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PART 1 INTRODUCTION TO
MATERIALS SCIENCE & ENGINEERING

Unit 1 Materials Science and Engineering

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 de-
gree 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 materials development ( Stone Age,
Bronze Age, Iron Age).

The earliest humans had access to only a very limited
number of materials, those that occur naturally: stone,
wood, clay, skins, and so on. With time they discovered
techniques 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 treat-
ments and by the addition of other substances. At this point,

materials utilization was totally a selection process that in-

volved deciding from a given, rather limited set of materials

deep-seated /'di:p'si:tid/ad].
RRFEE, REH

pottery /'poteri/n. ¥ &
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structural element & #) 5%,

property /‘propati/n. i3

stepwise /'stepwaiz/adj. % ¥
5]

sophisticated /soffistikeitid/adj.
M6, B
semiconducting material ¥

FARAH

nebulous/'nebjulgs/adj. %’}*ﬂ
o, HHEIH

subatomic /'sabe'tomik/adj. I
BTt

the one best suited for an application by virtue of its charac-

teristics. ¥ It was not until relatively recent times that scien-
tists came to understand the relationships between the struc-
tural elements of materials and their properties. This knowl-
edge, acquired over approximately the past 100 years, has
empowered them to fashion, to a large degree, the character-
istics of materials. Thus, tens of thousands of different mate-
rials have evolved with rather specialized characteristics that
meet the needs of our modern and complex society; these in-
clude metals, plastics, glasses, and fibers.

The development of many technologies that make our ex-
istence so comfortable has been intimately associated with the
accessibility of suitable materials. An advancement in the un-
derstanding of a material type is often the forerunner to the
stepwise progression of a technology. For example, automo-
biles 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

T T

components that are made from what are called

ing materials.
Materials Science and Engineering

The discipline of materials science involves investigating
the relationships that exist between the structures and proper-
ties of materials. In contrast, materials engineering is, on
the basis of these structure-property correlations, designing or
engineering the structure of a material to produce a predeter-
mined set of properties.

“Structure” is at this point a nebulous term that deserves
some explanation. In brief, the structure of a material
usually relates to the arrangement of its internal components.
Subatomic structure involves electrons within the individual
atoms and interactions with their nuclei. On an atomic level ,

structure encompasses the organization of atoms or molecules
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relative to one another. The next larger structural realm,
which contains large groups of atoms that are normally ag-
glomerated together, is termed “microscopic”, meaning that
which is subject to direct observation using some type of mi-
croscope. Finally, structural elements that may be viewed
with the naked eye are termed “macroscopic”.

While in

all materials are exposed to external stimuli that

The notion of “property” deserves elaboration.
service use,
evoke some type of response.

For example, a specimen sub-

jected 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
electri-

For

each there is a characteristic type of stimulus capable of pro-

be grouped into six different categories: mechanical,

optical, and

cal, thermal, magnetic,
voking different responses. Mechanical properties relate de-
examples include elas-
~ s and strength. For electrical properties,
electrical conductivity and dielectric constant,
an electric field. The thermal behavior of solids can be repre-
eat capacity and thermal conductivity.

Magnetic properties demonstrate the response of a material to

formatlon to an applied load or force;

such as

the stimulus is

sented in terms of

the application of a magnetic field. For optical properties,

the stimulus is electromagnetic or light radiation; index of

and reflectivity are representative optical properties.
Finally, deteriorative characteristics indicate the chemical re-
activity of materials.

In addition to structure and properties, two other impor-
tant components are involved in the science and engineering
With

the

of materials, viz. “processing” and “ performance”
’ p

regard to the relationships of these four components,

microscopic /maikra'skopik/

adj. TS &

macroscopic / meekrau'skopik/

adj. E L&

deformation /di: fo:'meif an/n.
R

deteriorative /di'tieriareitiv/ n.

P ENE A ALY

elastic modulus 7P AL -F
strength /strene/n. 7% B
dielectric constant 4, % #

heat capacity # %%

refraction jri'freekf on/n. 47 4%
§§
reflectivity /ri:flek'tiviti/ n. &

44

processing /prau'sesin/ n. A

T
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transmittance ftreenz'mitens/ 1.
FE4H

sapphire /sefaio/n. K E B
transparent /treens'pearent/ adj.
HAH

polyerystalline /poli‘kristalain/
n. %4k

translucent ftreenzlju: snt/ adj.
FiEE

opaque /au'peik/adj. 7~ i A
#

single crystal £ & 4k

structure of a material will depend on how it is processed.
Furthermore, a material’ s performance will be a function of
its properties.

We now present an example of these processing-struc-
ture-properties-perfor-mance principles with Fig. 1.1, a pho-
tograph showing three thin disk specimens placed over some
printed matter. It is obvious that the optical properties (i.e. ,
the light transmittance) of each of the three materials are dif-
ferent; the one on the left is transparent (i.e., virtually all
of the reflected light passes through it) , whereas the disks in
the center and on the right are, respectively, translucent and

opaque.

age
m(e L
- a\l\a‘

Fig. 1.1 Photograph showmg the hght transmittance of three alu-

minum oxide specimens. From left to right:

(sapphire) , which is transparent; a polyerystalline and fully dense
(nonporous) material, which is translucent; and a polycrystalline ma-

single crystal material

which is

terial that contains approximately 5% porosity, ue.
(Specimen preparation, P. A. Lessing; photography by J. Telford. )
All of these specimens are of the same material, alumi-

but the leftmost one is what we call a Single

num oxide,
ystal—that is,

it is highly perfect—which gives rise to its

transparency. The center one is composed of numerous and

very small single crystals that are all connected; the bounda-

ries between these small crystals scatter a portion of the light

reflected from the printed page, which makes this material

optically translucent. © And finally, the specimen on the right
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is composed not only of many small, interconnected crystals,
but also of a large number of very small pores or void spaces.
These pores also effectively scatter the reflected light and ren-
der this material opaque.

Thus, the structures of these three specimens are differ-
ent in terms of crystal boundaries and pores, which affect the
optical transmittance properties. Furthermore, each material
was produced using a different processing technique. And,
of course, if optical transmittance is an important parameter
relative to the ultimate in-service application, the perform-

ance of each material will be different.

Why Study Materials Science and Engineering?

Why do we study materials? Many an applied scientist or
engineer, whether mechanical, civil, chemical, or electri-
cal, will at one time or another be exposed to a design prob-
lem involving materials. Examples might include a transmission
gear, the superstructure for a building, an oil refinery com-
ponent, 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 one of selecting the
right material from the many thousands that are available.
There are several criteria on which the final decision is nor-
mally based. First of all, the in-service conditions must be
charac terized, for these will dictate the properties required of
the material. On only rare occasions 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 duetility ;
normally, a material having a high strength will have only a
limited ductility. In such cases a reasonable compromise be-
tween two or more properties may be necessary.

A second selection consideration is any deterioration of

transmission gear 1% 3 3% #

dictate /dik'teit/v. & &

trade off A #; 7+
ductility /dak'tiliti/n. &b



-6 PART 1 INTRODUCTION TO MATERIALS SCIENCE & ENGINEERING

material properties that may occur during service operation.
For example, significant reductions in mechanical strength

may result from exposure to elevated temperatures or corrosive

environments.
overriding /suve'raidin/adj. 3 Finally, probably the overriding consideration is that of
ER 0] economics: What will the finished product cost? A material

may be found that has the ideal set of properties but is prohib-
itively expensive. Here again, some compromise is inevita-
ble.

The cost of a finished piece also includes any expense in-
curred during fabrication to produce the desired shape. The

more familiar an engineer or scientist is with the various char-

acteristics and structure-property relationships, as well as

processing techniques of materials, the more proficient and

judicious /dzu:'difes/adj. P | confident he or she will be to make judicious materials choices
@

& based on these criteria.

Reference: William D. Callister, Materials science and engineering: an in-
troduction, Press: John Wiley & Sons, Inc., 2007: 2 -5

1. At this point, materials utilization was totally a selection process that involved
deciding from a given, rather limited set of materials the one best suited for an applica-
tion by virtue of its characteristics.

HLER, WAWER T2 M EFELE, EHIBXEREM R E
FAFEOTAZH RO RE - RET LM REMHR

2. The center one is composed of numerous and very small single crystals that are
all connected; the boundaries between these small crystals scatter a portion of the light
reflected from the printed page, which makes this material optically translucent.

POl BT BN R RT A ; X BN RRZ BN RE AT -8
AREKEIRH KA, ATREHN BN LFENA,

3. 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
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proficient and confident he or she will be to make judicious materials choices based on
these criteria.

TRFRMFRAHBEEMER, MR ENXAUAREF T L&
RE, #ARASG I EHUREXBRERFHR G ENMH,

1. Choose the best answer for the following questions according to the text.

(1) Why materials are so important in the modern times?

(A) Materials influence our everyday lives and accelerate the development and ad-
vancement of societies.

(B) They are deep-seated in our culture.

(C) There are many kinds of materials.

(D) They are very expensive.

(2) What is the relationship between structure and properties?

(A) Properties of materials depend largely on their structures.

(B) Structures of materials affect indirectly ontheir properties.

(C) Both of them have mutual effect.

(D) There are no direct relation between them.

2. Translate the following sentences into Chinese.

One of the reasons that synthetic polymers (including rubber) are so popular as en-
gineering materials lies with their chemical and biological inertness. On the down side,
this characteristic is really a liability when it comes to waste disposal. Polymers are not
biodegradable, and, as such, they constitute a significant land-fill component; major
sources of waste are from packaging, junk automobiles and domestic durables. Biode-
gradable polymers have been synthesized, but they are relatively expensive to produce.
On the other hand, since some polymers are combustible and do not yield appreciable
toxic or polluting emissions, they may be disposed of by incineration.

3. Translate the following words into English.

BaThEW; FRK; it LFERNEN;, BEE; 5%, EFE&H4;
SEGE; WILTE; 368, ER%; BMHEE

4. Translate the following words into Chinese.

aluminum oxide; characteristics of materials; specimens; processing-structure-
properties-performance principles; mechanical strength; investigation and design of

materials; transparent, translucent and opaque
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< Supplementary Reading ®*,

Metals and Polycrystalline Metals

Metals are an especially important class of materials. They are distinguished by
several special properties, namely their high thermal and electrical conductivity, their
ductility and the characteristic lustre of their surfaces. Their ductility, together with the
high strength that can be achieved by alloying, renders metals particularly attractive as
engineering materials.

In nature, metals occur only seldom as they possess a high tendency for oxidation.
If one looks at the pure elements, more than two thirds of them are in a metallic state.
Many elements are soluble in metals in the solid state and thus allow to form a metallic
alloy. For instance, steels can be produced by alloying iron with carbon. The large
number of metallic elements offers a broad range of possible alloys. Of most technical
importance are alloys based on iron (steels and cast irons) , aluminum, copper ( bron-
zes and brasses) , nickel, titanium, and magnesium.

In this section, we start by explaining the nature of the chemical bond of metals.
We will see that metals usually arrange themselves in a regular, crystalline order.
Therefore, we will afterwards discuss the structure of crystals and, finally, explain how
a metallic material is composed of such crystals.

Atoms in a metallic solid arrange themselves so that their electrons can spread over
many atoms. This spreading is most easy if the atoms are arranged in a dense and regu-
lar manner. Therefore, metals form crystals which are distinguished by their well-
ordered structure. To understand the different types of crystal structures found in na-
ture, it is useful to think rather generally about the problem of arranging objects.

If a metal is cooled down from a melt and solidifies, it starts to crystallize. Depen-
ding on the cooling rate, many small nuclei of crystallization ( #%#% ) form, small solidi-
fied regions with crystalline structure. These nuclei then grow and coalesce.

As the initial nuclei develop independently, they possess no long-range order (&
#2H J¥ ) between them. Therefore, a metal does not usually consist of one single crys-
tal with long-range order, but rather of several crystalline regions called crystallites ( {3

fl) or grains. They have a diameter of the order of a few micrometers up to a fraction of
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a millimeter, but can also be much larger in special cases. Grains can be made visible
by polishing the surface of the metal and then etching it because the acid attacks differ-
ently oriented grains differently [ Fig. 1. 2(a) ]. The structure of the grains of a metal is
usually termed its microstructure.

The grain boundaries i. e. , the interfaces between the grains, do not have a per-
fectly crystalline order as differently oriented regions adjoin here. Therefore, they can
be considered aslattice imperfections. Frequently, they strongly influence the properties
of a material because, for example, they may be preferred diffusion paths for corroding
media. This kind of weakening of grain boundaries may then lead to failure of the mate-

rial. This is called intercrystalline fracture and is shown in Fig. 1. 2(b).

(a) (b)
Fig. 1.2 Exemplary microstructures of metals
(a) Micrograph (optical microscope). (b) Micro structure of a nickel-based alloy ( scanning
electron microscope ( Hi, 7434 I f#4% ) picture of an intercrystalline fracture surface)

Technical alloys frequently consist of different phases i. e. , regions with differing
chemical composition or crystal structure. As we will see later, particles of a second
phase that are enclosed by a matrix of a first phase are especially important to influence
mechanical properties ( 1%/~ 1£HE). One example for this is iron carbide ( cementite,
Fe,C) that increases the strength of steels when precipitated ({JLJ€ ) as fine particles.

Depending in the crystal structure of the two phases, the interface between them
may adopt different structures: If the crystal structures and the crystal orientation of
both phases are identical and the lattice constants do not differ too much, the particles
of the second phase will be coherent i. e., the lattice planes of the matrix continue
within the particle [ see Fig. 1.3 (a)]. If the lattice structure and orientation are
identical, but the lattice constants differ strongly, the particles will be semi-coherent
because some lattice planes of the matrix continue inside the particle but others do not
[Fig. 1.3(b) ]. Generally, the crystal lattice is distorted near to the coherent or semi-

coherent particle. If the lattice structure of both phases or the lattice orientation differ,



