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1 Introduction 1

1 Introduction

1.1 Historical perspective

Materials are probably more deep-seated in our culture than most of us realize. Transportation,
housing, clothing, communication, recreation, and food production — virtually every segment of our
everyday lives is influenced to one degree or another by materials. Historically, the development and
advancement of societies have been intimately tied to the members’ ability to produce and manipulate
materials to fill their needs. In fact, early civilizations have been designated by the level of their mate-
rials development (i.e., Stone Age, Bronze Age).

The earliest humans had access to only a very limited number of materials, those that occur natu-
rally: stone, wood, clay, skins, and so on. With time they discovered techniques for producing mate-
rials that had properties superior to those of the natural ones; these new materials included pottery and
various metals. Furthermore, it was discovered that the properties of a material could be altered by
heat treatments and by the addition of other substances. At this point, materials utilization was totally
a selection process, that is, deciding from a given, rather limited set of materials the one that was best
suited for an application by virtue of its characteristics. It was not until relatively recent times that sci-
entists came to understand the relationships between the structural elements of materials and their prop-
erties. This knowledge, acquired in the past 60 years or so, has empowered them to fashion, to a large
degree, the characteristics of materials. Thus, tens of thousands of different materials have evolved
with rather specialized characteristics that meet the needs of our modern and complex society; these in-
clude metals, plastics, glasses, and fibers. i

The development of many technologies that make our existence so comfortable has been intimately
associated with the accessibility of suitable materials. An advancement in the understanding of a mate-
rial type is often the forerunner to the stepwise progression of a technology. For example, automobiles
would not have been possible without the availability of inexpensive steel or some other comparable
substitute. In our contemporary era, sophisticated electronic devices rely on components that are made
from what are called semiconducting materials .

1.2 Classification 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 ma-
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terials fall into one distinct grouping or another, although there are some intermediates. In addition,
there are three other groups of important engineering materials — composites, semiconductors, and bi-
omaterials. Composites consist of combinations of two or more different materials, where as semicon-
ductors are utilized because of their unusual electrical characteristics; biomaterials are implanted into
the human body. A brief explanation of the material types and representative characteristics is offered
next.

Metallic materials are normally combinations of metallic elements. They 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. Metals are extremely good conductors of electricity
and heat and are not transparent to visible light; a polished metal surface has a lustrous appearance.
Furthermore,, metals are quite strong, yet deformable, which accounts for their extensive use in struc-
tural applications.

Ceramics are compounds between metallic and nonmetallic elements: they are most frequently ox-
ides, nitrides, and carbides. The wide range of materials that falls within this classification includes
ceramics that are composed of clay minerals, cement, and glass. These materials are typically insula-
tive to the passage of electricity and heat, and are more resistant to high temperatures and harsh envir-
onments than metals and polymers. With regard to mechanical behavior, ceramics are hard but very
brittle .

Polymers include the familiar plastic and rubber materials and so on. Many of them are organic
compounds that are chemically based on carbon, hydrogen, and other nonmetallic elements; further-
more, they have very large molecular structures. These materials typically have low densities and may
be extremely flexible.

A number of composite materials have been engineered that consist of more than one material
type. Fiberglass reinforced plastics is a familiar example, in which glass fibers are embedded within a
polymeric material. A composite is designed to display a combination of the best characteristics of each
of the component materials. Fiberglass acquires strength from the glass and flexibility from the poly-
mer. Many of the recent material developments have involved composite materials.

Semiconductors have electrical properties that are intermediate between the electrical conductors
and insulators. Furthermore, the electrical characteristics of these materials are extremely sensitive to
the presence of minute concentrations of impurity atoms, which concentrations may be controlled over
very small spatial regions. The semiconductors have made possible the advent of integrated circuitry
that has totally revolutionized the electronics and computer industries (not to mention our lives) over

the past two decades.

1.3 Structures of metals and ceramics

1.3.1 Structure of metals

One important feature which distinguishes a metal from most other materials is that in the solid
state it is crystalline. This is another way of saying that its atoms are arranged in a regular three-di-
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mensional pattern which has long-range order. Why should this be significant? Most of the properties
which interest us in the use of metals in engineering are in some way related to the atomic arrange-
ment. The properties obtained when metals are mixed together (i.e. in alloying) are dictated by the
atomic structure. This also controls the way in which metals can be processed. Heat treatment and
forming by plastic deformation are two examples of common metal-processing operations. How they can
be used and the results achieved depend on the structure of the metal. If we are to understand how
metals behave, we must be able to recognize the different arrangements of atoms which exist in com-
monly used metals.

Types of lattice structure

When discussing lattice structures, it is very convenient to think of atoms as solid spheres. We
know this is not correct, of course; but, as we are interested only in the space occupied in the lattice
by each atom, we do not need to consider its internal structure. This means that we can use spheres
of, say, polystyrene or cotton wool to produce models which illustrate the various possible geometrical
arrangements.,

If we place a large number of spheres on a tray and line them up in rows, it can be seen that
there are two basic arrangements. In the first (Figure 1.1(a)), the spheres are located at the comers
of imaginary squares. Each sphere is in touch with four other spheres, and the tangents at points of
contact are at right angles to each other. This is, therefore, a square arrangement. Altematively, the
rows can be displaced so that the spheres nestle between each other (Figure 1.1(b)). Each sphere is
now in contact with six others which forms a hexagon around it. It will be noticed that there is less
space between the spheres with this arrangement, and for this reason it is often referred to as close-
packed.

(a)

Figure 1.1 Two basic arrangements for spheres
(a) Square arrangement (b) Hexagonal arrangement

The next step in our investigation is to stack further layers of spheres on top of the first layer.
With the square arrangement, we could position the spheres in the second layer immediately over those
in the first, and so on with the third, fourth, and subsequent layers (Figure 1.2(a)). The result
would be that the spheres would be sited at the intersections of a cubic space lattice (Figure 1.2(b)).
It would also be possible to visualize the same arrangement being made up of a number of cubes
stacked together. It follows that the unit cell, or basic “building block”, for a lattice made up from a
square arrangement is a simple cube. With a closed-packed arrangement, the unit cell is a hexagonal
prism.

These two unit cells — cubic and hexagonal — feature in most of the lattice structures found in
metals, although we must remember that the atoms, unlike our spheres, do not actually touch each
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(a) (b)
Figure 1.2 Three-dimensional cubic arrangement of spheres
(a) Layers of spheres placed above each other to form a cubic structure  (b) Cubic space lattice

other, the dimensions of the cells in metals are, of course, vastly different from those of our models.
The spheres we use for these give cubes with sides measuring from 20 mm to 50 mm. In the iron lat-
tice, the lattice parameter of the cubic unit cell (i.e. the length of one of its sides) is about 2.86 x
107 m. How, then, do we know that our model lattices are reproduced at an atomic level? The main
evidence has some from X-ray diffraction studies. '

X-rays are electromagnetic waves which have very short wavelengths. They are able to penetrate
metals and are frequently used to show the presence of internal flaws such as blow-holes in castings. If
X-rays with wavelengths of the same magnitude as the interatomic spacings in a metal are directed at an
angle to the planes of atoms, the rays are reflected. The planes thus act like a mirror reflecting light.
By recording the reflected rays, it is possible to calculate the distances between the planes and to plot
the positions of the atoms. This technique is known as X-ray diffraction and by its use it has been pos-
sible to show that in the majority of common metals there are only three basic lattice arrangements
(Figure 1.3);

(a) body-centered cubic (b.c.c.)

(b) face-centered cubic (f.c.c.)

(c¢) close-packed hexagonal (c.p.h.)

™Y [ ]
<
. . . -®ne
®
3 ® Note: ® =centre of atom
(a) (b) (c)

Figure 1.3 Space lattices for a metal
(a) b.c.c. (b) f.c.e. (c) c.p.h.

Body-centered cubic lattices have a cubic unit cell in which there is an atom at each comer and
one in the center of the body of the cube. Although a b.c.c. lattice appears to be simple, it is not
very often found in commercially available metals. Iron is the best-known metal which has a b.c.c.
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lattice.

Face-centered cubie lattices also have an atom at the comer of each cube, but these are further
apart than in the b.c.c. type. This leaves room for an additional atom at the center of each face of the
cube. Many metals have f.c.c. lattices; examples are aluminum, copper, and nickel. In general,
the most ductile metals have a f.c.c. structure.

Close-packed hexagonal lattices are significantly different from the cubic structures. The unit cell
is not symmetrical. There are three layers in each cell. The top and bottom layers consist of six atoms
in a hexagon with one atom at the center. The middle layer has three atoms in the form of a triangle.
The vertical faces of the cell are rectangular. This is the least common of the lattice structures. Exam-
ples of metals with a c. p.h. lattice are zinc and magnesium — it is worth nothing that these are
among the least ductile metals.

Imperfections in crystal lattices

At first sight, there is no reason to suppose that the lattice structure should not be uniform
throughout its length, breadth, and depth. The positions which atoms occupy are determined by the
forces acting on them. Since all the atoms in a metal are essentially uniform, it is reasonable to expect
that interatomic forces are the same at all points in the lattice. In practice, however, imperfections do
occur. This may be because there was some interruption in the growth of the crystal from molten metal.
Imperfections can also be created by the inclusion of an atom of another metal, whether added inten-
tionally or present as an impurity. They are worthy of note because they can have a significant effect on
the behavior of a metal.

An important type of imperfection is a dislocation (Figure 1.4). As its name implies, this is a
break in the continuity of the lattice. Very often a plane of atoms will come to a stop. At this point the
two neighboring planes move closer until they are at the correct interatomic spacing. It looks almost as
if one plane has been squeezed out. The change from three to two planes causes a disruption of the lat-
tice and leaves a small gap; this is called an edge dislocation. Dislocations are an essential element in
the forming of metals since they allow plastic deformation to take place at achievable stress levels.

Dislocation
\

Atomic planes
Figure 1.4 Dislocation in a crystal lattice
Another form of imperfection is a vacancy. This is literally a hole in the lattice which is there be-
cause an atom did not take up the prescribed site. Vacancies play an important role in the diffusion or
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movement of atoms through the lattice.

Grain structure

It is possible to produce rods of metal in which the orientation or direction of the lattice planes re-
mains the same throughout the body of the specimen. Each plane goes from one side of the rod to the
other without change in direction. Similarly along the length, continuity is maintained from one end to
the other. These are identified as single crystals. They are very useful in studying the basic properties
of a metal, but they are very difficult to produce and are not found in general manufacture. The metals
which we use are polycrystalline, i.e. they are made up of a number of small crystals or grains bonded
together by interatomic forces. Within each grain, the lattice structure is uniform.

Grains do not have the regular surface appearance we normally associate with crystals. Their
shape is determined by interaction with neighboring grains and can be quite irregular. K we took a
slice through a piece of metal — say copper — the boundaries of the grains would appear as a network
of lines. The grain boundary represents a change in the direction of the lattice planes. As the planes of
one grain meet those of a neighbor at an angle, there is considerable mismatch with the result that
along the boundary there may be gaps. The width of the boundary area is usually equivalent to several
atomic diameters, but forces can still act across it to provide cohesion between the grains.

1.3.2 Structure of ceramics

Ceramics are composed of at least two elements, thus the crystal structures are generally more
complex than those of metals. One of the key ideas behind ceramics is that ceramics exhibit atomic
bonding through either covalent or ionic bonding. Ceramics that exhibit predominantly ionic bonding
can be thought of as being electrically charged ions instead of atoms. In ionic bonding of ceramic
structure, the metallic ions, or cations ( + charge) give up their valence electrons to the nonmetallic
ions, or anions ( — charge). This causes the crystal structure to become electrically neutral. One
common example of this type of structure is that of table salt (NaCl), in this case there are equal num-
ber of cations and anions.

The bonding mechanisms for ceramics produce the primary bonds: ionic and covalent. The crystal
structure of bulk ceramic compounds is determined by the amount and type of bonds. The percentage of
ionic bonds can be estimated by using electronegativity determinations. Being compounds, ceramics
have different types of atoms. Hence, their resistance to shear and high-energy slip is extremely high.

Because the atoms are held (bonded) so strongly compared to metals, there are fewer ways for at-
oms to move or slip in relation to each other. Thus, the duectility of ceramic compounds is very low and
these materials act in a brittle fashion. Fracture stresses that initiate a crack build up before there is
any plastic deformation and, once started, a crack will grow spontaneously. The combination of high
shear stresses and reduced ductility produces high compressive strength but low tensile strength. At
room temperature, metals and ceramics are often competitive, but at temperatures above 1,500 °F,
metals weaken while ceramics retain much of their strength. Ceramics are noted for their heat resis-
tance. The maximum service temperature for alumina is 3,450 °F and for silicon carbide, it is
3,000 °F . Heat-resistant nickel alloys are considered unserviceable above 1,500 °F .

The porosity of ceramics plays a major role in the strength. Ceramics are generally very porous,
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enhancing its ability to insulate but limiting its tensile strength.
1.4 Polymer structures

Naturally occurring polymers, those derived from plants and animals, have been used for many
centuries; these materials include wood, rubber, cotton, wool, leather, and silk. Other natural poly-
mers such as proteins, enzymes, starches, and cellulose are important in biological and physiological
processes in plants and animal. Modem scientific research tools have made possible the determination
of the molecular structures of this group of materials, and the development of numerous polymers,
which are synthesized from small organic molecules. Many of our useful plastics, rubbers, and fiber
materials are synthetic polymers. In fact, since the conclusion of World War I, the field of materials
has been virtually revolutionized by the advent of synthetic polymers. The synthetics can be produced
inexpensively, and their properties may be managed to the degree that many are superior to their natu-
ral counterparts. In some applications metal and wood parts have been replaced by plastics, which
have satisfactory properties and may be produced at a lower cost.

1.4.1 Macromolecules

The molecules in polymers are gigantic in comparison to the hydrocarbon molecules; because of
their size they are often referred to as macromolecules. Within each molecule, the atoms are bound to-
gether by covalent interatomic bonds. For most polymers, these molecules are in the form of long and
flexible chains, the backbone of which is a string of carbon atoms; many times each carbon atom singly
bonds to two adjacent carbon atoms on either side, represented schematically in two dimensions as fol-
lows. Each of the two remaining valence electrons for every carbon atom may be involved in side-bond-
ing with atoms or radicals that are positioned adjacent to the chain. Of course, both chain and side
double bonds are also possible.

These long molecules are composed of structural entities called mer units, which are successively
repeated along the chain. “Mer” originates from the Greek word meros, which means part; the term
polymer was coined to mean many mess. Generally, we use the term monomer, which refers to a stable
molecule from which a polymer is synthesized. The polymer molecule contains a structural identity, re-
peating itself several times. These repeating entities are called repeat units or monomeric units of the
polymer molecule.

When all the repeating units along a chain are of the same type, the resulting polymer is called a
homopolymer. There is no restriction in polymer synthesis that prevents the formation of compounds
other than homopolymers; and, in fact, chains may be composed of two or more different monomeric
units, in what are termed copolymers.

Polymer chemists and scientists are continually searching for new materials that can be easily and
economically synthesized and fabricated, with improved properties or better property combinations than



8 Introduction to Materials

those offered by the homopolymers. One group of these
materials is the copolymer. Consider a copolymer that is com-

posed of two monomeric units as represented by © and ® in (a)

Figure 1.5. Depending on the polymerization process and the

relative fractions of these monomer types, different sequencing W
arrangements along the polymer chains are possible. For one, (b)

as depicted in Figure 1.5(a), the two different units are ran-

domly dispersed along the chain in what is termed a random "'..djooo::)‘“‘oooo’"“p
copolymer. For an alternating copolymer, as the name sug-
gests, the two monomeric units alternate chain positions, as
illustrated in Figure 1.5(b). A block copolymer is one in
which identical monomers are clustered in blocks along the
chain (Figure 1.5(c)). And, finally, homopolymer side

branches of one type may be grafted to homopolymer main

(d)

Figure 1.5  Schematic representations of
chains that are composed of a different monomer; such a ma- (1) random, (b) altemating, (c) block,

terial is termed a graft copolymer (Figure 1.5(d)) . and (d) graft copolymers. The two different

mon T designated open and
1.4.2 Molecular weight onomer types are designated by ope:

solid circles

Extremely large molecular weights* are to be found in polymers with very long chains. During
the polymerization process in which these large macromolecules are synthesized from smaller molecules,
not all polymer chains will grow to the same length. This results in a distribution of chain lengths or
molecular weights.

Ordinarily, an average molecular weight is specified, which may be determined by the measure-
ment of various physical properties such as viscosity and osmotic pressure. There are several ways of
defining average molecular weight. The number-average molecular weight M, is obtained by dividing
the chains into a series of size ranges and then determining the number fraction of chains within each
size range. The weight-average molecular weight M, is based on the weight fraction of molecules within
the various size ranges. A typical molecular weight distribution along with these molecular weight aver-
ages are shown in Figure 1.6.

An alternate way of expressing average chain size of a polymer is as the degree of polymerization,
which represents the average number of monomeric units in a chain.

Various polymer characteristics are affected by the magnitude of the molecular weight. One of
these is the melting or softening temperature; melting temperature is raised with increasing molecular
weight (for M up to about 100,000 g/mol). At room temperature, polymers with very short chains
(having molecular weights on the order of 100 g/mol) exist as liquids or gases. Those with molecular

”» &«

* “Molecular mass”, “molar mass” , and “relative molecular mass” are sometimes used and are really more approp-

riate terms than “molecular weight” in the context of the present discussion — in actual fact, we are dealing with masses

and not weights. However, molecular weight is most commonly found in the polymer literature, and thus will be used
throughout this book.
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weights of approximately 1,000 g/mol are waxy solids (such as paraffin wax) and soft resins. Solid
polymers ( sometimes termed high polymers) , which are of prime interest here, commonly have molec-
ular weights ranging between 10,000 and several million g/mol.

Number-average, M,

Weight-average, M,

Amount of polymer ——»

Molecular weight —
Figure 1.6 Distribution of molecular weight for a typical polymer

1.4.3 Molecular structures

. The physical characteristics of a polymer depend not only on its molecular weight and shape, but
also on differences in the structure of the molecular chains. Modemn polymer synthesis techniques per-
mit considerable control over various structural possibilities. This section discusses several molecular
structures including linear, branched, crosslinked, and network.

Linear polymers are those in which the monomeric units are joined together end to end in single
chains. These long chains are flexible and may be thought of as a mass of spaghetti, as represented
schematically in Figure 1.7(a), where each circle represents a monomeric unit. For linear polymers,
there may be extensive van der Waals and hydrogen bonding between the chains. Some of the common
polymers that form with linear structures are polyethylene, poly(vinyl chloride), polystyrene, poly
(methyl methacrylate), nylon, and the fluorocarbons.

Polymers may be synthesized in which side-branch chains are connected to the main ones, as in-
dicated schematically in Figure 1.7(b); these are fittingly called branched polymers. The branches,
considered to be part of the main-chain molecule, result from side reactions that occur during the syn-
thesis of the polymer. The chain packing efficiency is reduced with the formation of side branches,
which results in a lowering of the polymer density. Those polymers that form linear structures may also
be branched. g

In crosslinked polymers, adjacent linear chains are joined one to another at various positions by
covalent bonds, as represented in Figure 1.7(c) . The process of crosslinking is achieved either during
synthesis or by a nonreversible chemical reaction that is usually carried out at an elevated temperature.
Often, this crosslinking is accomplished by additive atoms or molecules that are covalently bonded to
the chains. Many of the rubber elastic materials are crosslinked; in rubbers, this is called vulcaniza-

tion.



