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PART I INTRODUCTION TO MATERIALS
SCIENCE AND ENGINEERING

Unit 1 Materials Science and Engineering

Materials are properly more deep-seated in our culture than most of us realize. Trans-
portation, housing, clothing, communication, recreation and food production——virtually
every segment of our everyday lives is influenced to one degree or another by materials. His-
torically, the development and advancement of societies have been intimately tied 10 the
members’ abilities to produce and manipulate materials to fill their needs. In fact, early civ-
ilizations have been designated by the level of their materials development (i. e. Stone Age,
Bronze Age).

The earliest humans has access to only a very limited number of materials, those that
occur naturally stone, wood, clay, skins, and so on. With time they discovered tech-
niques for producing materials 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 characteristic. It was not unti] relatively recent times that scien-
tists came to understand the relationships between the structural elements of materials and
their properties. 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.

The development of many technologies that make our existence so comfortable has been
intimately associated with the accessibility of suitable materials. Advancement in the under-
standing of a material type is often the forerunner to the stepwise progression of a technolo-
gy. For example, automobiles would not have been possible without the availability of inex-
pensive steel or some other comparable substitutes. In our contemporary era, sophisticated
electronic devices rely on components that are made from what are called semiconducting

materials,

Materials Science and Engineering

Materials science is an interdisciplinary study that combines chemistry, physics, metal-



lurgy, engineering and very recently life sciences. One aspect of materials science involves
studying and designing materials to make them useful and reliable in the service of human-
kind. It strives for basic understanding of how structures and processes on the atomic scale
result in the properties and functions familiar at the engineering level. Materials scientists
are interested in physical and chemical phenomena acting across large magnitudes of space
and time scales. In this regard it differs from physics or chemistry where the emphasis is
more on explaining the properties of pure substances. In materials science there is also an
emphasis on developing and using knowledge to understand how the properties of materials
can be controllably designed by varying the compositions, structures, and the way in which
the bulk and surfaces phase materials are processed.

In contrast, materials engineering is, on the basis of those structure properties correla-
tions, designing or engineering the structure of a material to produce a predetermined set of
properties. In other words, materials engineering mainly deals with the use of materials in
design and how materials are manufactured.

“Structure” is a nebulous term that deserves some explanation. In brief, the structure
of a material usually relates to the arrangement of its internal components. Subatomic struc-
ture involves electrons within the individual atoms and interactions with their nuclei. On an
atomic level, structure encompasses the organization of atoms or molecules relative to one
another. The next large structural realm, which contains large groups of atoms that are
normally agglomerated together, is termed “microscopic” meaning that which is subject to
direct observation using some type of microscope. Finally, structural elements that may be
viewed with the naked eye are termed “macroscopic”.

The notion of “property” deserves elaboration. While in service use, all materials are
exposed to external stimuli that evoke some type of response. For example, a specimen sub-
ject to forces will experience deformation; or a polished metal surface will reflect light,
Property is a material trait in terms of the kind and magnitude of response to a specific im-
posed stimulus. Generally, definitions of properties are made independent of material shape
and size.

Virtually all important properties of solid materials may be grouped into six different
categories; mechanical, electrical, thermal, magnetic, optical, and deteriorative. For
each there is a characteristic type of stimulus capable of provoking different responses. Me-
chanical properties relate deformation to an applied load or force: examples include elastic
modulus and strength. For electrical properties, such as electrical conductivity and dielec-
tric constant, the stimulus is an electric filed. The thermal behavior of solids can be repre-
sented in terms of heat capacity and thermal conductivity. Magnetic properties demonstrate
the response of a material to the application of a magnetic field. For optical properties. the
stimulus is electromagnetic or light radiation: index of refraction and reflectivity are repre-
sentative optical properties. Finally, deteriorative characteristics indicate the chemical reac-
tivity of materials.

In addition to structure and properties, two other important components are involved in



the science and engineering of materials, namely “processing” and “performance”. With re-
gard to the relationships of these four components, the structure of a material will depend on
how it is processed. Furthermore, a material’s performance will be a function of its proper-
ties. Thus, the interrelationship between processing, structure, properties, and perform-
ance is linear as follows:

Processing—Structure—>Properties—Performance

Why Study Materials Science and Engineering?

Why do we study materials? Many an applied scientists or engineers, whether mechani-
cal, civil, chemical, or electrical, will be exposed to a design problem involving materials
at one time or another. Examples might include a transmission gear, the superstructure for
a building, an oil refinery component, or an integrated circuit chip. Of course, materials
scientists and engineers are specialists who are totally involved in the investigation and design
of materials.,

Many times, a materials problem is to select the right material from many thousands
available ones. There are several criteria on which the final decision is normally based. First
of all, the in-service conditions must be characterized. On only rare occasion does a material
possess the maximum or ideal combination of properties. Thus, it may be necessary to trade
off one characteristic for another. The classic example involves strength and ductility: nor-
mally, a material having a high strength will have only a limited ductility. In such cases a
reasonable compromise between two or more properties may be necessary.

A second selection consideration is any deterioration of material properties that may oc-
cur during service operation. For example, significant reductions in mechanical strength
may result from exposure to elevated temperatures or corrosive environments,

Finally, probably the overriding consideration is economics. What will the finished
product cost? A material may be found that has the ideal set of properties, but is prohibi-
tively expensive. Here again, some compromise is inevitable, The cost of a finished piece
also includes any expense incurred during fabrication.

The more familiar an engineer or scientist is with the various characteristics and strue-
ture-property relationships, as well as processing techniques of materials, the more profi-
cient and confident he or she will be to make judicious materials choices based on these crite-
ria.

(Selected from Materials Science and Engineering : An Introduction ,

by William D Callister, 2002)
New Words and Expressions

pottery ['poteri] n. BE

by virtue of &FE - HB), EE, T, BN
empower [im'paua] wt. I, HiF; i fE 25
empower sb. to dosth. BREAMESE



forerunner ['fourana] n &I (F)., f£4E., Bk

stepwise [ 'stepwaiz] a. B ML, 4y B ib

interdisciplinary [iinto'disiplineri] a. 3XXZFEF K

metallurgy [me'tzelad3i] n 8E&F

nebulous ['mebjules] a. BZEH,. ZTRE, EHK, BEW
agglomerate [o'glomareit] n. KE, K#; a. BRH, EEH
elaboration [ileeba'reifon] =z, ERKHMIT, BE, @HRA
electrical conductivity HB5#, BBF

dielectric constant 4 B H ¥

thermal conductivity G, HEH

heat capacity WHE

refraction [ri'frekfan] n. 75

reflectivity [ iriflek'tiviti] = &

ductility [dak'tiliti] n. IEEH

corrosive [ko'rousiv] a. ETRAS, MRIFET, BMMER; . WOy, BHHR
overriding [iouve'raidin] a. BMEERW; RT—UH
prohibitive [pro'hibitiv] a. ZE1FA#Y, MH M

judicious [dzu:'difes] a. HHEHK

criterion [krai'tisrion] n. (pl. criteria) ¥, MM, RE

Notes

(D It was not until relatively recent times that scientists came to understand the relationships
between the structural elements of materials and their properties. X&E—/ &7, ®iA
BYiA), came to+ARER, #H “BTF oo Ty CTFHR e Y, BEEN: HIIRIE, B¥
EITRTFTRABMNEHERSHFEZENXER,

® The notion of “property” deserves elaboration. deserve, W 3%, {78 ; elaboration, R

MR, BEFX. “property” —iFEMHESMEB FEHER.

@ Many an applied scientist or engineer,... , will at one time or another be exposed to a de-
sign problem involving materials. many a (an, another)+B ¥ %&id, FZH, K, —
ANE—/4H, B, many a person, #% A. be exposed to, B8, HiE, 4T .- g
., BEFEX: WEMAMEXI LRI, - o TR I BB A HE T M P B AT R B
R,

@ On only rare occasion does a material possess the maximum or ideal combination of pro-

perties. XB—/ %R A4, HBRA K. A material possesses the maximum or ideal
combination of properties on only rare occasion. H]7{] possess & “BE” HEHE.

Exercises

1. Question for discussion
(1) What is materials science? What is materials engineering?

(2) Why do we study materials science and engineering?



(3) Give the important properties of solid materials.

2. Translate the following into Chinese

materials science Stone Age

naked eye Bronze age

optical property integrated circuit
mechanical strength thermal conductivity

® Materials science is an interdisciplinary study that combines chemistry, physics,
metallurgy, engineering and very recently life sciences. One aspect of materials sci-
ence involves studying and designing materials to make them useful and rehable in
the service of human kind.

® Virtually all important properties of solid materials may be grouped into six different
categories: mechanical, electrical, thermal, magnetic, optical, and deteriorative.

¢ In addition to structure and properties, two other important components are involved
in the science and engineering of materials, namely “processing” and “performance”.

®* The more familiar an engineer or scientist is with the various characteristics and
structure-property relationships, as well as processing techniques of materials, the
more proficient and confident he or she will be to make judicious materials choices
based on these criteria.

3. Translate the following into English

XX R N EH

Fifr g 5! #E

Ji% R £ B 4R 5T

B T HWHERN EED
: ‘Readiﬁé Material

Chemical Banding and Solid Materials

Solid materials are distinguished from the other states of matter (liquids and gases) by
the fact that their constituent atoms are held together by strong interatomic forces. The
electric and atomic structures, and almost all the physical properties. of solids depend on
the nature and strength of primary interatomic bonds. Three difference types of strong of
primary interatomic bonds are recognized: ionic, covalent, and metallic.

Ionic bonding: In the ionic bond, electron donor (metallic) atoms transfer one or more
electrons to an electron acceptor (nonmetallic) atom. The two atoms then become a cation
(e. g. smetal) and an anion (e. g. ,nonmetal), which are strongly attracted by the electro-
static effect. This attraction of cations and anions constitutes the ionic bond.

In ionic solids composed of many ions, the ions are arranged so that each cation is sur-

rounded by as many anions as possible to reduce the strong mutual repulsion of cations. This



packing further reduces the overall energy of the assembly and leads to a highly ordered ar-
rangements called a crystal structure. The loosely bound electrons at the atoms are now
tightly held in the locality of the ionic bond. Thus, the electron structure of the atom is
changed by the creation of the ionic bond. In addition, the bound electrons are not available
to serve as charge carriers and ionic solids are normally poor electrical conductors, Finally,
the low overall energy state of these substances endows them with relatively low chemical re-
activity. Sodium fluoride (NaF) and magnesium chloride (MgCl,) are examples of ionic
solids.

Covalent Bonding: Elements that fall along the boundary between metals and nonmet-
als, such as carbon and silicon, have atoms with four valence electrons and about equal
tendencies to donate and accept electrons. For this reason, they do not form strong ionic
bonds. Rather, stable electron structures are achieved by sharing valence electrons. For
example, two carbon atoms can each contribute an electron to a shared pair. This shared
pair of electrons constitutes the covalent bond.

If a central carbon atom participates in four of these covalent bonds (two electrons per
bond), it has achieved a stable outer shell of right valence electrons. More carbon atoms
can be added to the growing aggregate so that every atom has four nearest neighbors with
which it shares one bond each. Thus, in a large grouping, every atom has a stable electron
structure and four nearest neighbors. These neighbors often form a tetrahedron, and the
tetrahedra in turn are assembled in an orderly repeating pattern (i.e.a crystal). This is the
structure of both diamond and silicon. Diamond is the hardest of all materials, which shows
that covalent bonds can be very strong. Once again, the bonding process results in a parti-
cular electronic structure (all electrons in pairs localized at the covalent bonds) and a parti-
cular atomic arrangement or crystal structure, As with ionic solids, localization of the va-
lence electrons in the covalent bond renders these materials poor electrical conductors.

Metallic Bonding: The third and least understood of the strong bonds is the metallic
bond. Metal atoms, being strong electron donors, do not bond by either ionic or covalent
processes. Nevertheless, many metals are very strong (e. g. cobalt) and have high melting
points (e. g. tungsten), suggesting that very strong interatomic bonds are at work here,
too. The model that accounts for this bonding envisions the atoms arranged in an orderly,
repeating three-dimensional pattern, with the valence electrons migrating between the atoms
like a gas.

It is helpful to imagine a metal crystal composed of positive ion cores, atoms without
their valence electron, about which the negative electrons circulate. On the average, all the
electrical charges are neutralized throughout the crystal and bonding arises because the nega-
tive electrons act like a glue between the positive ion cores. This construct is called the free
electron model of metallic bonding. Obviously, the bond strength increases as the ion cores
and electron “gas” becomes more tightly packed (until the inner electron orbits of the ions
begin to overlap)., This leads to a condition of lowest energy when the ion cores are as close

together as possible.



Once again, the bonding leads to a closely packed (atomic) crystal structure and a
unique electronic configuration. In particular, the non-localized bonds within metal crystals
permit plastic deformation (which strictly speaking does not occur in any nonmetals), and
the electron gas accounts for the chemical reactivity and high electrical and thermal conduc-
tivity of metallic systems.

Weak Bonding: In addition to the three strong bonds, there are several weak secondary
bonds that significantly influence the properties of some solid materials, especially poly-
mers. The most important of these are van der Waals bonding and hydrogen bonding,
which have strengths 3% ~10% that of the primary C—C covalent bond.

Atomic Structure: The three-dimensional arrangement of atoms or ions in solid materials
is one of the most important structural features that derive from the nature of the solid-state
bond. In the majority of solid materials, this arrangement constitutes a crystal. A crystal is
a solid whose atoms or ions are arranged in an orderly repeating patterns in three dimen-
sions, These patterns allow the atoms to be closely packed (i. e. ,have the maximum possi-
ble number of near or contacting neighbors) so that the number of primary bonds is maxi-
mized and the energy of the aggregate is minimized.

Crystal structures are often represented by repeating electrons or subdivisions of the
crystal called unit cells. Unit cells have all the geometric properties of the whole crystal. A
model of the whole crystal can be generated by simply stacking up unit cells like blocks or

hexagonal tiles,

Materials

The technical materials used to build most structures are divided into three classes,
metals, ceramics (including glasses), and polymers. These classes may be identified only
roughly with the three types of interatomic bonding.

Metals: Materials that exhibit metallic bonding in the solid state are metals. Mixtures
or solutions of different metals are alloys.

About 85% of all metals have a crystal structure. In both face-centered cubic ( FCC)
and hexagonal close-packed (HCP) structures, every atom or ion is surrounded by twelve
touching neighbors, which is the closest packing possible for spheres of uniform size. In any
enclosure filled with close-packed spheres, 74% of the volume will be occupied by the
spheres. In the body-centered cubic (BCC) structure, each atom or ion has eight touching
neighbors or eightfold coordination. Surprisingly, the density of packing is only reduced to
68% so that the BCC structure is nearly as densely packed as the FCC and HCP structure.

Ceramics: Ceramic materials are usually solid inorganic compounds with various combi-
nation of ionic or covalent bonding. They also have tightly packed structure, but with spe-
cial requirements for bonding such as fourfold coordination for covalent solids and charge
neutrality for ionic solids (i. e. yeach unit cell must be electrically neutral). As might be ex-
pected, these additional requirement lead to more open and complex crystal structures.

Carbon is often included with ceramics because of its much ceramic like properties. even



though it is not a compound and conducts electrons in its graphitic form. Carbon is an inter-
esting material since it occurs with two different crystal structures. In the diamond form,
the four valence electrons of carbon lead to four nearest neighbors in tetrahedral coordina-
tion. This gives rise to the dtamond cubic structure, An interesting variant on this structure
occurs when the tetrahedral arrangement is distorted into a nearly flat sheet. The carbon at-
oms in the sheet have a hexagonal arrangement and stacking of the sheets gives rise to the
graphite form of carbon. The (covalent) bonding within the sheets is much stronger than
the bonding between sheets.

The existence of an element with two different crystal structures provides a striking op-
portunity to see how physical properties depend on atomic and electronic structure.

Inorganic Glasses: Some ceramic materials can be melted and upon cooling do not deve-
lop a crystal structure. The individual atoms have nearly the ideal number of nearest neigh-
bors, but an orderly repeating arrangement is not maintained over long distances throughout
the three-dimensional aggregates of atoms. Such noncrystals are called glasses or, more ac-
curately, inorganic glasses and are said to be in the amorphous state. Silicates and phos-
phates, the two most common glass formers, have random three-dimensional network
structures.

Polymers: The third category of solid materials includes all the polymers. The constit-
uent atoms of classic polymers are usually carbon and are joined in a linear chairlike structure
by covalent bonds. The bonds within the chain require two of the valence electrons of each
atom, leaving the other two bonds available for adding a great variety of atoms (e. g. s hy-
drogen), molecules, functional groups, and so on.

Based on the organization of these chains, there are two classes of polymers. In the
first, the basic chains have little or no branching. Such “straight” chain polymers can be
melted and remelted without a basic change in structure (an advantage in fabrication) and
are called thermoplastic polymers. If side chains are present and actually form (covalent)
links between chains, a three-dimensional network structure is formed. Such structures are
often strong, but once formed by heating will not melt uniformly on reheating. These are
thermosetting polymers.

Usually both thermoplastic and thermosetting polymers have intertwined chains so that
the resulting structures are quite random and are also said to be amorphous like glass, al-
though only the thermoset polymers have sufficient cross linking to form a three-dimensional
network with covalent bonds. In amorphous thermoplastic polymers, many atoms in a chain
are in close proximity to the atoms of adjacent chains, and van der Waals and hydrogen
bonding holds the chains together. It is these interchain bonds that are responsible for bind-
ing the substance together as a solid. Since these bonds are relatively weak, the resulting
solid is relatively weak. Thermoplastic polymers generally have lower strengths and melting
points than thermosetting polymers.

(Selected from Materials Science and Engineering : An Introduction,
by William D Callister, 2002)



