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Chapter 1 Introduction

The successful utilization of materials requires that they satisfy a set of properties.
These properties can be classified into thermal, optical, mechanical, physical, chemical,
and nuclear, and they are intimately connected to the structure of materials. The
structure, in its turn, is the result of synthesis and processing. A schematic framework
that explains the complex relationships in the field of the mechanical behavior of
materials, shown in Figure 1.1, is Thomas’s iterative tetrahedron, which contains four
principal elements: mechanical properties, characterization, theory, and processing. These
elements are related, and changes in one are inseparably linked to changes in the others.
For example, changes may be introduced by the synthesis and processing of, for instance,
steel. The most common metal, steel has a wide range of strengths and ductilities
(mechanical properties), which makes it the material of choice for numerous applications.
While low carbon steel is used as reinforcing bars in concrete and in the body of automo-
biles, quenched and tempered high-carbon steel is used in more critical applications such as
axles and gears. Cast iron, much more brittle, is used in a variety of applications, inclu-
ding automobile engine blocks. These different applications require, obviously, different
mechanical properties of the material. The different properties of the three materials,
resulting in differences in performance, are due to differences in the internal structure of
the materials. The understanding of the structure comes from theory. The determination
of the many aspects of the micro-, meso-, and macrostructure of materials is obtained by
characterization. Low-carbon steel has a primarily ferritic structure, with some inter-
spersed pearlite (a ferrite-cementite mixture). The high hardness of the quenched and tem-
pered high-carbon steel is due to its martensitic structure (body-centered tetragonal). The
relatively brittle cast iron has a structure resulting directly from solidification, without
subsequent mechanical working such as hot rolling. How does one obtain low-carbon steel,
quenched and tempered high-carbon steel, and cast iron? By different synthesis and pro-
cessing routes. The low carbon steel is processed from the melt by a sequence of mechanical
working operations. The high-carbon steel is synthesized with a greater concentration of
carbon (>0.5%) than the low-carbon steel is (0.1%). Additionally, after mechanical
processing, the high-carbon steel is rapidly cooled from a temperature of approximately
1,000 C by throwing it into water or oil; it is then reheated to an intermediate temperature
(tempering). The cast iron is synthesized with even higher carbon contents (~2%). It is
poured directly into the molds and allowed to solidify in them. Thus, no mechanical work-
ing, except for some minor machining, is needed. These interrelationships among struc-
ture, properties, and performance, and their modification by synthesis and processing,

constitute the central theme of materials science and engineering. The tetrahedron of Fig-
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ure 1. 1 lists the principal processing methods. the most important theoretical approaches.
and the most used characterization techniques in materials science today.

The selection, processing, and utilization of materials have been part of human
culture since its beginnings. Anthropologists refer to humans as “the toolmakers.” and this
is indeed a very realistic description of a key aspect of human beings responsible for their
ascent and domination over other animals. It is the ability of humans to manufacture and
use tools, and the ability to produce manufactured goods, that has allowed technological.
cultural, and artistic progress and that has led to civilization and its development. Materi-
als were as important to a Neolithic tribe in the year 10,000 B. C. as they are to us today.
The only difference is that today more complex synthetic materials are available in our
society, while Neolithics had only natural materials at their disposal: wood. minerals.
bones, hides, and fibers from plants and animals. Although these naturally occurring

materials are still used today, they are vastly inferior in properties to synthetic materials.

Mechanical testing

Optical microscopy

X-Ray diffraction

Scanning electron microscopy
Scanning probe microscopy
Auger electron spectroscopy
Transmission microscopy

Characterization

Forging
Rolling
Stam ping
Drwaing
Extrusion
Casting
Pultrusion
Chemical vapour deposition
Pulsed laser ablation

Processing

Molecular beam epitaxy Strength
Metal-Organic CVD Mechanical Hardness
Liquid-Phase epitaxy Properties Ductility
Melt spinning Toughness
Powder processing oughness
Fatigue
Creep

Continuum mechanics
Computational mechanics
Quantum mechanics
Crystallogarphy,defects
Diffraction
Thermodynamics

Phase transformations
Electrochemistry

Figure 1.1 Iterative materials tetrahedron applied to mechanical behavior of materials.

Solid materials have been conveniently grouped into three basic classifications:
metals, ceramics, and polymers. This scheme is based primarily on chemical makeup and
atomic structure, and most materials fall into one distinct grouping or another. although
there are some intermediates. In addition, there are the composites. combinations of two
or more of the above three basic material classes. A brief explanation of these material

types and representative properties is offered next.
Metals

Materials in this group are composed of one or more metallic elements (such as iron,
aluminum, copper, titanium, gold, and nickel), and often also nonmetallic elements

(for example, carbon, nitrogen, and oxygen) in relatively small amounts. Atoms in met-
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als and their alloys are arranged in a very orderly manner (as discussed in Chapter 3), and
in comparison to the ceramics and polymers, are relatively dense (Figure 1.2). With re-
gard to mechanical characteristics, these materials are relatively stiff (Figure 1.3) and
strong (Figure 1.4), yet are ductile (i. e. , capable of large amounts of deformation with-
out fracture), and are resistant to fracture (Figure 1.5), which accounts for their wide-
spread use in structural applications. Metallic materials have large numbers of nonlocalized
electrons; that is, these electrons are not bound to particular atoms. Many properties of
metals are directly attributable to these electrons. For example, metals are extremely good
conductors of electricity and heat, and are not transparent to visible light; a polished
metal surface has a lustrous appearance. In addition, some of the metals (viz. , Fe, Co,

and Ni) have desirable magnetic properties.

40 Metals
B TR T ST N

20+ — Platinum —
= s FSﬂ“’ef t Ceramics
< 10— W S - =
E 6 C ST ]
g - - Composites =
5 n _ 4
= 2} i
E
= 1.0 _
= 081 3
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8 o4l 7
a *r .

0.2 -

0.1

Figure 1.2 Bar-chart of room temperature density values for various metals,

ceramics, polymers, and composite materials.
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Figure 1.3 Bar-chart of room temperature stiffness (i. e. , elastic modulus) values for

various metals, ceramics, polymers, and composite materials.



In this book., the types and mechanical properties of metals and their alloys are dis-

cussed from Chapter 2 to Chapter 6.
Ceramics

Ceramics are compounds between metallic and nonmetallic elements; they are most
frequently oxides, nitrides, and carbides. For example. some of the common ceramic
materials include aluminum oxide (or alumina, Al;O3), silicon dioxide (or silica, SiOz) .
silicon carbide (SiC), silicon nitride (SizN4), and, in addition, what some refer to as
the traditional ceramics—those composed of clay minerals (i.e. . porcelain). as well as
cement, and glass. With regard to mechanical behavior, ceramic materials are relatively
stiff and strong—stiffnesses and strengths are comparable to those of the metals (Figure
1. 3 and Figure 1.4). In addition, ceramics are typically very hard. On the other hand. they
are extremely brittle (lack ductility), and are highly susceptible to fracture (Figure 1.5). These

Metals .
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Steel
alloys ¢ Si;N, ¢ CFRC
Cu,Ti | GFRC
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Figure 1.4 Bar-chart of room temperature strength (i. e. . tensile strength)

values for various metals, ceramics. polymers. and composite materials.
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materials are typically insulative to the passage of heat and electricity (i.e., have low
electrical conductivities) , and are more resistant to high temperatures and harsh environ-
ments than metals and polymers. With regard to optical characteristics, ceramics may be
transparent, translucent, or opaque (Figure 1.2), and some of the oxide ceramics (e. g. ,
Fe3 O, ) exhibit magnetic behavior. Chapters 8 are devoted to discussions of the mechanical
properties of these materials.
Polymers

Polymers include the familiar plastic and rubber materials. Many of them are organic
compounds that are chemically based on carbon, hydrogen, and other nonmetallic
elements (viz. O, N, and Si). Furthermore, they have very large molecular structures,
often chain-like in nature that have a backbone of carbon atoms. Some of the common and
familiar polymers are polyethylene (PE), nylon, poly (vinyl chloride) (PVC), polycar-
bonate (PC), polystyrene (PS), and silicone rubber. These materials typically have low
densities (Figure 1.2), whereas their mechanical characteristics are generally dissimilar to
the metallic and ceramic materials—they are not as stiff nor as strong as these other mate-
rial types (Figure 1.3 and Figure 1.4). However, on the basis of their low densities,
many times their stiffnesses and strengths on a per mass basis are comparable to the metals
and ceramics. In addition, many of the polymers are extremely ductile and pliable (i. e. ,
plastic), which means they are easily formed into complex shapes. In general, they are
relatively inert chemically and unreactive in a large number of environments. One major
drawback to the polymers is their tendency to soften and/or decompose at modest tempera-
tures, which, in some instances, limits their use. Furthermore, they have low electrical
conductivities and are nonmagnetic.

Chapters 8 are devoted to discussions of the mechanical properties of polymeric mate-
rials.
Composites

A composite is composed of two (or more) individual materials, which come from the
categories discussed above—viz. , metals, ceramics, and polymers. The design goal of a
composite is to achieve a combination of properties that is not displayed by any single ma-
terial, and also to incorporate the best characteristics of each of the component materials.
A large number of composite types exist that are represented by different combinations of
metals, ceramics, and polymers. Furthermore, some naturally-occurring materials are
also considered to be composites—for example, wood and bone. However, most of those
we consider in our discussions are synthetic (or man-made) composites.

One of the most common and familiar composites is fiberglass, in which small glass fi-
bers are embedded within a polymeric material (normally an epoxy or polyester). The glass
fibers are relatively strong and stiff (but also brittle), whereas the polymer is ductile (but
also weak and flexible). Thus, the resulting fiberglass is relatively stiff, strong, (Figure

1.3 and Figure 1. 4) flexible, and ductile. In addition, it has a low density (Figure 1. 2).
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Another of these technologically important materials is the “carbon fiber reinforced poly-

mer” (or “CFRP” ) composite—carbon fibers that are embedded within a polymer. These

materials are stiffer and stronger than the glass fiber-reinforced materials (Figures 1. 3 and

Figures 1. 4), yet they are more expensive. The CFRP composites are used in some aircraft

and aerospace applications, as well as high-tech sporting equipment (e. g. , bicycles, golf

clubs, tennis rackets, and skis/snowboards). Chapter 9 is devoted to a discussion of the

mechanical properties of these interesting materials.
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Chapter 2 Mechanical Properties of Metals

Learning Objectives:

After studying this chapter you should be able to do the following:

1. Define engineering stress and engineering strain.

2. State Hooke’s law, and note the conditions under which it is valid.

3. Define Poisson’s ratio.

4. Given an engineering stress-strain diagram, determine (a) the modulus of
elasticity, (b) the yield strength, and (c) the tensile strength, and (d) estimate the per-
cent elongation.

5. For the tensile deformation of a ductile cylindrical specimen, describe changes in
specimen profile to the point of fracture.

6. Compute ductility in terms of both percent elongation and percent reduction of area
for a material that is loaded in tension to fracture.

7. Give brief definitions of and the units for modulus of resilience and toughness (static).

8. For a specimen being loaded in tension, given the applied load, the instantaneous
cross-sectional dimensions, as well as original and instantaneous lengths, is able to
compute true stress and true strain values.

9. Name the two most common hardness-testing techniques; note two differences be-
tween them.

10. (a) Name and briefly describe the two different microindentation hardness testing

techniques, and (b) cite situations for which these techniques are generally used.

2.1 Introduction

Many materials, when in service, are subjected to forces or loads; examples in-
clude the aluminum alloy from which an airplane wing is constructed and the steel in an
automobile axle. In such situations it is necessary to know the characteristics of the ma-
terial and to design the member from which it is made such that any resulting deforma-
tion will not be excessive and fracture will not occur. The mechanical behavior of a
material reflects the relationship between its response and deformation to an applied
load or force. Important mechanical properties are strength, hardness, ductility,
and stiffness.

The mechanical properties of materials are ascertained by performing carefully de-
signed laboratory experiments that replicate as nearly as possible the service
conditions. Factors to be considered include the nature of the applied load and its dura-

tion, as well as the environmental conditions. It is possible for the load to be tensile,
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compressive, or shear, and its magnitude may be constant with time. or it may fluc-
tuate continuously. Application time may be only a fraction of a second. or it may ex-
tend over a period of many years. Service temperature may be an important factor.

Mechanical properties are of concern to a variety of parties (e. g. . producers and con-
sumers of materials, research organizations, and government agencies) that have
differing interests. Consequently, it is imperative that there be some consistency in the
manner in which tests are conducted, and in the interpretation of their results. This con-
sistency is accomplished by using standardized testing techniques. Establishment and publi-
cation of these standards are often coordinated by professional societies. In the United
States the most active organization is the American Society for Testing and Materials
(ASTM).

The role of structural engineers is to determine stresses and stress distributions within
members that are subjected to well-defined loads. This may be accomplished by experimen-
tal testing techniques or by theoretical and mathematical stress analysis. These topics are
treated in traditional stress analysis and strength of materials texts.

Materials are frequently chosen for structural applications because they have desirable
combinations of mechanical characteristics. The present discussion is confined primarily to
the mechanical behavior of metals; polymers and ceramics are treated separately because
they are, to a large degree, mechanically dissimilar to metals. This chapter discusses the
stress-strain behavior of metals and the related mechanical properties. and also examines
other important mechanical characteristics. Discussions of the microscopic aspects of de-
formation mechanisms and methods to strengthen and regulate the mechanical behavior of

metals are deferred to later chapters.

2.2 Concepts of Stress and Strain

If a load is static or changes relatively slowly with time and is applied uniformly over a
cross section or surface of a member, the mechanical behavior may be ascertained by a
simple stress-strain test; these are most commonly conducted for metals at room tempera-
ture. There are three principal ways in which a load may be applied: namely. tension.
compression, and shear [Figures 2. 1(a)~(c¢) ] . In engineering practice many loads are
torsional rather than pure shear; this type of loading is illustrated in Figure 2. 1(d). One of
the most common mechanical stress-strain tests is performed in tension. As will be seen.
the tension test can be used to ascertain several mechanical properties of materials that are
important in design. A specimen is deformed. usually to fracture, with a gradually
increasing tensile load that is applied uniaxially along the long axis of a specimen. Normally. the
cross section is circular, but rectangular specimens are also used. This “dogbone” specimen con-
figuration was chosen so that, during testing, deformation is confined to the narrow center
region (which has a uniform cross section along its length), and, also. to reduce the like-

lihood of fracture at the ends of the specimen.
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