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Chapter Introduction to Materials
Science and Engineering

1.1 What Is a Material?

From a practical standpoint, we know that all material objects are essential for a human being
to build things. This definition includes solids, but also liquid (e. g. , liquid crystals that create
LCD displays) , and even gases for more specific situations®. Really, every raw material used by in-
dustry could be included in this classification, but we use the word “material” in a restricted sense:
We think about materials whose properties might not be an exact image of those that their elements
possess. Thus, we especially concern ourselves with how elements are structured in macroscopic
bodies, with how treatments are used during the elaboration of materials, or with the physicochemi-
cal aggregation of different elements—all activities that condition the properties of the materials we
generate.

The selection, modification, and elaboration of materials to satisfy our needs merge in the foun-
dations of human culture®. From the very beginnings of prehistory, humans have manipulated sub-
stances so that they would be more useful. To create more useful materials, our forebears wanted to
understand and control the composition of materials, and they often succeeded in modifying a materi-
al’ s behavior and properties and in predicting the effects of such manipulations.

This task developed over time, beginning as a handcraft that employed empirical and specula-
tive knowledge. The history of materials science and engineering had already begun in the Stone Age
when stones, wood, clay, and leather began to be manipulated. In the Bronze Age, mankind dis-
covered the value of temperature and used it to modify materials by thermal treatments or by adding
other substances. Yet, in spite of technological improvements, materials science remained empirical
until the end of the nineteen century. Materials science, as we now understand it, began with the
appearance of Mendeléev’ s periodic table. Since that time , some pmpeﬁies of elements that are re-
lated to their position in the periodic table began to be explained scientifically® , and these results
became incorporated in the annals of science. Since the end of the nineteen century, the introduc-
tion of chemistry and physics, calculus, and modern experimentation have brought the use and prof-
its of materials to a mature status. Currently, thanks to more reliable knowledge of the structure of

matter, we can design new materials atom by atom, to achieve the properties we want. At last we
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have materials that not only satisfy our requirements, but also permit us to create new ones that were
hitherto unthinkable.

Thanks to this science, we can even speculate about using new, alternative materials to solve
socioeconomic problems by avoiding the decimation of natural resources or trying to reach long ran-
ges sustained economic development. Conversely, the solution of unsolved problems improves our
theoretical knowledge as well as the scope of materials in science and engineering.

Materials scientists must analyze how the structure and compdsition of materials related to their
properties, and the effect of the method of preparation of a material. Materials engineers examine the
preparation, selection, and application of materials in agreement with known and desired proper-
ties. Engineers also incorporated technical and structural analysis and examine key concerns; ener-
getic, economic, ecological, aging.

For materials science and engineering, changes in physicochemical properties in response to a
stimulus are highly significant. These properties can be classified into groups according to the kind
of stimulus; mechanical, thermal, electromagnetic (throughout the spectrum) , chemical, and scat-
tering. In brief, mechanical properties, such as deformation and fracture, among others, are re-
sponses to applied mechanical forces. Thermal properties, like thermal conductivity and heat capaci-
ty, are affected by heat fluxes or temperature changes. Electrical properties such as the dielectric
constant or conductivity oceur in response to electromagnetic fields. In a similar sense, optical prop-
erties, such as the refractive index or absorption, among others, respond to electromagnetic fields
having high frequency. Chemical properties, like the chemical affinity, are responses to the exist-
ence of reagents in the environment, and the scattering properties are responses to the impact of

particles depending on the material’ s structure.

(Selected from An Introduction to Materials Science,
by W. Gonzélez-Vitias, and H. L. Maneini, 2005)

Questions

1. What is a material? Please describe it by using your own words.

2. In histery, at which stage had the materials seience and engineering begun?
3. What do materials scientists need to analyze?

4. Please describe some properties of materials.

5. In general, what is the materials engineers’ job?
New Words and Expressions

1. standpeint n. 73, WK

2. forebear n. 5, HFE

3. handeraft n. £T, F% '

4. manipulate o ¥4E, A, FIH

5. Mendeléev [TH#EFIK (1834—1907), R FTEABHBHRERER

HREWRE



hitherto adv. ¥£4-, B4

speculate v HEW, BE :
socioeconomic adj. AELBHEM; n HLBFHE
sustained adj. FFELTH, HEH

10. in agreement with fFEy-eeree, Fleeerer —3
11. energetic adj. FARAY, FEIIFEIHR

12. ecological adj. E&RZEN, HESETEN
13. stimulus n. WP, RERRK, WBD

14. refractive index #H7§1H

15. affinity n. FEHS, HUXRER, HU (H)
16. reagent n. A, KBS, R

Notes

v 0 3 N

@ This definition includes solids, but also liquid (e. g. , liquid crystals that create LCD dis-
plays) , and even gases for more specific situations.

BERL: IAEXLCFEARDLEBERE (ANRAERE), EREHHLTEZARE
Kk

@ The selection, modification, and elaboration of materials to satisfy our needs merge in the
foundations of human culture.

SEFEL . BHE, WEMMTHELUHERERMNNERBARCHWER,

4] the selection, modification, and elaboration of materials to satisfy our needs # % ¥ iE

@ Since that time, some properties of elements that are related to their position in the periodic
table began to be explained scientifically,. ..

SEFEX: AR, TR —HEFRSENETCKAMRPHMLERXABUA
ﬂ%ﬁﬂgﬁﬁ’ e

Reading Material

Materials and Materials Science

Materials have accompaniet mankind virtually from the very beginning of its existence. Among
the first materials utilized by man were certainly stone and wood, but bone, fibers, feathers, shells,
animal skin, and clay also served specific purposes.

Materials were predominantly used for tools, weapons, utensils, shelter, and for self-expres-
sion, that is, for creating decorations or jewelry®. The increased usage and development of ever
more sophisticated materials were paralleled by a rise of the consciousness of mankind. Irf other
words , it seems to be that advanced civilizations generally invented and used more elaborate materi-
als. This observation is probably still true in present days.

Materials have been considered of such importance that historians and other scholars have

named certain ancient periods after the material which was predominantly utilized at that respective
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time®. Examples are the Stone Age, the Copper-Stone Age ( Chalocolithic Period ) , the Bronze
Age, and the Iron Age. The Stone Age, which is defined to have begun about 2. 5 million years
ago, is divided into the Paleolithic (Old Stone Age) , the Mesolithic ( Middle Stone Age) , and the
Neolithic (New Stone Age) phases. We will consider on the following pages mostly the Neolithic
and Chalocolithic periods. Surprisingly, these classifications do not include a Ceramic Age, even
though pottery played an important role during extended time periods.

The names of some metals have entered certain linguistic usages. For example, the Greeks dis-
tinguished the Golden Age (during which supposedly peace and happiness prevailed) from the Sil-
ver Age. Rather than being descriptive of the materials that were used, these distinctions had more
metaphorical meanings. Specifically, gold has always been held in high esteem in the eyes of man-
kind. Medals for outstanding performances ( sport events, etc. ) are conferred in gold, silver, or
bronze. Specific wedding anniversaries are classified using gold, silver, and iron.

Until very recently, the mastery of materials has been achieved mainly by empirical means or,
at its best, by a ferm of alchemy. Only in the nineteenth and twentieth centuries did systematic re-

search lead to an interdisciplinary field of study that was eventually named materials science.

(Edited from Understanding Materials Science: History,
Properties , Applications, by R. E. Hummel, 2004)

Questions

1. What are the first materials that were utilized by ancient people?
2. How can we subdivide Stone Age?

3. Could you name some ancient periods?
New Words and Expressions

virually adv. 3L b, LR L

predominant adj. XEIH, EEN, BHE

utensils n. $RH ‘

decoration n. 3¥%H, MM

sophisticated adj. W&, TEK, ASHEH
consciousness =n. BiR, Ak, WHE

elaborate adj. ¥E.LREN, FHEREN; n BHOHE, FHER
Chalocolithic adj. 8H ALK S
Paleolithic adj. |HA 2ERT4ERY

. Mesolithic adj. A 8EEHRK

. Neolithic adj. A RN

. Greek n. TN, HE; od. HHEK, FHEER

. prevaile o. WAT, BAT, HE, R

14. metaphorical adj. MMtk

— e e
W N = O

HREYRE



15. esteem . JBeer-e- Ee, HE, \b; n B, HHE
16. confer v. BT, W5, i, XH®ERL

17. mastery n. 3Ki2

18. empirical odj. LRH, BRI, BB ENN

19. alchemy n. &R, BH

Notes

@ ..., and for self-expression, that is, for creating decorations or jewelry.

BEEX.: - FHEVARKAFA, WAERHRRKEE,

Ak that is B “H)” “BE” WER.

@ Materials have been considered of such important that historians and other scholars have
named certain ancient periods after the material which was predominantly utilized at that respective
time.

S%F . HHEIARENREE, UETH SRR AERA NS EEME
e G ok i 42 2 SR A

4] such. .. that R “mgh------ BLEE Premay

1.2 Classification of Materials

The phase of a material-which defines its macroscopic presentation-characterizes the material’ s
properties and depends on external variables like temperature and pressure®. This phase can be
modified when external parameters are changed. If we want to assert that a sample is of a certain
type , we have to specify, apart from the material, the. interval of environmental conditions in which
its phase is stable. For example, we cannot say that aluminum is a conducting material without spec-
ifying the temperature at which it acts like a conductor; this is because at temperatures lower than
1.19K aluminum reveals a superconducting phase with quite a different phenomenology from the
conducting one. Often this is not enough. Metastable states appear because of a material’ s degra-
dation, hence allowing a sample of a material that is stable under certain conditions to coexist with
another sample in another phase under the same conditions. As an example, carbon in normal con-
ditions can naturally coexist in allotropic forms like diamond and graphite. It is not sufficient to indi-
cate the environmental conditions; data about the sample’ s history are also ‘required, In this exam-
ple the pressures and temperatures applied to the carbon atoms and their duration are required for
unambiguous determination of the phase of a sample. Without analyzing such problems, we list be-
low some possible classifications.

The most general materials classification consists of dividing them into simple materials and
composites. Composites are formed of more than one different type of material. After this simple
classification, it is common to classify materials according to their different properties; hence, for
example, as follows.

e Components:

Chapter 1  Introduction to Materials Science and Engineering



— Simple elements; monoatomic and polyatomic.

— Compounds: diatomic, polyatomic, macromolecular (organic and inorganic).

— Mixtures. These correspond to composites and can be of different chemical compounds or
of different phases of the same compound®. Blends can be either homogeneous or heter-
ogeneous. The division of mixtures is made with reference to the following scales; atom-
ic, microscopic, mesoscopic, macroscopic( various). For example, it is not enough to
assert that a granite sample is heterogeneous; it is has to be stated that it is heterogene-
ous. at the 1mm scale, which is homogeneous at 1km scale.

® Type of bond.

— lonic (insulators, ceramics, metal-monometal). Bond energy 3-8eV/atom.

— Ionic-covalent.

— Covalent ( polymers, ceramics, and so on).

— Metallic (metallic materials). Bond energy from 0.7(Hg) to 8.8¢V/atom (W).

— Van de Waals; fluctuating induced dipole (H,, Cl,, and so on) with bond energy of
0.1eV/atom, induced dipole-polar molecule (e.g. , HCl) with bond energy of 0. 1eV/
atom, permanent dipole or hydrogen bond (e. g., H,0, NH,) with bond energy of
0.5eV/atom.

— Pseudo bond or physical bond (sticky materials).

® Electrical properties:

— Metallic or condueting, including principally metals and metallic alloys. In conductors
the electrical resistance R is low but increases as the temperature rises.

— Semimetallic. In these, the electrical resistance R is appreciable, but there are 10 ™* fe-
wer electrons than in the metallic materials. Again, the resistance R grows as the tem-
perature increases.

— Semiconducting. They have an appreciable electrical resistance R that diminishes if the
temperature rises.

— Insulating or dielectrics. They have a high electrical resistance R.

— Superconducting. Their electrical resistance is R=0.

® Arrangement of components;

— Monocrystalline.

— Polycerystalline.

— Glassy materials, which present short-range order.

— Quasicrystalline.

— Semicrystalline.

— Partial order. For example, the materials may have positional order ( the mass centers of
the components, have an ordered disposition) but not orientational order (the compo-
nents, necessarily anisotropic here, do not have an ordered orientation).

— Amorphous.

— Composite ( see the classification according to the components).

MHEWRE



Because of the existence of many such nonequivalent classifications and of intermediate materi-
als, the classifications above are of limited value®. We assume, usually, the following classifica-
tion, but for our convenience and for didactic reasons sometimes we will use either one or another of

the preceding classifications.

(Selected from An Introduction to Materials Science,
by W. Gonzélez-Vitias, and H. L. Mancini, 2005)

Questions

1. What is a compound?

2. What are the electrical properties of materials?
3. How many different bonding types are there?
4

. What is the resistivity of an insulator?

New Words and Expressions

1. macroscopic adj. ZWH, RIRE LK

2. assert v WiE, FK

3. apart from JEE, B&e----2Z25

4. phenomenology n. &%

5. metastable adj. REH

6. degradation n. 1Bfk, RS

7. coexist v FtFF

8. composite n. HEMM, ABY; o G, EESH
9. monoatomic adj. BAJEHFH

10. polyatomic adj. EJR-FHY

11. diatomic adi. —EFH, —HH

12. mesoscopic adj. PR, HEHIWH

13. heterogeneous adj. RFEK, AEFAH
14. monemetal n. B &E

15. dipole n. {B#F

16. pseudo bond {B&:

17. monocrystalline n. S, B G5K

18. polycrystalline adj. Z&HM; n. BiE

19. quasicrystalline aodj. #EZERR; n. HESSRE
20. semicrystalline adj. L FER; n L HRE
21. partial adj. FHHY, R, WEBH

22. amorphous adji. LEEH, & (B) K
23. didactic adj. REHA, M

Chapter 1  Introduction to Materials Science and Engineering
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Notes

(@ The phase of a material-which defines its macroscopic presentation-characterizes the materi-
al’ s properties and depends on external variables like temperature and pressure.

%%ﬁ?:Hﬂ%ﬁ%@&%?ﬁﬁﬂ%%%%ﬂ,%ﬁTE%ﬁ%,ﬁwmm&?@
BEMENXRENIBER,

@ These correspond to composites and can be of different chemical compounds or of different
phases of the same compound.

BHEEL: XM TFEESHE, TURRFANLEYRE—LEYWH AR,

(3 Because of the existence of many such nonequivalent classifications and of intermediate ma-

terials, the classifications above are of limited value.

SR BABEFLEIRNASSRMEFETFLRZEANME, ERFRREER
BIMRE.

Reading Material

Electronic Materials Age

Stone Age-Bronze Age-Iron Age-what’s next? Some individuals have called the present era the
space age or atomic age. However, space exploration and nuclear reactors, to mention only two ma-
jor examples, have only little impact on our everyday life. Instead, electrical and electronic devices
( such as radio, television, telephone, refrigerator, computers, electric light, CD players, electro-
motors, etc. ) permeate our daily life to a large extent. Life without electronics would be nearly un-
thinkable in many parts of the world. The present era could, therefore, be called the age of electric-
ity. However, electricity needs a medium in which to manifest itself and to be placed in service”.
For this reason, and because previous eras have been names after the material that had the largest
impact on the lives of mankind, the present time may best be characterized by the name Electronic
Materials Age.

We are almost constantly in contact with electronic materials, such as conductors, insulators,
semiconductors, (ferro)magnetic materials, optically transparent matter, and opaque substances.
The useful properties of these materials are governed and are characterized by electrons. In fact, the
terms electronic materials and electronic properties should be understood in the widest possible
sense, meaning to include all phenomena in which electrons participate in an active ( dynamic)
role. This is certainly the case for electrical, magnetic, optical, and even many thermal phenome-
na. In contrast to this, mechanical properties can be mainly interpreted by taking the interactions of
atoms into account®.

We have already known that electrons can be considered to part of an atom which, in an ele-
mentary description, orbit the atomic core. Some of these electrons, particularly those in the outer-
most orbit (i.e. , the valence electrons) , are often only loosely bound to their nuclei. Therefore,

they disassociate with relative ease from their core and then combine to form “sea” of electrons.

HERURE
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These free electrons govern many of the electronic properties of materials, particularly in conductors.
In other cases, such as in insulators, the electrons are bound somewhat stronger to their nuclei, and
thus, under the influence of an alternating external electromagnetic force, may oscillate about their
core. This constitutes and electric dipole can be discussed in the electronic properties of dielectric
materials.

Now, to our knowledge, nobedy has so far seen an electron, even by using the most sophisticat-
ed equipment. We experience merely the actions of electrons, for example, on a television screen or
in an electron microscope. In each of these instances, the electrons seem to manifest themselves in
quite a different way, that is, in the first case as a particle and in the latter case as an electron
wave. Accordingly, we shall use the term “wave” and “particle” as convenient means to describe
the different aspects of the properties of electrons. This is called the “duality” of the manifestations
of electrons. A more complete description of the wave-particle duality of electrons and a quantum-
mechanical treatment of electron wave can be found, for example, in the book, Electronic Properties
of Materials.

At the end, we may ponder the question of when the electron, as we know and understand to-
day, was actually discovered. The particle nature of electrons was suggested in 1897 by the British
physicist J. J. Thomson who experimented with “cathode rays” at Cavendish Laboratory of Cam-
bridge University. These cathode rays were known to consist of an invisible radiation that emanated
from a negative electrode (called a cathode) which was sealed through the walls of an evacuated
glass tube that also contained at the opposite wall a second, positively charged electrode. It was
likewise known at the end of nineteenth century that cathode rays travelled in straight lines and pro-
duced a glow when they struck glass or some other materials. J.J. Thomson noticed that the path of
these rays could be deflected by magnetic or electric fields, and that cathode rays traveled slower
than light and transported negative electricity. In order to settle the lingering question of whether
cathode rays were “vibrations of the ether” or instead “streams of particles,” he promulgated a
bold hypothesis, suggesting that cathode rays were “charged corpuscles which are miniscule constit-
uents of the atoms. ” This proposition—that an atom should consist of more than on particle—was
startling for most people at the time. Indeed, atoms were considered since antiquity to be indivisi-
ble, that is, the most fundamental building blocks of matter. The charge of these “corpuscles” was
found to be the same as that carried by hydrogen ions during electrolysis ( about 10 “*C). Further,
the mass of these corpuscles turned out to be 1/2,000th the mass of the hydrogen atom.

A second hypothesis brought forward by J. J. Thomson, suggesting that the “corpuscles of cath-
ode rays are the only constituents of atoms,” was eventually proven to be incorrect. Specifically,
E. Rutherford, one of Thomson’ s former students, by using a different kind of particle beam, con-
cluded that the atom resembled a tiny solar system in which a few electrons orbited around a “mas-
sive” positively charged centre. Today, one knows that the electron is lightest stable elementary par-
ticle of matter and that it carries the basic charge of electricity.

In 1924, de Broglie, who believed in a unified creation of universe, introduced the idea that e-

lectrons should also possess wave properﬁes®. In other words, he suggested, based on the hypothe-
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sis of & general reciprocity of physical laws, that electrons, similarly as light, should display a wave-
particle duality. In 1926, Schrodiger cast this idea in a mathematical form. Eventually, in 1927,
Davisson and Germer and independently in 1928, G.P. Thomeon (the son of J.J. Thomson), dis-

covered electron diffraction by a crystal which experimentally proved the wave nature of electrons.

(Edited from Understanding Materials Science; History,
Properties, Applications, by R. E. Hummel, 2004 )

Questions
1. What age can we call the present era?
2. What are the electronic materials?
3. List some electrical and electronic devices in your home.
4. Why electrons are so important in electronic materials?
5. So far, could we see any electron?

New Words and Expressions

1. refrigerator n. HUKFE, %28, BEE

2. permeate v. Fiti, BBE, BL, RE

3. manifest » 3R, FHH, EH; odi. BRA, HEK; n KELZHA, BNP
4. transparent adj. EHIK, BARK, YWY

5. opaque adj. REHH, FMEFH

6. orbit n. PiH, HAWEE; o LK PUEWT, HRE T, EARE
7. nuclei nucleus WEHER

8. duality n. —JuHk, X{EH

9. quantum n. BF, BFi, B

10. ponder v VLE, EB

11. cathode ray PBH#% &f4k

12. evacuate o EiHE, #UH, H

13. linger » ¥HEE, BB, W

14. promulgate ». E#ﬁ, N, 1E%

15. hypothesis n. 2%

16. antiquity n. H, HY

17. electrolysis v. HLffE, HL

18. corpuscle n. #Uh, BF, MEK

Notes

(@ However, electricity needs a medium in which to manifest itself and to be placed in service.

BHF: AT, AFE M RIER XS HNEETBEGER .

(2 In contrast to this, mechanical properties can be mainly interpreted by taking the interac-

10 HEEUHRE



tions of atoms into account.

SEFEXL: SHHMR, HEERTUBAAIEERRFRGHEEER.

3 In 1924, de Broglie, who believed in a unified creation of universe, introduced the idea that
electrons should also possess wave properties.

BEFL: VU EREFHE-BHNBABFRITHFNRUAEFEIEX N
Ko

1.3 Fundamental Properties of Different Kind of Materials

Although the properties of the materials in each category can sometimes vary, properties broadly
accepted as defining the categories are the following®;
® Metallic materials;
— They are build up of metallic elements or of compounds of metallic elements.
— They have many unlocalized electrons in the so called condition band.
— They are good thermal and electrical conductors. They are opaque to visible light.
— They are usually strong and plastic.

Ceramic materials:

— They are chemical compounds of the type metal + nonmetal®.

— They are generally good electrical and thermal insulators.

— They are stronger than metallic and polymeric materials at high temperatures and in
chemically aggressive environments.

— They are hard and brittle.

Polymeric materials:
— They are compounds, generally organic, in the form of long chains.
— They have low density.

— They are flexible or elastic or both.

Semiconductor materials

— They have properties intermediate between conductors and insulators.

— They have properties that are extremely sensitive to iﬁnpurities and to temperature.

® Composites:

— They are composed of more than one type of material..

— They are designed to obtain better properties or combinations of properties. For exgmple,
glass fiber is as resistant as .glass filament and as flexible as the polymer that forms it.
Another example is adobe. Adobe, a mixture of clay and straw (up to 30% ) , has been
employed in making bricks and in making bricks and in primitive buildings. Composites
also serve as new materials in the aerospace industry. Together, these are two fechnolog—
ical ends of composites®.

— They are designed by taking into account typical tarééts of materials engineering. As an

example , the aims of the aerospace industry are first to reduce operating costs (i.e., to
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