25-50 23-28 10-12 31 12
Bronze 8-15 21-26 12-26 30 17.5
Aluminum — 21-26 12-26 31 17

Source: Rao, PN., Manufacturing Technology: Metal Cutting and Machine Tools,
8th edn., Tata McGraw-Hill, New Delhi, India, 2000.
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slightly reduced. At high speeds of reciprocation, the material removal rate
is increased in a more intensive way than the peripheral speed, while the
surface finish deteriorates with the speed of reciprocation. Table 9.3 shows
the practically cutting speed direction in honing.

Workpiece material: Honing tackles all types of steel, cast iron, carbides,
brass, bronze, aluminum, silver, and many nonmetallic materials such as
glass, ceramics, and plastics (see Table 9.4). The hardness of the material
affects the rate of linear material removal. In this case, a removal rate of
1.15 mm/min was achieved in a soft material, and 0.15-0.30 mm/min was
used for hard steel (65 RC).

TABLE 9.3
Practically Applied Cutting Speed Directions in Honing
Work Material Cut V,/S;Ratio  Cutting Speed Direction Angle (¢,)
Gray cast iron Preliminary 2-5 26-11
Finishing 4-8 14-7
Non-hardened steel ~ Preliminary 1.5-2.5 34-22
Finishing 2.5-40 22-14
Hardened steel Single 5-7 11-8
Bronzes Single 10-16 6-35

Source: Reproduced from Kaczmarek, J., Principles of Machining by Cutting, Abrasion, and
Erosion, Peter Peregrinus Ltd., London, U.K., 1976. With permission of IEE.

TABLE 9.4
Approximate Obtainable Honing Finishes

Finish Change to pm (uin.) RMS?

Soft Materials,
Type of Steel RC 50 Steel Less Aluminum, Brass,

Grit Number  Abrasive? or Harder than RC50 CastIron Bearing Bronze, etc.
150 A 0.50 (20) 0.875 (35) NR NR

S NR NR 0.8 (32) 2 (80)
220 A 0.45 (18) 0.625 (25) NR NR

S NR NR 0.5 (20) 1.375 (550
280 A 0.3 (12) 0.5 (20) NR NR

S NR NR 0.30 (12) 0.825 (330
320 A 0.25 (10) 0.4 (16) NR NR
400 S 0.125 (5) 0.175 (7) 0.15 (6) 0.375 (15)
500 S 0.075(3) 0.10 (40 0.125 (5) 0.30 (12)

Source: Reproduced from Tool and Manufacturing Engineering Handbook, SME, McGraw-Hill,
Troy, MI, 1976. With permission of SME.

Finer finishes can be obtained by feathering out honing pressure.

A, aluminum oxide; S, silicon carbide; NR, not recommended.

2 Figures were obtained with the use of free-cutting honing stone.
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9.3 Lapping

The life of the moving parts that are subjected to wear can be increased by
eliminating hills and valleys and creating a maximum percentage of bear-
ing area. Lapping is a finishing process, which is carried out using loose
abrasives. Surface smoothing is achieved by the abrasive grains that are sup-
ported by the lap, which acts as the cutting tool shank. An extremely high
accuracy of form and dimensions and a good surface quality are obtained.
Lapping is characterized by the type of the relative motion between the
lap and the workpiece surface. Lapping is done by charging a lap, which is
made of soft material with abrasive particles, and rubbing it over the work-
piece surface with a slight pressure as shown in Figure 9.11. The process
is classified into hand and machine lapping and mechanical and chemo-
mechanical. Lapping can be performed with free or forced lap charging
with abrasives. Rotary, plane, and profile lappings also tackle different
workpiece forms.

Lapping is a final operation, which results in four major refinements in the
workpiece:

¢ Extreme accuracy of dimensions
e Correction of minor imperfections of shape
* Refinement of surface finish

® Producing close fit between mating surfaces

Py

) |

P
L !
Lap /
compound R Ui -
R ] L

Workpiece

FIGURE 9.11
Principles of lapping.
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Lapping does not require the use of holding devices; therefore, no
workpiece distortion occurs. Additionally, in normal lapping, less heat is
generated than in most of other finishing operations. This minimizes the
possibility of metallurgical changes to the machined parts. When both
sides of a flat workpiece are lapped simultaneously, an extreme accuracy
in flatness and parallelism and the relief of inherent stresses can be
achieved.

9.3.1 Process Components

Laps: For proper lapping performance, the particular grains must be
partially driven into the lap surface for a certain time. The lap material
plays the role similar to the bond in the grinding wheels. Only the grains
that are embedded in the lap perform the abrasion action. Too hard a lap
causes excessive and rapid chipping of abrasive grains and reduces the
periods during which the grain remains embedded in the lap. This causes
a faster wear of the abrasive mixture and the reduction of material removal
rate. In addition, some of the grains are driven into the work material,
thus deteriorating the machined surface quality. Too soft laps cause the
abrasive grain to be driven too deeply and permanently into the lap mate-
rial. Consequently, as the grain corners become worn, the rate of metal
removal diminishes, and the quality of surface finish and of the surface
layer deteriorates.

A properly selected lap material enables the grains not only to be
temporarily supported but also to change their position repeatedly. Under
such circumstances, each grain may cut with several corners instead of
one. This favors longer abrasive life, increase in material removal rate, and
improvement of surface finish and quality of the surface layer. Laps used
for machine lapping are mostly made of ferritic cast iron (120-160 HB) or
pearlitic cast iron (160-200 HB). The former is better for free lap charg-
ing and the latter is recommended for free lap charging. Steel, copper
alloys, lead, plastics, mirror, glass, and wood are also used as lap mate-
rials. The lap shape and dimensions should make possible the lapping
of work surface with the necessary accuracy and even distribution of
abrasive compound over the entire workpiece surface. Regarding the lap
wearability, cast iron is the best material. The wearability of cast steel laps
is 25% higher than that of cast iron and the wearability of copper laps is
250% higher.

Lapping media: Lapping utilizes abrasive mixture in the form of compounds.
However, slurries containing abrasives suspended in a cutting fluid are also
used. The abrasive mixture is characterized by the properties of the abra-
sives, the properties of the mixture or the cutting fluid, and the degree of
concentration and regeneration. Aluminum oxide and silicon carbide are
commonly used for lapping steel, cast iron, nonferrous metals, and sintered
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materials. In addition, boron carbide is mostly used for lapping sintered
carbides; diamond dust is used for hardened steel and sintered carbides;
chromium oxide is used for obtaining the highest surface quality of steel
and copper alloy surfaces. The size of the abrasive dust can be taken as

Silicon carbide 100-5 pm
Boron carbide 60-5 pm
Diamond dust 5-0.5 um
Chromium oxide  2-1 um

Compound: The compound to be mixed with the abrasives (vehicles) should
ensure sufficiently the following properties:

* Holding the abrasives in a uniform suspension during the lapping
operation

¢ Should not evaporate easily
¢ Be noncorrosive and nontoxic
¢ Easily removable by normal cleaning

e Adheres to the lap and, therefore, minimizes the waste of the
machining compound

* Responds to temperature variations with the viscosity characteris-
tics desired in a given application

Lubricating compounds include grease, tallow, stearin, and wax. In some
cases, colloidal graphite is added to improve the lubricating properties.
Machine oil, rape oil, and paraffin are mainly used as lapping fluids where
the abrasive dust is suspended. Table 9.5 shows the abrasive materials, the
compound, and the lap material for different lapping operations.

The optimum degree of abrasive concentration depends on the unit pres-
sure. It has been established experimentally that increasing the concentration
necessitates a corresponding increase in the unit pressure if the maximum
rate of material removal under given conditions is to be attained as shown in
Figure 9.12. However, after a certain value of abrasive concentration, further
increase in unit pressure does not result in a corresponding increase in mate-
rial removal rate.

Lapping allowance: The machining allowance in lapping could be of the
order of the mean total height of the surface irregularities R,,,, left over from
the previous machining operation (1020 um). The machining allowance
depends on the previous machining operation and the workpiece mate-
rial hardness (typical values are shown in Table 9.6). Lapping can also be
used to correct shape and improve dimensional accuracy of the workpiece
where the lapping allowance is increased to 0.1 mm. In such a case, prelimi-
nary and finish lapping must be followed. The initial preliminary pass uses
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TABLE 9.5
Selection of Lab and Abrasive Mixtures for Various Types of Lapping
Kind of Lapping Abrasive Material Grease or Oil Lap
Preliminary Aluminum oxide or Machine oil with Materials softer
lapping of silicon carbide grain paraffin to obtain than workpiece
machine parts number 80-120 semiliquid material: ferritic
consistency of the cast iron, copper,
compound brass, lead

Finish lapping of
machine parts

diamond dust, grain
size less than 150

Aluminum oxide, silicon
carbide, boron carbide,

For steel and cast iron:

machine oil. For
copper alloys: tallow,
vaseline with
graphite additives.
For light alloys: rape

Materials harder
than workpiece
material: pearlitic
cast iron,
chromium steel,
glass

oil, paraffin

Cast iron of
lamellar pearlitic
structure (HB ~
180-200 kg/mm?)

Paraffin oil, stearin,
with oil and graphite
additives

Lapping of
cutting tools

For high-speed steel
(HSS), aluminum oxide;
for sintered carbides,
silicon carbide, boron
carbide, grain size
smaller than 150 and
diamond dust grains
(1-5 um)

Source: Reproduced from Kaczmarek, J., Principles of Machining by Cutting, Abrasion, and
Erosion, Peter Peregrinus Ltd., London, U.K., 1976. With permission of IEE.

P2>P1

Removal rate

|

Abrasive concentration

FIGURE 9.12
Dependence of the rate of material removal on abrasive concentration and unit pressure.

coarse grains and a higher unit pressure; fine grains and a lower unit pres-
sure are used for the finish pass. The accuracy obtained by lapping depends
on the method and time of lapping, initial accuracy of workpiece, kinetic
and geometric accuracy of the lap, etc. Generally, the attainable dimensional
accuracy lies in the range of +0.5 um. Similarly, a high quality of surface
finish is obtained by lapping depending on the initial roughness and con-
ditions of the lapping process. The lapped surface is usually matt with a
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TABLE 9.6

Lapping Allowances for Different

Workpiece Materials

Work Material Lapping Allowance (mm)
Cast iron 0.2

Aluminum 0.1

Soft steel 0.01-0.02

Ductile steel 0.05-0.50
Hardened steel 0.005-0.020

Glass 0.03

Cemented carbide 0.03-0.05

Bronze 0.03

Source: Rao, PN., Manufacturing Technology: Metal
Cutting and Machine Tools, 8th edn., Tata
McGraw-Hill, New Delhi, India, 2000.

TABLE 9.7

Surface Finish Achieved by Lapping

Surface Finish

Abrasive Used Grain Size pm pin.

Silicon carbide 220 0.75-1.00  30-40
320 0.64-0.75  25-30
400 0.46-0.64 18-25
500 0.38-0.46  15-18
600 0.25-0.38  10-15
800 0.13-0.25 5-10

Aluminum oxide 400 0.08-0.13 3-6
800 0.05-0.08 3-2
900 0.03-0.08 1-2

Source: Rao, PN., Manufacturing Technology: Metal
Cutting and Machine Tools, 8th edn., Tata

McGraw-Hill, New Delhi, India, 2000.

287

surface roughness of 0.08-0.02 um R,. Table 9.7 shows the different surface

roughness obtained by lapping.

9.3.2 Mechanics of Lapping

The mechanism of material removal in lapping is formed based on

Mataunaga following assumptions:

1. Scratching with pin edges of cone sharp abrasives

2. Supporting of the load by the abrasives
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3. Independence of the work hardness H, from the cone angle q and
the load

4. Satisfying Ehrenberg’s experimental equation for scratching. Based
on the work of Ehrenberg and Figure 9.13,

42 = 8pg
6\ 100%H,

The sum of cross sections is Ag:

d2 0
A=Y 4g cot(ng

2p )
A= & —cot| &
5 =2 J00nH, © ( 2)

where
d,, is the width of scratched groove in mm
P is the load on abrasive grain in kg
H, is the indentation hardness in kg/mm?
A, is the cross-sectional area of structured grooves
0, is the cross-sectional angle of points of grains

Rearranging,

~— 0

8
Sharp-edge grains

B4
R W e B
Round-edge grains T
FIGURE 9.13
Mechanics of lapping.
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Pcot (%g)
Ag=—""
507H,

Consequently, the volume removed Q, becomes

Q. =Agpl

0
_ pPlcot(Tg)

v

50mtH,

where
P is the pressure on the workpiece
p is the density of the workpiece
l'is the lapped distance

Experimental results showed that Q, is proportional to p,'%. Scratching,
by rounded edge abrasives of radius r,, in a wet lapping should also be
considered as shown in Figure 9.13. A modified equation has been given as

(1357 e s P | P YT
QV_( 103 )(ad) {1’;‘75}(Hr)

In this equation, the stock removal Q, is proportional to P%, and the effect
of abrasive to vehicle ratio and abrasive size is accounted for through the
parameter dd.

9.3.3 Process Characteristics

Figure 9.14 shows the main factors that affect the performance of the lapping
process, which include the following.

Effect of unit pressure: Practical unit pressures are maintained within
2-5 kg/cm? for Al,O; and from 0.5 to 2.5 kg/cm? for SiC in preliminary
lapping and within limits of 0.3-1.2 kg/cm? in finish lapping. Figure 9.15
shows the effect of unit pressure on the surface roughness and the linear
removal rate. Accordingly, the optimum unit pressure with respect to the
linear removal rate P, is higher than the optimum pressure with respect
to surface roughness P;. The optimum unit pressure should, therefore, be
contained within the limits P,—P, if the roughness required lies between R,
and R,,. Additionally, if the roughness required R, > R,,, the unit pressure
should be taken as P,.
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[ Workpiece material ]

Grain size Unit pressure

[ Concentration ] [ Lapping speed ]

FIGURE 9.14
Factors affecting lapping performance.
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FIGURE 9.15

Typical dependence of mean total height of surface irregularities and rate of metal removal on
unit pressure.

As shown in Figure 9.15, increasing the nominal pressure from very low
values at constant concentration and size of abrasives causes a greater depth
of cut and thus a larger volume of material removed by the particular lap-
ping grains. At high pressures, the load acting on the grains exceeds their
compressive strength, which causes crushing and disintegration of the lap-
ping grains. Thus, the volume cut by each single grain decreases, which is
followed by diminishing the rate of material removal and a rise in surface
roughness.

Effect of grain size: As shown in Figure 9.16, surface roughness increases
monotonically with grain size. On the other hand, the rate of material removal
(under constant lapping pressure) reaches a maximum value at a grain size
V... Accordingly, if the surface roughness greater than R, is required, grain
dimension of V,=V,_should be selected. If R,=R,,, choose V =qu1. Table 9.7
shows the grain characteristics and the corresponding surface finish.

www.EngineeringBooksPDF.com



Abrasive Finishing Processes 291

Maximum ll “
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FIGURE 9.16
Dependence of linear removal rate and surface roughness on grain size.

Effect of concentration: Increasing the abrasive concentration in the mix-
ture (constant grain size and unit pressure) results in an increase in the
number of grains per unit area but reduces the pressure excreted on a
grain, which reduces the volume cut by the grain. An optimum concentra-
tion exists where the sum of volumes cut by the working grains reaches its
maximum as shown in Figure 9.17. At higher concentration, a reduction of
linear material removal rate occurs because the volume cut by the particu-
lar grains diminishes quicker than the number of working grains’ increase.
At low concentration, a reduction of linear material removal rate occurs as
the pressure excreted on the grains exceeds the compressive strength of
some of them and those are crushed, which result in a decrease of material
removal rate.

Maximum
removal rate

Removal rate

1 i
—
Optimum
concentration

Concentration

FIGURE 9.17
Dependence of linear removal rate on grain concentration.
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FIGURE 9.18
Dependence of linear removal rate on the lapping speed.

TABLE 9.8
Lapping Speeds for Machine Lapping Plane Surfaces?

Surface Roughness, Lapping Allowance

Accuracy Level R, (pm) (up to mm) Lapping Speed (m/min)
Medium 0.16-0.63 0.5 200

Accurate 0.04-0.16 0.25 100=250

Very accurate 0.01-0.04 0.04 10-100

Source: Reproduced from Kaczmarek, J., Principles of Machining by Cutting, Abrasion, and
Erosion., Peter Peregrinus Ltd., London, U.K., 1976. With permission of IEE.
2 For form lapping, reduce the speed to 1/2-1/3.

Lapping speed: This is the speed of the lap relative to the workpiece
surface. The dependence of removal rate and surface roughness on the
lapping speed is shown in Figure 9.18. Accordingly, the linear removal rate
increases with the lapping speed at higher rate than does the surface rough-
ness. Table 9.8 shows typical speeds that are applied in machine lapping of
plane surfaces.

9.3.4 Lapping Operations

Flat planetary lapping: Figure 9.19 shows the vertical flat lapping process
where large quantities of similar parts are being handled and, in some cases,
both surfaces are machined simultaneously. The resultant parallelism and
the uniformity of dimensions are better than that of hand lapping.

Spherical lapping: Figure 9.20 shows the lapping of spherical surfaces other
than balls. Accordingly, the lap is a counterpart of the surface to be machined.
The lap should be heavy enough to provide the required pressure.

Vibratory lapping: To increase the linear material removal rate by lapping,
additional vibration is applied to the lap as shown in Figure 9.21. Under such
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FIGURE 9.19
Planetary lapping.
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FIGURE 9.20

Spherical lapping arrangements.

conditions, the material removal rates rise by 30%-40%, but the height of
surface irregularities increases by 50%-100%. Vibratory lapping is, therefore,
suitable as a preliminary lapping process or when the surface required is not
smooth. The abrasive mixture of boron carbide or diamond dust is used for
longer abrasive life and material removal rate requirements.
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20-25 kHz

0.1 mm amplitude
CuNi alloy, water, and B,C

or diamond grains

7

Workpiece

FIGURE 9.21
Vibratory lapping.

9.4 Superfinishing

Superfinishing is the abrasive finishing process in which the working
motions include

® Oscillatory motion of the tool, ie., reciprocating motion of short
stroke and high frequency in the direction parallel to the axis of
workpiece rotation

¢ Rotary motion of the workpiece

¢ Feed motion of the tool or workpiece

In straight superfinishing (Figure 9.22), the feed motion is parallel to the
workpiece axis; in radial superfinishing (Figure 9.23), it is perpendicular
to that axis. In plunge superfinishing (Figure 9.24), there is no stick (tool)
feed, while in the internal superfinishing shown in Figure 9.25, the tool feed
direction is axial.

The aim of oscillatory superfinishing is not to correct the shape and
dimensional accuracy but to improve the surface finish and the quality of
the surface layer. The superfinishing allowances are smaller than that in
honing. They are equal to the mean total height of surface irregularities
resulting from preliminary machining plus a part of the surface layer
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FIGURE 9.22
Straight oscillatory superfinishing.

.
ot T

Workpiece

FIGURE 9.23
Radial oscillatory superfinishing.

Stick

——

Workpiece

FIGURE 9.24
Plunge oscillatory superfinishing.

damaged in the latter operation. Thus, the superfinishing allowances are
often contained within the limits of dimensional accuracy. The rough-
ness obtainable is 0.01 um R,, which offers high wear resistance and a
high load-carrying capacity as compared to ground and precision-turned
surfaces.
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Stick
Workpiece

i

FIGURE 9.25
Internal oscillatory superfinishing.

Superfinishing is efficient for finishing cylindrical, flat, spherical, and
conical surfaces. Although it is not suitable for changing dimensions, an
average stock of 0.005-0.030 mm in diameter can be removed (Table 9.9). The
high degree of surface improvement is achieved at a lower cost, compared
to other finishing methods, because only a short time is required to obtain
the finish and there are only a small percentage of rejected components.
As in the lapping process, the high quality of surface obtained in superfin-
ishing is mainly due to

TABLE 9.9
Amount of Material Removed by Superfinishing

Ground Surface (RMS)

Material Removal (per Side

pin. pm or Radius) (um)
10 0.25 3.065
15 0.375 4.853
20 0.50 6.385
25 0.625 7.662
30 0.75 9.939
45 1.125 10.261

Source: Reproduced from Tool and Manufacturing
Engineering Handbook, SME, McGraw-Hill, Troy,
MLI, 1976, pp. 6-32. With permission of SME.
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TABLE 9.10

Representative Superfinishing Production on Automobile Parts

Ground Finish RMS Superfinished RMS

Superfinishing
Part Name Motion pin. pm pin. pm
Tappet head Spherical or flat 30-40 0.75-1 5-8 0.125-0.20
Crankshaft Cylindrical 30-40 0.75-1 5-8 0.125-0.20
Stem pinion bearing Cylindrical 15-25 0.375-0.625 2-4 0.05-0.10
Distributor shaft Cylindrical 30-40 0.75-1 3-5 0.075-0.125
Pressure plate Flat 100-200 2.5-5.0° 7-12  0.175-0.30
Brake drum Internal cylindrical =~ 200-250 5.0-6.25*  15-25  0.375-0.625
Tappet body Cylindrical 10-20 0.25-0.50 2-4 0.05-0.10
Camshaft main Cylindrical 15-25 0.375-0.625 2-4 0.05-0.10
bearing

Gear thrust face Flat 10-20 0.25-0.50 2-4 0.05-0.10
Tapered bearing races ~ Cylindrical 40-50 1.0-1.25 5-8 0.125-0.20

Source: Reproduced from Tool and Manufacturing Engineering Handbook, SME, McGraw-Hill,
Troy, MI, 1976, pp. 6-32. With permission of SME.
2 Figures for turned parts. In some cases, pressure plates have been ground to 20-30 pin.
(0.5-0.875 pm).

* Low specific pressure of the abrasive stone.

* Low cutting speeds.

e QOscillation of the abrasive sticks.

e Low temperature generated (1°C-28°C above ambient).

e Combination of oscillation and traverse motions brings new grains
in contact with workpiece and facilitates the removal of chips away
from the machining zone by the coolant.

Superfinishing is applied for external and internal surfaces of cast iron,
steel, and nonferrous parts, which have been previously ground or precision
turned. It is capable of rendering a high-quality surface finish. The microgeo-
metric errors cannot be corrected by superfinishing. Table 9.9 shows the
stock removed by superfinishing of ground surfaces. Table 9.10 shows the
representative superfinishing production on automobile parts.

9.4.1 Kinematics of Superfinishing

In the straight oscillatory superfinishing, shown in Figure 9.26, the path
of the grain is projected on a developed cylindrical workpiece surface. The
superfinishing stick (hone) starts its work in such a position that a large por-
tion of the hone length is in contact with the work surface. However, some
part of the stick, [, protrudes beyond this surface, which should not be
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FIGURE 9.26

Path of grain motion on work surface and cutting speed components in straight superfinishing.
(Reproduced from Kaczmarek, J., Principles of Machining by Cutting, Abrasion and Erosion, Peter
Peregrinus Ltd., London, UK., 1976. With permission of IEE.)

smaller than the feed per revolution S, i.e., the workpiece travels in relation
to the oscillatory part of the superfinishing head during one revolution of the
workpiece, S. This condition is given by

[4=5

The composition of the rotary motion and feed motion yields the path of grain
motion PR. As a result of the periodic (mostly sinusoidal) tool oscillation of
an amplitude as and wave length A,, the resulting grain path motion P passes
through the points E-H-F-K-G-R (Kaczmarek, 1976).

The amplitude a, may be controlled; the wavelength A, results from the
condition that the number of waves along the periphery should not be full
amplitude. Therefore,

(mg+e,)hs=md

Because
fihs =N(mms +es)As =dN

where
m, is the number of full lengths of oscillation wave on the periphery
e, is the number contained within the limits of 0 < e, < 1, usually taken
as 0.5
d is the workpiece diameter in mm
N is the rotational speed in rpm
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it follows that the number of strokes per minute of the frequency of oscilla-
tion f, will be

fr=N(mns+ey)

The cutting speed of straight superfinishing constitutes the vertical sum of
the peripheral speed of the workpiece V,, oscillating motion v,, and longitu-
dinal feed rate S,=SN and is determined by

V=\Vi+(0,+S)

For a sinusoidal oscillation,
v, =27f,as cos(2mf,t;)

The maximum oscillation occurs for stick displacements equaling zero,
e.g., for points E and F. The maximum cutting speed occurs at point E where
Vimax agrees with that of the longitudinal feed rate vector and thus

max

Vinax =V +(2nfia,+5,)?

The minimum speed occurs when v,=0.

Vinin =V + S

Practically, the actual motion is characterized by the average speed, which is
determined by

Vo =24 f;

Therefore, the maximum oscillation speed v, .., is

0 max

UO max = TCUO

Therefore, the average cutting speed V,, is

Voy =/Vi +(2fia,+S,)

Vi =y (AN +(2 fu, +5,)?

The angle of intersection of the superfinishing marks is varied and chang-
ing because the sinusoidal path of one grain intersects the paths of other
grains forming different intersection angles depending on the stroke and
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length of oscillation. Practical values of the frequency of oscillation, f, range
from 200 to 900 stroke/min, stroke length of 2-4 mm, v,=6-9 m/min, and
V,=(1.5-8.5) v, (increase by 12%-15% for soft workpiece materials).

The superfinishing time can be calculated from

poomy b mdl
t " SNt 1000V,S

(min)
where

g is the total machining allowance in mm

t is the depth of cut in mm

l'is the length of work surface in mm

d is the diameter of the workpiece in mm

S is the longitudinal feed rate in mm/rev

N is the rotational speed in rev/min

V, is the peripheral speed of workpiece in m/min

The superfinishing time is the product of the number of passes g,,/t and the
work surface area ndl divided by surface area being superfinished during
1 min (1000 V,,S).

9.4.2 Process Characteristics

Figure 9.27 shows the main factors that control the removal rate and the
surface finish during superfinishing processes. These include the following:
Unit pressure: Table 9.11 shows typical pressures used in superfinishing.

In superfinishing, there is an optimum value of unit pressure with respect
to surface roughness. The rate of material removal increases almost in pro-
portion to the increase of unit pressure. Also the relative rate of material

[ Workpiece material ]

[ Superfinishing speed ] [ Feed rate ]

FIGURE 9.27
Factors affecting lapping performance.
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TABLE 9.11

Common Unit Pressures during
Superfinishing

Workpiece Material ~ Unit Pressure (kg/cm?)
Steel and cast iron 1-5
Nonferrous metals 0.5-2.5

Light alloys 0.1-1

Source: Reproduced from Kaczmarek, J.,
Principles of Machining by Cutting,
Abrasion, and Erosion., Peter Peregrinus
Ltd., London, U.K., 1976. With permis-

sion of IEE.
) ) Removal rate “
Maximum relative
removal rate Relative

"""""""""""""""""""""""""""""" removal rate @
% Minimum L | ] E
= roughness Y
g 2
g 5 o §
~ B E
N +_/ i Roughness A

i

| |

| |

P1 P2 Unit pressure
Optimum range
FIGURE 9.28

Dependence of surface roughness, metal removal rate, and the relative rate of metal removal
on the unit pressure.

removal by sticks, i.e., the ratio of the rate of material removal by superfin-
ishing to tool (stick) wear, attains maximum value at a certain level of unit
pressure. Accordingly, an optimum of pressure is satisfied within the limits
P,-P, shown in Figure 9.28.

Speed of oscillation: Increasing the speed of oscillation v, causes pro-
portional increase in the rate of material removal by superfinishing. The
surface quality improves if the increment of v, results from increasing
the frequency f, and deteriorates if the increase is caused by the stroke
length. For higher surface quality, the workpiece speed V, should be high.
However, stick wear will be accelerated especially when superfinishing
harder materials.

Feed rate: Regarding the effect of feed rate S on the removal rate and surface
quality, an optimum range of 0.2-8 mm/rev exists. It is recommended to
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TABLE 9.12

Common Superfinishing Lubricants

Lubricant

Workpiece Material Paraffin (%)  Oil (%)

Non-hardened steel 70 30
Hardened steel 85 15
Cast iron 90 10
Nonferrous materials 80 20

Source: Reproduced from Kaczmarek, J.,
Principles of Machining by Cutting,
Abrasion, and Erosion, Peter Peregrinus
Ltd., London, UK., 1976. With per-
mission of IEE.

use higher feeds in case of longer hones, high oscillating frequency, and low
peripheral speed of the workpiece V.

Cutting fluid: As in case of honing, the use of cutting fluids provides lubri-
cation and washing the work and hone surfaces. Paraffin mixed with spindle
oil is the most commonly used as shown in Table 9.12. Proper filtration is
essential to achieve a surface roughness of less than 0.02 um R,.

9.5 Polishing

Polishing is the smoothing of surfaces by the cutting action of abrasive par-
ticles adhered to the surface of resilient wheels of wood, felt, leather, and
canvas or fabric or attached to belts operating on resilient wheels. The pro-
cess is used to impart high grade of surface finish for the sake of appearance.
It is not used to control part size. Artificial abrasives like Al,O; and SiC are
commonly used. Flint, emery, and garnet are used as natural abrasives. The
mesh size ranges from 12 to 400. For best results in polishing, the wheels or
belts should run at 3000 m/min.

9.6 Buffing

Buffing (Figure 9.29) is the smoothing and brightening of surface by the
rubbing action of fine abrasives in lubricating binder, applied intermittently
to the wheel of wood, cotton, fabric, felt, or a cloth. The lubricating binder
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Fabric wheel

Workpiece

FIGURE 9.29
Buffing schematics.

containing the abrasive grains is applied either from a solid bar or as a
liquid spray. The process is used to give much higher reflective finish than
can be achieved by polishing. For a mirrorlike finish, the surface must be
free from defects and deep scratches. Buffing speeds reach 4000 m/min
that is higher than the polishing speeds. A negligible amount of mate-
rial is removed in buffing and a luster is generated on the buffed surface.
Aluminum oxide abrasives are used in a lubricating binder. Color buffing
uses a white powder of alumina-type abrasives to produce the best color
and luster.

Review Questions

9.1 Describe the mechanics of lapping process.

9.2 Compare between honing and grinding processes.

9.3  Show the main bore errors that can be corrected by honing.

9.4  Sketch the kinematics of honing.

9.5 State the main factors that affect the performance of honing-lapping.

9.6  Explain the effect of the following parameters on removal rate and
surface finish in honing: (a) time, (b) unit pressure, and (c) peripheral
speed.

9.7  Derive an expression for material removal rate in lapping. State the
assumptions used.
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9.8

9.9

9.10
9.11
9.12

Fundamentals of Machining Processes

Explain the effect of the unit pressure, grain size, grain concentration,
and speed on removal rate and surface finish in lapping.

Explain why superfinishing produces high-quality surfaces.

Show the kinematics of the superfinishing operation.

Show diagrammatically the different superfinishing operations.

State the main factors that control the output of external cylindrical
superfinishing.
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10.1 Ultrasonic Machining

Ultrasonic machining (USM) is the removal of hard and brittle materials
using an axially oscillating tool at ultrasonic (US) frequency (1820 kHz).
During that oscillation, the abrasive slurry of B,C or SiC is continuously fed
into the machining zone, between a soft tool (brass or steel) and the work-
piece. The abrasive particles are, therefore, hammered into the workpiece
surface and cause chipping of fine particles from it. The oscillating tool, at
amplitude ranging from 10 to 40 um, imposes a static pressure on the abra-
sive grains and feeds down as the material is removed to form the required
tool shape (Figure 10.1).

The machining system, shown in Figure 10.2, is composed mainly from
the magnetostricter, concentrator, tool, and slurry feeding arrangement.
The magnetostricter is energized at the US frequency and produces small
amplitude of vibration that is amplified using the constrictor (mechanical
amplifier) that holds the tool. The abrasive slurry is pumped between the
oscillating tool and the brittle workpiece.

Magnetostricter: The magnetostricter, shown in Figure 10.4, has a high-
frequency winding on a magnetostricter core and a special polarizing
winding around an armature. The magnetostriction effect was first discov-
ered by Joule in Manchester in 1874. Accordingly, a magnetic field under-
going US frequencies causes corresponding changes in a ferromagnetic
object placed within its region of influence. This effect is used to oscillate
the USM tool, mounted at the end of a magnetostricter, at US frequencies of
18-20 kHz.

Mechanical amplifier: The elongation obtained at the resonance frequency
is too small for practical machining applications. The vibration amplitude
is, therefore, increased by fitting an amplifier (acoustic horn) into the out-
put end of the magnetostricter. Larger amplitudes of typically 40-50 um
are suitable for practical USM applications. Depending on the amplitude
required, the amplification process can be achieved by one or more acoustic
horns. To have the maximum amplitude of vibration (resonance) the length
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Cooling

Leads to water

transducer
winding

Magnetostriction
transducer

Cooling
water

Concentrator

Abrasive slurry

Workpi
FIGURE 10.1

Main elements of USM system.

Abrasives + water

/
<Y

Static pressure + vibrations

- ‘%’@x

X

Localized Localized Cavitation
hammering hammering erosion

FIGURE 10.2
Material removal mechanism in USM.

of the concentrator is made multiples of one-half the wavelengths of sound
in the concentrator (horn) material. The choice of the shape of the acoustic
horn controls the final amplitude of vibration. Five acoustic horns, which
include cylindrical, stepped, exponential, hyperbolic cosine, and conical, are
commonly used in USM.
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Aluminum bronze and marine bronze are cheap with high fatigue strength
of, respectively, 185 and 150 MN/m?, which makes them suitable for acoustic
horns. The main drawbacks of the magnetostrictive transducer are the high
losses encountered, low efficiency (55%), and consequent heat up and need
for cooling. Higher efficiencies (90%—-95%) are possible by using piezoelectric
transformers to modern USM machines.

Tools: Tool tips must have high wear resistance and high fatigue strength.
For machining glass and tungsten carbide, copper and chromium silver
steel tools are recommended. Silver and chromium nickel steel are used for
machining sintered carbides. During USM, tools are fed toward, and held
against, the workpiece by means of a static pressure that has to overcome the
cutting resistance at the interface of the tool and workpiece.

Abrasive slurry: The abrasive slurry is usually composed of 50% (by vol-
ume) fine abrasive grains (100-800 grit) of boron carbide (B,C), aluminum
oxide (AL,O;), or silicon carbide (SiC) in 50% water. The abrasive slurry is
circulated between the oscillating tool and workpiece through a nozzle close
to the tool-workpiece interface at an approximate rate of 25 L/min.

Material removal process: Under the effect of the static feed force and the US
vibration, the abrasive particles are hammered into the workpiece surface
causing mechanical chipping of minute particles. Figure 10.2 shows the com-
plete material removal mechanism of USM, which involves three distinct
actions:

® Mechanical abrasion by localized direct hammering of the abrasive
grains stuck between the vibrating tool and adjacent work surface

¢ The microchipping by free impacts of particles that fly across the
machining gap and strike the workpiece at random locations

e The work surface erosion by cavitation in the slurry stream

10.1.1 Mechanism of Material Removal

Using the theory of Shaw (1956), material removal by USM due to cavitations
under the tool and chemical corrosion due to slurry media are considered
insignificant. Therefore, the material removal due to these two factors has
been ignored. The material removal by abrasive particles due to throwing
and hammering only has been considered.

Abrasive particles are considered spherical in shape having diameter d.
Abrasive particles, suspended in a carrier, move under the high-frequency
vibrating tool. There are two possibilities when the tool hits an abrasive
particle. If the size of the particle is small and the gap between the bottom of
the tool and the work surface is large enough, then the particle will be thrown
by the tool to hit the work surface (throwing model). Under the reverse
condition, the particle will be hammered over the workpiece surface. In both
cases, the particle creates a crater of depth /1, and radius r,,. It is assumed that

www.EngineeringBooksPDF.com



308 Fundamentals of Machining Processes
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FIGURE 10.3

Development of fracture in the workpiece due to hitting by a grain (a) by throwing and (b) by
hammering; (c) crater shape.

the volume of material removed is approximately proportional to the inden-
tation diameter (2r,).

The volume of material removed, Q,, shown by the dotted line in Figure 10.3,
assuming a hemispherical crater, due to fracture per grit per cycle is given by

According to Figure 10.3, it can be shown that

4\ (d, 2
rp=(2) _(Z_hp) Eda]’lp

Qv = kl(hpda )3/2

Therefore, Q, becomes

where k1 is a constant and the number of impacts N; on the workpiece by the
grits in each cycle depends on the number of grits beneath the tool at any
time. This is inversely proportional to the diameter of the grits (assumed
spherical) as

1

Ni:kz?
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where k2 is a constant of proportionality. All the abrasive particles under
the tool need not necessarily be effective. Let k2 be the probability of an
abrasive particle under the tool being effective. Then the volume of material
removed per second VRR equals the frequency f, times the amount of mate-
rial removed per cycle Q,:

3
VRR=Q, f, =k1k2k3 % £

To evaluate the depth of penetration /i, of an abrasive particle, Shaw (1956)
proposed the following.
For the grain-throwing model,

3

Iy =ma, fod, 6‘(’;w

where
hy, is the depth of penetration due to grit throwing in mm
a,/2 is the amplitude of tool oscillation in mm
f is the frequency of tool oscillation in Hz
d, is the grit diameter in mm
p. is the density of abrasive grits in g/cm?
o, is the mean stress acting upon the workpiece surface in N/mm?

The volumetric removal rate due to the throwing mechanism VRR
becomes

2 2
VRRg, =k1k2k3 [”*p] d, £
G

For the grain-hammering model: When the gap between the tool and the work-
piece is smaller than the diameter of the grit d,, partial penetration into the
tool h, as well as in the workpiece &, occurs as shown in Figure 10.4. The
values of h, and h,, depend on the hardness of the tool and workpiece, respec-
tively. The workpiece penetration ., is given by

4F, a.d,
M= |— 7
0. Tk2(j+1)
The depth of penetration due to grain hammering /; is, therefore, the sum-

mation of /1, and h,,.
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Tool

Workpiece

FIGURE 10.4
Partial penetration of grit in the tool and workpiece.

The volumetric removal rate from the workpiece due to the hammering
mechanism VRR, can be evaluated as

VRR;, =k1k2k3 [W} da fe

o Tk2(j+1)
_h_ow
h, O

The computational results of Jain (2004) showed that
VRRh >>VRRth

where
h, is the depth of penetration due to grit hammering in mm
. is the frequency of tool oscillation in 1/s
o, is the mean stress acting upon the tool in N/mm?
p, is the density of abrasive grits in g/cm?
o, is the mean stress acting upon workpiece surface in N/mm?
F., is the mean force on the gritin N

10.1.2 Solved Example

Calculate the USM time required for a hole of diameter 6 mm in tungsten
carbide plate (fracture hardness=6900 N/mm?) if the thickness of the plate is
1.5 hole diameter. The mean abrasive grain size is 15 um diameter. The feed
force is equal to 3.5 N. The amplitude of tool oscillation is 25 um and the fre-
quency is equal to 25 kHz. The tool material used is copper having fracture
hardness equal to 1.5 x 103 N/mm?. The slurry contains one part abrasives to
one part water. Take the values of different constants as k1 =0.3, k2=1.8 mm?,
k3=0.6, and abrasive density=3.8 g/cm3. Calculate the ratio of the volume
removed by throwing to that removed by hammering (Jain, 2004).
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Solution

Given

Hole diameter, d,=6 x103 m

Plate thickness=1.5x hole diameter=9 x 10> m

Mean abrasive grain size=15x10"*m

Feed force=3.5N

Amplitude of tool vibration, 4,/2=25x10-°m

Frequency of oscillation, f,=25000 cps

Fracture hardness of workpiece material, 6,,=6.9 x 10° N/m?
Abrasive grain density, p,=3.8 x10° kg/m?

k1=0.3

k2=1.8 mm?=1.8x10"° m?

k3=0.6
Throwing model
3
iy =, fdy |2
3.8x10°
By =m(50%107°)(2.5x10*)(1.5x107), [~
th =T( X X ) 6x(69x10°)

hyw=1.78x10"° mm

h3
VRRy, = k1k2k3 /d—“‘ f,
-5\3
VRR g = 03x1.8x0.6, 178X107) 5 5011
15x10

VRRy, = 4.97 x107° mm?/s

4F, a4,
R e
G, Tk2(j+1)

= Ow _06900_, ¢
6, 1500

Hammering model
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w

4x35%x(2x25%x107°)x(1.5x107°)
nx(1.8x107°)x(6.9%x10°)x(4.6+1)

h,=2.182x10"* mm

3,
4 e

a

-4\3
VRR,, =03x1.8%0.6, Z192X10 )5 55011
15%10

VRR}, =0.2146 mm?/s

VRR}, =k1k2k3

The total removal rate VRR=VRR,;, + VRR;.
The machining time ¢ becomes

_ Volume of hole  (rt/4)6°x9
VRR 0.21987

tm

tn =19.289 min

Ratio
VRRy, /VRR=0.023

It is clear that the material removed by hammering is much more than that
removed by throwing (43 times); therefore, for approximate calculations,
VRRy, can be ignored.

In USM, the linear (theoretical) material removal rate VRR; in mm/s can
generally be described using the following imperial formula (Jain, 1993):

VRR. =59 f, (6,/H,) (d./2)** (a:/2)*

where
1. is the frequency of oscillation in Hz
G, is the static stress on tool in N/mm?
H, is the surface hardness of the workpiece (mx compressive fracture)
strength (N/mm?)
d,/2 is the mean radius of grit in mm
a,/2 is the amplitude of vibration in mm
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TABLE 10.1

Typical Process Characteristics of USM (Tool, Low-Carbon Steel; Slurry,
30%—40% of 180-240 Grit B,C; Amplitude, 0.025-0.035 mm; Frequency, 25 kHz)

Material Removal Rate

Volume Penetration Maximum Practical
Work Material (mm?3min) Rate (mm/min) Tool Area (mm?) Wear Ratio?
Glass 425 3.8 2580 100:1
Ceramic 185 1.5 1935 75:1
Ferrite 390 32 2260 100:1
Quartz 200 1.7 1935 50:1
Tungsten carbide 40 0.4 775 1.5:1
Tool steel 30 0.3 775 1:1

Source: Rao, PN., Manufacturing Technology: Metal Cutting and Machine Tools, 8th edn., Tata
McGraw-Hill, New Delhi, 2000.
@ Ratio of material removed from the work to that removed from the tool.

In case of hard and brittle materials such as glass, the machining rate is high
and the role played by the free impact is noticed. When machining porous
materials such as graphite, the mechanism of erosion is introduced. The rate
of material removal in USM depends, first of all, on the frequency of tool
vibration, static pressure, the size of the machined area, and the abrasive
and workpiece material. The material removal depends on the brittleness
criterion, which is the ratio of shearing to breaking strength of a material.
According to Table 10.1, glass has a higher removal rate than that of a metal
of similar hardness. Moreover, due to the low brittleness criterion of steel,
which is softer, it is used as a tool material. Figure 10.5 summarizes the
important parameters that affect the performance of USM, which are mainly
related to the tool, workpiece material, the abrasives, machining conditions,
and the machine tool.

10.1.3 Factors Affecting Material Removal Rate

Tool oscillation: The amplitude of tool oscillation has the greatest effect of all
the process variables. The amplitude of oscillation varies within the limits of
0.04-0.08 mm. The material removal rate increases with rise in the amplitude
of tool vibration (Figure 10.6). The vibration amplitude determines the veloc-
ity of the abrasive particles at the interface between the tool and workpiece.
Under such circumstances, the kinetic energy rises at larger amplitudes,
which enhances the mechanical chipping action and consequently increases
the removal rate. Greater vibration amplitudes may lead to the occurrence of
splashing, which causes a reduction of the number of active abrasive grains
and results in the decrease of the metal removal rate. The increase of feed
force induces greater chipping forces by each grain, which raises the overall
removal rate (Figures 10.6 and 10.7).
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Machining conditions
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Fatigue strength
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FIGURE 10.5
Factors affecting USM performance.
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FIGURE 10.6
Variation of removal rate with feed force and vibration amplitude.
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FIGURE 10.7
Variation of removal rate with feed force.

Regarding the effect of vibration frequency on the removal rate, for a given
amplitude, the increase in vibration frequency reduces the removal rate
(Figure 10.8). This trend may be related to the small chipping time allowed
for each grain such that lower chipping action prevails causing a decrease in
removal rate. The same figure shows that, for a given frequency, the increase
of removal rate at higher amplitudes.

Abrasive grains: The removal rate rises at greater abrasive grain sizes
until that size reaches the vibration amplitude, at which stage the material
removal rate decreases (Figure 10.9). When the grain size is larger compared
to the vibration amplitude, there is a difficulty in abrasive renewal in the
machining gap. Due to its higher hardness, B,C achieves higher removal
rates than silicon carbide (SiC) when machining a soda glass workpiece.
The rate of material removal obtained with SiC is about 15% lower when
machining glass, 33% in the case of tool steel, and about 35% in the case
of sintered carbide. Figure 10.10 shows the increase of removal rate with
particle velocity.

Water is commonly used as the abrasive-carrying liquid for the abrasive
slurry, although benzene, glycerol, and oils are alternatives. The increase
of slurry viscosity reduces the removal rate (Figure 10.11). The improved
flow of slurry results in an enhanced machining rate. In practice, a volu-
metric concentration of about 30%-35% of abrasives is recommended. The
increase of abrasive concentration up to 40% enhances the machining rate.
More cutting edges become available in the machining zone, which raises
the chipping rate and consequently the overall removal rate (Figure 10.12).
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Variation of removal rate with vibration amplitude and frequency.
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Variation of removal rate with mean grain size.
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FIGURE 10.10
Variation of removal rate with particle velocity.
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FIGURE 10.11
Variation of removal rate with slurry viscosity.

Workpiece impact hardness: The machining rate is affected by the ratio of
tool to workpiece hardness (Figure 10.13). In this regard, the higher the ratio,
the lower will be the material removal rate. For this reason, soft and tough
materials are recommended for USM tools.

Tool shape: The machining rate is affected by the tool shape and area. The
increase of tool area decreases the machining rate due to the problem of
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Removal rate
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FIGURE 10.12
Variation of removal rate with abrasive concentration and time.

Removal rate

Tool/work hardness

FIGURE 10.13
Variation of removal rate with the ratio of tool to workpiece hardness.

adequately distributing the abrasive slurry over the entire machining zone.
As shown in Figure 10.14, the rise in the static feed pressure enhances the
machining rate up to a limiting condition, beyond which no further increase
occurs. The reason behind such a trend is related to the disturbance of
the oscillation behavior of the tool at higher forces where the lateral vibra-
tions that are expected occur.
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FIGURE 10.14
Variation of penetration rate with feed force at different tool diameters.

At pressures lower than the optimum, the force pressing the grains into
the material is too small and the volume removed by a particular grain
diminishes. Beyond the optimum pressure, damping is too strong and the
tool ceases to break away from the grains, thus preventing their changes of
position, which reduces the removal rate. Measurements showed also the
decrease of material removal rate with the increase of hole depth. The reason
for this is that the deeper the tool reaches, the more difficult and slower is the
exchange of abrasives from underneath the tool.

10.1.4 Dimensional Accuracy

Generally, the form accuracy of machined parts suffers from the following
disturbing factors, which cause oversize, conicity, and out of roundness:

e Sides wear of the tool

e Abrasive wear

¢ Inaccurate feed of the tool holder
¢ Form error of the tool

® Unsteady and uneven supply of abrasive slurry around the oscillat-
ing tool

Owercut: The overcut is considered to be about 2—-4 times greater than the
mean grain size when machining glass and tungsten carbide. It is about
3 times greater than the mean grain size of B,C (mesh number 280-600).
The magnitude of the overcut depends on many other process variables,
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including the type of workpiece material and the method of US tool feed. In
general, USM accuracy levels are limited to +0.05 mm.

Conicity: The conicity of holes is approximately 0.2° when drilling of a
20 mm diameter hole to a depth of 10 mm is achieved in graphite. The conic-
ity can be reduced by the use of tools having negatively tapering walls.

Out of roundness: The out of roundness arises by the lateral vibrations of the
tool. Typical roundness error is about 40-140 um and 20-60 um, respectively,
for glass and graphite materials.

10.1.5 Surface Quality

As shown in Figure 10.15, the larger the grit size, the faster the cutting but
the coarser the surface finishes. A surface finish of 0.38-0.25 um can be
expected using a grit number 240. The larger the grit (the smaller the grain
size), the smoother becomes the produced surface (Table 10.2). As mentioned
earlier, larger chipping craters formed in the case of the brittle materials
create rougher surfaces than that obtained in the case of hard alloy steel.
A relationship can be found between the crater dimensions: Crater diam-
eter is one-third of the abrasive grain diameter and the depth is one-tenth
(McGeough, 2002).

As the amplitude is raised, the individual grains are pressed further into
the workpiece surface, thus causing deeper craters and, therefore, a rougher
surface finish. Smoother surfaces can also be obtained when the viscosity
of the liquid carrier of the abrasive slurry is reduced. The surface irregu-
larities of the sidewall surfaces of the cavities are considerably larger than
those of the bottom. This results from the sidewalls being scratched by

100 -
172]
3
£ 75F
oo
3
2
3]
& 90F
=1
wm
25 - mbkie
1 | |

50 100 150

Mean grain size

FIGURE 10.15
Effect of grain size on surface roughness for different workpiece materials.
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TABLE 10.2
Grit Number, Grit Size, and Surface Roughness in USM

Grit Number  Grit Size (mm) Surface Roughness (pm)

180 0.086 0.55
240 0.050 0.51
320 0.040 0.45
400 0.030 0.4

600 0.014 0.28
800 0.009 0.21

Source: ASM International, Machining, in Metals Handbook,
Vol. 16, ASM International, Materials Park, OH, 1989.
Reproduced with permission.

grains entering and leaving the machining zone. Cavitations damage to the
machined surface occurs when the tool particles penetrate deeper into the
workpiece. Under such circumstances, it is more difficult to replenish ade-
quately the slurry in these deeper regions and a rougher surface is produced.

10.1.6 Applications

USM should be applied for shallow cavities cut in hard and brittle materials
having a surface area less than 1000 mm?.

Rotary ultrasonic machining: A modified version of USM is shown in
Figure 10.16 where a tool bit is rotated against the workpiece in a similar
fashion to conventional coring, drilling, and milling. Rotary ultrasonic
machining (RUM) ensures high removal rates, lower tool pressures for

Tool
Vibration + static pressure + 1000 rpm

| 1<

Slurry Slurry I Slurry
Z
S7Z| 7 7z Rv777 BB 777077 e
workpiece T workpiece
———
Cutoff Finished Feed
workpiece
FIGURE 10.16

Rotary USM configurations.
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delicate parts, improved deep hole drilling, less breakout or through holes,
and no core seizing during core drilling. The process allows the uninter-
rupted drilling of small diameter holes. Conventional drilling necessitates
a tool retraction, which increases the machining time. The penetration rate
depends on the size and depth of cavity. Small holes require more time as the
rate of machining decreases with depth of penetration due to the difficulty
in maintaining a continuous supply of new slurry at the tool face. Generally,
a depth-to-diameter ratio of 2.5 is achievable by RUM.

Sinking: During USM sinking, the material removal is difficult when the
machined depth exceeds 5-7 mm or when the active section of the tool
becomes important. Under such conditions, the removal of the abrasive grits
at the interface becomes difficult and, therefore, the material removal process
is impossible. Moreover, the manufacture of such a tool is generally com-
plex and costly. Contouring USM (Figure 10.17) employs simple tools that are
moved in accordance to the contour required.

Production of EDM Electrodes: USM has been used to produce graphite
electrodischarge machining (EDM) electrodes. Typical US machining speed
in graphite ranges from 0.4 to 1.4 cm/min. Surface finish ranges from 0.2 to
1.5 um and accuracies of 10 um are typical. Small machining forces permit
the manufacture of fragile graphite EDM electrodes.

Polishing: US polishing occurs by vibrating a brittle tool material such
as graphite or glass into the workpiece at US frequency and relatively low
vibration amplitude. The fine abrasive particles in the slurry abrade the high
spots of the workpiece surface, typically removing 0.012 mm of material
or less.

Vibration + static feed + NC motion
Vibration + static feed

$ l Slurry 1 l
Tool path
Cavity \\ |

7

s Contourin;
Sinking Workpiece ¢

FIGURE 10.17
USM die sinking and contouring.
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10.2 Abrasive Jet Machining

In abrasive jet machining (AJM), a focused stream of abrasive grains of
Al,O; or SiC carried by high pressure gas or air at high velocity is made to
impinge on the work surface through a nozzle of 0.3-0.5 mm diameter. AJM
has smaller diameter abrasives and a more finely controlled delivery sys-
tem than sand blasting (SB). The workpiece material is removed by the abra-
sion action (A) of the high-velocity abrasive particles. AJM machining is best
suited for machining holes in super-hard materials. It is typically used to cut,
clean, peen, deburr, and etch glass, ceramics, or hard metals.

As shown in Figure 10.18, a gas (nitrogen, carbon dioxide, or air) is sup-
plied under pressure of 2-8 kg/cm?. Oxygen should never be used because it
causes a violent chemical reaction with the workpiece chips or the abrasives.
After filtration and regulation, the gas is passed through a mixing cham-
ber that contains abrasive particles and vibrates at 50 Hz. From the mix-
ing chamber, the gas along with the entrained abrasive particles (10-40 um)
passes through a 045 mm diameter tungsten carbide nozzle at a speed of
150-300 m/s (Figure 10.19). Aluminum oxide (Al,O;) and SiC powders are
used for heavy cleaning, cutting, and deburring. Magnesium carbonate is
recommended for light cleaning and etching. Sodium bicarbonate is used for
fine cleaning and cutting of soft materials. Commercial grade powders are
not suitable because their sizes are not well classified and may contain silica
dust, which can be a health hazard.

It is not practical to reuse the abrasive powder because contaminations and
worn grit cause a decline in the machining rate. The abrasive powder feed
rate is controlled by the amplitude of vibrations of the mixing chamber. The
nozzle standoff distance is kept at 0.81 mm. The relative motion between the
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and mixer
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FIGURE 10.18
AJM system.
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FIGURE 10.19
AJM terminology.

workpiece and the nozzle is manually or automatically controlled using cam
drives, pantographs, tracer mechanisms, or computer control according to
the cut geometry required. Masks of copper, glass, or rubber may be used
to concentrate the jet stream of the abrasive particles to a confined location
on the workpiece. Intricate and precise shapes are produced by using masks
with corresponding contours. Dust removal equipment is incorporated to
protect the environment.

10.2.1 Material Removal Rate

In AJM, the abrasive particles from the nozzle follow parallel paths for
a short distance and then the abrasive jet flares outward like a narrow
cone. When the abrasive particles of Al,O; or SiC, having sharp edges, hit
a brittle and fragile material at high speed, they dislodge a small particle
from it by a tiny brittle fracture. The lodged-out particle is carried away by
the air or gas.

The material removal rate, VRR in mm?/s, is given by

0.75
VRR=K;N,d3v'5 (P
12H,

where
K;is a constant
N, is the number of abrasive particles impacting/unit area
d, is the mean diameter of abrasive particles in mm
P, is the density of abrasive particles in g/cm?
H, is the hardness of the work material in N/mm?
v is the speed of abrasive particles in mm/s
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Material removal rate, workpiece accuracy, surface roughness, and nozzle
wear are influenced by the size and distance of the nozzle, composition,
strength, size and shape of abrasives, flow rate, and composition, pressure,
and velocity of the carrier gas. The material removal rate is mainly depen-
dent on the flow rate and the size of abrasives. Larger grain size produces
greater removal rates.

The typical material removal rate is 16.4 mm3/min when cutting glass, and
for metals, it varies from 1.6 to 4.1 mm3/min. For harder ceramics, cutting
rates are about 50% higher than those for glass. The minimum width of cut
is 0.13 mm. Tolerances are typically +0.13 mm with +0.05 mm possible using
good fixation and motion control. The produced surface has a random/matte
texture. Surface roughness of 0.2-1.5 um using 10 and 50 pm particles, respec-
tively, can be attained. Taper is present in deep cuts. High nozzle pressure
results in greater removal rate, but the nozzle life is decreased. Table 10.3
summarizes the overall process characteristics.

Abrasive flow rate: At a particular pressure, the volumetric removal rate
increases with abrasive flow rate up to an optimum value then decreases
with further increase in the flow rate. This is mainly due to the fact that
mass flow rate of the gas decreases with the increase of the abrasive flow

TABLE 10.3
AJM Process Characteristics
Abrasives
Type Al O, or SiC (used once)
Size Around 25 um
Flow rate 3-20 g/min
Medium
Type Air or CO,
Velocity 150-300 m/s
Pressure 2-8 kg/cm?
Flow rate 28 L/min
Nozzle
Material WC or sapphire
Shape Circular, 0.3-0.5 mm diameter
Rectangular (0.08 x 0.51 mm to 6.61 x0.51 mm)
Tip distance 0.25-15mm
Life WC (12-30 h)
Sapphire (300 h)
Operating angle Vertical to 60° off vertical
Area 0.05-0.2 mm?
Tolerance +0.05 mm

Surface roughness  0.15-0.2 um (10 um particles)
0.4-0.8 um (25 pm particles)
1.0-1.5 um (20 pm particles)

www.EngineeringBooksPDF.com



326 Fundamentals of Machining Processes

rate. The mixing ratio increases, causing a decrease in removal rate because
of the decreasing flow velocity and the kinetic energy available for material
removal (Figures 10.20 and 10.21).

Nozzle standoff distance: The effect of nozzle standoff distance is shown in
Figure 10.22. The removal rate attains a maximum value at a nozzle distance
between 0.75 and 10 mm. The decrease of nozzle distance improves the pro-
cess accuracy by decreasing the width of kerf. It also reduces the taper of the
machined grooves. Large nozzle standoff distances (12.5-75 mm) are suit-
able for cleaning of surfaces.

Gas pressure: The increase of gas pressure increases the kinetic energy and,
therefore, the removal rate by AJM process (Figure 10.23).

Removal rate

\

Abrasive flow rate

FIGURE 10.20
Variation of material removal rate with the abrasive flow rate.

Removal rate

\j

Velocity of particles

FIGURE 10.21
Variation of material removal rate with the velocity of particles.
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Removal rate

\

Standoff distance

FIGURE 10.22
Effect of nozzle standoff distance on removal rate.

Removal rate

\j

Gas pressure

FIGURE 10.23
Effect of gas pressure on removal rate.

The mixing ratio V, is defined as

_ Volume flow rate of abrasive particles _ Q.

Vi
Volume flow rate of carrier gas Q.

The increase of V, increases the removal rate, but a large value of V, decreases
the jet velocity and sometimes blocks the nozzle. Thus, an optimum value
of mixing ratio has been observed that gives the maximum removal rate
(Figure 10.24).

The mass ratio M, is determined by

Mass flow rate of abrasive particles M,

*" Mass flow rate of (carrier gas + particles) B M,

www.EngineeringBooksPDF.com



328 Fundamentals of Machining Processes
A

L

[

E

=}

g

3

~d

Mixing ratio

FIGURE 10.24

Effect of mixing ratio on removal rate.

10.2.2 Applications

Drilling holes, cutting slots, cleaning hard surfaces, deburring, pol-
ishing, and radiusing

Deburring of cross holes, slots, and threads in small precision parts
that require a burr-free finish, such as hydraulic valves, aircraft fuel
systems, and medical appliances

Machining intricate shapes or holes in sensitive, brittle, and thin or
difficult-to-machine materials

Insulation stripping and wire cleaning without affecting the
conductor

Microdeburring of hypodermic needles
Frosting glass and trimming of circuit boards, hybrid circuit resis-
tors, capacitors, silicon, and gallium

Removal of films and delicate cleaning of irregular surfaces because
the abrasive stream is able to follow contours

Advantages

Best suited for machining brittle and heat-sensitive materials like
glass, quartz, sapphire, and ceramics.

Machining superalloys, ceramics, glass, and refractory materials.
Not reactive with any workpiece material.

No tool changes are required.

Intricate parts of sharp corners can be machined.

Workpiece material does not experience hardening.
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* No initial hole is required for starting of operation as that required
by wire EDM.

* Material utilization is high.
¢ [t can machine thin materials.

Limitations

¢ Slow removal rate.

e Stray cutting cannot be avoided (low accuracy G0.1 mm).

¢ Tapering effect may occur, especially when drilling in metals.
e Abrasive may get impeded in the work surface.

e Suitable dust collecting systems should be provided.

e Soft materials cannot be machined by the process.

e Silica dust may be a health hazard.

¢ Ordinary shop air should be filtered to remove moisture and oil.

10.3 Abrasive Water Jet Machining

Water jet machining (WJM) is suitable for cutting plastics, foods, rubber
insulation, automotive carpeting and headliners, and most textiles. Harder
materials such as glass, ceramics, concrete, and tough composites can be cut
by adding abrasives to the water jet during abrasive water jet machining
(AW]JM), which was first developed in 1974 to clean metals prior to their sur-
face treatment. The addition of abrasives to the water jet enhanced the mate-
rial removal rate and produced cutting speeds between 51 and 460 mm/min.
Generally, AWJM cuts 10 times faster than the conventional machining
methods used for composite materials.

AW]JM uses low pressure of 4.2 bar to accelerate a large volume of water
(70%) and abrasives (30%) mixture up to a velocity of 30 m/s. Silicon car-
bides, corundum, and glass beads of grain size 10-150 pm are often used as
abrasive materials (Figure 10.25). Using such a method removes burrs left in
steel components after grinding that are 0.35 mm in height and 0.02 mm in
width. The burrs are removed by the erosive effect of the abrasives; water
acts as an abrasive carrier that dampens the impact effect on the machined
surface. The introduction of compressed air to the water jet enhances the
deburring action.

In AW]JM, the water jet stream accelerates abrasive particles, not the water,
to cause the material removal. After the pure water jet is created, abrasives
are added using either the injection or suspension methods. The important
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FIGURE 10.25
AW]M elements. (From El-Hofy, H, Advanced Machining Processes, Non-Traditional and Hybrid
Processes, McGraw Hill, New York, 2005. Reproduced by permission of McGraw Hill Co.)

parameters of the abrasives are the material structure and hardness, the
mechanical behavior, grain shape, grain size and distribution, and the aver-
age grain size.

Process capabilities: Typical process variables include pressure, nozzle
diameter, standoff distance, abrasive type, grit number, and workpiece feed
rate. Abrasive water jet cuts through 356.6 mm slabs of concrete or 76.6 mm
thick tool steel plate at 38 mm/min in a single pass. The produced surface
roughness ranges between 3.8 and 6.4 um, although tolerances of +0.13 mm
are obtainable. Repeatability of +0.04 mm, squareness of 0.043 mm/m, and
straightness of 0.05 mm per axis are expected.

During machining of glass, the cutting rate of 16.4 mm?/min is achieved,
which is 4-6 times higher than that for metals. Surface roughness depends
on workpiece material, grit size, and the type of abrasives. A material with
high removal rate produces large surface roughness. For this reason, fine
grains are used for machining soft metals to obtain the same roughness of
hard ones. The decrease of surface roughness at smaller grain size is related
to the reduced depth of cut and the undeformed chip cross section. In addi-
tion, the larger the number of grains per unit slurry volume, the more of
them fall on a unit surface area.
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A carrier liquid consisting of water with anticorrosive additives has
much greater density than air. This contributes to higher acceleration of the
grains with consequent larger grain speed and increased metal removal
rate. Moreover, the carrier liquid when spreading over the surface fills its
cavities and forms a film that impedes the striking action of the abrasive
grains. Bulges and tops of the surface irregularities are the first to be affected
and the surface quality improves. A water air jet permits one to obtain, as
an average, a roughness number higher by one as compared with the effect
of an air jet. In high-speed WJM of Inconel, the roughness increases at a
higher feed rate as well as at lower slurry flow rates.

Advanced AW] machines are now available where the computer loads a
computer-aided design (CAD) drawing from another system. The computer
determines the starting and end points and the sequence of operations. The
operator then enters the material type and tool offset data. The computer
determines the feed rate and performs the machining operation.

10.3.1 Process Characteristics

The parameters that affect AWJM are water (flow rate and pressure), abra-
sives (type, size, and flow rate), water nozzle and abrasive jet nozzle design,
machining parameters (feed rate and standoff distance), and work mate-
rial. Other machining parameters include angle of cutting, traverse speed
(slotting), and the number of passes.

Water jet pressure: Figure 10.26 shows the relationship between water
pressure on the depth of cut for low and high nozzle diameter. There is a
minimum pressure below which no machining occurs. That minimum pres-
sure depends on the type of workpiece material. As shown in Figure 10.27,
the machining depth tends to stabilize beyond a certain value of water

Depth of cut

Kzzle diameter

Water pressure

Y

FIGURE 10.26
Effect of water pressure and nozzle diameter on the depth of cut.
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FIGURE 10.27
Effect of water pressure and abrasive flow rate on the depth of cut.
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FIGURE 10.28
Effect of abrasive flow rate on the depth of cut for different materials.

pressure. The increase of water pressure also enhances the nozzle wear and
the cost of pump maintenance.

Water flow rate: The percentage increase in depth of cut is lower than the
percentage increase in water flow rate. The increase in water flow beyond a
certain limit may result in insignificant gain in particle velocity, which in
some cases reduces the machining depth.

Abrasive flow rate: The machined depth increases with the increase in the
abrasive flow rate. However, an increase in the abrasive flow rate beyond a
certain limit reduces the depth of cut for various workpiece materials, as
shown in Figures 10.27 through 10.29.

Abrasive particle size and material: Common abrasive particle sizes range
from 100 to 150 grit. For a particular workpiece material and machining
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FIGURE 10.29
Effect of abrasive flow rate and nozzle diameter on the depth of cut.
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Particle size

FIGURE 10.30
Effect of the abrasives particle size on the depth of cut.

system, there is an optimum particle size that achieves the largest depth of
cut (Figure 10.30). Hashish (1986) recommended the use of different abrasive
sizes for achieving deeper cuts. Generally, the harder the workpiece material,
the harder the abrasives that should be used.

Traverse rate: As shown in Figure 10.31, the decrease of traverse speed
increases the depth of machining. An optimum traverse rate for maximum
cut area (traverse speed x depth of cut) is clear.

Number of passes: Figure 10.32 shows the relationship between the num-
ber of passes and the commutative depth of cut. As the number of passes
increases, the rate of increase of depth/pass increases because the previous
slot tends to focus the abrasive jet stream for more effective machining.
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FIGURE 10.31
Relationship between traverse rate and area generation rate.
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FIGURE 10.32
Effect of number of passes and traverse rate on the depth of cut.

Standoff distance: An increase in the standoff distance decreases the depth
of cut. As shown in Figure 10.33, there is an upper limit for the standoff dis-
tance beyond which no machining occurs.

10.4 Abrasive Flow Machining

Abrasive flow machining (AFM) finishes surfaces and edges by extruding
viscous abrasive media through or across the workpiece. Abrasion occurs
only where the flow of the media is restricted. AFM is used to deburr, polish,
radius, remove recast layers, and produce compressive residual stresses or
provide uniform airflow or liquid flow.
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FIGURE 10.33
Effect of standoff distance on the depth of cut.

In typical two-way flow, the workpiece is hydraulically clamped between
two vertically opposed media cylinders. Material is removed by the flow of
a semisolid abrasive compound through a restrictive passage formed by a
work part/tooling combination (Figure 10.34). This causes the media viscos-
ity to temporarily rise. The abrasive grains are held tightly in place at this
point and the media acts as a grinding stone that conforms to the passage
geometry. Consequently, the media slug uniformly abrades the walls of the
extrusion passage. Media viscosity returns to normal after the slug passes
through the restricted area. By repeatedly extruding the media from one cyl-
inder to the other, the abrasion action occurs as the media enter a restricted
passage and travel through or across the workpiece. The material removal
mechanism is similar to the grinding or the lapping processes.

The total volume of material removal, Q,, in a number of cycles, 7., has
been described by Kumar (1998) as

6 _ pmHsV G%
Qv=—"KiK; hitunindd dili >
16 PalvoHi

CurttcVm
where
K, is the percentage of grains participating in the finishing action
K, is the flow stress to BHN hardness number (1 for brittle material, >1 for
ductile materials)
n. is the number of cycles
Pm is the density of media in 10° g/cm3
H, is the length of stroke in mm
l'is the length of workpiece in mm
V; is the velocity of media around the workpiece having a constant radius
in mm/min
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FIGURE 10.34
AFM schematic.

o, is the normal stress acting upon the abrasive grains in N/mm?

P, is the density of abrasives in 10° g/cm?

v, is the velocity of the piston in mm/min

H, is the hardness of workpiece in N/mm?

C,.: is the weight of abrasives to the weight of abrasives and carrier
medium in percent

V.. is the volume of abrasive media between workpiece

In a further work, Jain et al. (1999) presented the material removal rate MRR
in mg/min as MRR =5.5285x 1071050195 020 4,094 165
The surface roughness value, R,, is given by

R,=2.8275x10° 0% (k2 4014 718

wr m

where the velocity of media v;is in cm/min and A, is the abrasive mesh size
(abrasive grain diameter d,=15.24/A,).
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AFM parameters that have the greatest influence on the process perfor-
mance include the number of cycles, extrusion pressure, grit composition
and type, workpiece material, and fixture design. AFM is used for finish-
ing, radiusing, and edge finishing of internal inaccessible passages. Typical
surface finish is 0.05 um. The viscosity and flow rate of the media affect the
uniformity of the removal rate and the edge radius size. Low and steady
flow rates are best for uniform material removal from the walls of a die. For
deburring applications, low-viscosity AFM media and high flow rates are
recommended (Jain and Jain, 2001).

The media used consist of a pliable polymer carrier and a concentration
of abrasive grains. Higher viscosity media are nearly solid and are used for
uniform abrasion of the walls of large passages. Lower viscosity is suitable
for radiusing edges and for finishing small passages. The carrier of the abra-
sives is a mixture of a rubberlike polymer and a lubricating fluid. By chang-
ing the ratio of the polymer and the lubricating oil, different viscosities are
obtained.

Abrasive grains are mostly made from silicon carbide, although boron
carbide, aluminum oxide, and diamond can be used. Particle sizes range
from 0.005 to 1.5 mm. Larger abrasives cut at a feed rate, although fine
abrasives provide fine surface finishes and accessibility to small holes.
Due to the abrasive wear, the effective life of the media depends on the
quality of the media, abrasive size and type, the flow speed, and the part
configuration.

The extrusion pressure is controlled between 7 and 200 bar (100-3000 psi),
as well as the displacement per stroke, and the number of reciprocating
cycles. One-way AFM systems flow the abrasive media through the work-
piece in only one direction, allowing the media to exit freely from the part
for fast processing, easy cleaning, and simple quick-change tooling.

AFM can simultaneously finish multiple parts or many areas of a single
workpiece. Inaccessible areas and complex internal passages can be finished
economically and effectively. Automatic AFM systems are capable of han-
dling thousands of parts per day, greatly reducing labor costs by eliminating
the tedious handwork.

Applications of AFM range from precision dies and medical components
to high-volume production of electronic and automotive parts. Recently,
AFM has been applied to the improvement in airflow and fluid flow for
automotive engine components. The process can also be used to remove the
recast layers from fragile components.

Figure 10.35 shows that the original diameter gets wider as the machining
time and flow pressure increase due to the increase in the duration and the
forces of the abrasion component. High extrusion pressure also raises the
rate of media flow rate (Figure 10.36), which allows for greater number of
abrasives to do more machining to the hole.

The increase in diameter decreases as the length of the hole increases
(Figure 10.37). Additionally, the increase in the volume of the media that is
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FIGURE 10.35
Effect of time and flow pressure on the diameter increase.

Flow rate
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FIGURE 10.36
Effect of extrusion pressure on media flow rate.

performing machining causes the hole to be wider (Figure 10.38). The effect
of media flow rate on temperature is shown in Figure 10.39.

10.5 Magnetic Field-Assisted Finishing Processes

In these processes, the nature and strength of the bonding material used
to hold the abrasives together determine the extent of mechanical abra-
sion process and, hence, the produced surface quality. Newly developed
advanced finishing processes (AFPs) utilize magnetic field to control the
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FIGURE 10.37
Effect of time and hole length on the diameter increase.
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FIGURE 10.38
Effect of media volume on the diameter increase.

finishing forces on the abrasive particles. The magnetic field-assisted
processes include the following:

* Magnetic abrasive finishing (MAF)
Magnetic float polishing (MFP)
Magnetorheological finishing (MRF)

Magnetorheological abrasive flow finishing (MRAFF)

10.5.1 Magnetic Abrasive Machining

Although MAF was originated in the United States during the 1940s, it was
in the former USSR and Bulgaria that much of the development took place
in late 1950s and 1960s. During the 1980s, the Japanese followed the work
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FIGURE 10.39
Effect of media flow rate on AFM temperature.
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FIGURE 10.40
Magnetic abrasive machining schematic.

and conducted research for various polishing applications. Figure 10.40
shows the schematic diagram of MAF apparatus. A cylindrical workpiece
is clamped into the chuck of the spindle that provides the rotating motion.
The workpiece can be a magnetic (steel) or a nonmagnetic (ceramic) material,
the magnetic field lines go around through the workpiece. Axial vibratory
motion is introduced in the magnetic field by the oscillating motion of the
magnetic poles relative to the workpiece. A mixture of fine abrasives held in
a ferromagnetic material (magnetic abrasive conglomerate (Figure 10.41)) is
introduced between the workpiece and the magnetic heads where the finish-
ing process is exerted by the magnetic field. Typically the size of the mag-
netic abrasive conglomerates is 50-100 p and the abrasives are in the 1-10
range. With nonmagnetic work materials, the magnetic abrasives are linked
to each other magnetically between the magnetic poles N and S along the
lines of the magnetic forces, forming flexible magnetic abrasive brushes. In
order to achieve uniform circulation of the abrasives, the magnetic abrasives
are stirred periodically.
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FIGURE 10.42
Plane magnetic abrasive finishing.
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Figure 10.42 shows the schematic diagram of plane MAF in which a
finishing action is produced by the application of a magnetic field across
the gap between the workpiece surface and a rotating electromagnet pole.
The magnetic abrasive particles are joined with each other magnetically
between the magnetic poles along the lines of magnetic force, forming a
flexible 0.5-2 mm thick magnetic brush. The magnetic field acts as a binder
and holds the magnetic abrasive particles in the gap. Controlling the exciting
of the electromagnet coil, precise control of machining force applied by the

magnetic abrasives in the workpiece surface is possible.
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10.5.1.1 Process Description

MAF operates with magneto-abrasive brushes where the abrasive grains
arrange themselves with their carrying iron particles to flexibly comply
with the contour of the work surface. The abrasive particles are held firmly
against the work surface, while short-stroke oscillatory motion is carried out
in the axial workpiece direction. MAF brushes contact and act upon the sur-
face protruding elements that form the surface irregularities. While surface
defects such as scratches, hard spots, lay lines, and tool marks are removed,
form errors like taper, looping, chatter marks can be corrected with a lim-
ited depth of 20 um. Material removal rate and surface finish depend on the
workpiece circumferential speed, magnetic flux density, working clearance,
workpiece material, and the size of the magnetic abrasive conglomerates
including the type of abrasives used, its grain size, and volume fraction in
the conglomerate (Fox et al., 1994).

The magnetic pressure between the abrasives and the workpiece is
expressed by Kim and Choi (1995) as

b - (Hﬁ) [Br(u, —1)W]
4 ) BRA )+~ DWW

where
L, is the magnetic permeability in vacuum
P, is the magnetic pressure
U, is the relative magnetic permeability of pure iron
H, is the magnetic field strength in air gap
Wi, is the volume ratio of iron in a magnetic abrasive particle

The total volume removed by the magnetic abrasive brush, Q,, in the machin-
ing time t,, is given by

NpNoAfvEy,

n H.ltan 6, ] (Ra(0))

Q, =10 [kl

The surface roughness value after a machining time ¢, is given by

A 2
Ra(f1)=Ra(0)—1 klM
1 nH,ltan 0,

where
k1 is the constant of proportionality
N, is the number of magnetic particles acting in the machining region
simultaneously

N,. is the number of abrasive grains in a single conglomerate
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Afis the force acting upon a cutting edge of a single abrasive particle in N
H, is the workpiece Brinell hardness in N/mm?

lis the length of work surface in mm

v is the velocity of magnetic abrasives in mm/min

26,, is the mean angle of asperity of abrasive cutting edge in degrees
R,(0) is the initial surface roughness in um

R,(t.) is the surface roughness after time ¢, in um

10.5.1.2 Process Characteristics

Figure 10.43 shows the magnetic abrasive particle pressure P,, acting on the
work surface that increases as the flux density on the magnetic abrasive
grains increases. Additionally, the pressure excreted by the magnetic abra-
sives decreases as the gap between the magnetic pole and the workpiece is
increased provided that the filling density of the abrasive grains in the gap
remains constant (Figure 10.44).

10.5.1.3 Material Removal Rate and Surface Finish

Type and size of grains: The surface roughness decreases rapidly in the begin-
ning then it levels off to a constant value. The increase in grain size raises
the surface roughness as shown in Figure 10.45. The finishing process can be

Rotation + vibration

Magnetic equipotential lines

Magnetic abrasives particles

Magnetic pole

Workpiece

Lines of magnetic force

FIGURE 10.43
Magnetic field distribution and magnetic force acting on a magnetic abrasive particle.
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Working
clearance

Magnetic abrasive pressure

\j

Magnetic flux density

FIGURE 10.44
Effect of flux density and air gap on the magnetic abrasive pressure.

Grain size

Surface roughness

y

Finishing time

FIGURE 10.45
Effect of finishing time and grain size on the final surface roughness.

improved by mixing small-sized diamond abrasives with irregular-shaped
large-sized ferromagnetic iron particles.

Mixing weight percentage of iron particles: Figure 10.46 shows an optimum
value of mixing weight percentage of ferromagnetic particles for obtaining
the best surface finish and the largest machined depth.

Magnetic flux density: As shown in Figure 10.47, an increase in the magnetic
flux density and particle size increases the machined depth. It decreases with
increasing the working clearance (Figure 10.48). Surface roughness improves
with magnetic flux density and finishing time (Figure 10.49).
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>

Roughness

Surface roughness
machined depth

\j

Mixing weight percentage of iron particles

FIGURE 10.46
Effect of mixing weight percentage on the machined depth and surface roughness.

Iron particle V
‘/

Machined depth

/

—

\j

Magnetic flux density

FIGURE 10.47
Effect of magnetic flux density and iron particle diameter on the machined depth.

10.5.1.4 Applications

Polishing of balls and rollers: Recently, MAF development involves the use of
magnetic field to support abrasive slurries in polishing ceramic balls and
bearing rollers. A magnetic field, containing abrasive grains and extremely
fine ferromagnetic particles in certain fluids such as water or kerosene, fills
the chamber within a guide ring. The abrasive grains, ceramic balls, and
the float (made from nonmagnetic material) are suspended by the mag-
netic forces. The balls are preset against the rotating drive shaft and are
polished by the mechanical abrasion action. Since the forces applied by the
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Iron particle diameter

Machined depth

\

Working clearance

FIGURE 10.48
Effect of working clearance and iron particle diameter on machined depth.

Magnetic flux density

Surface roughness

\j

Finishing time

FIGURE 10.49
Effect of finishing time and grain size on the final surface roughness.

abrasive grains are extremely small and controllable, the polishing action is
very fine. The process is economical and the surfaces produced have little
or no defects.

Finishing inner-tube surfaces: A schematic view for the internal finishing of
nonferromagnetic tubes using MAF operation is shown in Figure 10.50. The
magnetic abrasives, inside the tubes, are converged toward the finishing zone
by the magnetic field, generating the magnetic force needed for finishing. By
rotating the tube at higher speed, the magnetic abrasives make the inner sur-
face smoother. Figure 10.51 shows the finishing of ferromagnetic tube where
the magnetic fluxes flow into the tube (instead of through the inside of the
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DC source
Coil Core

Yoke

Pole Pole

Vibrations ® ®

Magnetic abrasives
Nonferromagnetic tube

Rotation

FIGURE 10.50
Magnetic finishing of nonmagnetic tubes. (From Hitomi Y. and Shinimura, T., Magnetic abra-
sive finishing of inner surface tubes, International Symposium for Electro Machining (ISEM XI),

Lausanne, Switzerland, pp. 883-890, 1995.)

DC source
Coil

Yoke

Pole Pole

Vibrations @ Line of magnetic force

Ferromagnetic tube
Magnetic abrasives

Rotation

FIGURE 10.51
Magnetic finishing of magnetic tubes. (From Hitomi Y. and Shinimura, T., Magnetic abra-
sive finishing of inner surface tubes, International Symposium for Electro Machining (ISEM XI),

Lausanne, Switzerland, pp. 883-890, 1995.)
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tube) due to their high magnetic permeability. Under such conditions, the
abrasives remain in the finishing zone when the tube is rotated.

10.5.2 Magnetic Float Polishing

As shown in Figure 10.52, a bank of permanent or electromagnets is
arranged (alternatively N and S poles) below a chamber filled with the
required amount of magnetic fluid and abrasives in a specified ratio. When
the magnetic field is applied, the ferromagnetic particles in the ferrofluid
are attracted downward to the area of higher magnetic field, and upward
buoyant force is excreted on all magnetic materials to bush them to the
area of lower magnetic field. The balls are polished by the abrasive par-
ticles mainly due to the action of the magnetic buoyancy force when the
spindle rotates.

10.5.3 Magnetorheological Finishing

This process relies on a unique smart fluid known as magnetorheologi-
cal (MR) fluid. MR fluids exhibit dynamic field strength of 50-100 kPa for
applied magnetic field of 150-250 kA/m. In MREF, a convex, flat, or concave

-

Spindle

Drive shaft
1
Magnetic fluid ] _/
and abrasives B /
' - / Ceramic balls
e ;,f/_
. L A St /
Float P / HEELEELE /| fan Al base

Magnets —/

FIGURE 10.52
Schematic of MFP process.
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workpiece is positioned above a reference surface. An MR fluid ribbon
is formed on the rotating wheel rim. By applying magnetic field in the
gap, the stiffened region forms a transient work zone or a finishing spot.
Surface smoothing, removal of subsurface damage, and figure correction
are accomplished by rotating the workpiece (say, lens) on a spindle at a
constant speed while sweeping the workpiece about its radius of curvature
through the stiffened finishing zone. Material removal occurs due to the
shear stress created as the MR polishing ribbon is dragged in the converg-
ing gap between the part and the carrier surface (moving wall). The zone
of contact is restricted to a spot that conforms perfectly to the local topog-
raphy of the part.
MR polishing fluid lap has the following merits over traditional laps:

e Its compliance is adjustable through the magnetic field.
e It carries heat and debris away from the polishing zone.
e It does not load like grinding wheels.

¢ It does not lose its shape.

e It is self-deformable.

10.5.4 Magnetorheological Abrasive Flow Finishing

In MRAFF process, the advantage of both AFM and MRF processes
has been incorporated. The process maintains the versatility of AFM
process and at the same time introduces determinism and in process
controllability of the rheological properties of the polishing medium in
MREF (Figure 10.53).

MRAFF process relies for its performance on smart MR polishing fluids
whose rheological behavior is controllable by means of external magnetic

Abrasive flow
marching
(AFM)

= ()

Magnetorheological
finishing
(MRF)

FIGURE 10.53
Development of MRAFF process.
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Hydraulically .
operated Upper media
piston chamber
Magnetically \\ \
stiffened '
MR-polishing fluid \ / f / \
Workpiece \ ; \
N :
N\
Electromagnet
coils
MRP-fluid
cylinder
\ Lower media
chamber
FIGURE 10.54

Schematic of MRAFF process. (Adapted from Das, M., Experimental investigation of rota-
tional-magnetorheological abrasive flow finishing (R-MARAFF) process and a CFD based
numerical study of MRAFF process, Ph D Thesis, Indian Institute of Technology, Kanpur,
India, 2011.)

field (Figure 10.54). The magnetically stiffened slug of the MR polishing fluid
is extruded back and forth or across the passage formed by the workpiece
and fixture. Abrasion occurs only where the magnetic field is applied, keep-
ing other areas unaffected (Figure 10.55).

MRAFF is found capable of superfinishing harder materials such as sili-
con nitride using boron carbide, silicon carbide, and diamond abrasives. The
abrasive cutting edges are held by carbonyl iron particles (CIPs). The relative
size ratio of CIPs and abrasive particles plays an important role in the finish-
ing performance (Das, 2011).

The unique characteristics of MRAFF are

¢ The viscosity of the abrasive medium can be manipulated and
controlled by a magnetic field.

* The use of machining setup similar to AFM will remove shape
limitations on workpiece surface to be finished.
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Motion

MR fluid

Magnetically stiffened
MR fluid

FIGURE 10.55
Stiffened fluid by magnetic field.

Problems

10.1

10.2

10.3

A cylindrical impression of diameter 10 mm and 3 mm depth is to
be machined by USM in tungsten carbide. If the feed force is 6 N, the
average diameter of the grains in the abrasive slurry is 10 um, the tool
oscillation amplitude is 30 um, and the frequency is 20 kHz. The slurry
contains one part of abrasives to about one part of water. The fracture
hardness of tungsten carbide workpiece is 7000 N/mm? and that of
the copper tool is 1500 N/mm?. Calculate the machining time. Assume
k1=0.3, k2=1.8 mm?, and k3=0.6.

A square through hole 5x5 mm? is to be ultrasonically machined
in a tungsten carbide plate of 4 mm thickness. The slurry is
made of one part of 10 um B,C abrasives in one part of water. If
the feed force is 5 N, the tool oscillates at amplitude of 15 um and
frequency of 25 kHz. Assuming that only 75% of pulses are effec-
tive, calculate the machining time. The fracture hardness of tung-
sten carbide workpiece is 7000 N/mm? and that of the copper
tool is 1500 N/mm?. Calculate the machining time taking k1=0.3,
k2=1.8 mm?, and k3=0.6.

Estimate the machining times required to machine a hole in WC
5 mm thick. The grits are 20 um radius, static stress is 0.15 N/mm?,
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oscillation amplitude is 35 um, and the machine operates at frequency
of 25,000 cps. The compressive fracture strength of WC is 2270 N/mm?.
What would be the volumetric removal rate if the shape is a square
4 mm x4 mm?

10.4 During AJM at a mixing ratio of 0.3, calculate the mass ratio if the ratio
of the density of abrasives and density of carrier gas is 20.

10.5 In AJM, if the nozzle diameter is 1.0 mm and jet velocity is 200 m/s,
calculate the flow rate cm?3/s of the carrier gas and abrasive mixture.

Review Questions

10.1 Explain how the material is removed in USM.

10.2 What is the function of the abrasive slurry in USM?

10.3 Show diagrammatically the main elements of a USM machine.

10.4 Explain the advantages and disadvantages of USM.

10.5 A series of 5 mm holes are to be drilled in a glass workpiece. Select a
suitable machining method. What are the variables that affect the final
hole quality?

10.6 Show diagrammatically RUM and USM contouring.

10.7 What are the main applications of USM?

10.8 Explain the effect of USM parameters on the removal rate.

10.9 What are the reasons behind errors in parts machined by USM?

10.10 Sketch the machining arrangement in AJM.

10.11 Explain the main factors that affect the AJM removal rate.

10.12 Show some applications for AJM.

10.13 Show the main parts of the machining system in AWJM.

10.14 Explain the effect of AWJM parameters on the removed depth from
the workpiece.

10.15 Explain, using a simple diagram, how AFM is performed.

10.16 Explain the effect of AFM parameters on diametral increase.

10.17 Explain how the material is removed in MAF operation.

10.18 Explain the effect of MAF parameters on the surface roughness and
removed depth.

10.19 Describe some MAF applications.

10.20 Compare AJM, AFM, and AW]JM processes with respect to principles
of material removal, applications, advantages, and limitations.

10.21 Explain the principles of MRF and MFP.

10.22 Show how MRAFF is developed from AFM and MRFE.

10.23 Show the schematic diagram of MRAFF process.

10.24 Explain the basics of MRE.
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10.25 Mark true (T) or false (F):

a. The volume of material removal in USM is directly related to the
frequency.

b. AFM can be used to reduce the diameter of a mild steel rod from
14 to 12 mm.

Stiff media are used for radiusing parts by AFM.

AW]JM can be used to cut composite materials.

Material removal rate in AJM is greater than that in AWJM.
A heat-affected layer of 0.5 mm is left after AFM.

In USM, for the same static load, the larger the tool diameter, the
greater will be the penetration rate.

@ e oA D
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Machining by Electrochemical Erosion

11.1 Introduction

Electrolysis occurs when an electric current is passed between two elec-
trodes dipped into an electrolytic solution. A typical example is shown
in Figure 11.1, where the two copper electrodes are connected to a source
of direct current (DC) and immersed in a solution of copper sulfate in
water. The system of electrodes and electrolyte is referred to as the electro-
lytic cell. The chemical reactions that occur at the electrodes are called the
anodic or cathodic reactions. Electrolytic dissolution of the anodic elec-
trode forms the basis for electrochemical machining (ECM) of metals and
alloys.

11.2 Principles of ECM

ECM uses a DC with a high density of 0.5-5 A/mm?, which is passed
through the electrolytic solution that fills the gap between an anodic work-
piece and a pre-shaped cathodic tool. At the anodic workpiece surface,
metal is dissolved into metallic ions, and thus, the tool shape is copied into
the workpiece.

During the ECM, the electrolyte is forced to flow through the interelec-
trode gap at high velocity, usually more than 5 m/s, to intensify the mass/
charge transfer through the sublayer near the anode. The electrolyte removes
the dissolution products such as metal hydroxides, heat, and gas bubbles
generated in the interelectrode gap. In typical ECM application, the tool is
fed toward the workpiece while maintaining a constant machining gap.
When a potential difference of 10-30 V is applied across the electrodes, sev-
eral reactions occur at the anode and the cathode. Figure 11.2 illustrates the

355
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Flow of electrons
Flow of electrons

Copper electrode
i Copper deposited
Copper dissolved at
anode at the cathode
Copper sulfate
solution
FIGURE 11.1
EC cell.
Cathode (-) I
2H* +2e=H,
- + Gas (H,)
Electrolyte ——=+
Fe (OH,)

Fe?*(OH) = Fe(OH), 1
Anode (+)

FIGURE 11.2

EC reactions during ECM of iron. (From El-Hofy, H. Advanced Machining Processes,
Non-Traditional and Hybrid Processes, McGraw-Hill Book Company, New York, 2005. Reproduced
by permission of McGraw-Hill.)

dissolution reaction of iron in a sodium chloride (NaCl) water solution as an
electrolyte. The result of electrolytic dissociation leads to

H,O0 ->H"+0OH"

NaCl — Na"+Cl~
At the anode: Fe changes to Fe** by losing two electrons:

Fe — Fe'"+2e

At the cathode: The reaction involves the generation of hydrogen gas and the
hydroxyl ions:

2H,0+2e — H,+2 (OH)~
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The outcome of these electrochemical (EC) reactions is that iron ions com-
bine with other ones to precipitate out as an iron (II) hydroxide, Fe (OH),, as

Fe+2H,0O — Fe (OH), +H,

The ferrous hydroxide may react further with water and oxygen to form fer-
ric hydroxide, Fe(OH),, as

4Fe(OH), +2H,0+0, — 4Fe(OH);

With this metal-electrolyte combination, electrolysis involves the dissolu-
tion of iron from the anode and the generation of hydrogen at the cathode.

11.3 Advantages and Disadvantages of ECM
11.3.1 Advantages

e There is no wear in the tool.

® Machining is done at low voltages compared to other processes with
high metal removal rate.

* Very small dimensions up to 0.05 mm can be controlled.

e Complicated profiles in hard conductive materials can be machined.
* No thermal damage occurs to the workpiece structure.

e Surface finish can be maintained at 0.1-1.25 pm R,.

e ECM is suitable for mass production work.

e Labor requirements are low.

11.3.2 Disadvantages
* A huge amount of energy is consumed that is approximately 100
times that required for the turning or drilling of steel.
* Metal removal rates are slow.
e Can be applied only to electrically conducting workpiece materials.

® There are difficulties in safely removing and disposing of the explo-
sive hydrogen gas generated during machining,.

e Workpiece requires cleaning and oiling immediately after
machining.

¢ Handling and containing the electrolyte is difficult.

® Low accuracy level because of the side-machining effect.

e Sharp internal or external edges cannot be produced.
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11.4 Material Removal Rate by ECM

The amount of metal dissolved is calculated from Faraday’s laws of
electrolysis, which states that

1. The amount of any substance dissolved or deposited, m,,, is directly
proportional to the amount of electricity:

Mg, O Itm

2. The amount of different substance deposited or dissolved, m,,, by the
same quantity of electricity (I xt,,) is proportional to their chemical
equivalent weight e:

mtha €

Combining the two laws, the material removed, m, in g is therefore given by

elt,
My =——

A
e=2
V4
where

Iis the electrolyzing current in A

t,, is the machining time in min

e is the chemical equivalent weight in g
F is Faraday’s constant (96,500 C)

A is the atomic weight

Z is the valence of anode material

A part of the machining current [ is utilized in the material process.
Therefore, the actual material removal depends on the current efficiency 1.,
which is defined as the ratio of the observed amount of metal dissolved (71,,,,)
to the theoretical amount predicted from Faraday’s laws (i) for the same
specified conditions of EC equivalence, current, etc.:

Mexp
Ne=
M

It is convenient to express the current efficiency 1. as a percentage ratio.
The current efficiency is close to 100% when using NaCl solution as an elec-
trolyte; it is lower than 100% when using nitrate and sulfate electrolytes.
Current efficiencies more than 100% occur when the electrically nonconduct-
ing particles are present in the anode material (McGeough, 1974).

Low current efficiency occurs as a result of the choice of wrong valence
and changes in the electrolyte properties. The incorrect choice of electrolyte
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forms, on the anode surface, either a thin layer of elevated gas or an oxide
film that reduces the current efficiency. Grain boundary attack causes
the removal of metal grains by electrolyte forces, which in turn raises the
experimental removal rate. The rate of material removal (MRR) in g/min is
given by

MRR = M€/

The volumetric removal rate (VRR) in mm?®/min can therefore be calculated
from

VRR = "€
Fp

Table 11.1 gives the values of the atomic weight, valence, density, and the
theoretical removal rates.

For a machining current I, the specific volumetric removal rate (VRRg),
mm?/A min, is given by

VRR, =
Fp

The linear removal rate (VRR; ) in mm/min can also be described as a func-
tion of the current density | (A/mm?) by

VRR{ = VRR,]
J= (v—Av)x
y

where
1. is the current efficiency in present
J is the current density in A/mm?
Kk is the electrolyte conductivity in Q' mm-™
MRR is the material removal rate in g/min
VRR is the volumetric removal rate in mm?3/min
VRR; is the specific removal rate in mm3/A min
VRR; is the linear removal rate in mm/min
y is the width of machining gap in mm
v is the gap voltage in volts
Av is the polarization voltage in volts

The aforementioned equations describe the material removal process from
materials containing a single element. When the anode is made from an alloy
containing 7, components of varying percentages, the chemical equivalent
weight e should be calculated using one of the following methods.
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TABLE 11.1
Theoretical Removal Rates in ECM

Removal Rate (1000 A and
100% Current Efficiency?)

Atomic Density Volume
Metal Weight Valence (g/cm?) Mass (kg/h)  (mm?x10%/min)
Aluminum 26.97 3 2.7 0.34 2.1
Beryllium 9.0 2 1.9 0.17 1.5
Copper 63.57 1 9.0 2.37 44
2 1.18 2.1
Chromium 51.99 2 7.19 0.97 2.3
3 0.65 1.5
6 0.32 0.78
Cobalt 58.93 2 8.85 1.1 2.1
3 0.74 1.38
Iron 55.85 2 7.9 1.04 2.3
3 0.69 1.5
Magnesium 24.31 2 1.7 0.45 44
Molybdenum 95.94 3 10.2 1.19 2.0
4 0.89 1.5
6 10.2 0.60 1.0
Nickel 58.71 2 8.9 1.09 2.1
3 0.73 1.3
Niobium 9291 3 8.6 1.16 2.3
4 0.87 1.6
5 0.69 1.3
Silicon 28.09 4 2.33 0.26 1.86
Tantalum 5 16.6 1.35 1.3
Tin 118.69 2 7.30 2.2 2.88
4 1.1 2.52
Titanium 479 3 4.5 0.59 2.1
4 0.45 1.6
Tungsten 183.85 6 19.3 1.14 1.0
8 0.86 0.8
Zinc 65.37 2 7.13 1.22 2.88
Commercial alloys
4340 1.92
17-4 pH 1.80
A-286 1.77
M-252 1.80
Rene 41 1.77
U 500 1.75
U 700 1.77
L 605 1.75

Source: Machining in Vol. 16 of Metals Handbook, ASM International, 1989. Reproduced by
permission of ASM International.
2 Itis not possible to predict the valence at which some metals will dissolve or how much cur-
rent will flow through the gap. Also practical factors, such as the shape of electrode, can limit
the current flow.
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Percentage by weight method: By multiplying the chemical equivalent of indi-
vidual element (A,/Z) by their respective proportions by weight X; and then

summing as
A 1 (A
LA Ly,
( Z )a 100 Z( Z; J

i

Superposition of charge method: In this method, the electrical charge required
by each element to dissolve their individual mass is equal to the total charge
required to dissolve 1 g of the alloy. Therefore,

Z S ((Z:) X
21 FE=F £i i
(Al Z(Ai)loo

or

(A) 1w
Z a ZZ1ZX1(Z,/A,)

In most ECM applications, the cathodic tool is fed toward the anodic
workpiece at a constant rate 4, as shown in Figure 11.3. The position of the
workpiece surface relative to the tool and, therefore, the gap thickness y is
represented by Tipton (1971) as

dy

I VRRL —a
dtn,

dy _ ne(w-Ao)k iy
dt, Fpy

Constant feed, a

Workpiece
(+)

FIGURE 11.3
Machining with plane parallel electrodes at constant voltage.
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It is convenient to write the machining constant (C,) for the particular
workpiece—electrolyte combination (m?/s) as

C.= ve(v—Av)k
Fp
Therefore,
dy G
dt. vy

Integrating gives
1 Ca Ca - ﬂyo
tn=—(y—vo)+ 5 In| ———
(y-wo)+ r{ Co—ay J

Zero feed: For the case of zero feed (a=0),

dy _ G
dt. vy

If the initial position of the workpiece surface at t,, =0 is y,, then

y =¥ —2Catn

Therefore, the gap increases in proportion to the square root of the machin-

ing time ., as shown in Figure 11.4.
Machining at constant (equilibrium) feed: At constant feed rate 4, the work-

piece surface will be stationary and, therefore, the gap thickness y tends to a
constant (equilibrium) value when
Zero-feed area @

r 3
=
S
]
S
o
<
U
Initial gap -
Yo

Machining time ¢

FIGURE 11.4
Variation of initial gap with machining time at zero feed.
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Gap width y

Equilibrium //’-4_ Ve
83p Je / Machining time ¢ AP

FIGURE 11.5
Attainment of equilibrium gap at constant feed rate and various initial gaps.

dy _,
dtn
or
_G
Ye 2

As shown in Figure 11.5, if the gap thickness is greater than y,, the metal
removal rate is less than the feed rate, 4, so that the gap closes up toward y.. If
the initial gap is less than the equilibrium gap (y.), the removal rate is greater
than the feed rate so that the gap always tends toward the equilibrium value
Y. as the process proceeds. During ECM, decreasing the tool feed rate widens
the machining gap, which leads to a larger oversize and, therefore, the lack of
dimensional control. On the other hand, too small gaps cause a sparking or gap
short circuit that damages both the cathodic tool and the anodic workpiece.
Maximum permissible feed rate: The LRR can be expressed by

VRR, = VRRs]

Therefore, the feed rate a becomes

a=VRRq]
where
(v—Av)k
] =
y
= N&(v — Av)k
Fpye.

The maximum possible feed rate is the one that the electrolyte will heat up
to the boiling temperature. Assuming that only the ohmic heating is signifi-
cant, an approximate expression for the maximum possible feed rate was
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expressed by Jain (2004) using the law of conservation of heat as follows: If
H, is the heat required to raise the electrolyte temperature from T; to the boil-
ing temperature T},

Ho = mece(Tb _T;)

where m, and c, are the mass and the specific heat of the electrolyte, respec-
tively, then

H
2 T PeCe T Tl
r fm “pece(Ty — T3)

where
v, is the volume of the electrolyte flowing at time £,
p. is the density of the electrolyte

Let Q. be the rate of electrolyte flow; then the power P, required for its heat-
ing is given by (1 cal=4.186 J)

P.= 4.186Q.pcce(Ty, — T;)

If I, is the maximum current and R, is the corresponding gap resistance,
then

Irzang = 4'186erece (Tb - TI)

where
R, is the gap resistance
A is the area conducting the maximum current I,

Therefore, the maximum current [, can be calculated from

I _J4'186erece(Tb_Ti)KA
mx y

The maximum permissible feed rate a,, is given by

— E 4'186erece(Tb _ Tn)
Fp yA

m

Substituting by Faraday’s constant (F =96,500 C), the corresponding tempera-
ture rise At at a general tool feed rate a is described by

At—223><109|: p” yA ]
Ne€ | | KQePeCe
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11.5 Solved Example

It is required to drill a hole of 10 mm diameter and 20 mm depth in a hard
alloy using the following conditions:

Tool feed rate 2mm/min  Faraday’s constant 96,500 A's

Gap voltage 20V Electrolyte conductivity ~ 0.032 Q! mm-!
Voltage drop ov Density of workpiece 0.0084 g/mm?3
Atomic weight 42.44 Oversize (diametral) 2 mm

Current efficiency ~ 100% Valence 2

Calculate the following:

a. Machining time

b. Tool diameter

¢. Machining current

d. Machining gap
Solution

a. The machining time for the hole depth / and feed rate a

tm=£=2—0=10min
a 2

b. The tool diameter (d,) is calculated from the workpiece diameter (d,,)
and the diametral oversize (C,) as follows:

di=d,—Cq4=10-2=8 mm

The volume of material removed (V) is the volume of the hole:

2
v =10 50 _1570.8 mm®
VRR = 1570.8 =157.08 mm®/min
c. Because
vRR ="
Fp

the machining current I becomes

_ VRRFp _ 157.08%(96,500/60)x0.0084

I
M€ 42.44/2

=100 A
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d. Because
_nelv—Av)k
¢ Fpa
- 21.22x20x%0.032 — 0,503 mm
(96,500 / 60)x 0.0084 x 2
|

11.6 ECM Equipment

Figure 11.6 shows the main components of the ECM machine that includes
the following,.

Power supply: The DC power supply for ECM continuously adjusts the volt-
age from 2 to 30 V in a pulsed or continuous mode. It provides current that
ranges from 50 to 10,000, which ensures a current density between 0.5 and
5 A/mm?2.

Electrolytes: ECM electrolytes conduct the machining current and create
conditions for stable anodic dissolution of workpiece material. It removes the

Constant
Pressure feed
gauge ¢
| [
Heat L
Flowmeter
exchanger —
Overcut Insulation
T
Filter 7
3-30 volt
DC
Pump .
o~ NN e Fixture
| e
Electrolyte Workpiece
tank
FIGURE 11.6

EC machine elements.
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debris of the EC reactions from the gap and carries away the heat generated
by the machining process. The electrolyte solution also avoids the formation
of a passive film on the anodic surface. It does not deposit on the cathode
surface so that the cathode shape remains unchanged. It should have a high
electrical conductivity and low viscosity, be safe, nontoxic, cheap and eas-
ily available, and less erosive to machine body. The most common electro-
lytes used are sodium chloride (NaCl), sodium nitrate (NaNO;), and sodium
hydroxide. The selection of a proper ECM electrolyte depends on work-
piece material, dimensional tolerance, and surface finish required and the
machining productivity. Typical electrolyte conditions include temperature
of 22°C—45°C, pressure between 100 and 200 kPa, and velocity of 25-50 m/s.
Several methods of supplying electrolyte to the machining gap are shown in
Figure 11.7.

Tools: In ECM, the produced workpiece shape is greater than the tool
dimensions by an oversize that determines the level of the workpiece dimen-
sional accuracy. In determining the geometry of the tool, the required shape
of the surface to be machined, tool feed rate, gap voltage, the EC machinabil-
ity of the work material, electrolyte conductivity, and the cathodic-tool insu-
lation, and the polarization voltages must be considered. ECM tools should
be electrically conductive and easily machinable. The various materials used
for this purpose include copper, brass, stainless steel, titanium, and copper
tungsten.

Tool (-) Tool (-)

| I Workpiece
(+)

Straight flow Straight flow with back pressure
Tool (-) Tool (-)
S || S = s
Workpiece
) |
Reverse flow Cross flow

FIGURE 11.7
Modes of electrolyte feeding in ECM.
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11.7 Process Characteristics

Figure 11.8 shows the main elements that control the process behavior.
Electrolyte type, concentration, flow rate, and temperature directly affect
the current density and, therefore, the removal rate, accuracy, and surface
quality. On the other hand, the workpiece atomic weight and valence con-
trol the removal rate and the surface roughness. Other machining param-
eters such as feed rate and gap voltage are responsible for maintaining the
required level of current density and, therefore, the removal rate, and sur-
face quality.

Material removal rate: According to Faraday’s laws, the main factor that
affects the MRR is the current density. It is, therefore, expected that the type
of electrolyte, its concentration and temperature, and the size of the machin-
ing gap affect the MRR. Figure 11.9 shows the effect of tool feed rate and gap
voltage on the current density and the MRR.

Accuracy: Generally, low oversize (small gap width) represents a high
degree of process accuracy. The accuracy of machined parts is affected by

[ ECM parameters ]

Gap voltage
Feed rate

Type Material type
Concentration Heat treatment
Tempera'tu're Crystallography
Conductivity Measurements Atomic weight
Flow rate Valence

Pressure
pH value

Removal rate
Surface finish
Accuracy

!

Economically machined parts of
high accuracy and surface quality

FIGURE 11.8
Main elements of machining by EC erosion.
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=

Feed rate

Removal rate
Current density

Gap volt

FIGURE 11.9
Parameters affecting the MRR.

the current density that controls the machining gap width. The latter is
affected by the material equivalent, gap voltage, feed rate, and electrolyte
properties including rate, pH, temperature, concentration, and pressure. For
high process accuracy, conditions leading to narrow machining gaps are rec-
ommended. These include the use of high feed rate and NaNO; electrolytes
and provide tool insulation that limits the side machining of the hole.
Figure 11.10 shows the effect of gap voltage and feed rate on the size of
the machining gap, which is inversely proportional to machining accuracy.

Gap width
Current density

Feed rate “

Gap volt

FIGURE 11.10
Parameters affecting the electrode gap width.
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FIGURE 11.11
Parameters affecting the surface roughness.

Dimensional tolerances for ECM are +0.13 mm for the frontal gap and
+0.25 mm for the side gap. Overcut of 0.05 mm, taper of 1 mm/mm, and a
corner radii of 5 mm are possible and depend on the configuration of the
cathodic tool used.

Surface finish: Surface finish of the machined parts by ECM is usually
0.3-1.9 um R, for the frontal gap area and as rough as 5 um R, or more for
the side gap area. Microscopic surface defects, such as intergranular attack
(IGA), are caused by selective ECM attack on certain constituents of the alloy
at low current. Figure 11.11 shows the effect of gap voltage and feed rate on
the surface roughness by ECM. Deterioration of surface roughness can be
caused by large grain size, insoluble inclusions such as graphite in cast iron,
variation in workpiece composition, and the precipitation of intermetallic
compounds at grain boundaries.

11.8 Economics of ECM

The total cost of machining a single component by ECM, C
the following components:

v 18 made from

1. Machining time cost, C,,. This element decreases when using high
feed rates.

2. Cost related to the tool, C,. This includes the cost of toolmaking and
tool changing as a result of damage by the incidence of sparking
when using high machining rates. The tool cost, therefore, increases
at high feed rates.
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FIGURE 11.12
Variation of total production cost with ECM feed rate.

3. Cost related to the electrolyte, C,. It includes the electrolyte cost,
filter cost, electrolyte changing cost, and the cost of changing the
filter. This element rises at high machining rates.

4. The cost of nonproductive time, C,,. This component of cost is not
affected by the machining rate.

Therefore,

Cor=Cnt+C+C.+Cy

Figure 11.12 shows the graphical presentation of the main elements of total
ECM cost. It is accordingly clear that an optimum feed rate that realizes
minimum cost (economical feed rate) exists. Machining at lower feed rates
increases the machining time and impairs the product accuracy and surface
quality. On the other hand, machining at higher feed rates raises the current
density and the material removal rate, however electrolyte heating, boiling,
and, consequently, the occurrence of sparking damage the tool and work-
piece and raise the production cost as shown in Figure 11.13.

11.9 ECM Applications

ECM has been used in a wide variety of industrial applications ranging from
cavity sinking to deburring and micromachining. The ability to machine
high-strength alloys and hardened steel has led to many cost-saving
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Total cost
Roughness
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FIGURE 11.13
Variation of total production cost, removal rate, and surface roughness with ECM feed rate.

[ ECM applications ]

e s N\ N
Electrochemical ] Chemical ECM assisted

- . J - J

-

o M\ /ﬁ
Milling G

Drilling rindin,
Die sinking Polishing I—[oningg
Broaching Micromachining Superfinishing
Deburring 7 Buffing
Wire cutt%ng Ultrasonic
Micromachining Laser assisted

FIGURE 11.14
ECM applications.

applications where other processes are impractical. Typical applicators of the
ECM process are shown in Figures 11.14 and 11.15.

Drilling: Electrochemical drilling (ECD) produces diameters ranging from
1 to 20 mm, using feed rates from 1 to 5 mm/min. In ECD, a tubular electrode
is used as the cathodic tool. Electrolyte is pumped from the center of the
tool and exits through the side-machining gap formed between the walls of
the cathodic tool and the drilled hole in the anodic workpiece. As shown in
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FIGURE 11.15
Profile of turbine blade by ECM.

Tool feed

d,
! Side gap
Electrolyte
; Z Workpiece
I
!

Tool land (=)
Frontal gap ,/

Insulation

N\

Spike

FIGURE 11.16
ECD.

Figure 11.16, the produced hole diameter is, therefore, greater than that of the
tool by the overcut C,, which can be calculated using the tool diameter 4, and
the produced workpiece diameter d,, as

Cd:dw_dt

For high machining accuracy, larger feed rates and the reverse electrolyte
flow mode under back pressure of 0.6-2 MPa are used to reduce the overcut.
The use of proper tool insulation reduces the side-machining effect, which
in turn limits the widening of the side gap. Passivating electrolytes such
as NaNO; produce smaller overcut. The use of a rotating tool or workpiece
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reduces the roundness error because it ensures homogenous electrolyte flow
conditions in the side gap. EC hole drilling is not restricted to circular holes
because a tool having a cross section produces a corresponding shape in the
workpiece. The diametral oversize C,4 as a function of gap voltage v and tool
feed rate a is described by the following empirical equation:

Cd =0.225 Z)0.74—0.056L7

Shaped tube drilling: The process is a modified variation of ECM that uses
acid electrolytes for producing small holes from 0.76 to 1.62 mm in diam-
eter with depth-to-diameter ratio 180:1 in electrically conductive materials.
It is difficult to machine such small holes using normal ECM because the
produced insoluble precipitates obstruct the flow path of the electrolyte. As
shown in Figure 11.17, the tool is a conducting cylinder with an insulating
coating on the outside. The normal operating voltage is 8-14 V DC when a
machining current up to 600 A can be supplied. When a nitric acid electro-
lyte solution (15% v/v, temperature of about 20°C) is pumped through the
gap at 1 L/min at 10 V with a feed rate of 2.2 mm/min to machine a 0.58 mm
diameter hole of 133 mm depth, a diametral overcut C, of 0.265 mm and a
hole conicity of 0.01/133 are produced.

Because the process uses acid electrolytes, it is limited to the drilling of
holes in stainless steel or other corrosion-resistant materials in jet engines
and gas turbine parts. Other applications include turbine blade cooling
holes, fuel nozzles, starting holes for wire EDM, drilling holes for corrosion-
resistant metals of low conventional machinability, and drilling oil passages
in bearings where EDM causes cracks.

Electrostream (capillary) drilling: This is used for producing fine holes that
are too deep to produce EDM and too small to be drilled by shaped tube

Nitric acid

Insulating coating — = Titanium tube (-)

[ Ik Tt I T e e et Bl e B B |

1

I
1
1

Workpiece (+)

FIGURE 11.17
Shaped tube drilling schematic diagram.
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Glass nozzle

Electrolyte

Workpiece (+)

FIGURE 11.18
ES drilling schematic diagram.

drilling (STEM). As shown in Figure 11.18, the cathodic tool is made from
a glass nozzle of 0.025-0.50 mm diameter. To conduct the machining cur-
rent through the acid electrolyte that fills the interelectrode gap, a plati-
num wire electrode is fitted inside the glass nozzle. Solutions of sulfuric,
nitric, or hydrochloric acid with a concentration of 12-20 weight percent
are common electrolytes. Electrolyte temperature is normally 40°C for sul-
furic acid and 20°C for the rest. Electrolyte pressure that ranges between
275 and 400 kPa is recommended (Rumyantsev and Davydov, 1984). A gap
voltage of 70-150 V is employed, which is 10 times greater than those for
normal ECM.

A typical application is the drilling of small rows of cooling holes of
0.127-1.27 mm diameter in turbine blades, with depth-to-diameter ratio up
to 50/1. The process produces cooling ducts running at an angle of 45° to
the surface of the blade and having a diameter less than 0.8 mm. Drilling
wire EDM start holes of less than 0.5 mm are also produced by electrostream
(ES). Feed rates for ES range from 0.75 to 2.5 mm/min. Normal tolerances are
within +10% of the produced hole diameter and are +0.05 mm for the depth
tolerance.

Electrochemical jet drilling: As shown in Figure 11.19, electrochemical jet
drilling (ECJD), a jet of dilute acid electrolyte (HCI), causes dissolution and a
room is required for electrolyte to exit, preferably in the form of spray. A typ-
ical voltage in the range of 400-800 V is considered optimal. Generally, holes
produced by ECJD are four times the diameter of the electrolyte jet. In ES
drilling, the ratio of the hole diameter to the capillary diameter is normally
less than 2.
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FIGURE 11.19
ECJD.

Deburring: When machining metal components, cross-drilled holes that
interconnect bores become necessary. The intersection of these bores creates
burrs, which must be removed using the thermal energy method, vibratory
and barrel finishing with abrasive compounds, tumbling, water blasting, abra-
sive flow machining, and the application of ultrasound and abrasive slurry.
The drawbacks of these methods include lack of reliability and low metal
removal rate. In electrochemical deburring (ECDB), shown in Figure 11.20,
the application of the machining current dissolves the burr and forms a con-
trolled radius. ECDB can be applied to gears, spline shafts, milled components,
drilled holes as well as punched blanks, as shown in Figure 11.21. Figure 11.22
shows a typical example of the deburring for a conventionally machined
component. The process eliminates costly hand deburring, increases product
quality and reliability, and reduces personnel and labor costs.

11.10 Chemical Machining

Chemical milling: This is the controlled dissolution of the workpiece material
by contact with a strong reagent as shown in Figure 11.23. Special coatings
called masks protect areas from which the metal is not to be removed. The pro-
cess can be used to produce pockets, contours, and overall material removal.
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FIGURE 11.20
Burrs formed at the hole’s intersection.

Before After

FIGURE 11.21
EC deburring of large components. (From Vectron, Inc., Elyria, OH, www.vectron.cc/photol.
html. With permission.)

Chemical milling (CHM) is performed through preparing and pre-cleaning
the workpiece, masking and scribing, etching, rinsing, and removing the
mask from the finished part.

Masks: These are generally used to protect parts of the workpiece where
chemical dissolution action is not needed. Synthetic or rubber-based mate-
rials are frequently used. When the mask is used, the machining action
proceeds both inwardly from the mask opening and laterally beneath the
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FIGURE 11.22
EC deburring of parts. (From AEG-Elotherm, Remscheid, Germany.)
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FIGURE 11.23
CHM.

mask, thus creating the etch factor that is the ratio of the undercut to the
depth of cut. This ratio must be considered when scribing the mask using
templates.

Etchants: These are acid or alkaline solutions maintained within a controlled
range of chemical composition and temperature. Their main technical goals
are to achieve good surface finish and uniform metal removal.

Scribing templates: These templates are used to define the workpiece areas
for exposure to the chemical machining action. The most common scribing
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method is to cut the mask with a sharp knife followed by careful peeling
of the mask from the selected areas. Layout lines or simple templates of
metal or fiberglass guide the scribing process. CHM process parameters
include reagent solution type, concentration, properties, mixing, operating
temperature, and circulation. For high quality and low cost of parts that are
machined by CHM, complete information is needed about the workpiece
heat treatment, grain size, surface finish condition prior to CHM, direction
of rolling and weld joints, and the degree of workpiece deformation caused
by previous cold working process. The process has the following advantages:

* Weight reduction is possible on complex contours.
* No burrs are formed.

* No stress is introduced to the workpiece.

¢ Continuous taper is achievable.

* Low capital cost.

¢ Design changes are implemented quickly.

e Less skilled operator is needed.

* Multiple parts having a number of details can be machined by gang
method.

® Decorative finishes are possible.

CHM applications range from large aluminum airplane wing parts to min-
ute integrated circuit chips. Shallow cuts in large, thin sheets are of the most
popular application especially for weight reduction of aerospace compo-
nents. Multiple designs can be machined from the same sheet at the same
time. CHM is used to thin out walls, webs, and ribs of parts that have been
produced by forging, casting, or sheet metal forming.

Photochemical machining: This is a variation of CHM in which the chemi-
cally resistant mask is applied to the workpiece by photographic techniques.
Photochemical machining (PCM) creates new parts from thin materials,
rather than simply smoothing or altering parts formed by other methods.
Materials undergoing PCM must have a thickness between 0.013 and 1.5 mm
and be flat so that they can later be bent to shape and assembled to other
components. Products made by PCM are generally found in the electronic,
automotive, aerospace, telecommunication, computer, medical, and other
industries. Typical components include filters and screens, gaskets, lead
frames, contacts, connectors, probes, and flat springs. The process is per-
formed through the steps shown in Figure 11.24. In addition to the general
advantages of CHM, PCM ensures the following merits: low cost per unit
and small lead times, especially when compared to the stamping or blanking
punches and dies.

Electropolishing: The mechanically polished surface by lapping or buff-
ing decreases the surface roughness and does not completely remove the
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FIGURE 11.24
Photochemical machining steps.

Photographic negatives

debris and the damaged layer caused by mechanical polishing methods.
These drawbacks are overcome using electropolishing (EP). As shown in
Figure 11.25, a DC is introduced into the part, which is hung from a center
electrode and is surrounded by cathodes that are negatively charged. The EP
medium is a liquid mixture of several acids and insoluble salts. EP is affected
by many parameters that include workpiece material and condition, original
surface roughness, current density, and acid type, temperature, and agita-
tion. The EP process finds many applications such as

1. Preparing surfaces for electroplating

2. Producing the ultimate finish and bright appearance

3. Deburring and breaking sharp edges resulting from hand filling,
honing, and sharpening of cutting tools

4. Removing scale and distortion caused by annealing, nitriding, car-
burizing, welding, or soldering

5. Removing the skin that remains on metals after casting or forging

6. Removing the hardened and stressed surface layers
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FIGURE 11.25
Electroplating schematic.

7. Improving adhesion for coating such as by paint and plasma
spraying
8. Micromachining of metals and alloys

Problems

11.1 An alloy contains the following properties:

Element  Weight (%) Atomic Weight Valence

Ni 72 58.71 2
Cr 20 51.99 2
Fe 5 55.85 2
Ti 0.5 479 3
Cu 0.5 63.57 1
Si 1 28.09 4
Mn 1 54.49 2

a. Determine the chemical equivalent and the density of the alloy
using the percentage by weight method and the charge superpo-
sition method.

b. Compare the metal removal rate for the two cases if the current is
500 A and the current efficiency is 100%.

11.2 Calculate the MRR and the electrode tool feed rate in the ECM of an iron
surface that has 25x25 mm? in cross section using NaCl solution. The
machining gap between the tool and workpiece is 0.25 mm. The applied
voltage is 12 V DC. The specific resistance of the electrolyte is 3.0 Qcm.
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11.3

11.4

11.5

11.6

11.7

11.8

Fundamentals of Machining Processes

For the preceding problem, estimate the electrolyte flow rate if the spe-
cific heat of the electrolyte is 0.997 Cal/g °C. The ambient temperature
is 35°C, the electrolyte boiling temperature is 95°C, and the density of
electrolyte is 1.0 g/cm?.

During ECM of holes in mild steel specimens, the following condi-
tions were used:

Tool feed rate: 4 mm/min  Faraday’s constant: 96,500 A s

Gap voltage: 22 V Electrolyte conductivity: 0.025 Q! mm-™!
Voltage drop: 2 V Density of workpiece: 0.0078 g/mm?
Chemical equivalent: 28 ¢ Cathode area: 1.5 cm?

Calculate

a. The frontal equilibrium gap
b. The machining current and current density
c. The VRR for a current efficiency of 80%

A nimonic alloy of a density 7.85 g/cm3 is to be machined by ECM
using NaCl solution of conductivity 0.02 Q! mm™! to remove a stock of
200 g. If 200 A current and 15 V were used that caused a current den-
sity of 80 A/cm?, calculate (a) the equilibrium gap and (b) the tool feed
rate used. If the cathode area is 30 mm x 30 mm, calculate (c) the time
required for the job.

Calculate the VRR and the tool feed rate when machining iron
using copper electrode and sodium chloride solution (conductivity
0.05 @' mm™). The power supply data of the ECM machine were

¢ Supply voltage: 18 V DC
¢ Current: 5000 A
¢ Equilibrium machining gap: 0.5 mm

In an ECM process of iron using copper tool and saturated NaCl
electrolyte, the cathodic-tool area is 1 cmx2 cm and the initial
gap is 0.020 cm. For the electrolyte specific heat=0.997 cal/g/°C,
density =1 gm/cm? and specific resistance =0.0305 Q' mm-'. Calculate

a. The permissible fluid flow velocity if the maximum permissible
temperature of the electrolyte is the boiling point (95°C), the
ambient temperature is 25°C, and the applied voltage=10 V

b. The maximum VRR if the permissible current density is 200 A/cm?

A circular hole of 12.5 mm diameter is to be machined in titanium
alloy block by using the current density of 6 A/mm?, estimate the time
required for a hole depth of 20 mm if the theoretical specific removal
rate is 1.6 mm?®/min A and the current efficiency is 90%. Compare this
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time with the time required for conventional drilling at 300 rpm and
a feed rate of 0.15 mm/rev.

11.9 During ECM hole drilling for 12 mm depth using a feed rate 4 mm/min,
the cathodic-tool diameter was 8 mm, and the radial overcut was
1.0 mm. Calculate
a. The time required for drilling
b. The hole diameter
c. The MRR in mm?3/min

Review Questions

11.1 Explain the principal reactions occurring during the dissolution of
iron in aqueous electrolytes.

11.2 What are the principal features of ECM?

11.3 Show diagrammatically the main elements of an ECM machine.

11.4 Show the different modes of electrolyte feeding to the ECM gap.

11.5 State the important parameters that influence the MRR in ECM.

11.6 Explain the advantages and disadvantages of ECM.

11.7 Explain the main steps of the CHM process.

11.8 What are the various methods of preparing the mask for CHM?

11.9 What are the advantages and limitations of CHM?

11.10 Explain what is meant by EC deburring.

11.11 Compare ECM and CHM.

11.12 State the conditions in which ECM is a favorable machining process.

11.13 Describe the mechanism of the electrolytic polishing process.

11.14 Explain what is meant by micro ECM.
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Machining by Thermal Erosion

12.1 Introduction

Machining by thermal erosion involves the application of very intensive local
heat to remove the material by the melting and evaporation of small areas at
the workpiece surface. These processes include electrodischarge machining
(EDM), laser beam machining (LBM), electron beam machining (EBM), ion
beam machining (IBM), and plasma jet machining (PJM). Figure 12.1 shows
the main factors related to tool, workpiece, and parameters that control the
characteristics of the thermal machining processes.

12.2 Electrodischarge Machining

The history of EDM dates back to the days of World Wars I and II when B.R.
and N.I. Lazarenko invented the relaxation circuit (RC). Since 1940, EDM die
sinking has been advanced using pulse generators, planetary and orbital
motion techniques, computer numerical control (CNC), and adaptive control
systems. The evolution of wire EDM in the 1970s was mainly due to the pow-
erful generators, new wire tool electrodes, improved machine intelligence,
and better dielectric flushing. Recently, the machining speed has gone up by
20 times, which decreased the machining cost by at least 30% and improved
the surface finish by a factor of 15.

Advantages of EDM

* Produces cavities having thin walls and fine features.
® Machines difficult geometries that are burr-free.
* The use of EDM is not affected by hardness of the work material.

385
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[ Parameters ]
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FIGURE 12.1
Main elements of machining by thermal erosion.

12.2.1 Mechanism of Material Removal

In EDM, the removal of material is based upon the electrodischarge erosion
effect of electric sparks occurring between two electrodes that are separated
by a dielectric liquid, as shown in Figure 12.2. Metal removal takes place as
a result of the generation of extremely high temperature generated by the
high-intensity discharges, which melt and evaporate the two electrodes. A
series of voltage pulses (Figure 12.3) of magnitude about 20-120 V and fre-
quency of the order of 5 kHz are applied between the two electrodes, which
are separated by a small gap, typically 0.01-0.5 mm. When using RC genera-
tors, the voltage pulses, shown in Figure 12.4, are responsible for the material
removal process.

The application of voltage pulses causes electrical breakdown of the dielec-
tric in a channel of radius 10 um. The breakdown arises from the acceleration
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FIGURE 12.2

Electrodischarge machining spark description

Off time
Current

Peak current

— Average current

On time
|‘—.i ‘-— One cycle al —— Time

Typical electrodischarge machining pulse current train for controlled pulse generator.

FIGURE 12.3
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FIGURE 12.4

Variation of voltage with time using an RC generator.
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toward the anode of both electrons emitted from the cathode by the applied
tield and the stray electrons present in the gap. These electrons collide with
neutral atoms of the dielectric, thereby creating positive ions and further
electrons which, in turn, are accelerated toward, respectively, the cathode
and anode.

When the electrons and the positive ions reach the anode and cathode sur-
faces, they give up their kinetic energy in the form of heat. Temperatures of
about 8,000°C-12,000°C and heat fluxes up to 107 W/m? are attained. With
a spark of a very short duration of typically between 0.1 and 2000 ps, the
temperature of the electrodes can be raised locally to more than their normal
boiling points. Owing to the evaporation of the dielectric, the pressure on
the plasma channel rises rapidly to values as high as 200 atmospheres. Such
great pressures prevent the evaporation of the superheated metal. At the end
of the pulse, the pressure drops suddenly and the superheated metal is evap-
orated explosively. Metal is thus removed from the electrodes as shown in
Figure 12.2. Fresh dielectric fluid rushes in, removing the debris and quench-
ing the surface of the workpiece. Unexpelled molten metal solidifies to form
what is known as the recast layer. The expelled metal solidifies into tiny
spheres dispersed in the dielectric oil along with bits from the electrode. The
relation between the material removed from the anode and cathode depends
on the respective contribution of the electrons and positive ions to the total
current flow.

The high frequency of voltage pulses supplied, together with the forward
servo-controlled tool motion toward the workpiece, enables sparking to be
achieved along the entire length of the electrodes. Figure 12.5 shows the volt-
age and current waveforms during EDM. Figure 12.6 shows the periodic dis-
charges occurring when using RC generator in EDM.

The frequency of discharges or sparks usually varies between 500 and
500,000 sparks/s. With such high sparking frequencies the combined
effects of the individual sparks give substantial material removal rate.
The position of the tool electrode is controlled by the servomechanism,
which maintains a constant gap width of 200-500 um between the two
electrodes to increase the machining efficiency through active discharges.
Figure 12.7 shows a typical RC, where the discharging voltage V; can be
described as

Va=Vep (1—e“/ Rccap)

For maximum power delivery through the gap, the breakdown voltage, V,

and the supply voltage, V,,, should be such that

Va=0.72V,,
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FIGURE 12.5
Voltage and current waveforms during electrodischarge machining.
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FIGURE 12.6

Periodic discharges in RC-type generator.
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w2 Y CE
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Charging Discharging

FIGURE 12.7
Various parts of an RC.

The discharging current I; becomes

The volumetric removal rate VRR (mm?/min) is given by

1 1

Cap 1
1 - -
n[l—wd/vsp)}

The average surface roughness (R,) is given by the following empirical
formula:

VRR=K,C,, Ve, <

Rg — K2 Vg.Sng,S

where
V,, is the supply voltage in V
V, is the discharge voltage in V
R. is the resistance in Q
C,p is the capacitance in f
t,is timeins
K, and K, are constants
VRR is the volumetric removal rate in mm?/min
R, is the average surface roughness in um
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The RC, however, has many limitations such as the small duration of the
current pulse and the difficulty of using high frequencies due to the long
charging times. Modern EDM machines employ transistorized pulse genera-
tor circuits.

EDM performance measures, such as material removal rate, electrode tool
wear, and surface finish for the same energy, depend on the shape of the
current pulses. Based upon the situation in the interelectrode gap, four dif-
ferent electrical pulses are distinguished, namely, open circuit, sparks, arcs,
and short circuits pulses. Their effect upon material removal and tool wear
differs quite significantly. Open gap voltages that occur when the distance
between both electrodes is too large obviously do not contribute to any mate-
rial removal or electrode tool wear. When sudden contact occurs between
tool and the workpiece, a microshort circuit occurs, which does not con-
tribute to the material removal process. The range of the electrode distance
between these two extreme cases forms the practical working gap for actual
discharges, i.e., sparks and arcs. In this regard, arcs are believed to occur in
the same spot on the electrode surface and may, therefore, severely damage
the tool and the workpiece. It is believed that only “sparks” really contribute
to material removal in a desired mode.

12.2.2 EDM Machine

Figure 12.8 shows the main components of the EDM machine. The tool feed
servo-control unit maintains a constant machining gap that ensures the
occurrence of active discharges (sparks) in the machining gap. The power

Servo-
controlled
feed

Sparks

Tool holder

— /
Dielectric m

Filter

| Pump

* Fixture Workpiece (+)
DC pulse generator

FIGURE 12.8
Electrodischarge machining machine.
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supply provides pulses at certain voltage and current, on-time and off-time.
The dielectric circulation unit flushes the dielectric into the interelectrode
gap after being filtered from the machining debris.

EDM Electrodes: Metals of high melting point and good electrical conduc-
tivity are usually chosen as tool materials for EDM. Graphite is the most
common electrode material because it has fair wear characteristics and is
easily machinable, and small flush holes can be drilled in electrodes. Copper
has good EDM wear characteristics and better conductivity and is generally
used for better finishes in the range of 0.5 um R,. Copper tungsten and silver
tungsten are used for making deep slots under poor flushing conditions,
especially in tungsten carbides. It offers high machining rates as well as low
electrode wear. Copper graphite is good for cross-sectional electrodes. It
has better electrical conductivity than graphite, although the corner wear
is higher. Brass ensures stable sparking conditions and is normally used for
specialized applications, such as drilling of small holes, where the high elec-
trode wear is acceptable. Electrode polarity depends on both the workpiece
and electrode materials. Melting point is the most important factor in deter-
mining the tool wear. Table 12.1 shows the physical properties of some EDM
electrodes.

Electrode wear in EDM has many forms, such as end wear, side wear, corner
wear, and volume wear (Figure 12.9). Electrode wear depends on a number
of factors associated with the EDM, like voltage, current, electrode material,
and polarity. Figure 12.10 shows the increase of electrode wear ratio at high
pulse current and short pulse duration. The change in shape of the tool
electrode due to the electrode wear causes defects in the workpiece shape.
Electrode wear has even more pronounced effects during micromachining
applications. The wear rate of the electrode tool material W, and the wear
ratio R,,, described by Kalpakjian (1997), are

TABLE 12.1

Physical Properties of Some EDM Electrodes

Property Copper  Graphite Tungsten  Iron

Melting point, °C 1,083 — 3,395 1,535

Boiling point, °C 2,580 >4,000 5,930 2,800

Heat to vaporize 1 cm? from room 12,740 20,000 22,680 16,900
temperature, cal/cm?®

Thermal conductivity, Ag=100 94.3 30 29.6 16.2

Electrical conductivity, Ag=100 96.5 0.1 48.1 16.2

Thermal expansion, per °C x 10° 16.0 45 4.6 15

Strength, MPa 241 34 4137 276

Modulus of elasticity, MPa x 10 124 5.9 352 186

Source: Rao, P. N., Manufacturing Technology: Metal Cutting and Machine Tools, 8th
Edn., Tata McGraw-Hill, New Delhi, India, 2000.
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FIGURE 12.9
Types of electrode wear in electrodischarge machining.
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FIGURE 12.10
Effect of pulse duration and current on electrode wear ratio.

W, =(11x10%)I,, x T, >
R, =2.25T7.72%%

where
I, is EDM current in A
R,, is the wear ratio in percent
T, is the ratio of the workpiece to tool electrode melting points
T, is the melting point of the tool electrode in °C
W, is the wear rate of the tool in mm?3/min
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Dielectric Fluids: The main functions of the dielectric fluid are to flush the
eroded particles from the machining gap, provide insulation between the
electrode and the workpiece, and cool the section that is heated by the dis-
charging effect.

The main requirements of the EDM dielectric fluids are adequate viscosity,
high flash point, good oxidation stability, minimum odor, low cost, and
good electrical discharge efficiency. For most EDM operations, kerosene
is used with certain additives that prevent gas bubbles and deodoriz-
ing. Other dielectric fluids include aqueous solutions of ethylene glycol,
water in emulsions, and distilled water. Flushing of the dielectric plays a
major role in the maintenance of stable machining and the achievement of
closer dimensional tolerance and good surface quality. Inadequate flush-
ing promotes arcing, decreases electrode life, and increases the production
time. In the majority of EDM applications, the dielectric fluid is introduced,
under pressure, through one or more passages in the tool and is forced to
flow through the gap between the tool and the workpiece. Flushing holes
are generally placed in areas where the cuts are deepest. Normal flow is
sometimes undesirable because it produces a tapered opening in the work-
piece, as shown in Figure 12.11. Reverse flow is useful in machining deep-
cavity dies, where the taper produced in the case of the normal flow mode
is reduced. The gap is submerged in filtered dielectric, and instead of pres-
sure being applied at the source, a vacuum is used. With clean fluid flowing
between the workpiece and tool, there is no side sparking and, therefore, no
taper is produced. Other methods of dielectric feeding include immersed,
jet, and sweeping nozzle flushing modes.

12.2.3 Material Removal Rates

In EDM, the metal is removed from both the workpiece and the tool electrode.
As can be seen from Figure 12.12, the material removal rate depends not only

Dielectric in

| Electrode r \

) ) Dielectric out
Dielectric out

Dielectric in

] Electrody

Workpiece 1 Workpiece

Normal flow Reverse flow

FIGURE 12.11
Common dielectric flushing modes.
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FIGURE 12.12
Parameters affecting EDM performance.
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on the workpiece material but also on the material of the tool electrode and
the machining variables such as pulse conditions, electrode polarity, and the
machining medium. In this regard, a material of low melting point has a
high metal-removal rate and, therefore, a rougher machined surface. Typical
removal rates range from 0.1 to 10°> mm?/min. Figures 12.13 and 12.14 explain
the effect of pulse energy (current) and duration on the crater size and, there-
fore, the removal rate. The material removal rate, VRR in mm3/min, is given
by Kalpakjian (1997):

VRR =(4x10*)I,, x T

where
I, is the EDM current in A
T,, is the melting point of the workpiece material, in °C

Tool electrode

A

Workpiece e A N1 Crater
Pulse current=5 A 10A 15A
FIGURE 12.13

Effect of pulse current (energy) on electrodischarge machining crater side.
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Tool electrode

Tool
Spark AF AF Aﬁ
Workpiece <7 L S4—1— Crater
Pulse on time = 100 ps 200 ps 300 ps
FIGURE 12.14

Effect of pulse on time on electrodischarge machining crater size.

“ Pulse current

Removal rate
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FIGURE 12.15
Effect of pulse duration and current on removal rate.

Figure 12.15 shows optimum pulse duration for maximum removal rate and,
moreovet, the increase of removal rate with pulse current.

12.2.4 Surface Integrity

The spark-machined surface consists of a multitude of overlapping crates
that are formed by the action of microsecond duration spark discharges.
These craters depend on the physical and the mechanical properties of the
material and the composition of the machining medium as well as the dis-
charge energy and duration, as shown in Figures 12.13 and 12.14. The inte-
gral effect of many thousands of discharges per second leads to the formation
of the corresponding workpiece profile with specified accuracy and surface
finish. The depth of the resulting craters usually represents the peak-to-valley
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FIGURE 12.16
Effect of pulse length and current on surface roughness.

(maximum) roughness R,. The maximum depth of the damaged layer is taken
as 2.5 times the average surface roughness R,. The maximum peak-to-valley
height, R,, is considered to be 10 times R,. The average roughness can be
expressed in terms of pulse current i, in A, and pulse duration ¢, in us by

R, =0.0225{220

Figure 12.16 shows the increase of surface roughness with pulse current and
pulse duration. Additionally, the linear relationship between removal rate
and surface roughness can be seen in Figure 12.17.

12.2.5 Heat-Affected Zone

With the temperature of the discharges reaching 8,000°C-12,000°C, metal-
lurgical changes occur in the surface layer of the workpiece. Additionally, a
thin recast layer of 1-25 pm is formed. Some annealing of the workpiece can
be expected in a zone just below the machined surface. In addition, not all of
the workpiece material melted by the discharge is expelled into the dielec-
tric. The remaining melted material is quickly chilled, primarily by heat
conduction into the bulk of the workpiece, resulting in an exceedingly hard
surface. The depth of the annealed layer ranges from 50 um in finish machin-
ing to approximately 200 um for high metal removal rates. The amount of
annealing is usually about two points of hardness below the parent metal
for finish cutting. In the roughing cuts, the annealing effect is approximately
five points of hardness below the parent metal.
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Surface roughness

Removal rate

FIGURE 12.17
Relationship between removal rate and surface roughness.

12.2.6 Applications

Drilling: EDM drilling uses a tubular tool electrode where the dielectric
is flushed down the interior hole of the tube to flush away the machining
debris. When solid rods are used, the dielectric is fed to the machining
zone by either suction or injection methods. Irregular, tapered, curved, and
inclined holes can be produced by EDM. Cooling channels in turbine blades
made of hard alloys are typical applications of EDM drilling.

Sawing: ED sawing employs either a special steel band or disk tools. The
process cuts any electrically conductive material at a rate that is twice the
conventional abrasive sawing methods. Fine finish of 6.3-10 um and a recast
layer of 25-130 um are possible.

Machining Spheres: Rotary EDM uses simple tubular electrodes for machin-
ing convex and concave spheres to a dimensional accuracy of +1 um and a
surface roughness of less than 0.1 pm. The process is used for machining of
spherical shapes in conducting ceramics.

Milling: EDM milling uses standard cylindrical electrodes to produce
complex cavities by successive numerical-controlled (NC) sweeps of the
electrode down to the desired depth. The electrode (Figure 12.18) is rotated
at high speeds and follows specified paths in the workpiece like the conven-
tional end-milling operation. This process saves the time used to make EDM
electrode normally used for die-sinking applications.

Wire Cutting: Wire EDM employs a continuously moving conductive wire
electrode. Material removal occurs as a result of the spark erosion between
the moving wire electrode and the workpiece. In most cases, the horizontal
movement of the worktable is controlled by CNC, which determines the path
of the cut, as illustrated in Figure 12.19.
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FIGURE 12.18

Electrodischarge machining die sinking and milling.
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FIGURE 12.19
Wire electrodischarge machining schematic.

Grinding: Electrodischarge grinding (EDG) removes conductive materi-
als by rapid spark discharges between a rotating tool and workpiece that
are separated by a flowing dielectric fluid; the spark gap is normally held
at 0.013-0.075 mm by the servomechanism that controls the motion of
the workpiece. The DC power source has capabilities ranging from 30 to
100 amp, 2 to 500 kHz, and 30 to 400 V. The conductive wheel, usually graphite,
rotates at 30-180 m/min in a dielectric bath of filtered hydrocarbon oil.
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Wheel wear ranges from 100:1 to 0.1:1 with an average of 3:1 depending
upon the current density, workpiece material, wheel material, dielectric,
and sharpness of corner details. Material removal rates ranges from 0.16 to
2.54 cm?/min and surface finishes up to 1.6-3.2 um range are possible. Corner
radius depends on overcut and ranges from 0.013 to 0.13 mm. Greater voltage
permits larger gaps, which makes the process suitable for plunge grinding
where the ease of dielectric flushing is ensured. Tolerances of +0.005 mm are
normal with +0.0013 mm possible.

Texturing: Electrodischarge texturing (EDT) is achieved by passing high-
intensity electrical sparks of short duration across the gap between the roll
(workpiece) and a tool electrode, through which a liquid dielectric (e.g., par-
affin) is flushed. Each spark creates a small crater by the discharge of its
energy in a local melting and vaporization of the roll material. By selecting
the appropriate process variables, such as pulse current, duration, and pause
times, electrode polarity and material, dielectric type, and the roll rotational
speed, a surface texture with a high degree of accuracy and consistency can
be produced.

12.3 Laser Beam Machining

Laser is the abbreviation of light amplification by stimulated emission of
radiation. A highly collimated, monochromatic, and coherent light beam is
generated and focused to a small spot. High power densities (10 W/mm?) are
then obtained. A large variety of lasers are available in the market, includ-
ing solid-state, ion, and molecular types in either continuous wave (cw) or
pulsed mode (pm) of operation as shown in Table 12.2. The LBM system is
shown in Figure 12.20.

TABLE 12.2
Different Types of Lasers
Laser Type Wavelength (nm) Typical Performance
Solid Ruby 694 Pulsed, 5W
Nd-YAG 1064 Pulsed, cw, 1-800 W
Nd-glass 1064 Pulsed, cw, 2 mW
Semiconductor  GaAs 800-900 Pulsed, cw, 2-10 mW
Molecular CO, 10.6 um Pulsed, cw, (<15 kW)
Ton Art 330-530 Pulsed, cw, 1 W to 5 kW
Excimer 200-500 Pulsed
Neutral gas He-Ne 633 cw, 20 mW
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FIGURE 12.20
LBM schematic.
Advantages

* Tool wear and breakage are not encountered.

* Holes are located accurately by using optical laser system for
alignment.

* Very small holes of large aspect ratio are produced.

e A wide variety of hard and difficult-to-machine materials are
tackled.

® Machining is extremely rapid and the setup times are economical.
* Holes can be drilled at difficult entrance angles (108 to the surface).
* Due to its flexibility, the process can be automated easily.

® The operating cost is low.

Limitations

¢ The equipment cost is high.
e Tapers are normally encountered in the direct drilling of holes.
¢ Ablind hole of precise depth is difficult to achieve with a laser beam.

e The thickness of the material that can be laser drilled is restricted
to 50 mm.

® Adherent material, which is found normally at the exit holes, needs
to be removed.
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12.3.1 Material Removal Mechanism

As shown in Figure 12.21, the unreflected light is absorbed, thus heating the
surface of the specimen. Additionally, heat diffusion into the bulk material
causes phase change, melting, or vaporization. Depending on the power
density and the time of beam interaction, the mechanism progresses from
one of heat absorption and conduction to one of melting and then vapor-
ization. Machining by laser occurs when the power density of the beam
is greater than what is lost by conduction, convection, and radiation, and,
moreover, the radiation must penetrate and be absorbed into the workpiece
material. The power density of the laser beam, P, is given by

AL,
Ro=— >
TFiop AT

The size of the spot diameter d, is

ds = HOLb

The linear machining rate (VRR;, mm/min) can be described as

VRR, = CiL,
E,Auh
,
/ Liquid
—
Laser beam *—/ ~——» Thermal Laser Soild-liquid
- / conduction ~ beam interface
_"é Soild
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FIGURE 12.21

LBM material removal mechanism. (a) Absorption and heating. (b) Melting (c) Vaporization.

Laser beam

(c)

www.EngineeringBooksPDF.com



Machining by Thermal Erosion 403

The area of the focal beam A, is given by
Ap= g (Pl(Xb )2

ACIL,

VRR =— %
nE, (Row) h

The volumetric removal rate, VRR, mm?3/min, can be calculated as

ClL,
E.h

VRR =

where
P, is the power density in W/cm?
L, is the laser power in W
F, is the focal length of the lens in cm
AT is the pulse duration of the laser in s
0y, is the beam divergence in radians
C, is a constant depending on the material and conversion efficiency
E, is the vaporization energy of the material in W/mm?
A, is the area of laser beam at focal point in mm?
h is the thickness of the material in mm
d, is the spot size diameter in mm

In LBM, the workpiece material is removed through several effects, includ-
ing reflection, absorption, and conduction of light that is followed by melt-
ing and evaporation. The behavior of the work material in respect to these
effects determines the material removal rate. Reflectivity depends on the
wavelength, the properties of material, surface finish, the amount to which it
is oxidized, and its temperature.

At a given wavelength, the higher the reflectivity of the material, the
lower is the removal rate and vice versa. In this regard, most metals reflect
about 90% of incident radiation at low power densities. The minimum laser
energies required to vaporize plastics are lower than that for metals. Most
nonmetals have low thermal conductivity and absorb CO, laser of 10.6 um
wavelengths. Therefore, plastic materials can be more readily melted by low-
power CO, laser than metals. Figure 12.22 shows the process parameters that
affect the quality of laser-machined parts.

12.3.2 Applications

Drilling: Holes can be made in hard materials such as metals, ceramics, or
diamond; in soft materials such as metals for microelectronics or medical
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FIGURE 12.22
Parameters affecting the quality of laser-machined parts.

purposes; and also in plastics to perforate foils or for ventilation. The required
hole size can be produced by the application of one or more focused laser
pulses. The hole size is determined by the input beam power and the focus-
ing adjustments. Although most holes are drilled with a single laser pulse of
high energy, it is more efficient to drill deep holes with multiple pulses of low
energy. Generally, laser drilling produces holes having diameters from 0.005
to 1.75 mm at a depth-to-diameter ratio of 50:1 and an accuracy level of +5%
to £20% of the diameter.

Cutting and grooving: Cutting steel plates of thickness up to 5 mm using
CNC systems is possible. Lower cutting speeds and larger beam powers are
required for large thickness (Figure 12.23). The thickness of the heat-affected
layer decreases at high machining speeds (Figure 12.24). CNC laser cutting
has been also used for the production of clothes using a 400 W laser beam,
guided by movable mirrors to cut a moving fabric of 2 m wide at a rate of
80 m/min.

Dressing of grinding wheels: Suitable selection of the laser beam (dressing
tool) feed results in the dressing of the whole wheel surface, thus chang-
ing its topography. Laser dressing produces microcutting edges due to the
formation of microcraters on the worn-out grains. When these craters are
formed in the bond, the grits are loosened and subsequently removed due to
insufficient volume of bond surrounding the abrasive grain.

Trimming of electronic components: Trimming of resistors composed of
chromium silicon oxide, deposited on the surface of a silicon chip, has been
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FIGURE 12.24
Effect of the machining speed on the depth of heat-affected layer.

achieved using an argon ion laser operated at a power density of 0.8 MW/cm?
with pulse width of less than 10 ps.

Marking computer keyboards: Ricciardi et al. (1996) developed an excimer
laser-based technique for marking computer keyboards with high speed
and flexibility of production line that avoids the use of toxic solutions in the
marking process. The laser marking system, shown in Figure 12.25, does not
involve the introduction of any foreign materials or exert any mechanical
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FIGURE 12.25
Lasers marking of computer keyboards. (From Ricciardi, G. M. et al. Ann. CIRP, 45, 191, 1996.
Reproduced by permission of CIRP)

stresses on the workpiece. The practical advantages of excimer lasers in
marking processes are due to the short laser wavelength and pulse duration.
High photon energy induces photochemical reactions in the material, result-
ing in color change with negligible side effects with nominal throughput of
1 keyboard every 15 s.

In general, LBM offers a wide range of machining applications and can
tackle different engineering materials. The choice of the type of laser, there-
fore, depends on the application required in addition to the material being
machined. Table 12.3 provides a laser beam selection guide.

12.4 Electron Beam Machining

EBM has been used in nuclear and aerospace welding industries since the
early 1960s. Drilling small holes, cutting, engraving, and heat treatment are
a set of modern applications used in semiconductor manufacturing as well
as micromachining areas.

Advantages

e Machines small holes at a rate of 4000 hole/s
* Imparts no difficulty encountered with acute angles

e Provides no limitation to workpiece hardness, ductility, and surface
reflectivity
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TABLE 12.3

Laser Beam Selection Guide

Application

Laser Type

Drilling
Cutting
Materials

Small holes—0.25 mm
Large holes—1.52 mm
Large holes—trepanned
Drilling—percussion
Thick cutting

Thin slitting—metals
Thin slitting—plastics
Plastics

Metals

Organics and nonmetals
Ceramics

Ruby, Nd-glass, Nd-YAG
Ruby, Nd-glass, Nd-YAG
Nd-YAG, CO,

Ruby, Nd-YAG

CO, + gas assistance
Nd-YAG

CO,

CO,

Ruby, Nd-glass, Nd-YAG
Pulsed CO,

Pulsed CO,, Nd-YAG

Source: El-Hofy, H., Advanced Machining Processes, Non-Traditional and
Hybrid Processes, McGraw-Hill Book Company, New York,
India, 2005. With permission.

407

* Avoids mechanical distortion to the workpiece because there is no

contact

* Achieves high accuracy and repeatability of +0.1 mm for position of
holes and +5% for the hole diameter

e Produces the best surface finish compared to other processes

* Ensures low cost compared to other processes

Disadvantages

¢ High capital equipment cost

* Long production time due to the time needed to generate vacuum

¢ The presence of a thin recast layer

* Necessity for auxiliary backing material

12.4.1 Material Removal Process

The main components of EBM installation, shown in Figure 12.26, are housed
in a vacuum chamber, evacuated to about 10~ torr. The tungsten filament
cathode is heated to about 2500°C-3000°C to emit electrons. A measure of
this effect is the emission current, the magnitude of which varies between 20
and 100 mA. Corresponding current densities lie between 5 and 15 A/cm?.
Emission current depends on the cathode material, temperature, as well
as the high voltage that is usually about 150 kV, which accelerates a stream
of electrons in the direction of the workpiece. After acceleration, electrons
focused by the field travel through a hole in the anode. An electron beam
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FIGURE 12.26
Components of EBM system.

is then refocused by a magnetic or electronic lens system so that the beam
is directed under control toward the workpiece. The electrons maintain the
velocity (228 x 10° km/s) imparted by the acceleration voltage until they strike
the workpiece over a well-defined area of 0.25 mm in diameter. The kinetic
energy of the electrons is then rapidly transmitted into heat, causing a cor-
responding rapid increase in the temperature of the workpiece to well above
its boiling point, thus causing material removal by evaporation. With power
densities of 1.55 MW/mm? involved in EBM, all engineering materials can
be machined. The melted liquid is rapidly ejected and vaporized, causing a
material removal rate within the range of 10 mm?3/min.

Pulsed electron beam at 10* Hz reduces the temperature of the workpiece
outside the region being machined. An early attraction of EBM was the
comparatively large depth-to-width ratio (100:1) with applications in fine-
hole drilling becoming feasible. The absence of mechanical contact and the
suitability for automatic control enhance the process capabilities, but the
necessity to work in a vacuum lengthens the floor-to-floor cycle time.

The number of pulses, n,, required to remove a hole of depth g can be
described by

The machining time f,, can be given by

_ne

tm =
fo
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1
b +1;

fo=

The drilling rate, VRR;, mm/min, can therefore be calculated by

VRR, = &>

Ne

The number of pulses, 1, can simply be described as a function of the accel-
erating voltage V, and the emission current I, by

Therefore, the drilling rate (VRR;) in mm/min and the volumetric removal
rate in mm?/min become

VRR, =Ky fil Vi

VRR= g Kods2efolV,

In the case of slotting, the slotting rate ();) in mm/min becomes

ns = Kbdbfpleva

The volumetric removal rate (VRR) in mm?/min can be calculated by

VRR = Kydy, gf, .V,

where
Q. is the depth of hole removed per pulse in mm
7, is the slotting rate in mm/min
g is the depth of hole or slot required in mm
f; is the frequency of pulses in s
t, is the pulse time in ps
t, is the pulse interval in us
d, is the beam diameter in contact with the workpiece (slot width) in mm
V, is the beam accelerating voltage in kV
I, is the beam emission current in mA
K, is the proportionality constant
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FIGURE 12.27
Effect of accelerating voltage and the depth of hole on the number of pulses.

The depth of penetration depends on the beam diameter, the power den-
sity, and the accelerating voltage. Moreover, the depth of eroded material per
pulse depends on the density of the workpiece material as well as the beam
diameter. Practically, the number of pulses that produce a given hole depth
is usually found to decrease with increase in the acceleration voltage and the
decrease of the depth of hole, as shown in Figure 12.27.

For a fixed set of process conditions, the number of pulses required increases
hyperbolically as the depth of the hole increases. In practical terms, this con-
clusion means that when a certain depth has been reached, any further EBM
to deepen the hole would require a very large increase in the number of pulses
(Figure 12.27). The machining time in EBM required to drill a hole depends on
the number of pulses required to erode a certain depth frequency.

For slotting and pulse by EBM, the machining time is affected by the slot
length, beam diameter, pulse duration, and the number of pulses required
to remove a specified depth. EBM rate is usually evaluated in terms of the
number of pulses required to evaporate a particular amount of material.
Workpiece material properties such as boiling point and thermal conductiv-
ity play a significant role in determining how readily they can be machined.
Other thermal properties such as electrical conductivity are considered as
additional factors. The number of pulses required decreases when using
longer pulse durations and larger pulse currents, as shown in Figure 12.28.
Figure 12.29 summarizes the factors that affect the performance of EBM.

Cavity diameters in the range of 35-40 um are obtainable with out-of-
roundness from 3 to 6 um in more than 50% of the cases. The diameter of
the altered layer is proportional to the hole diameter, which is reported to be
40-75 pum for a hole of 20-55 pm. Conditions leading to larger removal rates
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FIGURE 12.28
Effect of pulse time and pulse current on the number of pulses needed to obtain the required

machining.
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Voltage

FIGURE 12.29
Factors affecting the performance of EBM.
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FIGURE 12.30
Effect of pulse duration on the hole diameter and altered layer thickness.

are accompanied by a larger layer thickness and, moreover, greater surface
roughness. Figure 12.30 shows the increase of the drilled hole diameter and
the thickness of the altered layer with pulse duration.

Increasing the hole depth requires a much greater rise in the number of
pulses at low voltage (Figure 12.27), due mainly to the relative rise in heat
losses resulting from the conduction and melting of the adjacent metal layers.
For a given number of pulses, little improvement in material removal rate is
obtained by increasing the accelerating voltage above 120 kV. The increase of
pulse duration raises the pulse energy available, which in turn reduces the
number of pulses required to obtain the required machining result. Kaczmarek
(1976) quoted an optimum working distance at which a minimum number of
pulses are required. He pointed out that a focal point just below the upper sur-
face of the workpiece is sometimes the most effective (Figure 12.31).

Surface roughness increases with pulse charge for carbon and tungsten
(Figure 12.32). Estimates of surface roughness for small holes and cuts are
near to 1 um R,. Surface layers of material machined by EBM are affected
by the temperature of the focused beam. The diameter of the damaged layer
increases with pulse duration and hole diameter. Typical heat-affected zones
(HAZs) can be as much as 0.25 mm in EBM, which can be detrimental to
the structural integrity of highly stressed components and, for such compo-
nents, should be removed.

12.4.2 Applications

Drilling: Cylindrical, conical, and barrel-shaped holes of various diameters
can be drilled with consistent accuracy at rates of several thousand holes per
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FIGURE 12.31
Effect of displacement of beam focal length relative to upper surface of the workpiece and

accelerating voltage on the number of pulses.
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FIGURE 12.32
Effect of pulse charge on surface roughness.

second. Holes at inclination angle of about 15° are also possible. The larg-
est diameter and depth of holes that can be accurately drilled by EBM are,
respectively, 1.5 and 10 mm, and the depth-to-diameter ratio is normally in
the range of 1:1-1:15. Figure 12.33 shows EB-drilled holes in superalloy tur-
bine blade at angles of 60°-90° to profile chord.

Perforation of Thin Sheets: For perforation by EBM to be economically
acceptable, 10-10° holes/s have to be produced using single pulses lasting
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FIGURE 12.33
Electron beam~—drilled holes in superalloy turbine blade.

only a few microseconds. EBM perforation can be applied to the produc-
tion of filters and masks of color television tubes. Other applications for
perforation lie in sieve manufacture, for sound insulation, and in glass fiber
production.

Slotting: Rectangle slots of 0.2 by 6.35 mm in 1.57 mm stainless steel plate
are produced in 5 min using 140 kV, 120 uA, pulse width of 80 us, and
frequency 50 Hz. The rate of slotting depends on the workpiece thickness.
In this case, stainless steel of 0.05 mm was cut at a rate of 100 m/min and
0.18 mm thickness was cut at 50 m/min using similar machining conditions.

Pattern Generation and Integrated Circuit Fabrication: The beam is posi-
tioned accurately by means of deflection coils at the location where a pat-
tern is to be written by exposing a film of electron resist coated on either a
chrome mask blank or wafer for the production of the lithographic defini-
tion required. An electron beam of energy about 10-20 kV can either break
the bonds between the polymer molecules or cause cross-linking in the
polymers (Figure 12.34). EBM process parameters and general capabilities
are shown in Table 12.4.

FIGURE 12.34
Hybrid circuit engraved with 40 pm traces at speed >5 m/s.
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TABLE 12.4

415

EBM Process Parameters and Capabilities

EBM Parameter

Level

Acceleration voltage
Beam current

Beam power

Pulse time

Pulse frequency
Vacuum

Spot size

Deflection range
Beam intensity
Depth of cut
Narrowest cut

Hole range

Hole taper

Hole angle to surface

Removal rate
Penetration rate
Perforation rate
Tolerance

Surface roughness

50-60 kV

100-100 pA

0.5-50 kW

4-64,000 us

0.1-16,000 Hz

0.01-0.0001 mm mercury
0.013-0.025 mm

6.4 mm?

1.55x10° to 1.55x10° W/cm?

Up to 6.4 mm

0.025 mm in 0.025 mm thick metal
0.025 mm in 0.02 mm thick metal
1.0 mm in 5 mm thick metal
1020 typical

200-90°

40 mm?/s!

0.25 mm/s™

Up to 5,000 holes/s!

+10% depth of cut

1umR,

Source: El-Hofy, H., Advanced Machining Processes, Non-

Traditional and Hybrid Processes, McGraw-Hill Book
Company, New York, India, 2005. With permission.

12.5 Ion Beam Machining

IBM takes place in a vacuum chamber using charged ions fired from an
ion source toward the workpiece by means of an accelerating voltage. The
mechanism of material removal is closely related to the ejection of atoms
from the surface by other ionized atoms (ions) that bombard the work
material. Energies greater than the binding energy of 5-10 eV are needed
to cause the removal of atoms. At higher energies, sufficient momentum
may cause the removal of several atoms from the surface. Furthermore, the
incident ion will become implemented deeper into the material, damaging
it, by displacement of atoms. Small dimensions of 10-100 nm are possible
using IBM.

The amount of yield and, therefore, the machining rate depends on mate-
rial being machined, the type of ions and their energy, the angle of incidence,
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and, in some cases, the gas pressure. According to McGeough (1988), the etch
rate can be described as

9.6x10% 5, cos®
P

Vo

where
Vi, is the etch rate, atoms in min~'/mA cm?
p is the density of target material in atoms/cm?
Sy is the yield in atoms/ion

The cos 6 term takes into account the reduced current densities at angles
away from normal incidence. Accuracy levels of +1.0% with a reproducibility
of 1% have been reported by McGeough (1988). IBM can be applied for

* Smoothing of laser mirrors
® Reducing the thickness of silicon to a thickness of 10-15 um

¢ DPolishing and shaping of optical surfaces by direct sputtering of pre-
forms in glass, silica, and diamond using patterning masks

e Producing closely packed textured cones in different materials,
including copper, nickel, stainless steel, silver, and gold

¢ Producing atomically clean surfaces for the adhesion of gold films to
silicon and aluminum oxide substrate

e Milling line width of 0.2 um for bubble memory devices

12.6 Plasma Beam Machining

When the temperature of a gas is raised to about 2000°C, the molecules
become dissociated into separate atoms. Athigher temperatures of 30,000°C,
these atoms become ionized and are termed as plasma. Machining by
plasma beam was adopted in the early 1950s as an alternative method for
oxygas flame cutting of stainless steel, aluminum, and other nonferrous
metals.

In plasma beam machining (PBM), a continuous arc is generated between
a hot tungsten cathode and a water-cooled copper anode. A gas is intro-
duced around the cathode and flows through the anode. The temperature in
the narrow orifice around the cathode reaches 28,000°C, which is enough to
produce a high-temperature plasma arc. Under these conditions, the metal
being machined is very rapidly melted and vaporized. The stream of ionized
gases flushes away the machining debris as a fine spray creating flow lines
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Table 12.5

PBM Characteristics

Parameter Level
Velocity of plasma jet 500 m/s
Material removal rate 150 cm®/min
Specific energy 100 W/cm® min
Power range 2-200 kW
Voltage 30-250 V
Current Up to 600 A
Machining speed 0.1-7.5 m/min

Maximum plate thickness 200 mm

Source: El-Hofy, H. Advanced Machining
Processes, Non-Traditional and Hybrid
Processes, McGraw-Hill Book Company,
New York, 2005. With permission.

on the machined surface. The general characteristics of PBM are shown in
Table 12.5. The removal rates by this method are substantially higher than
those of a conventional single-point turning operation.

Advantages

® Requires no complicated chemical analysis or maintenance

e Uses no harmful chlorinated fluorocarbons, solvents, or acid clean-
ing chemicals

* Operates cleanly and often eliminates the need for vapor degreas-
ing, solvent wiping, ultrasonic cleaning, and grit blasting

® Requires no worker exposure to harmful chemicals
* Needs less energy to operate

The process, however, requires large power supplies and produces heat that
could spoil the workpiece and produce toxic fumes. PBM methods are as
follows.

Plasma Arc: As shown in Figure 12.35, the arc is struck from the rear elec-
trode of the plasma torch to the conductive workpiece causing temperatures
as high as 33,300°C. High heat transfer rates occur during plasma arc due to
the transfer of all the anode heat to the workpiece. Plasma arcs are often used
for machining any electrically conductive material, including those that are
resistant to oxy-fuel gas cutting.

Plasma Jet: As shown in Figure 12.36, the non-transferred arc is operated
within the torch itself. Ionized gas (plasma) is emitted as a jet causing tem-
peratures as high as 16,6008°C. Because the torch itself is the anode, a large
part of the anode heat is extracted by the cooling water and is not effectively
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FIGURE 12.35
Plasma arc. (From El-Hofy, H., Advanced Machining Processes, Non-Traditional and Hybrid
Processes, McGraw-Hill, New York, 2005.)
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FIGURE 12.36
Plasmajet. (From El-Hofy, H., Advanced Machining Processes, Non-Traditional and Hybrid Processes,
McGraw-Hill, New York, 2005.)

used in the material removal process. Nonconductive materials that are dif-
ficult to machine by conventional methods are successfully tackled by the
PJM system.

Air Plasma: When air is subjected to the high temperature of the electric arc,
it breaks down into its constituent gases. Because the oxygen in the resulting
plasma is very reactive, especially with ferrous metals, machining rates are
raised by 25%. The main drawback of this method is the heavily oxidized
surface in the case of stainless steel and aluminum. Because air is used for
machining and shielding purposes, the machining cost is about half that of
gas- or water-shielded plasma.
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Shielded Plasma: When machining different materials such as aluminum,
stainless steel, and mild steels, assisting gases may have to be used to pro-
duce cuts of acceptable quality. In such a case, an outer shield of gas is added
around the nozzle to reduce the effect of the atmosphere on the machin-
ing gas (nitrogen or argon). The shielding gas depends on the metal being
machined. For stainless steel, aluminum, and other nonferrous metals,
hydrogen is often used as a shielding gas. Carbon dioxide is popular for fer-
rous and nonferrous metals; for mild steels, air or oxygen may also be used.
In water-shielded plasma, the water forms a radial jacket around the plasma
torch. The cooling effect of water reduces the width of the cutting zone and
improves the quality of cut.

12.6.1 Material Removal Rate

For machining a slot (kerf) of width k, and depth t,, the power required, P,
can be described according to McGeough (1988) by

_kwtwpEV +HQ,

P,
ke

Because the volumetric removal rate VRR is
VRR =Vk,t,
It follows that

Ptktnetw _ HCQP

VRR =
Eep kwneEe

where

P, is the electrical power supplied to the torch in W
Q, is the plasma flow rate in m?/s

V is the cutting speed in m/s

k. is a constant
K, is the kerf width in m

t, is the depth of slot (kerf) in m

p is the density of workpiece material in kg/m?
1. is the torch efficiency
VRR is the volumetric removal rate in m®/s

E.is the total energy required to convert a unit mass of workpiece material

to effluent, J/kg

H_ is the heat content of effluent, J/m?

The machining speed is found to decrease with increasing the thickness of the
metal or the cut width during plasma machining of 12 mm steel plate using
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FIGURE 12.37
Effect of plate thickness on machining speed for flame cutting and plasma machining,.

Removal rate

\j

Plasma power

FIGURE 12.38
Effect of plasma power on removal rate.

220 kW the machining speed is 2500 mm/min, which is 5 times greater than
that for oxygas cutting (Figure 12.37). As the power is increased, the efficient
removal of melted metal is found to need a corresponding rise in the gas flow
rate (Figure 12.38). Figure 12.39 shows the relationship between the material
removal rate and the machining speed. Accordingly, an optimum machining
speed should be selected for achieving the maximum removal rate.
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Removal rate
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FIGURE 12.39
Effect of machining speed on the removal rate.

Accuracy and Surface Quality: Owing to the high rate of heat transfer, the
depth of fused metal extends to about 0.18 mm below the cut surface. The
high machining speed does not allow the heat to penetrate more than a
few microns from the edges of the cut, which produces little or no distor-
tion in the cut workpiece. The cut edge of the material tends to be harder
than the base material. The thickness of the HAZ ranges from 0.25 to
112 mm. Additionally, due to the rapid cooling, cracks may form beyond
the HAZ to 1.6 mm depth. Large tolerances of about 1.6 mm are achieved
and finish cuts are recommended when narrow production tolerances are
required.

12.6.2 Applications

¢ Turning difficult-to-machine materials by conventional methods at
a cutting speed of 2 m/min and feed rate 5 mm/rev to produce a
surface finish of 0.5 mm R,

® Producing a large number of parts from one large sheet using the
NC technique

e Cutting deep grooves of 1.5 mm depth and 12.5 mm width in
stainless steel

® Preparing parts for subsequent welding operations
e Cutting tubes of wall thickness of up to 50 mm
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Problems

12.1

12.2

12.3

12.4

12.5

12.6

12.7

12.8

During EDM operation of a steel sheet, calculate the surface finish if
the capacitance used is 15 uF, the discharging voltage is 130 V, and
K,=4.0.

It is required to drill a hole of 10 mm diameter by EDM in 5 mm HSS
plate using EDM-RC circuit. If the required surface finish is 2 um,
determine the specifications of the capacitor to be used. If the supply
voltage is 200 V and the discharge voltage is 150 V, use a resistance
value of 50 € and the constant K; and K, as 0.04 and 4, respectively, to
calculate the time required for the job. What would be the discharging
current and discharge energy?

A through square hole of 10 x 10 mm? is to be drilled by EDM in 5 mm
thickness plate. Estimate the time required for the process. Assume
R.=50 Q, C,,=10 uF, V,,=200 V, V4=150 V, and K;=0.18 to obtain the
volumetric removal rate. Calculate the surface roughness if K,=3.

It is required to drill a hole of 5 mm diameter to a depth of 10 mm in
a steel plate using RC circuit and brass electrode. The surface finish
required is 3 um, sparking time is 100 ps, and the constant K;=0.6,
and K,=4,

* Determine the supply voltage if C,,=120 uF and R =100 Q.

¢ Find out the time required for drilling.

¢ Calculate the volume removed by each spark.

During EDM, if the discharge voltage is increased from V,1 to V2,
which is four times V1, what would be the surface roughness in the
new condition?

During the calculation of VRR in EDM, a supply voltage of 60 V is used
instead of 40 V. What is the ratio of the actual to the calculated VRR?
Assume the condition for maximum power delivery.

During EBM, if the volumetric removal rate is 10 mm?/min and the
beam spot diameter is 0.25 mm, estimate the cutting speed through a
steel plate having 8 mm thickness.

During LBM, if volumetric removal rate is 5 mm?/min, and the beam
spot diameter is 0.25 mm, estimate the cutting speed used to cut a slot
through a steel plate of 4 mm thickness.

Review Questions

12.1
12.2

Explain, using a neat sketch, the principle of material removal in EDM.
Draw a typical RC used for EDM power supply.
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12.3 Explain the main disadvantages of the RCs used in EDM.

12.4 Show diagrammatically the main elements of the EDM machine.

12.5 State the main functions of a dielectric used for EDM.

12.6 Show the different modes of dielectric feeding to the EDM gap.

12.7 What are the main characteristics of a dielectric fluid?

12.8 Compare graphite and copper as EDM tool electrodes.

12.9 State the important parameters that influence the material removal
rate in EDM, LBM, and PBM.

12.10 State the various materials used as tool electrodes for EDM. What are
their typical applications?

12.11 Show diagrammatically the different wear measures of an EDM
electrode.

12.12 Explain the advantages and disadvantages of EDM.

12.13 Compare wire EDM and milling by EDM.

12.14 Compare EBM and LBM.

12.15 Show, using a line sketch, the material removal mechanism in LBM.

12.16 What are the advantages and limitations of PBM?

12.17 What are the advantages of air plasma?

12.18 Compare plasma arc and plasma torch machining arrangements.

12.19 Mark true (T) or false (F):

e Complex shapes are produced in glass using EDM.

* Graphite electrodes are more favorable to ECM than EDM.
* Tool life in EDM is infinite.

* The current used in EDM is an alternating current.

e Air plasma is less expensive than gas-shielded plasma.

* Plasma jet machining (PJM) produces more accurate parts than
EDM.
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Combined Machining Processes

13.1 Introduction

Advanced materials play an increasingly important role in modern manu-
facturing industries, especially in aircraft, automobile, tool, die, and mold-
making industries. The greatly improved thermal, chemical, and mechanical
properties of these materials such as improved strength, heat resistance,
wear resistance, and corrosion resistance are making conventional and non-
conventional machining processes unable to machine them economically.
Table 13.1 compares the nonconventional machining methods regarding
their removal rate, accuracy, surface finish, power needed, and the capi-
tal cost. The technological improvement of these machining processes can
be achieved by combining different physicochemical action on the mate-
rial being machined. In particular, a mechanical action, which is used in
conventional material removal processes, can be combined with respective
interactions applied in unconventional material removal processes such as
electrodischarge machining (EDM) or electrochemical machining (ECM).
The reasons for developing combined (hybrid) machining processes are to
make use of the combined or mutually enhanced advantages and to avoid
or reduce some adverse effects the constituent processes produce when they
are individually applied.

13.2 Electrochemical-Assisted Processes

In these machining processes, the major material removal mechanism is elec-
trochemical, which can be combined with thermal assistance or mechanical
abrasion phase. Such a combination enhances the removal rate and improves
the surface characteristics.

425
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13.2.1 Electrochemical Grinding

Electrochemical grinding (ECG) is similar to ECM except that the cathode is
a specially constructed grinding wheel as shown in Figure 13.1. The insulat-
ing abrasives of diamond or aluminum oxide (60-320 grit) are set in a con-
ductive bonding material. These abrasive particles act as a spacer between
the grinding-wheel conductive bond and the workpiece. Accordingly, a con-
stant interelectrode gap of about 0.025 mm or less is maintained for the flow
of the NaNO; electrolyte. The wheel rotates at a surface speed 20-35 m/s.
On the application of the gap voltage of 4-40 V, a current density of about
20-240 A/cm? is created that removes metal mainly by ECM. The mechani-
cal grinding accounts for an additional 5%-10% of the total material removal
by abrading the possible insoluble films from the anodic workpiece surface.
Removal rates by ECG are four times faster than conventional grinding and
it always produces burr-free and unstressed parts. The volumetric removal
rate is typically 1600 mm3/min.

Traditional grinding leaves tolerances of about+0.003 mm and cre-
ates heat and stresses that make grinding thin stock very difficult. In
ECG, however, achieved tolerances are usually about+0.125 mm. ECG
can grind thin material 1.02 mm, which normally wraps by the heat and
pressure of the conventional grinding process. The surface finish pro-
duced varies from 0.2 to 0.3 um R,. For better surface quality and a closer

Abrasive wheel
<]

Insulating bush

NN
Electrolyte -"@E__ .

AN —

Insulation i
\ Workpiece E

Feed — =

Worktable O O

+ —

DC voltage
FIGURE 13.1
Face ECG.
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dimensional tolerance, a finish pass at low voltage of 3-5 V and relatively

high speed of 250-500 mm/min is recommended. ECG process is particu-
larly effective for

® Machining difficult-to-cut materials (sintered carbides, Inconel
alloys, Nimonic alloys, titanium alloys, and metallic composites)
¢ Grinding, cutting off, sawing, and tool and cutter sharpening

¢ Removal of fatigue cracks from under seawater steel structures
The process ensures the following advantages:

¢ Absence of work hardening
* Elimination of grinding burrs
* Absence of distortion of thin fragile or thermosensitive parts
* Good surface quality
* Longer grinding-wheel life

Electrochemical superfinishing (ECS) has the following drawbacks:
e High capital cost

¢ Limited to electrically conductive materials
e Corrosive nature, disposal, and filtration of the electrolyte

* Loss of accuracy when the inside corners are ground

13.2.2 Electrochemical Honing

Electrochemical honing (ECH) combines the high removal characteristics
of ECM and the conventional honing process. As shown in Figure 13.2,

Rotation + reciprocation + feed

Electrolyte supply i b i Electrolyte supply
—~

N N
§ N
MEER
§ NN
N
NE 1L
Eb ! NS __DC voltage
Conductive A: ‘E
honing stones
Kl
// S
S NS
Workpiece N
N N
FIGURE 13.2
ECH schematic.
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the cathodic tool carries nonconductive honing stones that are responsible
for the mechanical abrasion action, while the ECM current passes through
the conductive spindle that carries the stones. The fine abrasives are used
to maintain the interelectrode gap size of 0.076—-0.250 mm and, moreover,
depassivate the anodic surface from the oxides formed by ECM. ECH
employs DC current at a gap voltage of 6-30 V that ensures a current den-
sity of 465 A/cm?. Sodium nitrate solution of 240 g/L is used instead of the
more corrosive sodium chloride (120 g/L) or acid electrolytes. Electrolyte
temperature of 38°C, pressure 1000 kPa, and flow rate 95 L/min are com-
monly used.

The material removal rate for ECH is three to five times faster than con-
ventional honing and four times faster than internal cylindrical grinding.
Tolerances in the range of +0.003 mm are achievable and surface roughness
in the range of 0.2-0.8 pm R, is possible. For a stress-free surface, the last
few seconds of action should be for pure ECM process, which produces a
stress-free surface and ensures geometrically accurate bores. The process
can tackle pinion gears of high-alloy steel as well as holes in cast tool steel
components. As a result of the rotating and reciprocating motions, combined
with the ECM, the process ensures the following:

1. Reduction of errors in roundness, waviness, and taper
2. Production of stress- and burr-free parts
3. Machining materials that are sensitive to heat and distortion

13.2.3 Electrochemical Superfinishing

ECS, shown in Figure 13.3, combines ECM and mechanical superfinishing
to achieve higher stock removal rates combined with the ability to generate
close dimensions. The process yields high removal rates and generates the
required size in difficult-to-machine alloys and tool steel. Applying ECS to
parts that are susceptible to heat and distortion is advantageous because the
bulk of the metal is removed electrochemically in electrolyte-cooled atmo-
sphere. Burr-free components can also be produced.

In ECS, the dissolution action of ECM is accompanied by the formation of
a protective oxide film on the anodic surface. Such a film reduces the cur-
rent by 10%—20% and the metal removal rate by 50%. The abrasion action of
the fine grains scrubs away the oxide film from the high spots of the ideal
configuration. These spots with fresh metal contacting the electrolyte are
subjected to heavier ECM phase compared to areas still covered with the
protective film. To avoid metallurgical damage of the machined surface,
light stone pressure, after ECM, produces bright surface finish, while toler-
ances of about +0.013 mm on the diameter, roundness, and straightness are
held to less than +£0.007 mm. A rise in the scrubbing speed, voltage, and duty
cycle leads to the increase of the material removal rate.
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FIGURE 13.3
EC superfinishing using conductive stones.

13.2.4 Electrochemical Buffing

Electrochemical buffing (ECB), shown in Figure 13.4, uses a carbon fiber
cloth that rubs the anodic workpiece against a revolving cathode fiber buff.
NaCl or NaNO; electrolyte is supplied to the machining zone, while the
machining current flows from the workpiece to the cathode through the
carbon cloth. Electrochemical dissolution of the anodic specimen mainly
takes place on the surface of the specimen where it is rubbed by the carbon

Stainless cathode
Electrolyte ___\ A\ f

/‘4_\% _—— DCyoltage
Electrolyte | /
K\ |

(2,

Workpiece

Carbon wheel

FIGURE 13.4
ECB schematic.
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cloth buff. The current density, the type of electrolyte, and the workpiece
material control the polishing speed. For high-speed polishing, NaCl elec-
trolyte is used where high current density is ensured. The addition of Al,O;
abrasives (200 mesh number) to the machining medium increases the rate
of material removal; however, surface smoothness and brightness decrease.
During ECB, a passive oxide film is normally formed on the surface of the
stainless steel workpiece.

13.2.5 Ultrasonic-Assisted Electrochemical Machining

Ultrasonic-assisted ECM (USMEC) combines both ECM for removing
the metallic conducting parts and ultrasonic machining (USM) for the
nonconducting phases. The machining arrangement for USMEC, shown in
Figure 13.5, employs a normal USM machine where the electrolyte replaces
water as an abrasive carrier liquid. A DC voltage of 3-15 V ensures cur-
rent densities between 5 and 30 A/cm?. Besides the dissolution process, the
cathodic tool is vibrated at the ultrasonic frequency of 20 kHz and ampli-
tude of 8-30 um. During machining, the dissolution phase by ECM occurs
besides the mechanical chipping of USM by the ultrasonic impact of abra-
sive grains at the machined surface. The anodic dissolution phase is nor-
mally accompanied by the formation of a brittle (passive) oxide layer that
hinders further dissolution to take place. The abrasive grains act mainly on

Leads to transducer
winding

Tool (-)

Workpiece (+)

FIGURE 13.5
USMEC schematic.
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the brittle oxide layer itself, which enhances the dissolution process. The effi-
ciency of the new combined process is, therefore, improved in terms of higher
machining speeds and lower tool wear compared to normal USM. The accu-
racy of machined parts is reduced possibly due to the side-machining effect
that leads to larger side-machining gaps and a reduced tool wear than those
expected in pure USM.

13.3 Thermal-Assisted Processes

In these machining processes, the major material removal mechanism is ther-
mal, which can be combined with electrochemical assistance or mechanical
abrasion phase. Such a combination enhances the removal rate and improves
the surface characteristics.

13.3.1 Electroerosion Dissolution Machining

Electroerosion dissolution machining (EEDM) combines the features of both
ECM and electrodischarge machining (EDM) through electrical discharges
in electrolytes. Due to such a combination, high metal removal rates are
achieved. EEDM has found a wide range of applications in the fields of wire
cutting, hole drilling, finishing of dies and molds, and machining of com-
posites. The machining arrangement for EEDM wire cutting (Figure 13.6)
adopts pulsed voltage and liquid electrolytes as the machining medium.
Tool feed rate, vibration amplitude, and phase angle determine the instan-
taneous machining gap width and, therefore, the intensity and duration of
ECM and EDM phases during EEDM drilling, as shown in Figure 13.7. Spark
discharges of EDM occur at random locations across the machining gap;
ECM electrolysis is believed to be localized in the proximity of the pits of the
formed craters that are soon made smooth.

Because EEDM relies on machining by electrodischarge erosion of EDM
that is assisted by electrolytic dissolution of ECM, surface properties are
expected to be EDM-machined, which are smoothed by the ECM action or
ECM-machined surface conditioned by EDM craters. The depth of the ther-
mally affected layer is comparatively small at low discharge intensity, which
is associated with enhanced dissolution at high current density. The general
appearance of the machined surface constitutes less turbulence than that
reported in EDM.

Figure 13.8 shows the shapes of drilled holes by ECM, EDM, and the
combined process of EEDM. Accordingly, accurate shapes can be produced
by EDM; low accuracy by ECM and intermediate level of accuracy can be
achieved during EEDM. EEDM has the following advantages (El-Hofy, 2005):
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Holes drilled by ECM, EDM, and EEDM.

e EEDM can produce significantly smoother surfaces due to the pres-
ence of high-rate ECD.

* The depth of heat-affected layer is significantly reduced or
eliminated.

e High machining rates are also possible, thereby increasing the
machining productivity and reducing the unit production cost.

® The erosion of tool electrodes is reduced by a factor of 4%-5%
compared to pure EDM.

e Burrs at the edges are absent due to the existence of ECM phase.

13.3.2 Abrasive Electrodischarge Grinding

In the abrasive electrodischarge grinding (AEDG) process, the metallic or
graphite electrode used in electrodischarge grinding (EDG) is replaced by
a metallic bond grinding wheel. Therefore, discharge erosion in addition to
the mechanical grinding action occurs as shown in Figure 13.9. In AEDG,
EDM causes considerable decrease in grinding forces, lowers grinding-wheel
wear, and provides effective method to dressing grinding wheel during the
machining process. Introducing mechanical effects into the AEDG process
leads to further increase in metal removal rate to about five times greater
than that of EDM and about twice that of EDG productivity. As the number
of wheel revolutions increase, the effect of erosion action is also enhanced,
and this may be an evidence of better utilization of the sparking energy.
The process is useful when machining super-hard materials such as poly-
crystalline diamond, engineering ceramics, sintered carbides, and metallic
composites. Other applications include machining of thin sections on which
abrasive-wheel pressures might cause distortion and through forms for
which diamond wheel costs would be excessive.
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FIGURE 13.9
AEDG machining system components.

13.3.3 Abrasive Electrodischarge Machining

This combined process is based on EDM, where free abrasive grains, such as
silicon carbide powder, are added to dielectric liquid as shown in Figure 13.10.
In addition to the major EDM thermal phase, mechanical abrasion assis-
tance is added. Mixing silicon powder into the dielectric reduces electrical

(Feed + vibration + orbital motion)
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@ Pl
i Tool [(pz205
s oy Pulsed voltage
%
EDM sparks TS S) N
Workpiece

[ EDM ]@[ Abrasives ]:{} AEDM

FIGURE 13.10
AEDM machining system. (From El-Hofy, H., Advanced Machining Processes, Non-Traditional and
Hybrid Processes, McGraw-Hill, US, 2005.)
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capacitance across the discharge gap by increasing the gap size. As a result,
better dispersion of sparks and improvement in the discharge characteristic,
especially in the machining of large workpiece area, are ensured.

The introduction of powder mixed as working media produces mirrorlike
surfaces of complex shapes having more uniform heat affected and free from
cracks. AEDM is widely used to produce plastic molding dies without the
need of removing the heat-affected layer using mechanical polishing (Kozak
et al., 2003).

13.3.4 EDM with Ultrasonic Assistance

The interaction between machining mechanisms of EDM and ultrasonic
(US) vibration in one machining process (EDMUS) causes greater productiv-
ity than the sum of productivity of the individual EDM and USM at the same
machining conditions. The new process is adapted for rapid production of
graphite electrodes for EDM, where cutting, drilling, and engraving are
done easily. The machining system for EDMUS, shown in Figure 13.11, is
similar to that used in USM with the dielectric (deionized water) replacing
the abrasive slurry as the machining medium. The ultrasonic vibration of the
tool/workpiece together with the DC power supply generates the discharges
across the machining gap.
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winding ] US vibration
+
4 servo controlled
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Dielectric + abrasives
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7 % B _g Tool —— voltage
EDM_| AT AT
sparks 7 Gt
[ ! Workpiece
!

FIGURE 13.11
EDMUS schematic.
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The material removal rate of EDMUS is about three times greater
than that of USM and two times greater than that of conventional EDM.
Moreover, the surface roughness is greatly reduced to one-third of nor-
mal EDM. Surface roughness produced by normal USM is 40% of those
machined by EDMUS. The removal rate and surface roughness increase
with the applied voltage, vibration amplitude, and discharge current.
EDMUS ensures better ejection of the molten metal from the craters, which
in turn enhances the removal rate and reduces the recast layer with less
microcracks (MCKs) that increase the fatigue life of the machined parts if
compared to normal EDM.

13.3.5 Electrochemical Discharge Grinding

Electrochemical discharge grinding (ECDG) combines the electrodischarge
erosion of EDM, the electrochemical dissolution of ECM, and the mechani-
cal grinding. In the schematic diagram, shown in Figure 13.12, the grinding
wheel is connected to the negative terminal, while the workpiece is con-
nected to the positive polarity of a pulsed power supply. The electrolyte of
NaNO;, NaNO,, NaPO,, and KNO; flows into the interelectrode gap. The
rotating wheel is set at a depth of cut, while the workpiece is fed at a constant
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Pulsed voltage

_____________ oAb ECM + EDM sparks

—— Workpiece

EEEE—

Grinding %
-

ﬁ EDM —> ECDG
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ECM /
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FIGURE 13.12

ECDG schematic diagrams.
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rate. Surplus material is removed from the workpiece surface, by the anodic
dissolution of ECM, mechanical abrasion action of abrasives or diamond
grains, and erosion phase due to the spark discharges.

Spark discharges depassivate the oxide layer formed on the workpiece
surface during ECM, which enhances further dissolution phase. The dis-
charges occurring destroy the glazed layer on the wheel surface; therefore,
new grains appear, which further activate the mechanical abrasion action
besides the depassivation process. ECDG produces better surface quality
free from MCK and burrs. The applied voltage affects the height of micro-
irregularities, longitudinal feed rate, and grinding depth. The increase
of feed rate reduces the height of surface irregularities and speeds up the
tool wear. In contrast, the increase of gap voltage results in higher micro-
irregularities and tool wear.

13.3.6 Brush Erosion Dissolution Mechanical Machining

This process is based on machining by electrochemical dissolution of
ECM, spark erosion of EDM, and brush—friction interaction with metal
workpiece, in a water-glass solution. ECM causes metal dissolution, elec-
trical arcs melt the workpiece, and consequently, all of the machining
products are subsequently removed by friction between its surface and
a rotating brush. As shown in Figure 13.13, the technique is applicable
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FIGURE 13.13
Brush mechanical EDM.
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to the finishing components of complex shape, which are too hard for
conventional machining (Spadlo, 2002).

Problems

13.1 Calculate the time taken to grind a 1 mm layer from the face of a
hardened steel insert 15 mm? by ECG. Assume a current efficiency of
095, and the mass of metal removed by mechanical grinding is 10%
of the total mass removed. The density of steel is 7.8 g/cm? applied
voltage is 5 V DC, electrolyte conductivity is 0.01/Q mm, and grinding-
wheel grit size is 150 um. Calculate the volumetric removal rate by
mechanical grinding.

13.2 In the combined machining process of USMEC, machining has been
performed at the following conditions:

Oscillation amplitude =50 um

Diameter of abrasive grains=100 um

Applied voltage=20 V DC

Workpiece (steel) (A=56, Z=2, density =7.8 g/cm?)
Electrolyte conductivity =0.02/Q mm

Current efficiency =0.85

Calculate the mean gap thickness in mm and the expected current density in
A/mm?. If the mechanical removal due to USM action is 20% of that caused
by ECM, calculate the expected tool feed rate in mm/min.

Review Questions

13.1 Compare the unconventional processes in terms of material removal
rates and applications.

13.2 Write a short note on ECG.

13.3 Explain the material removal principles in ECG, EDG, AEDG, and
ECDG.

13.4 Compare ECM and EDM regarding accuracy, surface finish, and heat-
affected layers.

13.5 Explain why the life of the wheel is larger than that in conventional
grinding.

13.6 Explain what is meant by in-process dressing during ECG.

13.7 Draw the machining arrangement in ECH and superfinishing using
metallic bonded abrasives.

www.EngineeringBooksPDF.com



440 Fundamentals of Machining Processes

13.8 Compare USM, USMEC, and EDMUS regarding the machining
arrangement, medium, material removal mechanism, accuracy, heat-
affected layer, and surface quality.

13.9 Show the profile of a die cavity machined by ECM, EDM, and EEDM.

13.10 Compare EDG and AEDG.

13.11 Differentiate EDM and AEDM.

13.12 Compare ECG, EDG, and ECDG processes.
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Micromachining

14.1 Introduction

Recently, the need for semiconductor devices, extremely compact electrical
circuits, and integrated circuit packages that contain devices having micro
dimensions has led to the introduction of micromachining. The circuit board
must have microholes if relays and switches are required to be assemblies of
microsized parts. Fuel injection nozzles for automobile have become smaller
in size and more accurate to solve many environmental problems. In the area
of biotechnology that includes biological cells and genes, the tools required to
handle them must have microeffectors. Miniaturization of medical tools for
inspection and surgery is another candidate for micromachining processes
(Masuzawa, 2000).

The micro in micromachining indicates micrometer and represents the
range of 1-999 pm. However, micro likewise means very small. In the field of
machining by material removal, micro indicates parts that are too small to be
easily machined. In fact, the range of micro varies according to era, person,
machining method, and type of product or material.

In micromachining, there are two main guidelines, specifically the reduc-
tion of the unit removal rate (UR) and improvement of the equipment pre-
cision. The UR is the part of the workpiece removed during one cycle of
removal action. For example, the volume of material removed from the
workpiece by one pulse of discharge is the UR in EDM. Depending on
the dimensions of interest, UR can be expressed in terms in length, area,
cross-sectional area, or volume. Because UR gives the limit of the small-
est adjustable dimensions of the product, it should be much smaller than
the size of the product. For micromachining, because the object is smaller
than 500 pm, UR must be smaller than several micrometers. Higher preci-
sion of the micromachining equipment is also desired, although it is often
impossible to reduce the dimensional error in proportion to the size of the
product. If the two requirements of small UR and high equipment precision
are satisfied, micromachining would be possible, independent of the type
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FIGURE 14.1
Classification of the micromachining methods. @ Combined processes.

of the machining process. The basic characteristics of the micromachining
processes are classified according to machining action causing the material
removal process, as shown in Figure 14.1.

14.2 Conventional Micromachining

Among the conventional machining processes of material removal from the
workpiece, the most popular are those in which the machining allowance is
removed by mechanical force through plastic or brittle failure. The small UR
is satisfied when the high stress that causes breakage of material is applied
to a very small area or volume of the workpiece. Such a requirement can be
satisfied in many machining and grinding processes.

The major drawbacks of this type of machining are the high machining
force that may influence the machining accuracy and the elastic deforma-
tion of the microtool or the workpiece. The cutting force is small when the
UR is small. One of the effective techniques to reduce the cutting forces is
to give vibration to the cutting tool. During micromachining using abrasive
particles, removal takes place at multiple machining points simultaneously
and the force is not as small as UR, but is as large as the sum of all forces
occurring at the machining points.

The tool material for micromachining by cutting and abrasion processes
must be stronger than the workpiece, and for the case of a very small UR,
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the breakage strength of the material approaches its theoretical value.
Therefore, diamond and hard ceramics are suitable for cutting tools or abra-
sives when machining metallic materials. Several types of machining by
cutting are suitable for micromachining. Drilling for microholes, milling for
microgrooves and micro 3D shapes, turning for micropins, and fly cutting
for microconvex structures are also typical examples.

14.2.1 Diamond Microturning

In conventional machining methods by cutting, the machining accuracy is
mainly dependent on the machine tool performance that includes errors in
moving parts and static and dynamic conditions. Consequently, machin-
ing allowances can be as high as hundreds of micrometers. In ultrapreci-
sion cutting by a single-point diamond tool, the machining allowance can
be reduced to 10’s of pm. It has been reported that between 1980 and beyond
2000, geometric tolerances for diamond turning decreased from 0.075 to
0.01 pm, while those produced by beam energy had reached 0.001 pm (1 nm).
Diamond micromachining is mainly used in the optical and electronics
industries. The process produces high-profile accuracy, good surface finish,
and low subsurface damage in materials such as semiconductors, magnetic
read-write heads, and optical components.

At fine feed rates, machining occurs at the ductile mode (McGeough,
2002) that is important for cost-effective production of high-performance
optical and advanced ceramic components with extremely low levels of
subsurface damage (microcracking). This enhances their performance and
strength and eliminates or minimizes the need for post-polishing pro-
cesses. Ductile-mode diamond micromachining produces mirrorlike sur-
faces in hard and brittle materials at a depth of cut 0.10-0.01 of those used
for cutting mirrorlike finishes in metals. Feed rate is the most significant
parameter affecting surface morphology. Table 14.1 shows typical diamond
turning parameters.

TABLE 14.1
Typical Diamond Microturning Parameters
Spindle Roughing Finishing
Speed, Depth of Feed Rate, Depthof Feed Rate,
Material rpm Coolant Cut, pm pm/rev Cut, pm pm/rev
Aluminum 800 Light-oil 50 15-31.25 2.5 3.1
Copper 800 Light-oil 50 15-31.25 2.5 3.1
Electroless nickel 400 Light-oil 7 125 1.2 6.2
Plastics (PMMA) 1000 Air/oil 250 15 12 35

Source: McGeough, J., Micromachining of Engineering Materials, Marcel Dekker, New York, 135,
2002. Reproduced by permission of Taylor & Francis Group, LLC.

www.EngineeringBooksPDF.com



444 Fundamentals of Machining Processes

TABLE 14.2
Materials That May Be Diamond Microturned

Semiconductors Metals Plastics

Cadmium telluride =~ Aluminum and alloys  Acrylic

Gallium arsenide Copper and alloys Fluoroplastics
Germanium Electroless nickel Nylon

Lithium niobate Gold Polycarbonate

Silicon Magnesium Polymethylmethacrylate
Zink selenide Silver Propylene

Zink sulfide Zinc Styrene

Source: McGeough, ., Micromachining of Engineering Materials, Marcel
Dekker, New York, 142, 2002. Reproduced by permission of
Taylor & Francis Group, LLC.

Single-crystal diamond turning is capable of producing grooves 2.5 mm
wide by 1.6 pm deep in oxygen-free high-conductivity (OFHC) copper with
10 nm surface finish. The process is used for high-precision, high-production
rates for a wide range of products, including spherical molds for plastic oph-
thalmic lenses, medical instruments, reflecting optical components, infra-
hybrid lenses for thermal imaging systems, aluminum alloy automotive
pistons, and aluminum alloy substrate drums for photocopying machines.
The range of workpiece materials that can be diamond turned is shown
in Table 14.2. Impurities in the workpiece material, grain boundaries of
polycrystalline materials, and inhomogeneities cause small vibrations of the
cutting tool and, thus, deteriorate the surface roughness.

14.2.2 Microdrilling

Microdrilling has been widely used in various applications. The process is
capable of fabricating holes several tens of micrometers in size (Figure 14.2).
Additionally, grooves, cavities, and 3D convex shapes may be fabricated

FIGURE 14.2
Microdrilled holes using conventional drilling. (From Fujino, M., Okamoto, N.,and Masuzawa, T.,
International Symposium for Electro Machining (ISEM-XI), Switzerland, 613-620, 1995.)
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when using a micro-end mill instead of a microdrill. The cutting force in
micromilling is perpendicular to the tool and therefore affects the product
accuracy. Microdrilling and micromilling have the following advantages:

¢ The electrical properties of the workpiece do not influence the pro-
cess; therefore, most metals and plastics, including their composites,
can be easily machined. One typical example is the drilling of holes
in laminated printed circuit boards.

e The machining time can be controlled easily because the process is
stable when a suitable feed rate is selected.

14.3 Abrasive Micromachining
14.3.1 Microgrinding

Diamond microgrinding at the ductile mode is used for machining of brittle
materials such as ceramics using a grinding wheel speed of 30-60 m/s,
workpiece speed of 0.1-1.0 m/min, depth of cut 1-10 um, specific removal rate
of 0.05-0.2 mm3/(mm-s), and total power less than 1 kW. Material removal
rates when machining optical glasses and Zerodur are 0.75-1.55 mm?/min,
while surface roughness is 1-3 nm R,. Ceramic and intermetallic materials
are currently used in gas turbines, pumps, computer peripherals, and piston
engines. The microgrinding of such components in the ductile mode mini-
mizes subsurface damage and microcracking, which reduce the strength
and fatigue life of ceramic components. When fabricating optics using
microgrinding, the long polishing times and the amount of subsurface dam-
age in the finished components are reduced. The accurate dimensions and
tight tolerances of microground workpieces depend on the high loop stiffness
of the grinder and motion control between the grinder and the workpiece.
Figure 14.3 shows the different microgrinding applications for a variety of
engineering materials, and Table 14.3 presents different materials that may
be machined in the ductile-mode diamond microgrinding.

14.3.2 Magnetic Abrasive Microfinishing

As described in Chapter 10, magnetic abrasive finishing (MAF) utilizes
magnetic abrasive brushes that are electromagnetically energized across a
small machining gap formed between the work surface and magnetic poles.
Aluminum oxide or boron nitride is sintered with a ferromagnetic iron
base to form MAF conglomerates that cause the finishing abrasion action.
During MAF, surface defects such as scratches, hard spots, lay lines, and
tool marks are removed. Irregularities in form can be corrected with only a
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FIGURE 14.3
Typical microgrinding applications for a variety of engineering materials.

TABLE 14.3

Materials That May Be Processed via Ductile-Mode Diamond Grinding
Ceramics/Intermetallics Glasses

Aluminum oxide Titanium aluminide BK7? or equivalent

Nickel aluminide Titanium carbide SF10° or equivalent

Silicon carbide Tungsten carbide ULEe or equivalent

Silicon nitride Zirconia Zerodur™¢ or equivalent

Source: McGeough, J., Micromachining of Engineering Materials, Marcel Dekker,
New York, 143, 2002. Reproduced by permission of Taylor & Francis
Group, LLC.

@ BK7=borosilicate crown glass manufactured by Schott Glass Technologies, Inc.

b SF10=dense Flint glass manufactured by Schott Glass Technologies, Inc.

ULE=ultralow expansion glass ceramic manufactured by Corning Glass, Inc.

4 Zerodur=ultralow expansion glass ceramic manufactured by Schott Glass

Technologies, Inc.

n

limited depth of 20 um. MAF is currently used in microfinishing of internal
and external surfaces of materials ranging from carbon and stainless steel to
ceramics and thermosetting plastics. During finishing of bearing surfaces,
the roughness was lowered from 0.5-0.6 to 0.05-0.06 um in 30-60 s.

14.3.3 Micro-Superfinishing

During conventional superfinishing, stones tend to glaze or dull or become
loaded such that the material removal and surface finish vary. The stock
removal rate can be enhanced by introducing vibrations that reduce the
loading of the abrasive stones with chips. The use of coated abrasives
provides a solution through the controlled open and aggressive cutting
surface to the workpiece. Typical coated abrasives include monolayer
and clustered coated abrasives. Micro-superfinishing is characterized by
achieving low stock removal rate and a mirrorlike surface finish. In the
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micro-superfinishing of bearings with initial surface roughness of 0.1 pm,
SiC grits gave a surface finish of 0.025 pm R, in 6 s.

14.3.4 Microlapping

Abrasive micromachining extends its application into areas of microscale
with a depth of cut of only a few 100 or 10 nm. Like microgrinding, micro-
lapping finds application in the optical and electronic industries in situations
involving tight tolerances and higher quality. Minimum surface damage and
the high removal rates constitute major advantages of abrasive microlapping.
The process is associated with loose abrasive where the penetration depth
of abrasive grit depends on the hardness of the grits and the workpiece and
downward lapping pressure. Penetration may result in brittle, ductile, or
a smeared mode of machining. However, in microlapping, the material is
removed in the ductile mode and the surface stresses are concentrated in
a thin layer. Therefore, abrasive microlapping is an effective technique for
finishing brittle components like silicon and germanium at high accuracy.
By precise control of the grain depth of cut and the avoidance of subsur-
face damage, a wide range of shapes can be produced for which traditional
lapping and polishing are unsuitable. Abrasive microlapping is currently
used for machining magnetic and electronic materials such as ceramics,
silicon and quartz wafers, and germanium crystals. Typical parts include
IC devices, turbine engine blades, and glass lenses. Microlapping is used
to produce flat parts such as gauge blocks or sealing surfaces and in bear-
ing technology for finishing steel and ceramic balls. Typical applications of
microlapping include

¢ High-precision lapping of M,-Z, polycrystalline ferrite with
0.5-2.0 um diamond abrasive grains under loads of 42.7 and 90.5 kPa

e Lapping air-bearing surfaces of read—-write heads for magnetic data
storage devices using 3 pm diameter grains of Al,O,

* Lapping of silicon wafers

14.3.5 Micro-Ultrasonic Machining

Ultrasonic machining (USM) is a machining method that utilizes a tool that
is vibrated at an ultrasonic frequency and drives the abrasive grains to cre-
ate a brittle breakage on the workpiece surface. The shape and dimensions
of the workpiece are determined by the tool shape and the size of the abra-
sive grains. The process is suitable for machining brittle materials such as
glass, ceramic, silicon, and graphite. The required UR for micro-ultrasonic
machining (WUSM) can be realized by using submicron abrasive particles
and microtools that are manufactured by micro-EDM. The major problems
are the accuracy of the setup and the dynamics of the equipment that are
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FIGURE 14.4

Holes, 48 (22 pm in diameter), produced in silicon workpiece using sintered diamond tool
(20 pm diameter), 0.8 pm amplitude, and load 0.5 mN. (From Masuzawa, T., and Tonshof, HK.,
Ann. CIRP, 46, 821, 1997. Reproduced by permission of CIRP)

greatly reduced by the introduction of on-the-machine tool preparation and
the vibrations that are applied to the workpiece.

UWUSM can be achieved using very fine grains, smaller amplitudes, smaller
static force (sinking), smaller depth of cut, and larger lateral feed rates in con-
touring operations. Roughing cuts using large grains (20-120 um) provides
higher removal rates, while finishing cuts can be achieved using 0.2-10 pm
grains. Diamond abrasives are recommended for pUSM as the maximum
wear rate reaches 1%, which ensures high accuracy levels when machining
ceramics. Tools for WUSM should have diameters as small as a few microm-
eters to one millimeter, grains from 0.2 to 20 pm, amplitudes of 0.1-20 um,
and forces from 0.1 mN to 1 N. Under these conditions, holes ranging from
5 um to 1 mm with a depth-to-diameter ratio up to 7 can be attained. With
such a method, microholes of 5 um diameters in quartz, glass, and silicon
have been produced using WC alloy tools (Figure 14.4).

An accuracy level of +5 um can generally be obtained. However, higher
accuracy levels can be achieved using tools that are machined on the ultra-
sonic machine using the wire electrodischarge grinding (WEDG) technique.
Applications of WUSM can be found in electronics, aerospace, biomedicine,
and surgery.

14.4 Nonconventional Micromachining
14.4.1 Micromachining by Thermal Erosion

In thermal micromachining processes, the machining allowance is removed
by providing heat energy that melts and, in some cases, evaporates the work-
piece material. EDM, LBM, and EBM are typical examples. The molten part
is consequently removed by a different source in each method. A small UR
is realized by reducing the pulse through the proper control of the electrical
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parameters. The concentration of energy must be ensured to realize a local
high heat temperature. In EDM, the energy concentration is provided by the
pinch effect of short pulses in a dielectric liquid. In LBM and EBM, the beam
shape is controlled by an optical system to sharply focus on the target point
of the workpiece. In micromachining by thermal methods, the machining
rate is not affected by the mechanical properties of the workpiece. Thermal
properties that include melting point, boiling point, heat conduction, and
heat capacitance influence the machining characteristics.

Advantages of thermal micromachining

® The technique involves a small machining force compared to con-
ventional cutting and abrasion processes because molten material is
easily removed. Consequently, a very thin tool can be used in EDM
because it will not be bent.

e The choice of tool material is wider than that in cutting and abrasion
processes.

¢ The workpiece may also be thin or elastic.
Disadvantages of thermal micromachining

* The tool is not in contact with the workpiece, which causes uncer-
tainty in specifying the workpiece dimensions. Moreover, in LBM
and EBM, the outline of that machining beam is not clear.

® The formation of a heat-affected layer on the workpiece surface as a
thin layer of the molten material remains on the workpiece surface,
which resolidifies during cooling and causes changes on the work-
piece surface. Such a layer may cause problems when the part is in
actual use.

14.4.1.1 Micro-EDM

EDM is a machining process based on material removal by melting and par-
tial vaporization. Heat is provided in the form of pulsed electrical discharges
or sparks. By reducing the discharge energy, a small UR can be realized.
Additionally, higher machining accuracy is realized by introducing a precise
mechanism for the moving elements of the machine because the machining
forces are extremely small.

Micro-EDM is mainly developed through the special arrangement of wire
EDM, known as WEDG, shown in Figure 14.5. The process was invented in
1982 and has become the most powerful method for machining very small
convex shapes. Currently, commercial machines can fabricate cylinders,
rods, and other convex shapes of around 10 mm in size. Various microto-
ols for micro-EDM can be fabricated using this method. WEDG is used to
machine the following microparts:

www.EngineeringBooksPDF.com



450 Fundamentals of Machining Processes
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FIGURE 14.5

Micromachining by WEDG.

* EDM electrodes with diameter down to 5 um and depth-to-diameter
ratio of 30

¢ Electrodes having square cross section 50 x50 um? that are used to
produce sharp-cornered cavities and slots

e Microshafts, micropins, and micropipes

* Micropunches that are used for mass production of inkjet printer
heads

Figure 14.6 shows typical micro-EDM end-milling and drilling operations
performed using microtools machined by WEDG. Additionally, Table 14.4
shows the accuracy levels of parts machined by WEDG.

Micromachining applications in die sinking include ink jet nozzles for
bubble jet color printers, gasoline injector spray nozzles, liquid and gas
microfilters, high aspect ratio holes and slots, and square-cornered cavities.
Figure 14.7 shows an inkjet nozzle fabricated by micro-EDM die sinking,
while a variety of irregularly shaped microholes are shown in Figure 14.8.

Micro-electrodischarge grinding (EDG), shown schematically in Figure
14.9, has been used to machine 600 mm long channels, 900 um deep and
60 pm wide, with closed ends into both sides of stainless steel plate to form
part of a microreactor (McGeough, 2002).

Commercial wire EDM machines that are equipped with 30 pm wire
electrodes (with the possibility of using 10 pm wire electrodes) are used for
machining microholes and dies in a method similar to conventional wire
EDM machines.

14.4.1.2 Laser Micromachining

Laser micromachining is realized when the beam is focused to a small spot.
CO, or neodymium-doped yttrium aluminum garnet (Nd:YAG) lasers can
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(b) Drilling

FIGURE 14.6

Micromachining applications using a microtool made by WEDG: (a) end milling and
(b) drilling. (From Fujino, M., Okamoto, N., and Masuzawa, T., International Symposium for
Electro Machining (ISEM-XI), IFPL, Lausanne, Switzerland, 1995.)

TABLE 14.4

Accuracy of Parts Made by WEDG

Machine Agiecut 250 SF+F HSS Agiecut 150 HSS
Wire material Tungsten Tungsten

Wire diameter 30 um 30 um

Part Injection die Spray nozzle

Part material Inox Sintered carbide 0.2 um
Surface finish 0.15 um 0.2 um

Max. dimensional variations um +1 —
Machining time 47 min 2min36s

Source: McGeough, J., Micromachining of Engineering Materials, Marcel Dekker,
New York, 188, 2002. Reproduced by permission of Taylor & Francis Group,
LLC.
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FIGURE 14.7

Inkjet nozzle fabricated by micro-EDM die sinking. (From McGeough, J., Micromachining of
Engineering Materials, Marcel Dekker, New York, 2002. Reproduced by permission of Taylor &
Francis Group, LLC.)

FIGURE 14.8

Irregularly shaped microholes machined by micro-EDM. (From Fujino, M., Okamoto, N.
and Masuzawa, T., International Symposium for Electro Machining (ISEM-XI), IFPL, Lausanne,
Switzerland, 1995.)

machine microholes with medium or low aspect ratios. Holes and slits of
medium precision with various cross sections but with aspect ratios ranging
from 1 to 2 are the main products. However, the formation of a heat-affected
zone (HAZ) is inevitable.

An excimer laser, on the contrary, offers high-precision micromachining
without the formation of a resolidified layer or a HAZ. When a mask is
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FIGURE 14.9
Micro-EDG schematic.

used on the workpiece surface, precise indentation of the pattern is formed

on the workpiece.

The femtosecond (FS) laser is another practical example of laser microma-
chining where the pulse duration is as short as tens of FS and the peak power
reaches terawatt order. Because the pulse time is short, the heat-affected
layer is very small, which makes the process suitable for precision micro-
machining. Generally, laser beam micromachining finds many applications,

including

1.

Drilling holes of 20-60 pm in diameter in aluminum using 1 kW
excimer laser and 200 ns pulse length, while 100 holes are drilled
simultaneously by means of an array of microlenses (Figure 14.10)

. Drilling holes in diamond wire drawing dies

. Cutting diamond knife blades for eye surgery by Q-switched

Nd:YAG laser, or ultrashort FS lasers

. Microadjustment of audio heads by laser pulses that cause the

controlled fracture of tiny parts in a few seconds

. Microstructuring of fine surface structures similar to that frequently

done in cornea shaping for myopia correction

. Texturing and structuring that result in the formation of discrete

craters on the machined surfaces

Scribing silicon transistor wafers with a repetitively Q-switched
Nd:YAG laser of peak power 300 W at a rate of 400 pulses per second
and duration of 300 ns at a rate of 1.5 m/min

. Dynamic balancing of gyro components by the removal of milli-

grams per pulse that produces shallow holes
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10 um 199 kV 2,72E: 0008/00

FIGURE 14.10

Fine-hole drilling in polyamide: diameter 5 pum, depth 25 pm. (From McGeough, ],
Micromachining of Engineering Materials, Marcel Dekker, New York, 2002. Reproduced by per-
mission of Taylor & Francis Group, LLC.)

14.4.2 Micromachining by Electrochemical Erosion

Chemical and electrochemical dissolution in liquid is also used in micro-
machining. The removal mechanism is based on ionic reactions on the
workpiece surface. In conventional ECM, the machining shape is specified
by the shape of the electrode. However, dissolution occurs in an area wider
than that facing the tool electrode. This characteristic is not suitable for
micromachining. Due to the smooth surface produced by ECM, micro-ECM
is suitable for smoothing micrometallic products. The use of short pulses
and low current allows adjustment of the UR in the microlevel range of
material removal.

The application of ECM to microfabrication and in processing thin
films is termed electrochemical micromachining (EMM), which involves
maskless or through-mask material removal as shown in Figure 14.11. In
these processes, material removal is based on chemical reactions on the
atomic scale.

Masked processes, such as photochemical machining (PCM), are used for
the production of thin or shallow shapes at dimensions below the microm-
eter range and nanometric sizes. This process is used for the fabrication of
advanced components such as microelectronic packages, microengineered
structures, sensors, and microelectronic mechanical systems. Mask-based
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FIGURE 14.11

Different types of maskless (a, b) and through-mask (c, d) EMM applications. (From
McGeough, J., Micromachining of Engineering Materials, Marcel Dekker, New York, 2002.
Reproduced by permission of Taylor & Francis Group, LLC.)

processes such as photofabrication are capable of mass production, whereas
most other processes have not yet been developed to produce thousands
of microparts. Figures 14.12 and 14.13 show a metal mask fabricated by the
one- and two-sided through-mask EMM.

Capillary drilling is a typical example of a maskless EMM process that
produces high aspect ratios by moving the tool at constant feed toward the
workpiece. The main advantages of capillary drilling are

e Small UR
® The machining force is almost zero

* The machined surface is free from any damage, residual stresses,
and their effects

e The mechanical properties of the workpiece do not influence the
removal mechanism

e The machined surface is smooth
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Exit holes

FIGURE 14.12

Micronozzle fabricated in 25 pm thick stainless steel using one-sided through-mask EMM tech-
nology. (a) Exit holes, (b, c) an array of nozzles showing uniformity and surface smoothness.
(Reproduced by permission of Electrochemical Society Inc., From Datta, M., Data Fabrication
of an Array of Precision Nozzles by Through-mask Electrochemical Micromachining,
J. Electrochem. Soc., 142, 3801-3805, 1995.)

The main drawbacks are related to the lack of machining accuracy caused
by the side-machining effect that reduces the precision of copying the tool
shape onto the workpiece. The flow pattern and the electrolyte temperature
also affect the machining accuracy.

Additionally, thin-film jet etching uses a fine jet of electrolyte without
advancing the jet toward the workpiece for generating patterns, as shown in
Figure 14.14. The rate and precision of jet EMM is shown in Table 14.5.

14.4.3 Combined Micromachining Processes
14.4.3.1 Chemical-Assisted Mechanical Polishing

Chemical-assisted mechanical polishing (CMP) combines the chemical and
mechanical actions for polishing and producing a plane surface. In CMP,
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FIGURE 14.13

SEM photograph of metal mask fabricated by two-sided through-mask EMM. (From
Electrochemica Acta, 42, Datta, M. and Harris, D., Electrochemical micromachining: An envi-
ronmentally friendly high speed processing technology, 3007-3013, 1997, with permission of

Elsevier.)
. . . .| 200 pm_|
FIGURE 14.14

Micromachined indents by electrolyte jet ECM. (Reproduced with permission of CIRP From
Masuzawa, T. and Tonshof, H. K. Three dimensional micromachining by machine tools, Annals
of CIRP, 46:2, 821-828, 1997,

the rotating polishing pad is soaked with slurry of a chemically active
liquid, such as hydrogen peroxide or ammonium hydroxide, and fine-
grained Al,O; or diamond. Microsurface finishing is achieved through the
metal passivation layer that protects the valleys of the surface asperities
until the peaks are removed by the abrasion action. The process is used in
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TABLE 14.5

Rate and Precision of Jet EMM
Nozzle Hole

Material Diameter, pm  Voltage, V. Rate, pm/s  Diameter, pm

50 300 12.5 100

100 100 — 173

302 SS 100 200 12.5 195
100 300 16.7 200
175 300 16.7 304

Copper 100 100 8.3 200
100 200 16.7 210
100 100 45 194

Moly 100 200 8.3 204
100 300 11 205

Source: McGeough, J., Micromachining of Engineering Materials, Marcel
Dekker, New York, 265, 2002. Reproduced by permission of
Taylor & Francis Group, LLC.

the electronics industry for the manufacture of wafers, flat-panel displays,
and thin-film magnetic heads.

14.4.3.2 Mechanochemical Polishing

In this process, the abrasive powder is softer than the workpiece but can
chemically react with it. Examples are B,CO; powder, which is used for
polishing silicon wafers, or Cr,0O; oxide, which is used for polishing of SiC
and SizN,. The process provides low mechanical damage and no scratches.
Surface finish better than 1 nm R, is possible.

14.4.3.3 Electrolytic In-Process Dressing of Grinding Wheels

During electrolytic in-process dressing (ELID), the grinding wheel is made
anodic and spaced 0.1 mm from a secondary cathodic electrode of graphite,
stainless steel, or copper, as shown in Figure 14.15. The grinding fluid is used
as a coolant and electrolyte. Under such circumstances, the metallic bond
wheel is predressed electrolytically before grinding. During that stage, an
oxide layer is formed over the bond that prevents the grinding chips from
adhering to the wheel. As the grain becomes worn, the insulating oxide layer
also becomes worn. Fresh oxidation of the wheel occurs in a self-regulating
fashion, providing continuous exposure of fresh cutting points. High surface
accuracy, good surface finish, and low subsurface damage are all achieved.
Most ELID applications lie with ceramics, optical materials, and bearing
steel. Surface finishes of 0.011-0.36 pm R, are possible.
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FIGURE 14.15
Principles of ELID process.

Review Questions

14.1
14.2

14.3
14.4

14.5
14.6
14.7
14.8

14.9

Explain the following terms: (a) UR and (b) micromachining.

Classify the micromachining methods with respect to the material
removal mechanism adopted in removing the machining allowance.
State the main applications of the diamond microturning operation.
What are the advantages of microgrinding and micromilling
processes?

State the major applications of microgrinding.

Using a line diagram, show how MAF microfinishing is performed.
Explain what is meant by micro-superfinishing and microlapping.
State the advantages and limitations behind micromachining using
thermal methods.

Mention some applications for micro-EDM.

14.10 What are the main applications of micro-ECM?
14.11 Using a diagram, show the principles of the ELID process.
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Machinability

15.1 Introduction

The term machinability refers to the ease with which a metal can be
machined to an acceptable surface finish. Materials with good machinabil-
ity require little power to remove material, achieve cutting at high speed,
easily obtain a good finish, and do not cause tool wear. The factors that
typically improve a material’s performance often degrade its machinabil-
ity. Therefore, to machine parts economically, engineers are challenged
to find ways to improve machinability without harming performance.
Machinability can be difficult to predict because machining has so many
variables.

15.2 Conventional Machining

It is a term that has been suggested for the first time in the 1920s to describe
the machining properties of workpiece materials. Since that time, it is fre-
quently used but seldom fully explained, as it has a variety of interpreta-
tions depending upon the viewpoint of the person using it. In its broadest
interpretation, a material of good machinability requires lower power con-
sumption, with high tool life and achieving a good surface finish without
damage. Accordingly, the machinability is not a material characteristic. It is
also more or less related to the selected machining process. A material that is
machinable by a certain process may not be machinable by another process.
Moreover, a particular machining process found suitable under given con-
ditions may not be equally efficient for machining the same material under
other conditions.

461
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15.2.1 Judging Machinability

The methods used to judge machinability of a material (Figure 15.1) are as
follows:

1. Tool life: Metals that can be cut without rapid tool wear are generally
thought to be machinable, and vice versa. A workpiece material hav-
ing small hard inclusions may appear to have the same mechanical
properties of a less abrasive metal. It requires the same power con-
sumption during cutting. The machinability of this material would
be lower because of its abrasive properties that are responsible for
rapid tool wear. One problem arising from the use of tool life as a
machinability index is its sensitivity to tool material.

2. Surface finish: The quality of the surface left on the workpiece
during a machining operation is sometimes useful in determining
the machinability rating of a material. The fundamental reason
for surface roughness generation is the formation of the built-up
edge (BUE) on the tool. In this regard, soft, ductile materials tend
to form a BUE rather easily. Stainless steels, gas turbine alloy,
and other metals with high strain-hardening ability also tend
to machine with BUEs indicating poor machinability. Materials,
which machine with high shear angles, tend to minimize BUE
effects. These include the aluminum alloys, cold-worked steels,
free-machining steels, and brass and titanium alloys of high
machinability. In many cases, surface finish is a meaningless cri-
terion of judging workpiece machinability. In roughing cuts, for
example, no attention to surface finish is required. In many fin-
ishing cuts, the conditions producing the desired dimension on
the part will inherently provide a good finish. Machinability rat-
ings based on surface finish measurements do not always agree
with those obtained by cutting force, cutting power, and tool life

Cutting forces Specific cutting energy Cutting power

Judging
machinability

FIGURE 15.1
Judging machinability.
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method. In this respect, stainless steels have a low rating by any
of these standards, while aluminum alloys would be rated high.
Titanium alloys would have a high rating by finish measurements,
low by tool life tests, and intermediate by cutting force and power
measurements.

3. Cutting forces and power consumption: The use of cutting forces or
power consumption as a criterion of machinability of the workpiece
material implies that a metal through which the cutting forces are
low has a good machinability rating. The use of net power consump-
tion during machining as an index of the machinability is similar to
the use of cutting force. Machinability ratings could be presented in
terms of specific energy that describes the power consumed to cut
a certain volume in a unit time. Workpiece materials having a high
specific energy of metal removal are said to be less machinable than
those with a lower specific energy. One advantage of using specific
energy of metal removal as an indication of machinability is that it is
mainly a property of the workpiece material itself and is quite insen-
sitive to tool material. By contrast, tool life is strongly dependent on
tool material.

The metal removal factor is the reciprocal of the specific energy
and can be used directly as a machinability rating if forces or power
consumption are used to define machinability. That is, metals with a
high metal removal factor could be said to have high machinability.

The relative importance of these three factors depends mainly
on whether the machining is roughing or finishing. In actual
production, tool life for rough cuts and surface finish for finish cuts

are generally considered to be the most important criteria of machin-
ability (Table 15.1).

4. Chip form: An additional machinability criterion sometimes to be
highly considered is the chip disposal criterion. Long thin curled rib-
bon chips, unless being broken up with chip breakers, can interfere
with the operation leading to hazardous cutting area. This criterion
is of vital importance in automatic machine tool operation. Chip
formation, friction at the tool/chip interface, and BUE phenomenon

TABLE 15.1

Relative Importance of Machinability Criterion in Roughing
and Finishing

Order of Machinability

Criterion Rough Cut Finish Cut

1 Tool life Surface finish

2 Power consumption  Tool life

3 Surface finish Power consumption
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are determinant to machinability. A ductile material that has a
tendency to adhere to the tool face or to form BUE is likely to
produce a poor finish. This has been observed to be true with such
materials as low-carbon steel, pure aluminum, Cu, and stainless
steel. However, chip formation is a function of the machine variables
as well as the workpiece material, and the ratings obtained by this
method could be changed by provision of a suitable chip breaker.

15.2.2 Relative Machinability

When machining of a new material, it is essential to use the right cutting
parameters like tool material, cutting speed, and feed rate and the right
machine tool. Knowing how difficult or easy it is to machine when com-
pared to a familiar material like free-cutting steel provides the machinabil-
ity rating of the material. Since there is no unit of machinability, it is usually
assessed by comparing one material against another, one of which is taken
as a reference. Free-cutting steel (AISI B1112) is a steel with a chemical com-
position having carbon 0.08%-0.13%, manganese 0.60%-0.90%, phosphorous
0.09%—0.13%, and sulfur 0.16%—0.23% and having a hardness of 160 BHN as
a reference material of a machinability rating/index of 1.0. Accordingly, a
material having an index less than 1 is more difficult to machine in compari-
son with B1112 material. If the index is more than 1, it is comparatively easier
to machine that material.

For roughing operations, the tool life is taken as a yardstick for ranking
materials machinability. In this case, the machinability of the reference
material can be expressed in terms of cutting speed V, for a tool life T =
60 min for a given tool material. The machinability of any other material
is determined in the same way. The relative machinability R, of a material
(Figure 15.2) is therefore

R = Vo of the material
" Vg of reference material

Table 15.2 lists the relative machinability of some common ferrous and
nonferrous alloys in a descending order. The problem associated here is
that if different tool materials are used to assess relative machinability, dif-
ferent ratings may occur. Thus, tables and data supplied should be used as
guidelines.

15.2.3 Factors Affecting Machinability

Mechanical and physical properties play a role in the magnitude of energy
consumption and temperatures generated during cutting. These include the
following:
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FIGURE 15.2
Relative machinability R, as determined by cutting speed for a tool life T = 60 min.

TABLE 15.2

Relative Machinability Rating for Different Materials

Machinability Rating Materials

Excellent rating Mg alloys, Al alloys, duralumin

Good rating Zn alloys, gunmetal, gray CI, brass, free-cutting steel
Fair rating Low-carbon steel, cast Cu, annealed Ni, low-alloy steel
Poor rating Ingot iron, free-cutting 18-8 stainless steel

Very poor rating HSS, 18-8 stainless steel, Monel metal

Not machinable White CI, Stellite, carbides, ceramics

15.2.3.1 Condition of Work Material

The following factors describe the condition of the work material that affects
machinability (Figure 15.3):

1. Microstructure: The microstructure refers to material crystal or grain
structure. Metals of similar microstructures have like machining
properties. Variations in the microstructure of the same workpiece
material will affect its machinability.

2. Grain size: Grain size serves as a general indicator of its machinabil-
ity. A metal with small undistorted grains tends to cut and finish
easily. Metals of an intermediate grain size represent a compromise
that permits both cutting and good surface finish.

3. Heat treatment: A material may be heat-treated to reduce brittleness,
remove stress, obtain ductility or toughness, increase strength, and
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FIGURE 15.3
Various conditions of work material that affect machinability.

obtain a definite microstructure; to change hardness; or to make
other changes that directly affect machinability.

4. Chemical composition: Chemical composition is a major factor in
determining material machinability. The effect of composition
depends on how the elements make up an alloy. Certain generaliza-
tions about chemical composition of steels in relation to machinabil-
ity can be made, but nonferrous alloys are too numerous so that such
generalizations are not valid.

5. Fabrication: Whether a metal has been hot rolled, cold rolled, cold
drawn, cast, or forged, it will affect its grain size, ductility, strength,
hardness, structure— and therefore—its machinability.

6. Hardness: The hardness of a metal is correlated to its grain size
and it is generally used as an indicator of a material machinability.
A harder material is thought to be less machinable.

7. Yield strength: The high yield strength of the material gives an indi-
cation to poor machinability due to the rise of the specific cutting
energy and, hence, cutting forces and power consumption.

8. Tensile strength: Higher tensile strength gives a sign to the difficulty
of machining and, hence, a poor machinability.

15.2.3.2 Physical Properties of Work Materials

Physical properties include the modulus of elasticity, thermal conductivity,
thermal expansion, and work hardening (Figure 15.4):

1. Modulus of elasticity: The modulus of elasticity is a fixed material
property that is used as an indicator of the rate at which a material
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Thermal conductivity
Work hardening Physicgl Thermal expansion
properties
Modulus of elasticity
FIGURE 15.4

Physical properties of work material that affect machinability.

deflects when subjected to an external force. The higher the value,
the lower the machinability of the material will be.

2. Thermal conductivity: Conductors tend to transfer heat from a hot/
cold object at a high rate. Thermal conductivity is a measure of how
efficiently a material transfers heat. In this respect, Ti is not machin-
able, partly because of the high temperature generated due to its
poor thermal conductivity and partly because of its tendency to
adhere to the cutting tool forming a BUE.

3. Thermal expansion: The rate at which metal expands is determined
using the expansion coefficient. The greater the coefficient, the
more a material will expand when subjected to a temperature rise.
Materials having larger coefficient have poor machinability caused
by the difficulty of controlling part dimensions during machining.

4. Work hardening: Many metals exhibit a physical characteristic that
produces dramatic increases in hardness due to cold work. As the
metal is cut, internal stresses develop that act to harden the part.
The rate and magnitude of this internal hardening varies widely
from one material to another. Heat generated during machining also
plays an important role in the work hardening of a material. The
higher the rate of work hardening during machining, the lower the
machinability index will be.

15.2.3.3 Machining Parameters

Depending on the machinability of a material, one has to choose other cut-
ting parameters to get the best results in machining a component to the
required finish, production rate, and cost of machining (Figure 15.5):

1. Tool material: The lower the machinability rating of a material,
the harder and tougher the tool material must be. The choice of
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Tool material Tool geometry
Cutting speed Machining parameters Cutting fluid
Rigidity of the machine tool Machining operation

FIGURE 15.5
Cutting parameters affecting machinability.

appropriate cemented carbide grade and/or the type of coated car-
bide tools, CBN, and ceramic is recommended as the material to be
cut is tougher.

2. Tool geometry: The choice of the cutting tool rake angle and the
proper design of chip breaker are also to be considered, based on the
machinability of the material.

3. Cutting speed: The cutting speed must be properly balanced with the
tool material and the work material’s machinability rating, in order
to achieve the best possible tool life. High cutting speeds produce
a poor surface finish, a rapid tool wear, and a loss of control and
maintaining dimensions.

4. Rigidity of machine tool: The use of old machine tools with limited
power may act as a hindrance in machining materials leading to
a low machinability rating. The need for switching over to com-
puter numerical control (CNC)-machine tools equipped with linear
motion guides and ball screw drives with large spindle power may
be warranted in case of machining very tough materials to very
close tolerances and surface finish requirements.

5. Cutting fluids: The application of cutting fluids cools the tool and
workpiece. It provides lubrication between the tool and workpiece
and the chip and tool, which in turn reduces the frictional forces and
consumed power. It avoids the formation of the BUE. Under these
conditions, the material machinability in terms of surface rough-
ness, cutting power, and tool life is enhanced.

15.2.4 Machinability of Engineering Materials

Due to the aforementioned described complex aspects of machinability, it is
really difficult to establish quantitative relationship to evaluate the machin-
ability of a material. For this reason, it is advisable to refer to machining
recommendations that are based on extensive testing, practical experience,
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data collected in manufacturing manuals, and specialized handbooks. In
this section, brief guidelines concerning the machinability of various metals
and nonmetallic materials are presented.

15.2.4.1 Machinability of Steels and Alloy Steels

In iron and steel, the presence of sulfur (up to 0.35%) helps in the break-
ing of chips and helps in improving machinability. Lead acts as a lubri-
cant at the tool tip and facilitates ease of machining. The presence of
nitrogen is also desirable. Phosphorus is yet another element whose pres-
ence improves machinability. Steels are the most important engineering
material. Their machinability is affected considerably by the addition of
alloying elements. The presence of Al and Si in steels is always harmful,
because these elements react with O, and form aluminum oxide and sili-
cates. These compounds are hard and abrasive, thus increasing tool wear
and reducing machinability.

Carbon and manganese have various effects on the machinability of
steels, depending on their composition. As the carbon content increases,
machinability decreases; however, plain low-carbon steels (less than 0.15%
C) can produce poor surface finish by forming a BUE. Tool and die steels
are difficult to machine and usually require annealing prior to machin-
ing. Machinability of most steels is generally improved by cold working
and has reduced the tendency for BUE formation. Other alloying elements
such as Ni, Cr, Mo, and V improve the properties of steels and reduce
their machinability. The role of gaseous element such as O,, H,, and N,
has not been clearly established; however, any effect that they may have
would depend on the presence and amount of other alloying elements.
The machinability of two types of steels of special interest will be treated.
These are free-machining steels and stainless steels:

1. Free-machining steels: Vast quantities of steels are machined and
efforts are directed at improving their machinability mainly by
adding lead (leaded steels), sulfur (sulfurized steels), and phospho-
rus (phosphorized steels) to obtain the so-called free-machining
steels. These additions produce films of low shear strength and
thus reduce the friction in the secondary shear zone at the tool-chip
interface.

a. Leaded steels: Lead is added to molten steels and takes the form
of dispersed fine lead particles. Lead is insoluble in iron, copper,
aluminum, and their alloys. Thus, during cutting, lead particles
are sheared and smeared over the tool-chip interface, acting as
a solid lubricant. It is also believed that lead probably lowers the
shear stress in the primary shear zone, thus reducing the cut-
ting forces and power consumption. Because of environmental
concerns, the trend now is toward eliminating the use of leaded
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steels in favor of bismuth and tin (lead-free steels). Leaded steels
are identified by the letter L between the second and third
numerals of AISI identification system, e.g., 10L45.

b. Resulfurized and rephosphorized steels: Increased sulfur content
(resulfurized steels) forms MnS inclusions of controlled, globu-
lar shape, which act as stress raisers in the primary shear zone.
As a result, the chips produced are small and break up easily,
thus improving machinability. An undesirable consequence
is reduced ductility and fatigue strength and slightly reduced
tensile strength. Sulfur can severely reduce the machinability of
steels because of the presence of iron sulfide, unless sufficient Mn
is present to prevent the formation of iron sulfide. Phosphorus in
steels also improves machinability by increasing their hardness.
Rephosphorized steels are significantly less ductile than rephos-
phorized steels.

c. Calcium-deoxidized steels: In these steels, flakes of calcium alumi-
nosilicate (CaO, SiO,, and Al O;) are formed; thereby, the crater
wear of cutting tools, especially at high cutting speeds, can be
reduced without impairing the mechanical properties of such
steels.

2. Stainless steels: The higher strength and lower thermal conductiv-
ity of stainless steel result in higher cutting temperatures. The high
strain-hardening rate of austenitic stainless steels (AISI 300 series)
makes them more difficult to machine. Chatter could be a problem,
which necessitates the use of rigid machine tools with high stiffness
and damping capacity; however, ferritic stainless steels (also AISI
300 series) have good machinability. Martensitic steels (AISI 400
series) are abrasive, tend to form BUE, and require tool material with
high hot hardness and resistant to crater wear. Precipitation harden-
ing stainless steels are strong and abrasive and thus require hard,
abrasion-resistant tool materials. When machining stainless steels,
cutting fluids containing EP compounds must be used. If necessary,
free-machining properties can be imparted using alloying elements
such as sulfur, phosphorus, selenium, tellurium, lead, and bismuth.
These grades have significantly lower corrosion resistance and they
are particularly prone to pitting corrosion attack.

Some general rules for machining stainless steels are

e The machine tools must be sturdy, of sufficient power, and free from
vibration.

¢ The cutting edge must be kept sharp all the time. Dull tools cause
glazing and work hardening of the machined surface.
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¢ Sharpening should be performed using suitable fixtures, and free-
hand sharpening should be avoided.

e Depth of cuts should be substantial enough to prevent the tool from
riding the work surface—a condition that promotes work hardening.

* Tools should be as large as possible to enhance heat dissipation.

e Tools of sufficient clearance angle and having chip breakers should
be used.

® Proper coolants and lubricant are essential. They must be used in suf-
ficient quantities and directed so as to flood the tool and workpiece.

15.2.4.2 Machinability of Cast Irons

The presence of primary cementite makes white cast irons very difficult
to machine. Chill zones in castings reduce machinability and cause tool
chipping or fracture, thus requiring tools with high toughness. Gray cast
irons are basically free machining because the graphite lamella breaks up
the chips. However, the machined surface is rough because graphite par-
ticles break out. Refining graphite particles improves the finish without
impairing the free-machining properties. Gray cast irons are often cut dry,
because fine chips clog filters. Nodular and malleable cast irons are ductile
and stronger; however, they are machinable and can give surprisingly a
longer tool life.

15.2.4.3 Machinability of Nonferrous Metals and Alloys

The machinability of some important nonferrous metals and alloys is briefly
presented:

1. Mg and Mg alloys: The low ductility of Mg imparts free-machining
properties, making Mg a highly machinable material and providing
good surface finish and prolonged tool life. Very thin chips ignite
spontaneously (pyrophoric) and, therefore, with chip thicknesses
below 25 um, are always done with oil-based cutting fluids. Mg-Al
alloys form a BUE.

2. Zn alloys: Because of their low strength and low ductility, they are
highly machinable.

3. Beryllium (Be) is highly machinable; machining is performed dry.
Fine particles are toxic; hence, it requires machining in a controlled
environment.

4. Al and Al alloys: Al is generally easy to machine; however, the softer
grades tend to form BUE. High cutting speeds, high rake, and clear-
ance angles are highly recommended. Wrought alloys with high Si
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content and cast Al alloys may be abrasive, and hence they must be
cut by harder tool materials such as PCBN or PCD tools. Dimensional
control may be a problem in machining Al, because of its low elastic
modulus and relatively high thermal expansion. High-speed steel
(HSS) tools can be used provided that a cutting fluid is applied in a
flood. Very high cutting speed (up to 4200 m/min) is possible with
carbides and PCD. SiC cannot be used because of the solubility of Si
in Al. Free-machining properties may be imparted by the addition
of lead, bismuth, or tin.

5. Co-base alloys: They are abrasive and highly work hardening; they
require sharp and abrasion-resistant tool materials and low feeds
and speeds.

6. Cu and Cu-base alloys: Pure Cu is difficult to machine because of BUE
formation, although cast Cu alloys are easy to machine. Like pure
Al, pure Cu is best machined in the cold-worked condition.

Brasses (Cu—Zn alloys) are easy to machine, especially those to which lead
has been added (free-machining brasses). Lead is being replaced in applica-
tions where contact with food is possible. Bronzes (Cu-Sb alloys) are more
difficult to machine than brasses.

7. Ni-base alloys: They are abrasive, work hardening, and strong at
high temperatures. Their machinability is similar to that of stain-
less steels. Their machining should be performed in the annealed or
overaged condition. Sulfur must be avoided in cutting fluids because
it forms a low melting eutectic with Ni.

8. Molybdenum: It is ductile and work hardening; hence, it can produce
poor surface finish; thereby, sharp tools must be used.

9. Tantalum: It is very work hardening, ductile, and soft; hence, it pro-
duces poor surface finish, and tool wear is high.

10. Ti and Ti alloys: They have poor thermal conductivity (the lowest of
metals), thus causing significant temperature rise and BUE; hence, it
is difficult to machine. At low speeds, HSS tools are used with a heav-
ily compounded oil or emulsion. At higher speeds (30-60 m/min),
cemented carbides or cermets are preferred. Heavier feeds are pre-
ferred because frictional heat is reduced and more heat is taken away
in the chip.

11. Tungsten: It is brittle, strong, and very abrasive; hence, it has low
machinability. Its machinability improves continuously if machin-
ing is performed at elevated temperatures.

12. Zirconium: It is machinable; however, a coolant-type cutting fluid is a
must to avoid the danger of explosion and fire.
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15.2.4.4 Machinability of Nonmetallic Materials

The machinability of some selected nonmetallic materials using traditional
machining processes is outlined as follows:

1. Graphite: 1t is abrasive, so it requires hard, abrasion-resistant sharp
tools.

2. Polymers: They may be thermoplastics or thermosets.

e Thermoplastics have generally low thermal conductivity, low
modulus of elasticity, and low softening temperature. Their
machining requires tools of positive rake and large relief angles
to reduce the cutting forces. They also require small depth of cut
and feed, relatively high speed, and proper support of the work-
pieces, because of the lack of stiffness. Tools should be sharp.
External cooling of the cutting zone is necessary to keep the
chips from becoming gummy and sticking to the tool. Cooling
can usually be done with an air jet, vapor mist, or emulsion. To
relieve developed residual stresses, machined parts should be
annealed at temperature ranging from 80°C to 160°C.

® Thermosets are brittle and sensitive to thermal gradients dur-
ing cutting; however, their machinability is similar to that of
thermoplastics.

® Reinforced plastics are very abrasive and difficult to machine.
Fiber tearing and pulling is a problem. Machining of these mate-
rials requires careful removal of debris to avoid human contact
with, and inhalation of, fibers.

3. Fiber-reinforced composites: They are difficult to machine due to
diverse fiber and matrix properties, fiber orientation, inhomogene-
ity, and nature of material. Glass-, graphite-, and boron-reinforced
composites are difficult to machine because of rapid tool wear. Since
cemented carbide tools wear rapidly, diamond-impregnated tools
may have to be used; however, HSS tools are used in some cases but
at the expense of tool durability. A variety of machining operations
are performed on this material including drilling, reaming, counter-
sinking, milling, and sawing using diamond-impregnated or dia-
mond-plated tools. Recommended drilling speeds are between 60
and 200 m/min and a feed rate between 0.01 and 0.12 mm/rev. The
use of cutting fluids and protecting the machine from the abrasive
dust are recommended. To overcome rapid tool wear experienced in
traditional machining of composites containing hard abrasive, non-
traditional machining operations of noncontact nature such as laser
machining, electrodischarge machining (EDM), water jet machining
(WJM), and ultrasonic machining (USM) may be used.
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4. Ceramics: Ceramics are most notable for their high temperature
capability, hardness, corrosion resistance, and electrical properties.
Machining of ceramics requires the right combination of machine
tool, cutting tool, heat management, experience, and design for
manufacturability. All abrasive processes such as grinding, honing,
lapping, polishing, USM, and abrasive water jet machining (AW]JM)
are used for finishing and localized shaping of ceramic (including
glass) parts. Ceramics that are susceptible to chemical attack can
be etched. Creep-feed grinding can be economical for developing
shapes from simple preform. Cutting speeds of 45 m/s, depth of cut
3—-6 mm, and creep feed 0.25-0.60 can be used.

15.3 Nonconventional Machining

In conventional machining, tool life, surface finish, and power consump-
tion determine the machinability of a material. A material may have a good
machinability index with one criterion but poor machinability by another
or when a different operation is carried out or when the condition of cutting
or tool materials is changed. Conditions of such a material that determine
machinability are composition, heat treatment, and microstructure. Hardness,
tensile strength, and ductility give some indications to the machining proper-
ties to be expected, but cannot distinguish between free-cutting steel and aus-
tenitic stainless steel having similar mechanical properties. Nonconventional
machining processes are established to cut more difficult-to-machine materials
such as high-strength thermal-resistant alloys, carbides, fiber-reinforced com-
posite materials, Stellites, and ceramic materials. The machinability of materi-
als by conventional methods depends on the material removal mechanism,
material properties, and machining conditions. The machinability indices in
nonconventional machining processes are based on the following criteria:

e The material removal rate in mm?3/min

® Surface roughness produced by the machining process

e Thedepth of damaged layer occurring in thermal machining processes
¢ The specific power consumption kW/mm?3 min~!

¢ The maximum cutting speed in mm?2/min

e The tool electrode wear ratio (volume removal rate from the tool/
volume removal rate from the workpiece)

¢ The material removal rate per unit ampere (mm?®/min Amp) in case
of electrochemical machining (ECM)

¢ The number of pulses required to remove a certain volume of mate-
rial in a unit time
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1. USM: The material removal rate and hence the machinability depend
on the brittleness criterion, which is the ratio of shearing to break-
ing strength of a material. Table 15.3 shows that glass has a higher
machinability than that of a metal of similar hardness. Soft materi-
als have lower machinability ratings than the hard and brittle ones.

2. Electron beam machining (EBM): In EBM, the number of pulses required
in evaporating a particular volume or a mass of a material is taken as
a measure of machining rate. Table 154 shows the relative machin-
ability index based on cadmium as the best machinable material.
The material that requires larger units of pulses is less machinable.
A further index utilizes the power required divided by the material
removal rate that shows the effectiveness with which the electrical
energy is used in the machining process. The relative power con-
sumption required to remove a certain volume per unit time is shown
in Table 15.5. An index of one corresponds to the machinability rating
of aluminum. Materials having higher index have low machinability
rating. As a thermal machining process, material properties such as

TABLE 15.3
Relative Machinability Ratings for Some
Materials by USM
Work Material Relative Removal Rate (%)
Glass 100
Brass 66
Tungsten 4.8
Titanium 4
Steel 3.9
Chrome steel 1.4
TABLE 15.4

Relative Machinability Index and Number of
Pulses Required to Erode a Certain Volume

for Some Material by EBM

Work Material Relative Index  Relative Pulses
Cd 100 1

n 62 1.6

Fe 39 2.36

Ti 34 2.9

Ta 33 3

Ni 32 3.12

Cu 27 3.75

W 33 45
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TABLE 15.5

Relative Power Consumption for
Different Materials Machined by EBM

Work Material Relative Index
Aluminum 1
Titanium 1.5

Iron 1.8
Molybdenum 2.3
Tungsten 2.8

boiling point, melting point, thermal conductivity, and specific heat
play a decisive role on the machinability of materials by EBM.

3. Laser Beam Machining (LBM): In LBM, the workpiece material is
removed through several effects including reflection, absorption,
and conduction of light that is followed by melting and evapora-
tion. The behavior of the work material with respect to these effects
determines the material machinability. Reflectivity depends on the
wavelength, the properties of materials, surface finish, the amount
to which it is oxidized, and its temperature. At a given wavelength,
the higher the reflectivity of a material, the lower is the machin-
ability. In this respect, metals have a lower machinability compared
to nonmetallic materials. Materials of low thermal conductivity,
diffusivity, and melting point have higher machinability rating.
Figure 15.6 shows the relative machinability index for a wide range
of materials. An index of 100 is taken for Ti.6Al.6V.25n that cuts at
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FIGURE 15.6
Machinability of some materials in LBM.
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Machining speeds of aerospace alloys in gas-assisted LBM.

the highest speed of 1138 mm?/s. Figure 15.7 shows the machining
speeds of some aerospace alloys in gas assisted LBM.

4. Plasma Beam Machining (PBM): The cutting rate and, hence, the mate-
rial machinability depend on the workpiece being machined as well
as the type of the cutting and shielding gases. The maximum cut-
ting speed as an index of machining by plasma beam is shown in
Table 15.6 for dual gas plasma of different materials. Aluminum has
the highest machinability index based on the maximum machining

TABLE 15.6

Machinability Ratings of Different Materials
by Gas-Shielded Plasma

Thickness (mm)

8 19 38
Work Material Maximum Speed, m/min
Aluminum 3.65 2.0 0.62
Stainless steel 3.25 14 0.42
Carbon steel 2.8 1.0 0.40

Other conditions: N, gas at 70 cfh, 30 psi.
Second gas CO,, 210 cfh, 430 psi.
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TABLE 15.7

EDM Removal Rate, Machinability Index, and Surface Roughness for
Some Materials

Removal Rate  Relative Removal  Surface Roughness

Work Material mm?min Rate Index% Rz, pm
Aluminum 600 100 0.75
St. C-Cr 240 40 0.65
Copper 180 30 0.65
Carbide, 15% Co 100 16.7 0.5
Graphite 90 15 0.45

speed in m/min. The maximum speed and, hence, the machinability
index decrease with increasing workpiece thickness.

5. EDM: In EDM, the material is removed through successive sparks
that caused melting and evaporation of the workpiece and the tool
electrode materials. The machinability depends on the workpiece
and tool electrode materials, the machining variables including
pulse conditions and electrode polarity, and the machining medium.
The amount of tool wear, material removal rate, and surface rough-
ness must be considered when assessing the machinability of a
material by EDM. Table 15.7 shows the material removal rates and
the machinability indices taking aluminum as a reference material.
The same table shows that the higher the removal rate, the rougher
the machined surface would be. Materials that cause high electrode
wear ratio have a low machinability. This ratio is expressed as the
ratio of eroded volume from the tool to the workpiece. The low
wear ratio indicates a small amount of tool wear accompanied by
higher removal rates that reflects the high machinability of a mate-
rial. Electrode wear ratio is considered whenever machining for
high productivity is essential irrespective of the surface roughness
and heat-affected depth. A material of low melting point has a high
material removal rate and hence a rougher surface with a deeper
heat-affected layer. A material is machinable when both surface
roughness and damaged layer are kept as small as possible despite
machining at low rate of material removal. The use of surface rough-
ness index is recommended during machining of highly finished
components with minimum damaged layer.

6. ECM: In ECM, the machinability is expressed in terms of the specific
removal rates and surface finish. As shown in Table 15.8, the specific
removal rate (mm?/min A) describes how effectively the machin-
ing current is utilized for material removal from the workpiece. The
higher the value, the better is the machinability of a material. Table 15.9
shows the machinability index for some alloys in terms of the linear
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TABLE 15.8
Machinability Ratings for Some Alloys by ECM

Work Material  Specific Removal Rate 10> mm?*min A  Relative Index

4340 st 2.18 100
17-4 PH 2.02 92.7
A-286 1.92 88
M 252 1.8 82.6
UDIMET 500 1.8 82.6
RENE 41 1.77 81.2
UDIMET 700 1.77 81.2
L 605 1.75 80.2
TABLE 15.9

Relative Machinability Index for Different
Materials at Constant Current Density

Work Material Relative Index
Zirconium 100
Titanium 92.4
Nickel 84.7
Aluminum 84.7
Low-carbon steel 77

Steel 69
Stainless steel 63
Tungsten 43
Molybdenum 36.5

cutting speed in mm/min at constant current density. It should be
mentioned here that a material that is highly machinable in ECM has
a good machinability index with respect to surface quality. The exact
determination of the machinability indices by ECM becomes difficult
since most metals may dissolve at different valences.

7. Chemical machining (CHM): In CHM, the machinability of materials
is expressed in terms of removal/etch rate; it depends on the solu-
tion type, concentration, and temperature. The etch rate and sur-
face quality depend on the chemical and metallurgical uniformity
of the workpiece and the uniformity of the solution temperature.
Table 15.10 shows the etch rate; the machinability index, based on
Ta as the reference material; and the surface roughness for differ-
ent materials. It is accordingly clear that etching rates are higher for
hard materials and are low for softer ones. Generally, the high etch
rate is accompanied by a low surface roughness and narrow machin-
ing tolerances.
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TABLE 15.10
Machinability Ratings by CHM

Etch Rate Relative Surface Roughness
Material (pm/min) Machinability Index Ra (p)
Ta 39 100 0.4
Ti 36 92 0.5
Ni alloy 32 82 0.8
Steels 28 71.7 1.0
Columbium 26 66.6 1.2
Mo 10 25.6 24
Aluminum alloy 6 15 2.7

TABLE 15.11

Machinability Measures of Some Nonconventional Methods

Index USM EBM [LBM PBM EDM ECM CHM

Removal rate, mm?3/min. X X

Surface roughness, p X X X X
Damaged layer, p X X X X
Power consumption, X X X
kW/mm?3 min-!
Cutting speed, mm /min or X X
mm?2/min
Electrode wear ratio X X X X
Specific removal rate,
mm?®/min Amp
Number of pulses X

Table 15.11 summarizes the machinability indices for some nonconventional
machining processes.

Review Questions

151  What is meant by machinability?

15.2  What indices are used for machinability measurement?

15.3  State the main measures of material machinability.

15.4  Explain what is meant by the relative machinability.

15.5  What are the main factors that affect materials machinability?

15.6  What are the physical properties of work materials that are related to
machinability?
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15.7  Mark true (T) or false (F):

a.

b.

Higher machinability is ensured if the produced surface is
rough.

Lower machinability is associated with longer tool life.

c. The increase in power consumption reflects the poor

machinability.

. Higher tool temperature is a measure of good machinability.
. Machine tool vibration reflects the good material machinability.
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Machining Process Selection

16.1 Introduction

Machining covers a wide range of aspects that should be understood for
proper understanding and selection of a given process. The main objective
is to utilize the selected process to machine the component economically
and at a high rate of production. Parts should also be machined at levels
of accuracy, surface texture, and surface integrity that satisfy the product
designer and avoid the need for post-machining and maintain acceptable
machining costs. Selecting a machining process is related to many factors
that are shown in Figure 16.1.

16.2 Factors Affecting Process Selection
16.2.1 Part Features

The shape of a part depends on its function. Since not all machining processes
are equally suitable to produce a given part, designers often change the part
shape, without affecting its main function to become easier to machine by a
group machining processes. Depending on the tool and workpiece motions,
cylindrical shapes can be produced by turning, while flat surfaces are machined
by shaping and milling, while drilling and boring are used to produce inter-
nal holes. Parts produced by cutting may undergo finish machining by sur-
face and cylindrical grinding. Finish-machined surfaces can further be honed,
lapped, or superfinished. 3D shapes produced by nonconventional machining
processes rely on the design of tool shape in case of electrochemical machining
(ECM), electrodischarge machining (EDM), and ultrasonic machining (USM).
2D shapes can be machined using computer numerical control (CNC) in case
of wire electrical discharge machining (WEDM), water jet machining (WJM),
abrasive water jet machining (AWJM), laser beam machining (LBM), electron
beam machining (EBM), and plasma beam machining (PBM).
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FIGURE 16.1
Factors affecting machining process selection.

Part shapes may undergo several machining operations as they combine
cylindrical and flat surface. Complex shapes require more machine tool motions
and complex control systems in many axes such as the case of CNC machines.
Computer-aided design (CAD)/computer-aided manufacturing (CAM) is
currently used to link the design phase to machining in order to facilitate the
production and assembly with minimum complexity. In such a case, computer-
aided process planning (CAPP) uses a computer to determine how a part is to
be made. If group technology (GT) is used, parts are grouped into part families.
For each part family, a standard process plan is established that is stored in
computer files and then retrieved for new parts that belong to that family.

For a manufacturing operation to be efficient, all its diverse activities must
be planned and coordinated; this task has traditionally been done by process
planners. Process planning involves selecting methods of production, tool-
ing, fixtures, machinery, sequence of operations, standard processing time for
each operation, and methods of assembly. These choices are all demonstrated
on a routing sheet (Table 16.1). When performed manually, this task is labor
intensive and time consuming and also relies heavily on the process planner
experience. These route sheets may include additional information regarding
materials, tooling, estimated time for each operation, processing parameters,
and other details. It travels with the part from operation to another.

CAPP systems improve productivity, reduce lead times and costs of plan-
ning, and improves the consistency of product quality and reliability. They
make use of GT to retrieve plans to produce new parts and can be modified
to suit specific needs. The part size that can be machined by any process is
limited by the availability of the suitable size of machine tool and the process
conditions. Smaller and larger parts may well be made but under special
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TABLE 16.1
Routing Sheet in CAPP
Routing Sheet
Customer’s Name: Midwest Valve Co. Part Name: Valve Body
Quantity: 15 Part No: 302
Operation No. Operation Description Machine
10 Inspect forging, check hardness Rockwell tester
20 Rough machine flanges Lathe No. 5
30 Finish machine flanges Lathe No. 5
40 Bore and counterbore Boring mill No.1
50 Turn internal grooves Boring mill No. 1
60 Drill and tapholes Drill press No. 2
70 Grind flange end faces Grinder No. 2
80 Grind bore Int. grinder No. 1
90 Clean Vapor degreaser
100 Inspect US. tester

Source: From Kalpakjian, S. and Schmidt, S.R., Manufacturing Processes for
Engineering Material, Pearson Education, Inc., Upper Saddle River,
NJ, 2003.

conditions at extra cost. Micromachining is currently adopted to machine
parts at the microscale using advanced machining techniques.

16.2.2 Part Material

The workpiece material, specified for the part, influences the selection of the
machining process adopted. Most materials can be machined by a range of
processes, some by a very limited range. In any particular case, however, the
choice of the machining process depends on the desired shape and size, the
dimensional tolerances, the surface finish, and the quantity required. It must
depend not only on the technical suitability but also on the economy and
environmental considerations.

During conventional machining, cutting forces and power depend on the
part material that has different machinability ratings. A material that achieves
acceptable surface finish, dimensional accuracy, and quality of geometri-
cal features has high machinability rating. On the other hand, materials of
high specific energy levels and those causing excessive tool wear have poor
machinability index. Materials also have different responses to machining
conditions and cutting tools used. During machining by ECM, the electro-
chemical equivalent of the material determines the rate of material removal.
During thermal machining by EDM, LBM, EBM, and PBM, the thermal char-
acteristics govern the rate of material removal. Hard and brittle materials are
ideally machined by USM.
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16.2.3 Dimensional and Geometric Features

The selection of a machining process depends on the dimensional and
geometric features of the product. A dimensional tolerance is defined as the
permissible or acceptable variation in the dimensions of a part that affects
both the product design and the machining process selection. The specified
tolerance also should be within the range obtained by the selected machining
process so as to avoid further finishing operations and rise in production cost.
The accuracy of machined parts indicates how a part size is made close to
the required dimensions which is normally expressed in terms of the dimen-
sional tolerances. Each machining process has its own limits of accuracy that
depends on the machine tool used and the machining conditions. Tolerances
required for highly engineered, heavily stressed, or subjected to unusual
environments are closely related to surface roughness. In this regard, closer
dimensional tolerances require very fine finish that may need multiple
machining operations that raise the production cost as shown in Table 16.2.
Table 16.3 summarizes the different factors that affect the surface roughness
for different machining operations. Table 16.4 shows typical surface rough-
ness and dimensional tolerances for machining operations.
The higher costs of tight tolerance arise due to

1. Extra machining operations such as grinding, honing, or lapping
after primary machining operations

. Higher tooling cost

. Longer operating cycles

. Higher scrap and rework costs

. The need for more skilled and highly trained workers

N U1 B~ WD

. Higher materials cost

7. High investment for precision equipment

TABLE 16.2
Approximate Relative Cost for Machining Tolerances and Surface Finishes
Tolerance Roughness, R,
Relative Relative
Machining Process + mm Cost pm Cost
Rough machining 0.77 100 6.25 100
Standard machining 0.13 190 3.12 200
Fine machining (rough grinding) 0.03 320 1.56 440
Very fine machining (ordinary grinding) 0.01 600 0.8 720
Fine grinding, shaving, honing 0.005 1100 0.4 1400
Very fine grinding, shaving, honing, lapping 0.003 1900 0.2 2400
Lapping, burnishing, super-honing, polishing 0.001 3500 0.18 4500
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TABLE 16.3

Factors Affecting Surface Roughness for Various Machining Technologies

Machining Process Machining Action Parameters

Chip removal processes Cutting -Workpiece material

Turning, drilling, shaping, milling -Tool material and geometry
-Machining conditions
-Machine tool
-Built-up edge (BUE)
-Coolant

Abrasive machining Abrasion -Grain-type size

Grinding, honing, lapping, -Type of bond

superfinishing -Machining conditions

-Machining medium
-Machine tool

Chemical and electrochemical Chemical or -Workpiece grain size
electrochemical -Machining conditions
erosion

Thermal machining process Thermal erosion -Workpiece thermal

EDM, LBM, EBM, PBM properties

-Machining conditions

Mechanical nontraditional Mechanical erosion ~ -Workpiece mechanical

machining properties

USM, AJM, WIM -Machining conditions

Source: Youssef, H and El-Hofy, H., Machining Technology, Machine Tools and Operations,
CRC Press, Taylor & Francis, Boca Raton, FL, 2008. With permission.

As can be seen in Figure 16.2, for the tolerance cost function for two different
machining processes, process 1 is suitable to achieve tolerance level between
points A and B. On the other hand, process 2 is capable of achieving toler-
ance beyond point C.

16.2.4 Surface Texture

Surface texture includes surface roughness, waviness, lays, and flaws.
When machining any component, it is necessary to satisfy the surface
technological requirements in terms of good surface finish and minimum
drawbacks that may arise as a result of the machining process. According
to the surface roughness required by the design specifications, the opti-
mum machining method can be selected. Each machining process is capa-
ble of producing certain surface finish and tolerance range without extra
cost (Table 16.4).

Surface roughness is a widely used index of product quality and in most
cases a technical requirement for mechanical products. Achieving the
desired surface quality is of great importance for the functional behavior
of a part. The most common strategy involves the selection of conservative
process parameters, which neither guarantee the achievement of the desired
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Cost

Process 1

Process 2

Tolerance

FIGURE 16.2
Tolerance—cost relationship for different processes.

surface finish nor attain high metal removal rates. The quality of surface fin-
ish affects the functional properties of the machined parts as follows:

1. Wear resistance: Larger macro-irregularities result in nonuniform
wear of different sections of the surface where the projected areas of
the surface are worn first. In case of surface waviness, surface crests
are worn out first. Similarly, surface ridges and micro-irregularities
are subjected to elastic deformation and may be crushed or sheared
by the forces between the sliding parts.

2. Fatique strength: Metal fatigue takes place in the areas of the deep-
est scratches and undercuts caused by the machining operation. The
valleys between the ridges of the machined surface may become the
focus of the concentration of internal stresses. Cracks and microcracks
(MCKSs) may also enhance the failure of the machined parts (Table 16.5).

3. Corrosion resistance: The resistance of the machined surface against
the corrosive action of liquid, gas, water, and acids depends on the
machined surface finish. The higher the quality of surface finish, the
less the area of contact with the corrosive medium and the better
the corrosion resistance. The corrosive action acts more intensively
on the surface valleys between the ridges of micro-irregularities.
The deeper the valleys, the more destructive the corrosive action
will be because it is directed toward the depth of the metal.

4. Strength of interference: The strength of an interference fit between
two mating parts depends on the height of micro-irregularities left
after the machining process.
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TABLE 16.5
Effect of Machining Method on the Fatigue Strength

Endurance Limitin = Change Compared

Bending, 107 to Gentle

Alloy Machining Operation Cycles MPa Grinding %
4340 steel, 50 HRC Gentle grinding 703 —
Electropolishing 620 -12
Abusive grinding 430 -39
Ti-6Al-4V, 32 HRC Gentle grinding 430 —
Gentle milling 480 +13
Chemical milling 350 -18
Abusive milling 220 —48
Abusive grinding 90 -79
Inconel 718, aged Gentle grinding 410 —
44 HRC ECM 270 -35
Conventional grinding 165 —-60
EDM 150 -63

Source: Field, M. and Kahles, J.E.,, Ann. CIRP, 20(2), 153, 1971. With permission.

Table 16.6 shows the symbols used to define surface lay and its direction.
Accordingly, a variety of lays can be machined that range from parallel,
perpendicular, angular, circular, multidirectional, and radial ones. The
same table also suggests a typical machining process for each produced
lay. Figure 16.3 shows the surface roughness produced by common produc-
tion methods. Several machining processes that employ cutting, abrasion,
and erosion actions are also included and compared to some metal-forming
applications.

16.2.5 Surface Integrity

Surface integrity is defined as the inherent condition of a surface produced
in a machining operation. It is concerned primarily with the host of effects
a machining process produces below the visible surface. During machining
by conventional methods, the pressure exerted to the metal by the cutting
and frictional forces, heat generation, and plastic flow changes the physical
properties of the surface layer from the rest of metal in the part. Similarly,
thermal machining by EDM and LBM is accompanied by material melting,
evaporation, resolidification, and consequently, the formation of a heat-
affected layer. As a result, the thickness of the altered layer may reach a
considerable value during rough machining operations. Machining by
chemical and electrochemical processes does not impose thermal changes
to the workpiece. However, the surface suffers pits and intergranular
attack (IGA).

The mechanical, thermal, and chemical properties of the workpiece mate-
rial determine the extension of the surface effects and the thickness of the
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TABLE 16.6
Symbols Used to Define Lay and Its Direction in Art Review

Symbol Meaning Example Operation

Shaping
vertical milling

_— Lay approximately parallel to the line representing
_— the surface to which the symbol is applied

Lay perpendicular to the line representing the Horizontal
surface to which the symbol is applied milling
Lay angular in both directions to the line Honing
representing the surface to which the symbol is

applied

Lay multidirectional Grinding

Lay approximately circular relative to the center

to which the symbol is applied Face turning

= % Lapping
Y 7R
ECM, EDM,

Lay particulate, nondirectional or protuberant \/E, LBM
—T B

Lay approximately radial relative to the center to
which the symbol is applied

U 0 O < X =

Source: Youssef, H and El-Hofy, H., Machining Technology, Machine Tools and Operations, CRC
Press, Taylor & Francis, Boca Raton, FL, 2008. With permission.

altered layer. Surface alterations have a major influence on the material per-
formance especially when high stresses or severe environments are used.
The nature of the surface layer has a strong influence on the mechanical
properties of the machined part. This association is more pronounced in
some materials and under certain machining operations. Typical surface
integrity problems include

1. Grinding burns on high-strength steel of landing-gear components
2. Untempered martensite (UTM) in drilled holes
3. Stress corrosion properties of titanium by the cutting fluid

4. Grinding cracks in root section of cast nickel-base gas turbine
buckets

5. Lowering of fatigue strength of parts processed by EDM or ECM
6. Distortion of thin components

7. Residual stress induced in machining and its effect on distortion,
fatigue, and stress corrosion
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Roughness average (R,), pm (min)

50 25 125 63 32 1.6 080 040 020 0.0 0.05 0.025 0.012
Process (2000) (1000) (500) (250) (125) (63) (32) (16) (8) (4) (2) (1) (05)
Flame cutting : i |
Snagging SRR |
Sawing S
Planing, shaping ; AR SRS Average application
Drilling Less ffequent application

Chemical milling
Electrical discharge
machining

Milling
| Broaching
Reaming
Electron beam
Laser
Electrochemical
Boring, turning
Barrel finishing

Electrolytic grinding
Roller burnishing
Grinding

Honing

Electropolishing
Polishing
Lapping
Superfinishing

Sand casting

Hot rolling

Forging

Permanent mold casting

Investment casting
Extruding

Cold rolling, drawing
Die casting

FIGURE 16.3

Surface roughness produced by common production methods. 1-Surface texture. (From Surface
Roughness, Waviness, and Lay, ANSI/ASME B 46.1-1985, American Society of Mechanical

Engineers. With permission.)

The principal causes of surface alterations produced by the machining pro-

cesses are

1. High temperatures and high temperature gradients
2. Plastic deformation (PD)
3. Chemical reactions and subsequent absorption into the machined

surface

4. Excessive machining current densities

5. Excessive energy densities

Table 16.7 summarizes the possible surface effects by different machining
processes of some engineering metals and alloys.
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TABLE 16.7

Summary of Possible Surface Alterations Resulting from Various Material
Removal Processes

Conventional Nontraditional
Milling,
Drilling,
Material and Turning Grinding EDM ECM CHM
Nonhardenable 1018 steel R R R R R
PD PD MCK  SE SE
L&T RC IGA IGA
Hardenable 4340 and Dé6ac steel R R R R R
PD PD MCK SE SE
L&T MCK RC IGA IGA
MCK UTM UTM
UTM OT™M OT™M
OT™M
D2Tool steel R R R R R
PD PD MCK SE SE
L&T MCK RC IGA IGA
MCK UTM UTM
UTM OT™M OT™
OT™M
Type 410 stainless steel (martensitic) R R R R R
PD PD MCK SE SE
L&T MCK RC IGA IGA
MCK UTM UTM
UTM OT™M OT™M
OT™M
Type 302 stainless (austenitic) R R R R R
PD PD MCK SE SE
L&T RC IGA IGA
17-4 PH steel R R R R R
PD PD MCK  SE SE
L&T OA RC IGA IGA
OA OA
350-grade maraging (18% Ni) steel R R R R R
PD PD RC SE SE
L&T RS RS IGA IGA
RS OA OA
OA
Nickel- and cobalt-base alloys HAZ HAZ
Inconel alloy 718 R R R R R
Rene 41 PD PD MCK SE SE
HS 31 L&T MCK RC IGA IGA
IN 100 MCK
Ti-6Al-4V HAZ HAZ
R R R R R
PD PD MCK SE SE
L&T MCK RC IGA IGA
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TABLE 16.7 (continued)

Summary of Possible Surface Alterations Resulting from Various Material
Removal Processes

Conventional Nontraditional
Milling,
Drilling,
Material and Turning Grinding EDM ECM CHM
Refractory alloy molybdenum TZM R R R R R
L&T MCK MCK  SE SE
MCK IGA IGA
Tungsten (pressed and sintered) R R R R R
L&T MCK MCK  SE SE
MCK MCK MCK
IGA IGA

Source: Field, M. et al., Ann. CIRP, 21(2), 219. With permission.

Notes: R, roughness of surface; PD, plastic deformation; L & T, laps and tears; MCK,
microcracks; HAZ, heat-affected zone; SE, selective etch; IGA, intergranular attack;
UTM, untempered martensite; OTM, overtempered martensite; OA, overaging; RS,
resolution or austenite reversion; RC, recast, respattered, vapor-deposited metal.

16.2.6 Production Quantity

The production quantity plays an important role in the selection of the
machining process.
Methods of raising productivity include the use of the following:

¢ High machining speeds

e High feed rates

¢ Multiple cutting tools

e Staking multiple parts

* Minimization of secondary (noncutting) time

* Automatic feeding and tool-changing mechanisms

¢ High power densities

Production quantity is crucial in determining the type of automation
required to produce parts economically. The related equipment is selected
from the knowledge of inherent capabilities and limitations dictated by the
production rate and quantity. The choice depends on cost factors and break-
even charts constructed for this purpose. Depending on the number of parts
to be machined, one of the following scenarios will be adopted:

1. Jobbing  production (1-20 pieces): Stand-alone general-purpose

machines with manual control, requiring the smallest capital outlay,
are used for this purpose. Their operation is labor intensive. Labor
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costs do not drop significantly with increasing batch size (Figure
16.4); thus, such machines are best suited to one-off and small batch
or jobbing production. The operator may be a highly skilled arti-
san or, in case of repetitive production, may be semiskilled operator.
These equipment provide high part flexibility (variety). Turret and
capstan lathes are preferred than manually controlled machines for
batch sizes greater than those indicated by point A (Figure 16.4).

2. Batch production (10-5000 pieces): Stand-alone numerical-controlled
(NC), CNC, or machining centers are most suitable for small batch
production, although, with the trend toward increasing use of
friendly programming devices and with the application of GT,
batch sizes involving 100-5000 may be economically machined.
Once the workpiece is clamped on the CNC-machine tool and
the reference point is established, machining proceeds with great
accuracy and repeatability. Nonproductive setup time is particu-
larly nil. Therefore, CNC can become economical even for small
lots that are widely separated in time (Figure 16.4). The operator
may again be highly skilled, this time with some programming
knowledge; alternatively, the programs may be provided to the

»
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g EMS
2 General purpose
=) automatics

Special purpose
automatics and flowlines
Material cost
1 10 102 10® 10* 100 10°
Batch size
|]obbing productionl
| Batch production l
l Mass production
FIGURE 16.4

Economical approach and batch size.
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machine by a part programmer who may be working from the
database of a CAD/CAM system. In this case, a semiskilled opera-
tor performs machine supervision and service functions. FMS may
be economically adapted for batch sizes exceeding those indicated
by point B (Figure 16.4).

3. Mass production (3,000-1,000,000 pieces): In large batch and mass
production, flexible lines or automatics (programmable) are most
economical, while special-purpose (hard programmed) transfer lines
or automatics are limited to the mass production of standard parts
(Figure 16.4). In both cases, special-purpose machinery (dedicated
machines) is equipped for transferring materials and parts (flow
lines). Although machines and specialized tooling are expensive,
both labor skills required and labor costs are relatively low. However,
these equipment and manufacturing systems are generally adapted
for a specific type of product, and hence, they lack flexibility. The
change over from product to another is very costly.

16.2.7 Production Cost

The economic aspects of machining processes consider the total cost of a
product including the cost of material and tooling and fixed, direct, and
indirect labor costs. Small batches are commonly made on general-purpose
machines that are versatile and capable of producing different shapes and
sizes. Under such conditions, the direct labor costs are higher. For large
quantities (medium batches), CNC machines or jigs and fixtures are used,
which lead to the reduction of labor cost. For larger volumes, the labor costs
can further be reduced by using machining centers, flexible machining sys-
tems (FMS), or special-purpose machine tools.

Design for manufacturing (DFM) is one method of achieving high product
quality while minimizing the manufacturing cost. The following principles
aid the designers in specifying components and products that can be pro-
duced at minimum cost:

1. Simplicity of the product
2. Standard material and components
3. Standard design of the product

4. Specity liberal tolerances

This concept is very important to produce parts accurately and economi-
cally. Product design recommendations for each operation should be strictly
followed by the part designer. Design complications should be avoided so
that the machining time is reduced, and consequently, the production rate
is increased. Machine tool and operation capability in terms of possible
accuracy and surface integrity should also be considered, so that the best
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technology, machine tool, and operation are selected. To that end, it is recom-
mended to consider the following:

1. Use the most machinable materials available.

2. Avoidance of secondary operations such as deburring, inspection,
plating, painting, and heat treatment.

3. Design should be suitable for the production method that is econom-
ical for the quantity required.

4. Utilizing special process capabilities to eliminate many operations
and the need for separate costly components.

5. Avoiding process restrictiveness and allowing manufacturing engi-
neers the possibility of choosing a process that produces the required
dimensions, surface finish, and other characteristics.

16.2.8 Environmental Impacts

The possible hazards of the selected machining technology may affect
the operator’s health, the machine tool, and the surrounding environment
(Figure 16.5). Reduction of such hazards requires careful monitoring, analy-
sis, understanding, and control toward environmentally clean machining
technology. The hazards generated by the cutting fluids have led to the intro-
duction of the minimum quantity lubrication (MQL), cryogenic machining,
and dry machining techniques.

1. Noise/vibrations: During machining, vibrations and noise compo-
nents are generated. Noise levels of 85 dB are the maximum noise
level regarded as safe and tolerable for an 8 h exposure. When noise
levels exceed 90 dB, hearing damage is liable to occur, and therefore
earplugs must be worn.

Flying chips Noise

Traditional machining
Cutting fluid Vibrations
Hazard effect on Hazard effect on Hazard effect on || Hazard effect on
labor machines soil air

FIGURE 16.5
Traditional machining hazards.
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2. Flying chips: Flying chips form a major hazard and risk on opera-

tor as they fly from the machine during the cutting process. Flying
particles such as metal chips may result in eye or skin injuries or
irritation. Grinding, cutting, and drilling of metal and wood gener-
ate airborne particles that affect the respiratory system. Under such
circumstances, it is always recommended to wear safety glasses,
goggles, or shields and use of proper ventilation.

. Cutting fluids: Cutting fluids contain many chemical additives that can
lead to skin and respiratory diseases and increased danger of cancer.
This is mainly caused by the constituents and additives of the cutting
fluids as well as the reaction products and particles generated during
the machining process. Unfortunately, spoiled or contaminated cut-
ting fluids are the most common wastes from the machining process
that are considered hazardous wastes to the environment due to their
oil content, chemical additives, chips, and dust. During machining, at
high cutting speeds (>3500 m/min), high temperature is generated in
the machining zone that vaporizes fluids and metal particles. These
emissions enter the atmosphere thus forming a complex mixture of
vapors and fumes containing elements of the workpiece, cutting tool,
and cutting fluids. Cutting fluids have negative health effects on the
operators that appear as dermatological, respiratory, and pulmonary
effects. Exposure to mists caused by the cutting fluids raises worker’s
susceptibility to respiratory problems that depends on the level of
chemicals and particles contained in generated mists.

499

Table 16.8 shows the various sources of hazards and risk associated with a

variety of conventional and nonconventional machining operations.

16.2.9 Process and Machine Capability

A measure of the process capability is attained when meeting customer
requirements by comparing the machining process limits to the required
tolerance limits. The process capability index C,, measures the variability of
a process 66 and compares it with a proposed upper tolerance limit (UTL)

and a lower tolerance limit (LTL) as shown in Figure 16.6:

Cov = min((X—LTL) or (UTL—X))

30 30

where
X is the mean of the process
o is the standard deviation of the process

If C, is greater than 1.00, then the process is capable of meeting design speci-

fications. If it is less than 1.00, then the process will generate defects.

www.EngineeringBooksPDF.com



500 Fundamentals of Machining Processes

axrg PR sumg
sagpa dreyg =< < Amfug
aInjrey
Juswidmby . XX K X X X X Amfug
&
suorsojdxyg &8 PR sumg
Surpuey renuew
Jr— XX X X K X X Amiuy
sdryp Suidg =< Amfur
duinyg X X X X X X aseastp Sun-
SISTIA — X XK X X X aseastp Sun
3]
4
spmbr Bl X xxx x sumq unig
]
<
s1odep o SRR 100Ued Sun
sassen) S 190ued Sunt
Aumig =< £S89V
3PoYs 213 XX X X X X X yreaq
» | TE1RSOMmISNIy =< onSnyeg
]
% P12y dnausey E =< uonsneyxy
S I3
& IsnQq £ =< < 9seasip 3ung
o0
£ uonerpey = < = anSneg
fg uoneIqIA = X > x  uonsneyxg
=
x 3SION =< < % < sso[ durreay
o -
& £
= uonnyjod frog E| = x x xx euney/eIoL
A
= g
= vopniodaty | 2| < x X x x X X 1UE)
2 Z
& | uonnyod 13em Hl o x x xx % UesY 111
«© % % &0
s < 2§
- 2 = .5 5
w Ty|eis C
c = < v =
23 HEEEFEEEEES:
= T TAITZA Sm0mad <

www.EngineeringBooksPDF.com



Machining Process Selection 501

Upper tolerance limit

(UTL)

Distribution of individual values

Process
spread

(LTL)
Lower tolerance limit

FIGURE 16.6
Process capability chart.

The process capability ratio (C,) measures the capability of a process
to meet design specifications. It is defined as the ratio of the range of the
tolerance to the range of process spread, which is typically +3c (Figure 16.6):

_ (UTL-LTL)

C
r 60

Therefore, if C, is less than 1.0, the process range 6c is greater than the
tolerance range (UTL-LTL).

A process capability ratio C, greater than 1.0 indicates that the process is
capable of meeting specifications. In such a case, no defective parts will be
produced.

Machine Capability: Since a dispersion of +3¢ is expected in manufacturing,
it is usual to compare 66 to the tolerance to express the machine capability
(MC) as

60

MC=—— >
(UTL-LTL)

x 100%

If MC is greater than 100%, the MC is poor and defective parts will be
produced. At MC =100%, the machine is just capable, and when MC <100%,
the machine is capable to produce parts within the specified limits without
any defects.
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Review Questions

16.1 What are the main factors that affect the machining process selection?

16.2 Explain the difference between surface roughness and surface
integrity.

16.3 Explain how the batch size may affect the selection of a machining
process.

16.4 What are the main hazards of traditional machining?

16.5 Explain what is meant by MC.

16.6 Compare between process capability and MC.
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