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PREFACE
TO THE THIRD EDITION

The objective of Mechanical Metallurgy continues to be the presentation of the
entire scope of mechanical metallurgy in a single comprehensive volume. Thus,
the book starts with a continuum description of stress and strain, extends this
background to the defect mechanisms of flow and fracture of metals, and then
considers the major mechanical property tests and the basic metalworking
processes. As before, the book is intended for the senior or first-year graduate-stu-
dent level. Emphasis is on basic phenomena and relationships in an engineering
context. Extensive references to the literature have been included to assist
students in digging deeper into most topics.

Since the second edition in 1976 extensive progress has been made 1n all
research areas of the mechanical metallurgy spectrum. Indeed, mechanical behav-
ior 1s the category of research under which the greatest number of papers are
published in Metallurgical Transactions. Since 1976 the field of fracture mechan-
ics has grown greatly in general acceptance. In recognition of this a separate
chapter on fracture mechanics has been added to the present edition, replacing a
chapter on mechanical behavior of polymeric materials. Other topics added for
the first time or greatly expanded in coverage are deformation maps, finite
element methods, environmentally assisted fracture, and creep-fatigue interaction.

As an aid to the student, numerous illustrative examples have been included
throughout the book. Answers have been provided to selected problems for the
student, and a solutions manual is available for instructors. In this third edition,
major emphasis is given to the use of SI units, as is common with most
engineering texts today.

I would like to express my thanks for the many useful comments and
suggestions provided by Ronald Scattergood, North Carolina State University,
and Oleg Sherby, Stanford University, who reviewed this text during the course of
its development.

xiii



XiV PREFACE TO THE THIRD EDITION

Acknowledgment 1s given to Professor Ronald Armstrong, University of
Maryland, for providing many stimulating problems, and Dr. A. Pattniak, Naval
Research Laboratory, for assistance in obtaining the fractographs. Special thanks

goes to Jean Beckmann for her painstaking efforts to create a perfect manuscript.

George E. Dieter



_ PREFACE
TO THE SECOND EDITION

In the 12 years since the first edition of Mechanical Metallurgy at least 25
textbooks dealing with major segments of the book have appeared in print. For
example, at least 10 books dealing with the mechanics of metalworking have been
published during this period. However, none of these books has dealt with the
entire scope of mechanical metallurgy, from an understanding of the continuum
description of stress and strain through crystalline and defect mechanisms of flow
and fracture, and on to a consideration of the major mechanical property tests
and the basic metalworking processes.

Important advances have been made in understanding the mechanical behav-
1or of solids in the period since the first edition. The dislocation theory of plastic
deformation has become well established, with excellent experimental verification
for most of the theory. These advances have led to a better understanding of the
strengthening mechanisms in solids. Developments such as fracture mechanics
have matured to a high level of technical sophistication and engineering useful-
ness. An important development during this period has been the “materials
science movement’’ in which crystalline solids, metals, ceramics, and polymers are
considered as a group whose properties are controlled by basic structural defects
common to all classes of crystalline solids.

In this revision of the book the emphasis i1s as before. The book 1s intended
for the senior or first-year graduate-student level. Extensive revisions have been
made to up-date material, to introduce new topics which have emerged as
important areas, and to clarify sections which have proven difficult for students to
understand. In some sections advanced material intended primarily for graduate
students has been set in smaller type. The problems have been extensively revised
and expanded, and a solutions manual has been prepared. Two new chapters, one
dealing with the mechanical properties of polymers and the other with the

X¥



XVl PREFACE TO THE SECOND EDITION

machining of metals, have been added, while the chapters of statistical methods

and residual stresses have been deleted. In total, more than one-half of the book
has been rewritten completely.

George E. Dieter
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PREFACE
TO THE FIRST EDITION

Mechanical metallurgy is the area of knowledge which deals with the behavior
and response of metals to applied forces. Since it 1s not a precisely defined area, 1t
will mean different things to different persons. To some 1t will mean mechanical
properties of metals or mechanical testing, others may consider the field restricted
to the plastic working and shaping of metals, while still others confine their
interests to the more theoretical aspects of the field, which merge with metal
physics and physical metallurgy. Still another group may consider that mechani-
cal metallurgy is closely allied with applied mathematics and applied mechanacs.
In writing this book an attempt has been made to cover, in some measure, this
great diversity of interests. The objective has been to include the entire scope of
mechanical metallurgy in one fairly comprehensive volume.

The book has been divided into four parts. Part One, Mechanical Fundamen-
tals, presents the mathematical framework for many of the chapters which follow.
The concepts of combined stress and strain are reviewed and extended into three
dimensions. Detailed consideration of the theories of yielding and an introduction
to the concepts of plasticity are given. No attempt is made to carry the topics 1n
Part One to the degree of completion required for original problem solving.
Instead, the purpose i1s to acquaint metallurgically trained persons with the
mathematical language encountered in some areas of mechanical metallurgy. Part
Two, Metallurgical Fundamentals, deals with the structural aspects of plastic
deformation and fracture. Emphasis is on the atomistics of flow and fracture and
the way in which metallurgical structure affects these processes. The concept of
the dislocation is introduced early in Part Two and is used throughout to provide
qualitative explanations for such phenomena as strain hardening, the yield point,
dispersed phase hardening, and fracture. A more mathematical treatment of the
properties of dislocations is given in a separate chapter. The topics covered 1n
Part Two stem from physical metallurgy. However, most topics are discussed in

X Vil



XVill PREFACE TO THE FIRST EDITION

greater detail and with a different emphasis than when they are first covered in
the usual undergraduate course in physical metallurgy. Certain topics that are
more physical metallurgy than mechanical metallurgy are included to provide
continuity and the necessary background for readers who have not studied
modern physical metallurgy.

Part Three, Applications to Materials Testing, deals with the engineering
aspects of the common testing techniques of mechanical failure of metals
Chapters are devoted to the tension, torsion, hardness, fatigue, creep, and impact
tests. Others take up the important subjects of residual stresses and the statistical
analysis of mechanical-property data. In Part Three emphasis 1s placed on the
interpretation of the tests and on the effect of metallurgical variables on mechani-
cal behavior rather than on the procedures for conducting the tests. It is assumed
that the actual performance of these tests will be covered in a concurrent
laboratory course or in a separate course. Part Four, Plastic Forming of Metals,
deals with the common mechanical processes for producing useful metal shapes.
Little emphasis is given to the descriptive aspects of this subject, since this can
best be covered by plant trips and illustrated lectures. Instead, the main attention
1s given to the mechanical and metallurgical factors which control each process
such as forging, rolling, extrusion, drawing, and sheet-metal forming

This book is written for the senior or first-year graduate student in metal-
lurgical or mechanical engineering, as well as for practicing engineers in industry.
While most universities have instituted courses in mechanical metallurgy or

mechanical properties, there is a great diversity in the material covered and in the

background of the students taking these courses. Thus, for the present there can
be nothing like a standardized textbook on mechanical metallurgy. It is hoped
that the breadth and scope of this book will provide material for these somewhat
diverse requirements. It is further hoped that the existence of a comprehensive
treatment of the field of mechanical metallurgy will stimulate the development of
courses which cover the total subject.

Since this book is intended for college seniors, graduate students, and
practicing engineers, it is expected to become a part of their professional library.
Although there has been no attempt to make this book a handbook, some thought
has been given to providing abundant references to the literature on mechanical
metallurgy. Therefore, more references are included than is usual in the ordinary
textbook. References have been given to point out derivations or analyses beyond
the scope of the book, to provide the key to further information on controversial
or detailed points, and to emphasize important papers which are worthy of
further study. In addition, a bibliography of general references will be found at
the end of each chapter. A collection of problems is included at the end of the
volume. This is primarily for the use of the reader who is engaged in industry and
who desires some check on his comprehension of the material.

The task of writing this book has been mainly one of sifting and sorting facts
and information from the literature and the many excellent texts on specialized
aspects of this subject. To cover the breadth of material found in this book would
require parts of over 15 standard texts and countless review articles and individ-

o ke e e b e | e e

......

......

R _




PREFACE TO THE FIRST EDITION XIX

ual contributions. A conscientious effort has been made throughout to give credit
to original sources. For the occasional oversights that may have developed during
the “boiling-down process” the author offers his apologies. He is indebted to
many authors and publishers who consented to the reproduction of illustrations.
Credit 1s given 1n the captions of the illustrations.

Finally, the author wishes to acknowledge the many friends who advised him
in his work. Special mention should be given to Professor A. W. Grosvenor,
Drexel Institute of Technology, Dr. G. T. Horne, Carnegie Institute of Technol-
ogy, Drs. T. C. Chilton, J. H. Faupel, W. L. Phillips, W. I. Pollock, and J. T.
Ransom of the du Pont Company, and Dr. A. S. Nemy of the Thompson-Ramo-
Wooldridge Corp.

George E. Dieter
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CHAPTER

- ONE
INTRODUCTION

1-1 SCOPE OF THIS BOOK

Mechanical metallurgy is the area of metallurgy which is concerned primarily with
the response of metals to forces or loads. The forces may arise from the use of the
metal as a member or part in a structure or machine, in which case it is necessary
to know something about the limiting values which can be withstood without
failure. On the other hand, the objective may be to convert a cast Ingot into a
more useful shape, such as a flat plate, and here it is necessary to know the
conditions of temperature and rate of loading which minimize the forces that are
needed to do the job.

Mechanical metallurgy is nor a subject which can be neatly isolated and
studied by itself. It is a combination of many disciplines and many approaches to
the problem of understanding the response of materials to forces. On the one
hand is the approach used in strength of materials and in the theories of elasticity
and plasticity, where a metal is considered to be a homogeneous material whose
mechanical behavior can be rather precisely described on the basis of only a very
few material constants. This approach is the basis for the rational design of
structural members and machine parts. The topics of strength of materials,
elasticity, and plasticity are treated in Part One of this book from a more
generalized point of view than is usually considered in a first course in strength of
materials. The material in Chaps. 1 to 3 can be considered the mathematical
framework on which much of the remainder of the book rests. For students of
engineering who have had an advanced course in strength of materials or machine
design, it probably will be possible to skim rapidly over these chapters. However,
for most students of ~metallurgy and for practicing engineers in industry, it is

3



4 MECHANICAL FUNDAMENTALS

worth spending the time to become familiar with the mathematics presented in
Part One.

The theories of strength of materials, elasticity, and plasticity lose much of
their power when the structure of the metal becomes an important consideration
and 1t can no longer be considered a homogeneous medium. Examples of this are
in the high-temperature behavior of metals, where the metallurgical structure may
continuously change with time, or in the ductile-to-brittle transition, which occurs
in carbon steel. The determination of the relationship between mechanical behav-
tor and structure (as detected chiefly with microscopic and x-ray techniques) is the
main responsibility of the mechanical metallurgist. When mechanical behavior is
understood 1n terms of metallurgical structure, 1t 1s generally possible to improve
the mechanical properties or at least to control them. Part Two of this book 1s
concerned with the metallurgical fundamentals of the mechanical behavior of
metals. Metallurgical students will find that some of the matenal in Part Two has
been covered in a previous course in physical metallurgy, since mechanical
metallurgy 1s part of the broader field of physical metallurgy. However, these
subjects are considered in greater detail than 1s usually the case in a first course in
physical metallurgy. In addition, certain topics which pertain more to physical
metallurgy than mechanical metallurgy have been included in order to provide
continuity and to assist nonmetallurgical students who may not have had a course
in physical metallurgy.

The last three chapters of Part Two are concerned primarily with atomistic
concepts of the flow and fracture of metals. Many of the developments in these
areas have been the result of the alliance of the solid-state physicist with the
metallurgist. This has been an area of great progress. The introduction of
transmission electron microscopy has provided an important experimental tool
for verifying theory and guiding analysis. A body of basic dislocation theory is
presented which 1s useful for understanding the mechanical behavior of crystalline
solids. -

Basic data concerning the strength of metals and measurements for the
routine control of mechanical properties are obtained from a relatively small
number of standardized mechanical tests. Part Three, Applications to Materials
Testing, considers each of the common mechanical tests, not from the usual
standpoint of testing techniques, but instead from the consideration of what these
tests tell about the service performance of metals and how metallurgical variables
aftect the results of these tests. Much of the material in Parts One and Two has
been utilized 1n Part Three. It 1s assumed that the reader either has completed a
conventional course in materials testing or will be concurrently taking a labora-
tory course in which familiarization with the testing techniques will be acquired.

Part Four considers the metallurgical and mechanical factors involved in
forming metals into useful shapes. Attempts have been made to present mathe-
matical analyses of the principal metalworking processes, although in certijn
cases this has not been possible, either because of the considerable detail required
or because the analysis i1s beyond the scope of this book. No attempt has been
made to include the extensive specialized technology associated with each metal-
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working process, such as rolling or extrusion, although some effort has been made
to give a general impression of the mechanical equipment required and to
familiarize the reader with the specialized vocabulary of the metalworking field.
Major emphasis has been placed on presenting a fairly simplified picture of the
forces involved in each process and of how geometrical and metallurgical factors
affect the forming loads and the success of the metalworking process.

1-2 STRENGTH OF MATERIALS—BASIC ASSUMPTIONS

Strength of matenals 1s the body of knowledge which deals with the relation
between internal forces, deformation, and external loads. In the general method
of analysis used in strength of materials the first step i1s to assume that the
member 1s in equilibrium. The equations of static equilibrium are applied to the
forces acting on some part of the body 1n order to obtain a relationship between
the external forces acting on the member and the internal forces resisting the
action of the external loads. Since the equations of equilibrium must be expressed
in terms of forces acting external to the body, it is necessary to make the internal
resisting forces into external forces. This 1s done by passing a plane through the
body at the point of interest. The part of the body lying on one side of the cutting
plane 1s removed and replaced by the forces it exerted on the cut section of the
part of the body that remains. Since the forces acting on the “free body” hold it
in equilibrium, the equations of equilibrium may be applied to the problem.

The internal resisting forces are usually expressed by the stress' acting over a
certain area, so that the internal force i1s the integral of the stress times the
differential area over which it acts. In order to evaluate this integral, it is
necessary to know the distribution of the stress over the area of the cutting plane.
The stress distribution i1s arrived at by observing and measuring the strain
distribution 1n the member, since stress cannot be physically measured. However,
since stress is proportional to strain for the small deformations involved in most
work, the determination of the strain distribution provides the stress distribution.
The expression for the stress is then substituted into the equations of equilibrium,
and they are solved for stress in terms of the loads and dimensions of the
member.

- Important assumptions in strength of materials are that the body which is
being analyzed is continuous, homogeneous, and isotropic. A continuous body
1S one which does not contain voids or empty spaces of any kind. A body is
homogeneous if it has identical properties at all points. A body is considered to be
isotropic with respect to some property when that property does not vary with
direction or orientation. A property which varies with orientation with respect to
some system of axes 1s said to be anisotropic.

' For present purposes stress is defined as force per unit area. The companion term strain is
defined as the change in length per unit length. More complete definitions will be given later.
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While engineering materials such as steel, cast iron, and aluminum may
appear to meet these conditions when viewed on a gross scale, it is readily
apparent when they are viewed through a microscope that they are anything but
homogeneous and isotropic. Most engineering metals are made up of more than
one phase, with different mechanical properties, such that on a micro scale they
are heterogeneous. Further, even a single-phase metal will usually exhibit chem-
ical segregation, and therefore the properties will not be identical from point to
point. Metals are made up of an aggregate of crystal grains having different
properties in different crystallographic directions. The reason why the equations
of strength of materials describe the behavior of real metals is that, in general, the
crystal grains are so small that, for a specimen of any macroscopic volume, the
materials are statistically homogeneous and isotropic. However, when metals are
severely deformed in a particular direction, as in rolling or forging, the mechani-
cal properties may be anisotropic on a macro scale. Other examples of anisotropic
properties are fiber-reinforced composite materials and single crystals. Lack of
continuity may be present in porous castings or powder metallurgy parts and, on
an atomuic level, at defects such as vacancies and dislocations.

1-3 ELASTIC AND PLASTIC BEHAVIOR

Experience shows that all solid materials can be deformed when subjected to
external load. It is further found that up to certain limiting loads a solid 'will
recover 1ts original dimensions when the load is removed. The recovery of the
original dimensions of a deformed body when the load is removed is known as
elastic behavior. The limiting load beyond which the material no longer behaves
elastically is the elastic limit. If the elastic limit is exceeded, the body will
experience a permanent set or deformation when the load is removed. A body
which 1s permanently deformed is said to have undergone plastic deformation.
For most materials, as long as the load does not exceed the elastic limit, the
deformation is proportional to the load. This relationship is known as Hooke’s
law; 1t 1s more frequently stated as stress is proportional to strain. Hooke’s law
requires that the load-deformation relationship should be linear. However, it does
not necessarily follow that all materials which behave elastically will have a linear

stress-strain relationship. Rubber is an example of a material with a nonlinear

stress-strain relationship that still satisfies the definition of an elastic material.
Elastic deformations in metals are quite small and require very sensitive
instruments for their measurement. Ultrasensitive instruments have shown that
the elastic limits of metals are much lower than the values usually measured in
engineering tests of materials. As the measuring devices become more sensitive,
the elastic limit is decreased, so that for most metals there is only a rather narrow
range of loads over which Hooke’s law strictly applies. This is, however, primarilf

of academic importance. Hooke’s law remains a quite valid relationship for
engineering design.
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Figure 1-1 Cylindrical bar subjected to axial load. Figure 1-2 Free-body diagram for Fig. 1-1.

1-4 AVERAGE STRESS AND STRAIN

As a starting point in the discussion of stress and strain, consider a uniform
cylindrical bar which is subjected to an axial tensile load (Fig. 1-1). Assume that
two gage marks are put on the surface of the bar in its unstrained state and that
L, 1s the gage length between these marks. A load P is applied to one end of the
bar, and the gage length undergoes a slight increase in length and decrease in
diameter. The distance between the gage marks has increased by an amount 8,
called the deformation. The average linear strain e is the ratio of the change in
length to the original length.

8 AL L-1L,

— — | 1-1
Ly L, Ly (1-1)

Strain 1s a dimensionless quantity since both § and L, are expressed in units of
length. .

Figure 1-2 shows the free-body diagram for the cylindrical bar shown in Fig.
1-1. The external load P is balanced by the internal resisting force [o dA4, where o
18 the stress normal to the cutting plane and A is the cross-sectional area of the
bar. The equilibrium equation is

P = faab'-l ﬂ (1-2)

If the stress is distributed uniformly over the area A, that is, if o is constant, Eq.
(1-2) becomes

P=0dd=o4

¢ y (1-3)
In general, the stress will not be uniform over the area A, and therefore Eq. (1-3)
represents an average stress. For the stress to be absolutely uniform, every
longitudinal element in the bar would have to experience exactly the same strain,
and the proportionality between stress and strain would have to be identical for
cach element. The inherent anisotropy between grains in a polycrystalline metal
rules out the possibility of complete uniformity of stress over a bodyv of macro-
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scopic size. The presence of more than one phase also gives rise to nonuniformity
of stress on a microscopic scale. If the bar is not straight or not centrally loaded,
the strains will be different for certain longitudinal elements and the stress will
not be uniform. An extreme disruption in the uniformity of the stress pattern
occurs when there is an abrupt change in cross section. This results in a stress
raiser or stress concentration (see Sec. 2-15).

Below the elastic limit Hooke’s law can be considered valid, so that the
average stress is proportional to the average strain,

0
— = E = constant (1-4)
e

The constant E is the modulus of elasticity, or Young’s modulus.

1-5 TENSILE DEFORMATION OF DUCTILE METAL

The basic data on the mechanical properties of a ductile metal are obtained from
a tension test, in which a suitably designed specimen is subjected to increasing
axial load until it fractures. The load and elongation are measured at frequent
intervals during the test and are expressed as average stress and strain according
to the equations in the previous section. (More complete details on the tension
test are given in Chap. 8.) "

The data obtained from the tension test are generally plotted as a stress-strain
diagram. Figure 1-3 shows a typical stress-strain curve for a metal such as
aluminum or copper. The initial linear portion of the curve OA i1s the elastic
region within which Hooke’s law is obeyed. Point A is the elastic imit, defined as
the greatest stress that the metal can withstand without experiencing a permanent
strain when the load is removed. The determination of the elastic limtt 1s quite
tedious, not at all routine, and dependent on the sensitivity of the strain-measur-
ing instrument. For these reasons it 1s often replaced by the proportional limit,
point A’. The proportional limit is the stress at which the stress-strain curve
deviates from linearity. The slope of the stress-strain curve in this region is the
modulus of elasticity.

3
0
,/ ' Frocture
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Strain & Figure 1-3 Typical tension stress-strain curve,
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For engineering purposes the limit of usable elastic behavior is described by
the yield strength, point B. The yield strength is defined as the stress which will
produce a small amount of permanent deformation, generally equal to a strain of
0.002. In Fig. 1-3 this permanent strain, or offset, 1s OC. Plastic deformation
begins when the elastic limit 1s exceeded. As the plastic deformation of the
specimen 1ncreases, the metal becomes stronger (strain hardening) so that the load
required to extend the specimen increases with further straining. Eventually the
joad reaches a maximum value. The maximum load divided by the original area
of the specimen 1s the ultimate tensile strength. For a ductile metal the diameter of
the specimen begins to decrease rapidly beyond maximum load, so that the load
required to continue deformation drops off until the specimen fractures. Since the
average stress 1s based on the original area of the specimen, it also decreases from
maximum load to fracture.

1-6 DUCTILE VS. BRITTLE BEHAVIOR

The general behavior of matenials under load can be classified as ductile or brittle
depending upon whether or not the matenal exhibits the ability to undergo plastic
deformation. Figure 1-3 illustrates the tension stress-strain curve of a ductile
material. A completely brittle material would fracture almost at the elastic limit
(Fig. 1-4a), while a brittle metal, such as white cast iron, shows some slight
measure of plasticity before fracture (Fig. 1-4b). Adequate ductility 1s an 1m-
portant engineering consideration, because it allows the material to redistribute
localized stresses. When localized stresses at notches and other accidental stress
concentrations do not have to be considered, it i1s possible to design for static
situations on the basis of average stresses. However, with brittle materials,
localized stresses continue to build up when there is no local yielding. Finally, a
crack forms at one or more points of stress concentration, and it spreads rapidly
over the section. Even if no stress concentrations are present in a brittle material,
~ fracture will still occur suddenly because the yield stress and tensile strength are
practically identical.
It 1s important to note that brittleness is not an absolute property of a metal.
A metal such as tungsten, which is brittle at room temperature, is ductile at an
elevated temperature. A metal which is brittle in tension may be ductile under
hydrostatic compression. Furthermore, a metal which is ductile in tension at room

Stress
Stress

_ __ Figure 1-4 (a) Stress-strain curve for completely
Strain Strain brittle matenial (ideal behavior); (b) stress-strain
(a) (6} curve for brittle metal with slight amount of ductility.
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temperature can become brittie in the presence of notches, low temperature, high
rates of loading, or embrittling agents such as hydrogen.

1-7 WHAT CONSTITUTES FAILURE?

Structural members and machine elements can fail to perform their intended
functions in three general ways:

1. Excessive elastic deformation
2. Yielding, or excessive plastic deformation
3. Fracture |

An understanding of the common types of failure is important in good design
because 1t 1s always necessary to relate the loads and dimensions of the member
to some significant material parameter which limits the load-carrying capacity of
the member. For different types of failure, different significant parameters will be
important.

Two general types of excessive elastic deformation may occur: (1) excessive
deflection under condition of stable equilibrium, such as the deflection of beam
under gradually applied loads; (2) sudden defiection, or buckling, under condi-
tions of unstable equilibrium.

Excessive elastic deformation of a machine part can mean failure of the
machine just as much as if the part completely fractured. For example, a shaft
which 1s too flexible can cause rapid wear of the bearing, or the excessive
deflection of closely mating parts can result in interference and damage to the
parts. The sudden buckling type of failure may occur in a slender column when
the axial load exceeds the Euler critical load or when the external pressure acting
against a thin-walled shell exceeds a critical value. Failures due to excessive elastic
deformation are controlled by the modulus of elasticity, not by the strength of the
material. Generally, little metallurgical control can be exercised over the elastic
modulus. The most effective way to increase the stiffness of a member is usually
by changing 1ts shape and increasing the dimensions of its cross section.

Yielding, or excessive plastic deformation, occurs when the elastic limit of the
metal has been exceeded. Yielding produces permanent change of shape, which
may prevent the part from functioning properly any longer. In a ductile metal
under conditions of static loading at room temperature yielding rarely results in
fracture, because the metal strain hardens as it deforms, and an increased stress is
required to produce further deformation. Failure by excessive plastic deformation
1s controlled by the yield strength of the metal for a uniaxial condition of loading.
For more complex loading conditions the yield strength is still the significant
parameter, but 1t must be used with a suitable failure criterion (Sec. 3-4). At
temperatures significantly greater than room temperature metals no longer exhibit
strain hardening. Instead, metals can continuously deform at constant stress in g
time-dependent yielding known as creep. The failure criterion under creep condi-
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tions 1s complicated by the fact that stress 1s not proportional to strain and the
further fact that the mechanical properties of the material may change apprecia-
bly during service. This complex phenomenon will be considered 1n greater detail
in Chap. 13.

The formation of a crack which can result in complete disruption of continu-
ity of the member constitutes fracture. A part made from a ductile metal which 1s
loaded statically rarely fractures like a tensile specimen, because 1t will first fail by
excessive plastic deformation. However, metals fail by fracture in three general
ways: (1) sudden brittle fracture; (2) fatigue, or progressive fracture; (3) delayed
fracture. In the previous section 1t was shown that a brittle material fractures
under static loads with little outward evidence of yielding. A sudden brittle type
of fracture can also occur in ordinarily ductile metals under certain conditions.
Plain carbon structural steel 1s the most common example of a material with a
ductile-to-brittle transition. A change from the ductile to the brittle type of
~fracture 1s promoted by a decrease in temperature, an increase in the rate of
loading, and the presence of a complex state of stress due to a notch. This
- problem 1s considered in Chap. 14. A powerful and quite general method of
analysis for brittle fracture problems 1s the technique called fracture mechanics.

This 1s treated 1n detail in Chap. 11.

‘ Most fractures in machine parts are due to fatigue. Fatigue faillures occur in
parts which are subjected to alternating, or fluctuating, stresses. A minute crack
starts at a localized spot, generally at a notch or stress concentration, and
egradually spreads over the cross section until the member breaks. Fatigue failure
occurs without any visible sign of yielding at nominal or average stresses that are
well below the tensile strength of the metal. Fatigue failure 1s caused by a critical
localized tensile stress which is very difficult to evaluate, and therefore design for
fatigue failure s based primarily on empirical relationships using nominal stresses.
Fatigue of metals 1s discussed in greater detail in Chap. 12.

One common type of delayed fracture 1s stress-rupture failure, which occurs
when a metal has been statically loaded at an elevated temperature for a long
period of time. Depending upon the stress and the temperature there may be no
yielding prior to fracture. A similar type of delayed fracture, in which there is no
warning by yielding prior to failure, occurs at room temperature when steel 1s
statically loaded in the presence of hydrogen.

All engineering materials show a certain variability in mechanical properties,
which in turn can be influenced by changes in heat treatment or fabrication.
Further, uncertainties usually exist regarding the magnitude of the applied loads,
and approximations are usually necessary in calculating stresses for all but the
most simple member. Allowance must be made for the possibility of accidental
loads of high magnitude. Thus, in order to provide a margin of safety and to
protect against faillure from unpredictable causes, it is necessary that the allow-
able stresses be smaller than the stresses which produce failure. The value of stress
for a particular material used in a particular way which is considered to be a safe
stress 1s usually called the working stress a,,. For static applications the working
stress of ductile metals is usually based on the yield strength o, and for brittle
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metals on the ultimate tensile strength o,. Values of working stress are established
by local and federal agencies and by technical organizations such as the American
Society of Mechanical Engineers (ASME). The working stress may be considered
as either the yield strength or the tensile strength divided by a number called the

factor of safety.

= — = — 1-5
0 or o0, == (1-5)

where o, = working stress
o, = yield strength
o, = tensile strength
N,= factor of safety based on yield strength
N,= factor of safety based on tensile strength

The value assigned to the factor of safety depends on an estimate of all the
factors discussed above. In addition, careful consideration should be given to the
consequences, which would result from failure. If failure would result in loss of
life, the factor of safety should be increased. The type of equipment will also
influence the factor of safety. In military equipment, where light weight may be a
prime consideration, the factor of safety may be lower than in commercial
equipment. The factor of safety will also depend on the expected type of loading.
For static loading, as in a building, the factor of safety would be lower than in a
machine, which 1s subjected to vibration and fluctuating stresses.

1-8 CONCEPT OF STRESS AND THE TYPES OF STRESSES

Stress 15 defined as force per unit area. In Sec. 1-4 the stress was considered to be
uniformly distributed over the cross-sectional area of the member. However, this
1s not the general case. Figure 1-5a represents a body in equilibrium under the
action of external forces P, P,,..., Ps. There are two kinds of external forces
which may act on a body: surface forces and body forces. Forces distributed over
the surface of the body, such as hydrostatic pressure or the pressure exerted by
one body on another, are called surface forces. Forces distributed over the volume
of a body, such as gravitational forces, magnetic forces, or inertia forces (for a
body 1n motion), are called body forces. The two most common types of body
forces encountered i1n engineering practice are centrifugal forces due to high-speed
rotation and forces due to temperature differential over the body (thermal stress).
In general the force will not be uniformly distributed over any cross section
of the body illustrated in Fig. 1-5a4. To obtain the stress at some point O in a
plane such as mm, part 1 of the body is removed and replaced by the system of
external forces on mm which will retain each point in part 2 of the body in the
same position as before the removal of part 1. This is the situation in Fig. 1-5b.
We then take an area A A surrounding the point O and note that a force AP aCts
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Figure 1-5 (a) Body in equilibrium under action of external forces Py, ..., Ps; (b) forces acting on

parts.

on this area. If the area A A is continuously reduced to zero, the limiting value of
the ratio AP /A A is the stress at the point O on plane mm of body 2.

l A7 6
AAT»O AA ? (1-6)
The stress will be in the direction of the resultant force P and will generally be
inclined at an angle to AA4. The same stress at point O in plane mm would be
obtained if the free body were constructed by removing part 2 of the solid body.
However, the stress will be different on any other plane passing through point O,
such as the plane nn.

It 1s inconvenient to use a stress which is inclined at some arbitrary angle to
the area over which it acts. The total stress can be resolved into two components,
a normal stress o perpendicular to AA, and a shearing stress (or shear stress) 7
lying in the plane mm of the area. To illustrate this point, consider Fig. 1-6. The
force P makes an angle 8 with the normal z to the plane of the area A4. Also, the
plane containing the normal and P intersects the plane 4 along a dashed line that

Figure 1-6 Resolution of total stress into its compo-
nents.
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makes an angle ¢ with the y axis. The normal stress is given by

P
0=~ cos ¢ (1-7)
The shear stress in the plane acts along the line OC and has the magnitude
P .
T sin ¢ (1-8)

This shear stress may be further resolved into components parallel to the x and y
directions lying the plane.

P

x direction T=— sin @ sin ¢ (1-9)
- - P .
y direction T = sin 6 cos ¢ (1-10)

Therefore, 1n general a given plane may have one normal stress and two shear
stresses acting on it.

1-9 CONCEPT OF STRAIN AND THE TYPES OF STRAIN

In Sec. 1-4 the average linear strain was defined as the ratio of the change in
length to the original length of the same dimension.

§ AL L-1L,
LO LO LO

where e = average linear strain
0 = deformation

By analogy with the definition of stress at a point, the strain at a point is the ratio
of the deformation to the gage length as the gage length approaches zero.

Rather than referring the change in length to the original gage length, it often
1s more useful to define the strain as the change in linear dimension divided by
the instantaneous value of the dimension.

g= ] '— =In— (1-11)
L, L L,

The above equation defines the natural, or true, strain. True strain, which is
useful in dealing with problems in plasticity and metal forming, will be discussed
more fully in Chap. 3. For the present it should be noted that for the very small
strains for which the equations of elasticity are valid the two definitions of strain

give i1dentical values. |
Not only will the elastic deformation of a body result in a change in length of

a linear element in the body, but it may also result in a change in the initial angle
A
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between any two lines. The angular change in a right angle 1s known as shear
strain. Figure 1-7 illustrates the strain produced by the pure shear of one face of a
cube. The angle at A, which was originally 90°, is decreased by the application of
a shear stress by a small amount #. The shear strain y is equal to the displace-
ment a divided by the distance between the planes, 4. The ratio a/h 1s also the
tangent of the angle through which the element has been rotated. For the small
angles usually involved, the tangent of the angle and the angle (in radians) are
equal. Therefore, shear strains are often expressed as angles of rotation.

a

Y= = tanf = 6 (1-12)

1-10 UNITS OF STRESS AND OTHER QUANTITIES

The International System of Units, usually called SI (for Systeme International),
is followed in this book and is summarized in Appendix A. There are seven base
SI units for measuring quantities, namely meter (m) for length, kilogram (kg) for
mass, second (s) for time, ampere (A) for electric current, kelvin (K) for thermo-
dynamic temperature, mole (mol) for amount of a substance, and candela (cd) for
luminous intensity. All other units are derived from these.

Some of the derived units have special names. For example, frequency is
measured in units of s™! (i.e. per second), and this unit is known as the hertz
(Hz); force is measured in units of m kg s~ (i.e. the force required to accelerate
one kg to an acceleration of one meter per second squared), and this derived unit
is called the newton (N); stress has dimensions of force per unit area and 1s
therefore measured in units of N m ™%, which is known as the pascal (Pa). Note
that since the acceleration due to gravity is 9.807 m s~ %, a load of 1 kg exerts a
force of 9.807 N. It can be seen from Appendix A that although different quan-
tities may be expressed in different derived units, the units may be identical when
expressed in base units (e.g. stress and energy density).

In order to avoid describing quantities by very large or small numbers explic-
itly, a system of prefixes is used to indicate multiples of a unit (see Appendix A).
For example, a stress of 1 Pa is very small, and most stresses of practical interest
are in the range 10° Pa to 10'! Pa. This range is more conveniently expressed
using multiples as 1 MPa to 100 GPa. Units in a product are separated 1n this
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book by a space, e.g. MJ m™° not MJm™°: this is not strictly necessary but is an
aid to clarity.

Finally it should be reemphasized that strain is simply a number. It is a
dimensionless quantity and 1s not expressed in physical units.

Example The shear stress required to nucleate a grain boundary crack in
high-temperature deformation has been estimated to be

( 377y,G )1/2
T =
L

8(1 — »)

where y, is the grain boundary surface energy, let us say 2 J m~2; G is the
shear modulus, 75 GPa; L is the grain boundary sliding distance, assumed
equal to the grain diameter 0.01 mm, and v is Poisson’s ratio, v = 0.3. To cal-
culate 7 we need to be sure the units are consistent and that the prefixes have
been properly evaluated.

To check the equation express all units in newtons and meters.
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Note that a joule (J) 1s a unit of energy; J = N m (see Appendix A)

_ 3m x 2 x 75 x 10°
\8(1 —0.3)x 1072 x 103

= 1589 x 10" N m ™2
= 1589 MN m % = 158.9 MPa

1/2
) = (252.4 x 1014)12
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CHAPTER

- TWO

STRESS AND STRAIN RELATIONSHIPS FOR
ELASTIC BEHAVIOR

2-1 INTRODUCTION

The purpose of this chapter 1s to present the mathematical relationships for
expressing the stress and strain at a point and the relationships between stress and
strain 1n a solid which obeys Hooke’s law. While part of the material covered in
this chapter 1s a review of information generally covered in strength of materials,
the subject 1s extended beyond this point to a consideration of stress and strain in
three dimensions. The material included in this chapter is important for an
understanding of most of the phenomenological aspects of mechanical metallurgy,
and for this reason it should be given careful attention by those readers to whom
- it 15 unfamiliar. In the space available for this subject it has not been possible to
carry 1t to the point where extensive problem solving is possible. The material
covered here should, however, provide a background for intelligent reading of the
more mathematical literature in mechanical metallurgy.

It should be recognized that the equations describing the state of stress or
strain 1n a body are applicable to any solid continuum, whether it be an elastic or
plastic solid or a viscous flmd. Indeed, this body of knowledge is often called
continuum mechanics. The equations relating stress and strain are called constitu-
tive equations because they depend on the material behavior. In this chapter we
shall only consider the constitutive equations for an elastic solid. |

2-2 DESCRIPTION OF STRESS AT A POINT

As described in Sec. 1-8, it is often convenient to resolve the stresses at a point
into normal and shear components. In the general case the shear components are
at arbitrary angles to the coordinate axes, so that it is convenient to resolve each
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18 MECHANICAL FUNDAMENTALS

Figure 2-1 Stresses acting on an ele-
mental cube.

shear stress further into two components. The general case is shown in Fig. 2-1.
Stresses acting normal to the faces of the elemental cube are identified by the
subscript which also identifies the direction in which the stress acts; that 1s o, 1S
the normal stress acting in the x direction. Since it is a normal stress, it must act
on the plane perpendicular to the x direction. By convention, values of normal
stresses greater than zero denote tension; values less than zero indicate compres-
sion. All the normal stresses shown in Fig. 2-1 are tensile.

Two subscripts are needed for describing shearing stresses. The first subscript
indicates the plane in which the stress acts and the second the direction in which
the stress acts. Since a plane is most easily defined by its normal, the first
subscript refers to this normal. For example, 7,, is the shear stress on the plane
perpendicular to the y axis in the direction of the z axis. 7, 1s the shear stress on
a plane normal to the y axis in the direction of the x axis.

A shear stress is positive if it points in the positive direction on the positive
face of a unit cube. (It is also positive if it points in the negative direction on the
negative face of a unit cube.) All of the shear stresses in Fig. 2-2a are positive
shear stresses regardless of the type of normal stresses that are present. A shear
stress is negative if it points in the negative direction of a positive face of a unit
cube and vice versa. The shearing stresses shown in Fig. 2-2b are all negative
stresses.

Ty | ty
— T
‘\ A
— X t + X — X ] + X
1 [
~Y -y Figure 2-2 Sign convention for shear

(o) (D) stress. (a) Positive; (b) negative.
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The notation for stress given above is the one used by Timoshenko' and most
American workers in the field of elasticity. However, many other notations have
been used, some of which are given below.

0 6y, X, XX P,

X

0, Oy Yy Yy Py
o, 03 4, 22 P
Txy O12 X, XY Py
Tyz 073 Yz Yz pyz

i

T 6y, Z Zzx P,

X

It can be seen from Fig. 2-1 that nine quantities must be defined mn order to
establish the state of stress at a point. They are o,, 0, 6,, 7., Trss Ty Tyzs Toxs
and ,,. However, some simplification is possible. If we assume that the areas of
the faces of the unit cube are small enough so that the change in stress over the
face is negligible, by taking the summation of the moments of the forces about the

z axis 1t can be shown that 7,

(ayﬂyﬁz)Ax

= Ty

(*ryx AxAz) Ay (2:1)

Ty ¥ = Tyx
and 1n like manner
TIZ = TZI Tyz - TZ}'

Thus, the state of stress at a point is completely described by six components:
three normal stresses and three shear stresses, o,, 0, 0,, T, ,, 7., T,,-

yr Uz ‘xyr "xzo

2-3 STATE OF STRESS IN TWO DIMENSIONS (PLANE STRESS)

Many problems can be simplified by considering a two-dimensional state of
stress. This condition is frequently approached in practice when one of the
dimensions of the body 1s small relative to the others. For example, in a thin plate
loaded in the plane of the plate there will be no stress acting perpendicular to the
surface of the plate. The stress system will consist of two normal stresses ¢, and
o, and a shear stress 7,,. A stress condition in which the stresses are zero in one
of the primary directions 1s called plane stress.

Figure 2-3 illustrates a thin plate with its thickness normal to the plane of the
paper. In order to know the state of stress at point O in the plate, we need to be
able to describe the stress components at O for any orientation of the axes
through the point. To do this, consider an oblique plane normal to the plane of
the paper at an angle 8 between the x axis and the outward normal to the oblique
plane. Let the normal to this plane be the x’ direction and the direction lying in

LS. P Timoshenko, and J. N. Goodier, “Theory of Elasticity,” 2d ed., McGraw-Hill Book
Company, New York, 1951.






