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Preface

In North America and in many other parts of the world, the number of formally
trained metallurgical experts employed in industry has steadily declined over the course
of the last several decades. This trend is the result of several different contributing fac-
tors. Seasoned professionals that have served in this capacity for many years may not
be replaced on a permanent basis as they retire either due to cost containment efforts by
their companies, or because it has become increasingly difficult for these companies to
identify qualified replacement candidates. At the same time, the metallurgical depart-
ments of many academic institutions that were responsible for training the next genera-
tion of metallurgists have gradually been disbanded, or have been absorbed into other
academic departments and programs. As fewer individuals choose to enter the field,
and as an ever increasing number of metallurgical experts retire from the work force,
their former responsibilities often fall upon the shoulders of the remaining members of
the engineering, scientific, and design staff.

For those not formally trained in the discipline of metallurgy, or who possess only a
peripheral knowledge of the subject, this can lead to a number of potential problems.
These include a lack of understanding in the relationships between parameters involved
in the processing of metallic materials such as melting, forging, rolling, cold working,
machining, heat treatment, welding, etc. and their effects upon the resulting material
properties; the relationship between alloying elements and their effects on the proper-
ties of the materials in which they are used; the forensic analysis of components that
failed in service or that do not meet the requirements of the relevant material standards
and specifications; quality assurance issues associated with the testing and manufacture
of parts, components, and assemblies; uncertainty in the relevant parameters associated
with the proper selection of materials for a given application; and the general process
for assessing and understanding the relevant aspects of extractive, physical, and me-
chanical metallurgy. If you find yourself in any of these categories, or are a student or
practicing professional who requires a working knowledge of metallurgy, this book
was written for you.

From a commercial perspective, there are over 100,000 materials available today to
select among for engineering applications, a far greater number than at any other time in
history. And due to the continuing development of new alloys and new classes of engi-
neering materials, the list continues to grow. The judicious selection of one material
among this vast array of choices for a specific application requires an in-depth under-
standing of the properties and characteristics of the various classes of materials. And, the
metallurgical characteristics and properties of metallic materials are often critical in as-
sessing their capability to satisfy the requirements for a given application. This book
may serve as an introductory text for those who have not been formally trained in the
discipline of metallurgy. It may also serve as a reference for those who have received
formal training in the discipline, but who need to reacquaint themselves with the subject.
The reader will be introduced to the various working concepts in extractive, physical,
and mechanical metallurgy, and to their practical application. The historical aspects in

viii
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the development of these metallurgical concepts, practices, and tools are also provided
in selected areas to educate the reader on the history behind many of the discoveries that
led to the development of metallurgy as a scientific discipline.

For individuals who are unable to find the answers they seek in this book, or who
require more in-depth knowledge on a particular subject, there are several references
that are recommended throughout the text for further reading. Where this is insuf-
ficient, the reader may consult me directly through my website at www.Engineering
Metallurgy.com. Where appropriate, answers will be provided to the submitted ques-
tions, and additional resources suggested for further reading. I enjoy hearing from
readers, and welcome their comments on the content, organization, and relevance of
this book to their daily work.

I would like to acknowledge the assistance provided by the ASM International staff
in the development of this book. In particular, I would like to thank Charles Moosbrug-
ger who initially approached me about writing the second edition. And, I am especially
grateful for Steven Lampman’s critiquing of the manuscript, and for his tireless assis-
tance in editing the various chapters of this work. I would also like to acknowledge Ann
Britton for providing access to reference materials that were used in writing the second
edition. And, I would also like to acknowledge the countless others who contributed in
some small way. Thank you all.

Art Reardon
May 2011
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Abbreviations and Symbols

ac
Ac,

ADI

Ae

cm

AHSS
AOD
Ar,

angstrom

crack length or cross section
alternating current

The critical temperature when some
austenite begins to form during heat-
ing, with the “c” being derived from
the French chauffant

The temperature at which transforma-
tion of ferrite to austenite is completed
during heating

In hypereutectoid steel, the tempera-
ture during heating when all cementite
decomposes and all the carbon is dis-
solved in the austenitic lattice
austempered ductile iron

The critical temperature when some
austenite begins to form under condi-
tions of thermal equilibrium (i.e., con-
stant temperature)

The upper critical temperatures when
all the ferrite phase has completely
transformed into austenite under equi-
librium conditions

In hypereutectoid steel, the critical
temperature under equilibrium condi-
tions between the phase region of an
austenite-carbon solid solution and
the two-phase region of austenite with
some cementite (Fe,C)

advanced high-strength steels

argon oxygen decarburization

The temperature when all austen-
ite has decomposed into ferrite or a
ferrite-cementite mix during cooling,
with the “r” being derived from the
French refroidissant

The upper critical temperature when a
fully austenitic microstructure begins
to transform to ferrite during cooling
In hypereutectoid steel, the tempera-
ture when cementite begins to form

at.%
bee
bct
BH
BOF
CCT
CE
CN
CP
CS
CSE
CVD
DBTT
dc
D.C.
DIN
DP
€

EAF
EB
ECT
ECM
EDM
ELI
emf
EN

ESR
EP

eV
FCAW
fce
FEA
FLC
FM

Xi

(precipitate) during cooling of an aus-
tenite-carbon solid solution

The temperature at which delta ferrite
transforms to austenite during cooling
atomic percent

body-centered cubic

body-centered tetragonal
bake-hardening

basic oxygen furnace

continuous cooling transformation
carbon equivalent

coordination number

complex phase or commercial purity
Commercial Standard

copper sulfate reference electrode
chemical vapor deposition
ductile-brittle transition temperature
direct current

direct chill

Deutsche Industrie-Normen
(standards)

dual phase

engineering strain at fracture (elonga-
tion)

electric arc furnace

electron beam

equicohesive temperature
electrochemical machining

electrical discharge machining
extra-low interstitial

electromotive force

European Norm (specification and
standards)

electroslag remelting

extreme pressure

electron volt

flux cored arc welding

face-centered cubic

finite-element analysis

forming limit curve

frequency modulation
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gal gallon

of gram-force

GMAW gas metal arc welding
GP Guinier-Preston (zone)

GPa gigapascal

GTAW  gas tungsten arc welding
h hour

HAZ heat-affected zone

HB Brinell hardness

hep hexagonal close-packed

HIP hot isostatic pressing
HK Knoop hardness
hp horsepower

HPDC  high-pressure die casting

HRB Rockwell “B” hardness

HRC Rockwell “C” hardness

HSLA  high-strength, low-alloy (steel)

HSS high-speed steel

HV Vickers hardness (diamond pyramid

hardness)
IF interstitial free
IF-HA interstitial free, high-strength
IG intergranular corrosion
1Q integral quench
IS isotropic steels
IT isothermal transformation
ITh isothermal transformation diagram
K Kelvin
K stress-intensity factor in linear elastic

fracture mechanics

K, plane-strain fracture toughness
Ky Dynamic fracture toughness
K, theoretical stress-concentration factor
kg kilogram

kgf kilogram force

kJ kilo (103) Joules

km kilometer

ksi 1000 Ibf per square inch (kips)
kW kilowatt

L liter

L length

Ib pound

LBM laser beam machining

LD Linz-Donawitz

LEFM linear elastic fracture mechanics
m meter

MART martensitic (sheet steels)

MC metal carbides

M, temperature at which martensite for-
mation finishes during cooling
M, temperature at which martensite starts

to form from austenite on cooling

MHz
MIG
MIM
mm
mN
mol
MP
MPa
mph
MRI

NDT
nm
ODS
OFHC

PH
PM
ppm
psi
PTA
PVD

UTM
UTS

VAR
VIM

megagram (metric tonne, or kg x 103)
megahertz

metal inert gas (welding)

metal injection molding
millimeter

milliNewtons

mole

melting point

megapascal

miles per hour

magnetic resonance imaging
strain-hardening exponent
nondestructive testing
nanometer

oxide dispersion strengthened
oxygen-free high conductivity
(copper)

precipitation- hardenable/hardening
powder metallurgy

parts per million

pounds per square inch

plasma tungsten arc

physical vapor deposition
quenched and tempered
universal gas constant, ratio of the
minimum stress to the maximum
stress

reduction in area

revolutions per minute

resistance welding

submerged arc welding
stress-corrosion cracking
scanning electron microscopy
stacking fault energy

shield metal arc welding
stress-number of cycles (fatigue)
B transus temperature (titanium)
tungsten inert gas (welding)
melt/melting temperature
thermomechanical-affected zone
transformation-induced plasticity
(steels)

tons per square inch
time-temperature-transformation
Unified Numbering System (ASTM-
SAE)

universal testing machine
ultimate tensile strength

volt

vacuum arc remelting

vacuum induction melting



