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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 erystals 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 propei'ties 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

Chapter 1 Introduction to Materials Science and Engineering
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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 compc;sition 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. Mancini, 2005)

Questions

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

2. In history, at which stage had the materials science 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 na. 73, WK

2. forebear n. 5, HFE

3. handeraft n. T, F& °

4. manipulate o #E, I, FHE

5. Mendeléev [JHEFIK (1834—1907), RFAETKABBENRERERK

HEEWRE



hitherto adv. ¥£4-, &4

speculate . HEW, BR :
socioeconomic adj. LR BHEK; n HEBTYE
sustained adj. FFEALZH, HEH

10. in agreement with. ffFr----- y e —F
11. energetic adj. FRIREY, K HFEMH M

12. ecological adj. HE&/ZEH, HLSEBREMN
13. stimulus n. R, EFpEEKX, [MBWw

14. refractive index #8135

15. affinity n. EHJ, FUWXRE, HUYU (H)
16. reagent n. iIRF, KN, RN

Notes

O 00 3 &

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

SEFX: INEXCFEBAAGOERE (FNBRRERERE), EREEATEERR
Sk,

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

BEEN: BHFH, WHEMN TR UBERMNOFTERRAR AR,

/] 5 the selection, modification, and elaboration of materials to satisfy our needs 4 i, ¥ 1& ,

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

BEFX: NN FFE, TR —SHERESENEXRRANRPOMLER XA BUSA
ﬂ:’q’é B{]ﬁﬁ , wreees

Reading Material

Materials and Materials Science

Materials have accompanied 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, utemsils, shelter, and for self-expres-
sion, that is, for creating decorations or jewelry(D. 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 form 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

virtually adv. 3L b, EFH

predominant adj. ZECHY, FEM, RHK

utensils n. #FHE ‘

decoration n. M, MG

sophisticated adj. B4R, EHEH, AKHEHEH
consciousness n. BiR, A, Wi

elaborate adj. ¥ELRER, HAMERY; n HOHE, FEER
Chalocolithic adj. $& 3BT S
Paleolithic adj. |HA f&EF(RRY

. Mesolithic adj. A #BEHMRK

. Neolithic adj. FA K

. Greek n. TN, HEE; od. HEW, HHEIER

. prevaile o. WAT, BAT, T, R

14. metaphorical adj. HMFHER

© PN oA e N
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15. esteem . FB----e Ee, ¥HE, \h; n HE, HE
16. confer v. BT, W5, hif, XHERL

17. mastery n. Eig

18. empirical odj. LAY, BRH, BB ELH

19. alchemy n. &R, BH

Notes

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

BEF: - HERARKHFTAH, HEIERMMEIKE,

/AJH that is B “E” “BHE” 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.

BEZEHX: HHBIAIRINKRER, MET B S s F AERA R R
FE BG4 ok SR A 42 8 P SR RS o

ﬁ]q:l such. . . that :%‘:yg “ﬁuﬂt ...... PLZETFeeeeee ”

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 ;

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

— lonic-covalent.

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

— Metallic ( metallic materials). Bond energy from 0.7(Hg) to 8.8eV/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 conducting, 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.

— Polycrystalline.

~— Glassy materials, which present short-range order.

— Quasici-ystalline.

— 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).

6 HELBURE



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. Gonzédlez-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. FEWEI, BJHR U] LK

2. assert v WiEH, AR

3. apart from SEES, B2 Sb

4. phenomenology n. B

5. metastable adj. WK

6. degradation n. B{k, FES

7. coexist w». IEFF

8. composite n. MM, ERY; odj. EHK, EAW
9. monoatomic adj. BAFFH

10. polystomic adj. ZIEFH

11. diatomic adj. T8, ZHB

12. mesoscopic adj. f-IRHI, HEWH

13. heterogeneous adj. REM, AEIFHEKH
14. monemetal n. BA SR

15. dipole n. fE#F

16. pseudo bond fB§

17. monocrystalline n. B S, B GHHE

18. polycrystalline adj. £&HH; n. BHE

19. quasicrystalline adj. #E45RAT; n. HELRE
20. semicrystalline adj. RN ; n P4 RIE
21. partial adj. FWAFHY, FEHY, WBH

22. amorphous adj. TEFEM, H () B
23. didactic eadj. IREK, FHEH

Chapter 1 Introduction to Materials Science and Engineering



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.

SHEL: PREAGEHRET EHRKERER, RIETEMNEE, REGIRTR
BB AR XA SRR R,

(@ These correspond to compesites and can be of different chemical compounds or of different

phases of the same compound.
SEBL. XXMM FEESHE, TUERRKLESYERE LS AR,
(3 Because of the existence of many such nonequivalent classifications and of intermediate ma-

terials, the classifications above are of limited value.

SR ANFERSIBENAESRANFETHRZENME, ERSXRIAFHER
HIME.

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.

HEEWRE



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, nobody 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 a 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. Thomson ( 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

refrigerator n. BUKEH, WL, BEE

permeate v. i, BE, B, KE

manifest v B, F, {EMH; odj. BRE, HEMK; n. KELZH, Rty
transparent adj. BRI, BRM, B

opaque adj. NEHH, FMEFEW

otbit n. PUE, BHEE; v L& PEWT, WHHE KT, SEAHHE
nuclei nucleus B E B R,

duality n. ZJutE, XFEH

quantum n. By, B, &

. ponder v UL, %8

. cathode ray PHHR B4k

. evacuate . Iﬁﬁ‘.ﬁ, ﬁ'ﬁﬂ, Heti:

. linger ». HEIE, 28, WBH

. promulgate w. ﬁiﬁ, KA, 168

. hypothesis n. &%

. antiquity ». HR, HY

. electrolysis ». Hf#, HM

18. corpuscle n. BB, BF, IMERK

© PN AW

R T e
N A G A WY = O

Notes

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

B EI: R, BFE—MITARIEFACEFNFETLERER

@ In contrast to this, mechanical properties can be mainly interpreted by taking the imterac-
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tions of atoms into account.

BEEFNL: SHMHER, H¥EERTUBANFERRFREHEEIER.

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

BEFN: DUEREFHE-LBHENEFRITEF U ZBWAEEHIIERX 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: v
— 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 inhpurities and to temperature.

e 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 iechnolog—
ical ends of composites®.

— They are designed by taking into account typical targéts 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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reduce the mass of structures to increase the payload); and second to raise the fatigue
limit, stiffness, and thermal shock resistance. It is almost impossible to attain both aims
with simple materials, so one must take into account composites like graphite-epoxy, a-

mong others.

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

Questions

What kind of properties do metallic materials possess?
What are ceramic materials?
Please describe the polymer materials.

What are semiconductor materials?

th A W N =

Could you give some examples of composites?
New Words and Expressions

1. aggressive adj. FWH, FIHW, FI 0, FRIK, BEEN
2. resistant adj. P, HIKXIL I
3. filament n. M4, {T#
4. straw n. TEE, FH
5. adobe n. FEiE, +IE
6. stiffness n. BEEE, RIEE, BAHE
7. graphite n. A&

8. epoxy n. HEMAR; ad. HEH

Notes

(D Although the properties of the materials in each category can sometimes vary, properties
broadly accepted as defining the categories are the following.

B2 FX. BRES-ANPIONEERENTTUURRE, I l832 0 X5 6 ¥ 5
T,

 They are chemical compounds of the type metal + nonmetal.

- BEHEX: BENRERE +EERBENLED.

@ Together, these are two technological ‘ends of composites.

BEF: Gk, XBEAFB AR,
Reading Material

What Does the Future Hold?

Very few people, if any, probably would have predicted 50 years ago what kind of materials
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would dominate our technology today. Who would foresee the computer revolution and this the pre-
ponderance of silicon in the electronics industry®? How many scientists or engineers prognostica-
ted the laser and its impact on communication,’ data processing, data storage, and thus on optical
materials? Was there anybody who foretold, 50 years ago, the impact of superalloys, of composites,
or of graphite fibers as important materials? Were ceramics not essentially perceived as clay and
sand; that is, could anybody anticipate high-tech ceramics, including high T, -superconductors,
heat-resistant tiles (for space shuttles) , silicon carbide engine parts, etc. ? And finally, how many
people could visualize 50 years ago the impact of plastics as one of the prime materials of the resent
day, or an accentuation on recycling and environmental protection?

On the other hand, nearly “everybody” predicted only 20 years ago that composites and ceram-
ics for high-temperature engines would be the materials which would enjoy healthy growth rates in
the years to come. This, however, has not happened. One of the major funding agencies in the U-
nited States ( ARPA®) has recently stated that the past 30 years have not brought the expected pro-
gress in the structural ceramics, brittle matrix composites, or intermetallics. It is said that-these
“exotic” materials may probably never be used in critical parts such as turbine blades because they
are too brittle, and a balance of properties may probably never be achieved. A 50% cut in support
for the ensuing projects is therefore anticipated. Instead, a resurgence of substantial interest in met-
al research may boost, for example, nickel-based superalloys (e. g. , Ni-Al) which are often coated
with pm-thick heat barriers. These coatings, consisting, for example, of zirconia or Ni-Cr-Al-Y
are anticipated to prevent the respective alloys in turbine blades from melting or creeping. In other
words, a change in research support from “exotic” materials to new alloys is presently thought to be
more in the national interest. In essence, a shift form structural materials (such as ceramics, com-
posites, ete. ) to functional materials ( such as smart materials, electromagnetic materials, and opti-
cal materials) will probably take place in the next couple of years. Specifically, future funding is
anticipated for the development of compact lasers, holographic data storage, thermoelectric materi-
als (used for cooling of high T, superconductors, microprocessors, short wavelength IR detectors,
etc. ) and for smart materials ( which involve a series of sensors that control actuators). Further, a
shift from empirical materials selection towards one based on model calculations and on a fundamen-
tal understanding of the physics and chemistry of materials science will probably take place. Finally,
the exploration of nanostructures will probably play a major role in future research funding.

Still, “predictions are quite difficult to make, particularly if they pertain to the future®. ” As
an example, a U. S. congressman suggested at the end of the last century that the patent office
should be abolished. “since all major inventions have been made already. ” Moreover, it has been
shown more than once that extrapolations of resent knowledge and accomplishments into the years
which lay ahead were flatly wrong. Thus, utmost care needs to be exercised when projections are
made. While the substantial improvement of these properties during the past 20-40 years is certainly
impressive, it probably would be wrong to assume that a similar sharp rise would continue in the next
decade or: two. Indeed, certain limitations exist when, for example, atomistic dimensions are

reached. This may stifle further progress as long as the same conventional methods are applied. In
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other words, new, innovative concepis are needed instead and prebably will be found.

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

Questions

1. How many people had correctly predicted the materials that would dominate our technology
today?

2. Can you distinguish structural materials and functional materials?

3. Which exploration will play a major role in future research funding?

4. What did the U. S. congressman suggest at the end of the last century?
New Words and Expressions

preponderance n. ¥, ¥

1.

2. prognosticate v. W H

3. superalloy n. BH4&, HRAEE
4. accentuation n. 3RVH, HiE

5. intermetallic adj. &BE (L&) W
6. exotic adj. ShEW, FRHK

7. turbine blade ¥REMH H

8. resurgence n. JHEE

9. heat barrier &

10. zirconia n. FiLE

11. respective odj. S35, FHE
12. holographic adj. £ 81

13. T, BREF

14. microprocessor n. 4L HER

15. IR £15M4% (infrared)

16. nanostructure n. ZYHK G5

17. pertain v. BT, E&

18. comgressman n. HLEHA, KA
19. utmost n. MR, BMAFREH:; od. BREHN, RIKHK
20. atomistic adj. JEFHH

21. stifle v WH, B

22. innovative adj. BB, EFHH
Notes

(D Who would foresee the computer revolution and this the preponderance of silicon in the elec-

tronics industry?
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BHBEI: BRLBTHEVEAURBEER T Tl SHH?
@ ARPA (Advanced Research Projects Agency) (ZEEBH) RAMWRITUE,
® “predictions are quite difficult to make, particularly if they pertain to the future. ”

BHEFX: “FEEUAN, FHUERBERTARRNISE."
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R EEFERTT (—): WIGEHEMS @

1. A HYEE

BEREFEEFEE -WHE AL, Hit, EEREEAFRRBXHEX, LIER
BEAL, XRTERHRBOEI0P € I IR0 A IR CGRE T XK.

(1) FFLLHELC, IERCER/AFTL, H5FHKERRLRE, m.

The next step for exposed film is to be treated with a developer solution,

NTRABRARE, T-FREASRRSETLE, (B “BB”, FF “FR")

The developing of the film is to produce a negative of the image.

BR#ETBENBNREHSERKER. GFF “BR”, AF -“ATK")

2) A—MRLCEAEZHER, SHEEHRBER, LFAFHMULN, EARGE
EEARBREL, i “free”,

This construct is called the free electron model of metallic bonding.

XFEmfERBAGBTERE, BN “AHNT)

Polishing should be continued until the surface is free from scratches.

BESTRCENEERAE. (FX “BF")

Figure 4. 7 shows a member, fixed at one end, and on which a downward vertical force F is ex-
erted at the free end.

K47 8RT LH—REE, H—EdWEN TR TEENEMRD F, (X “H
B

Above 0. 8% carbon, free Fe,C appears in the structure and the tensile strength starts to de-
crease.
BUERET0.8%2°, Wb SHAWEY Fe,C, HRBEFBEMR. (Fh “WE
) ’

The specimen was cut for free.

Haefi#, (B “RR)

(3) HLERNLOAAERCEEMNREE, BF Pt BEEBHREHNAXRERFGE
Br, LHEREHFESPIREIMR,

Solar energy seems to offer more hope than any other source of energy.

KHEMF LB EEA TR, (RiE “REFLHFE")

Most polymeric materials are poor conductors of electricity.

i*ﬁﬁ%ﬁ?ﬁﬂﬂﬁ%%%%ﬁo (R “EW”, NiE ")

2. WX HYS

oA SCR M SUANA U 38— A BUF AL AGTRI S o T 170 SC 314 R 7 50K 13 RO 2R A b
O SGE MM LAS i, AT 5 B Y0 R A RS B o

(1) AXHER, PFERLAE—F0HE, BRE\ELRFL, ﬂﬁ:ﬁ’_—"ﬁﬂﬁﬁﬁc

O HBhHANFBRTROKME, SHARIK, UEF——EH.
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Ferrite contains a maximum of 0. 0218% carbon.

GEEKPHREBBEHE X0 0218% ., (BERTHTFHIRBEN)

Steels with less than 0. 77% carbon are known as hypo-eutectoid steels.

RIOAEFHKEMT 0. 77% WWEAWIHTN, (HIBAKFNEHERX)

Soft metals creep at room temperature, but most metallic materials only show the effect at higher

temperatures.

RKERAZBEE, MABSSBHHIARRTRE, ( “ofect” REZEEN “X
B7 ) BERRE NN OEYREL)
(2) R,

The most important was how to improve the strength of the material.

BREEMNFELZMMARBGHBEE, (AFEIEEHEBENIRE)

The term creep refers to the slow plastic deformation that occurs with prolonged loading usually

at elevated temperature.

FERBERBTREMBMRAENRBHBHTE. (MAEBREFE)

In assessing the behavior of a metal under stress, especi;llly at elevated temperature, it is nec-
essary to consider the time factor.

WM &R e, HFHRRB TR, SAEBIAREER. ( “n” HHE
BEARE; “RFIRBIB TR IXETIHE, AU TERNTE,; © " BANAEASR
R

Any substance is made of atoms whether it is a solid, a liquid, or a gas.

AW, FEREEK. BELRSE, BhFEFAR. (EREBAE)

Chapter 1 Introduction to Materials Science and Engineering

17



Chapter Metals and Alloys

2.1 Atomic Arrangements and Imperfects
in the Atomic Arrangement

Lattice and Crystal Structure

The first level of atomic structure involves the arrangement of atoms. This level can have var-
ying degrees of order or periodicity in the arrangements, from no order to long range order. A mon-
atomic gas at high temperature and low pressure is an example of disorder or no order. An atom
could be anywhere within the enclosing volume and have no particular spatial relationship with any
of the other atoms®. Single erystals have long range order throughout (except at the surface) and
are characterized by a repeating (periodic) arrangement of several atoms or molecules.

Most solid materials have structures somewhere in between, having regions of short or long
range order. Amorphous solids have structures similar to liquids and generally have isotropic ( the
same in all directions) properties while crystalline solids usually have anisotropic (not the same in
all directions) properties. Although it may seem to be advantageous to have isotropic properties, the
properties of an amorphous material may not be sufficient for a given application. Designing with ani-
sotropic materials requires the consideration of the directional nature of the material’ s properties.

Time, temperature, and bonding all play important roles in the development of atomic arrange-
ment. As a simple example, a molten unary (one element or component) metal will freeze (solidi-
fy) below its melting temperature which depends on the strength of the bonds between atoms. The
form of the solid will depend on the bonding between atoms as well as the cooling rate at which the
melt solidifies. If the rate is very fast the atoms will not have time to form a periodic arrangement re-
sulting in an amorphous structure. If the cooling rate is slow enough a single crystal can form.

In a liquid, the average interatomic distance is fixed (liquids do not expand to fill the available
volume as gases do) , and there is often local order due to polarization and Van der Waals forces.
They may produce a short-range, or local, order. In some cases, rapid cooling of the liquid can lock
this atom arrangement into a rigid solid, producing an amorphous or glassy structure.

In most solids ( particularly metals and ceramics), the atoms are arranged in regular patterns

that surround each atom with the same number of neighbors as other similar atoms with the same in-
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teratomic distances and directions®. These are determined by the types of bonds that hold the atoms
together and by the atomic or ionic radii.

The long-range repetition of the same atomic arrangement is conveniently described by a regular
grid-like pattern called a lattice. This array of points provides a structure that repeats endlessly
through space with the same atom or group of atoms associated with each point.

+ The basic repetitive unit of structure in the three-dimensional grid is called the unit cell. The
shapes of unit cells that occur in nature are those that can be stacked together to fill three-dimension-
al space. Just as equally sized five-sided polygons or equally sized seven-sided polygons cannot be
used to tile a plane, only a few specific shapes can be stacked together to fill: three-dimensional
space, and these are the basis for the study of crystal structures.

Defects in Atomic Arrangements

Crystal structures are ideally characterized by a lattice and a basis, a periodic arrangement of
atoms or molecules. However, in real crystalline materials there are typically imperfections or ‘ de-

fects’ present. These defects can be categorized by their dimensionality.

Dimensions Defect Type
. 0 Point
1 ' Line
2 Surface
3 Volume

Although the term defect generally carries negative connotations, you will see that depending on
the material, defects can enhance material properties. The mechanical properties of steel are con-
trolled by various defects, including point ( substitutional alloying elements and interstitial carbon
atoms) , line ( dislocations) and surface ( grain boundaries) defects. The yield strength can be in-
creased dramatically by the presence of point defects through alloying or an increase in dislocations
through a process known as cold working. A grain refining treatment which reduces grain size increa-
ses the amount of grain boundary (a planar defect) area per unmit volume, which increases the
strength by increasing the amount of disordered area which impedes the motion of dislocations. An
understanding of how processing conditions affect the defect structure of a material and how (and
which) defects affect properties can be used to determine the appropriate processing path to obtained
the desired properties or how operating conditions will affect properties® .

1. Point defects _

A point defect is a localized imperfection that disrupts the lattice. Vacancies, interstitial at-
oms, and large or small (relative to the surrounding atoms) substitutional atoms are all point de-
fects. So are Schottky and Frenkel defects which are a combination of two vacancies (of different i-
ons) or of a vacancy and interstitial which occur in pairs and stay close together in the structure be-
cause of the need for charge balance or to minimize lattice strain. The properties of materials may be

controlled by intentionally creating and controlling point defects through heat treatment, strain hard-
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ening, solid solution strengthening, and other related processes. Point defects hamper the movement
of dislocations by disrupting the atom positions and making the slip planes bent or bumpy, and
therefore strengthen the material. They also affect optical and electrical properties and diffusion
rates.

In the perfect lattice, all of the atoms line up evenly and there is no distortion. However, most
lattices include a tiny fraction of imperfections. Although they are numerically few, they control
many of the properties of the material.

When an atom is missing from the lattice, there is a vacancy. If another atom manages to
squeeze in between the normal sites, it.is called an interstitial atom. Other atoms may also take the
place of the regular atom. These substitutional atoms may be either larger or smaller than the sur-
rounding atoms.

Carbon atoms are quite small ( a radius of 0.071 nm). Such small atoms often occupy intersti-
tial positions in metal lattices. Interstitial carbon is of vital importance in strengthening iren, and
controlling it is a major purpose in the heat treatment of steels (alloys of iron and carbon).

Iron is an allotropic metal, meaning that its crystal strueture changes with teinperature. Above
910%C , the structure is FCC. The largest site between the iron atoms has a radius of 0. 052 nm,
somewhat smaller than the carbon atom. A maximum of about 2. 1% carbon by weight can dissolve
in FCC iron, limited by distortion of the lattice due to the presence of the interstitial atoms. Below
910°%C , the iron structure changes to BCC. Even though this is a less close-packed structure, the
largest available interstitial site is smaller than in FCC; only about 0.026 nm. Because of the greater
lattice distortion the atoms cause, less carbon can be dissolved in the BCC iron (a maximum of a-
bout 0.02% ). Heat treating steels often involves heating the alloy so that it transforms to FCC and
dissolves all the carbon, then cooling it so that the carbon atoms are either trapped in the BCC struc-
ture ( causing distortion) or forcing the atoms out of solution to form iron carbides.

2. Dislocations

Dislocations are line imperfections where the three-dimensional lattice is offset. There are two
extreme cases—the screw dislocation and the edge dislocation—and most real dislocations are
mixtures of these types. The presence and movement of these imperfections provide ductility (de-
formability) of the specimen and can lead to failure of a material. Controlling the number of disloca-
tions in material by forming the object and by heat treatment is an important tool for the control of the
properties of the ma_,terial®.

Although they are essentially lines with extremely small diameters ( essentially the size of an at-
om) , dislocations can actually be seen because the atoms near them are displaced slightly. We can
see an actual dislocation moving through a material using a Transmission Electron Microscope.
The dislocation shows up as a short, curved, dark line which can be seen moving through the other-
wise transparent lattice of this Germanium sample and leaving behind a straight step on the specimen
surface.

( Selected from Essential of Material Science and Engineering ,
D. R. Askeland and P. P. Phule, 2005)
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Questions

1. Describe the imperfects in the atomic arrangement.

2. What is interstitial solid solution?

3. Explain the reason that line imperfections effect the properties of the material.
4

. Describe change of crystal structure of iron with temperature.
New Words and Expressions

periodicity n. E#8, R, EEH

monatomic adj. BT

spatial adj. Z5[B]HY

isotropic  adj. %% i0) Al HERY

anisotropic adj. IEHHH, FHREHN

unary adj. —JGH

substitutional adj. FH{CH; BHEM

interstitial adj. FIBRE, HPRA, HFEH

vacancy n. %=, WA, SOL, BB

. bent adj. T, HIFHK

. bumpy adj. EiEEH, AEEER

. allotropic adj. RIEREH

. offset o {REE, WEE; n. L, BB, NERE
. FCC . WH.L3L Y (Face Centered Cubic)

. BCC &7 K] (Body Centered Cubic)

. screw dislocation SRIENi4, MLRNIEE

. edge dislocation MLEQr4E, T4

. essentially adj. LK/ L, A E

19. Transmission Electron Microscope #HE ST T8

o 00 I N b bW N -

T T e s T S = S O S R =
W N N L AW DN —~ O

Notes

@ An atom could be anywhere within the enclosing volume and have no particular spatial rela-
tionship with any of the other atoms.

“have” WJFEIFRN “an atom”, “and” HEBTHFAKRS

SR EHMARPRFUUXBEM MY, MERPHHMGERETFRA LSRN
KR,

@ In most solids ( particularly metals and ceramics ), the atoms are arranged in regular pat-
terns that surround each atom with the same number of neighbors as other similar atoms with the
same interatomic distances and directions. =

BHEX. EARIEG (BHUERSBRAEE) B, EFUEFHOFR#ET, 8HE
FEHMBRFRAMRAKRHRERT, BRMEHRRETFRA MR EFRBEMY M,
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@ An understanding of how processing conditions affect defect the structure of a material and
how (and which) defects affect properties can be used to determine the appropriate processing path
to obtained the desired properties or how operating conditions will affect properties.

“how” FIFWBAATRAMAE “of” WEBNG, BRH “N---HWER (RTH)”,
“the appropriate processing path” 4] F EF EIEH EIE “how operating conditions will affect
properties” RREIBIFIRS . BiELRGg, FEFN—BEE, A

SEFIL: MITEAF MR RGREEH, LR GREITE R R, E8BiX
LHETATHRER LW T rRDERETENMEEE, B9 53 8 T &8 a8 6%

@ Controlling the number of dislocations in material by forming the object and by heat treat-
ment is an important tool for the control of the properties of the material.

“BhiA +ing” SIRMAFREBFBMNA, “tool” BFEH “H”, AiFEH “TR",

SEF 0 B M TREMBAERERMOE PO, RERMBERN —MRER
BT ¥,

Reading Material

Mechanism of Deformation and Diffusion

Mechanism of Deformation

Applying a shear force to a sample can cause a dislocation to mové, producing overall deforma-
tion. The movement of a dislocation produces a step, one atom high, at the surface or at a grain
boundary. If you take a paper clip and bend it back and forth, you can feel a roughness on the sur-
face before it breaks. This is the result of millions of these “steps” coming to the surface. Strengthe-
ning a material can be accomplished by placing obstacles in the path of the moving dislocation. A
precipitate particle in the matrix, for example, either stops the dislocation completely or forces it to
“climb over” which requires energy (it happens more easily at higher temperatures which is why
materials “creep” under load at high temperature) . |

Slip is a process by which a dislocation produces deformation in a material. When a shear force
acts along the direction of the Burger’ s vector, the dislocation can move. The direction of that
movement is the slip direction. Slip occurs most easily on densely packed atom planes and in the
most densely packed directions.

Surfaces and Grain Boundaries

Atoms at the surface of a crystal are not as strongly held in pesition because there are no atoms
surrounding them. This affects electrical and chemical properties.

Most materials consist of many small crystalline regions, called grains that form independently
with different orientations. The surfaces of these grains are the boundaries that form when the grow-
ing crystals run into each other. The atomic arrangement is imperfect along these internal surfaces. If
two lattices meet at a small angle, the boundary can be considered as an array of edge dislocations.

A large-angle boundary may have local stresses because of the atom mismatch. In any case, it
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might seem that such boundaries would weaken material, but in faet, the opposite is true. In a ma-
terial containing dislocations, the grain boundaries represent places that the dislocations can begin or
end and can be consumed or created. A small grain size produces many boundaries, and dislocations
can move only a short distance before encountering a boundary. As shown in the detail, reducing the
grain size produces increased yield strength.

Atom and Ion Movements in Metals ( Diffusion)

Diffusion is the primary method by which atoms “mix” in materials. It can be used to introduce
selected atoms into materials. Examples include “doping” of semiconductors with atoms to control
conductivity and carburization of steels to harden the surface.

The periodic arrangements of atoms can fill space. In most materials, the vast majority of atoms
occupy such ideal surroundings but a very tiny fraction of the atom sites, often less than one in a
million, do not. Defects in crystals may be points (e. g. , a vacant site), lines (e. g., a disloca-
tion) , or surfaces (e.g., a grain boundary).

Even though they account for few of the atom sites, they usually dominate the properties of the
macroscopic specimen. By being able to move in the lattice, vacancies produce diffusion, and dislo-
cations preduce deformation. Introducing these defects and controlling their number and arrangement
provide a powerful tool for the materials engineer to design and create new materials with desirable

combinations of properties®.

Fick’s First Law

To calculate D (the diffusion coefficient) , you use the equation:
D =D,exp ;{—Q
where @, R, T, and D, were described in the previous section. It is important to remember that D
depends on both D, and Q. A species can have a lower Q than another but still have a slower diffu-
sion rate if its D is lower than the other’s. These constants can be read from tables or graphs.
Vacancy Diffasion

Vacancy diffusion is the most common method for the motion of atoms within material. Any of
the atoms adjacent to a vacant site in the lattice can move into that site with relatively little effort.
This leaves a vacancy at its previous location, and the procedure can he repeated. Other bulk diffu-
sion mechanisms in which atoms must swap positions are much more difficult. Imagine a packed lec-
ture hall with every seat filled, and consider how hard it is for people to move around. If a few seats
are left empty and people can shift into those seats, motion becomes much easier. Hence, vacancy
diffusion is much faster than such swapping methods.
Effects of Structure on Diffusion

The activation energy depends upon the availability of “ space” for an atom to move into and the
bonding of the atoms. It’ s harder to move around in a room crowded with football players holding
hands than it is to move in a room with the same number of small children each sitting quietly on the
floor®. In the same way, close-packed structures with strong atomic bonds have very high activation

energy. Structural factors affecting diffusion: Materials in column A will generally have a lower acti-
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vation energy { Q) than those that fit column B, other things being equal.

(Selected from Essential of Material Science and Engineering ,
Donald R, Askeland, Pradeep P. Phule, 2005)

Questions

1. Deseribe mechanism of deformation and diffusion.
.2. Describe effects of diffusion on structure performance.
3. What is Fick’s First Law?

New Words and Expressions

deformation n. &, B

diffusion n. ¥ 8, 5%

shear force YR J7

boundary n. R, ALK

slip » ¥&, ¥W3h, Wi, HIEHE, BE
swap n & v. H, 3

periodic  adj. R, S8

activation energy {E{bBE

yield strength J& IR E

I

Notes

@ Introducing these defects and controlling their number and arrangement provide a powerful
tool for the materials engineer to design and create new materials with desirable combinations of
properties.

SEFIC: X LEMAYE, A GREIFEHHBEMHES, 8 RIF &5 8 A8 R
BHRBHILER - ERAERNTE,

@ It’ s harder to move around in a room crowded with football players holding hands than it is
to move in a room with the same number of small children each sitting quietly on the floor.

“it” BB RXEFE, AENEERE “o FEHNANE, ATHHATHEEZR “har-
der... than”,

BEFRL: —NMHEEEHFRTHEFHRREHRA, — 15 ER EEHBLERKE
AEWAET, HESREHLBHHREER &, -

2.2 Thermal Equilibrium Diagram

Eutectic Phase Diagrams

Phase diagram is an important tool in the development of materials and processes. Material
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properties can be enhanced by the addition of point defects such as substitutional or interstitial atoms
in a metal. These additions can inhibit the movement of dislocations thereby increasing the strength.
The most commonly used phase diagrams are of the temperature versus compositio;l type for multi-
component systems ( at one atmosphere of pressure). These can be divided into two main categories,
equilibrium and metastable phase diagrams. The equilibrium diagram illustrates the effects of tem-
perature and: composition on the phases present in a material under equilibrium conditions, the ther-
modynamically stable phase. However, in most cases an extremely long period of time is required to
achieve thermodynamic equilibrium. Most materials including steel are produced in a state of meta-
stable equilibrium. It may require thousands of years to obtain the stable phases and for most practi-
cal purposes the metastable phase is of interest.

The phases present in a multicomponent. system will depend on several factors including time,
temperature,, pressure, composition, chemical potential, electronic structure ( bonding) and crystal
structure. The composition and amount of each phase can be determined by using the lever rule on a
phase diagram. If insufficient time is allowed for the stable or metastable phases to be produced
throughout the material the phase diagram can be used to at least determine such things as the first
solid to form and the last liquid to solidify®.

A phase diagram is like a map. If the temperature and the amount of added alloy are known,
then one can easily find out what phases are present. Note that just like a map, the location tells you
the present state of things but net how you got there. The phase diagram is also a “state diagram”
that does not depend on history ( heating, cooling, changing composition by adding a component,
etc. ).

As an alloy is cooled, the phase diagram can help us visualize the solidification process. When
the temperature reaches the liquidus line, the first solids begin to form. We can find the composi-
tion by drawing a tie line at the liquidus temperature. As the alloy cools, diffusion must take place.
Because of this diffusion, the composition of each phase will fellow its respective solidus or liquidus
line. To achieve the final equilibrium structure, sufficient time must be permitted in order for diffu-
sion to produce the compositions given by the phase diagram. Changes in the composition of each
phase and the process of solidification occurred.

Also during solidification, latent heat of fusion is removed from the solid-liquid interface. This
removal of heat produces a cooling curve that displays a change in slope at the solidus and liquidus
temperature. In order to obtain this coeling curve, the cooling rate must be extremely slow.

1. Composition and amount ( Lever Rule)

The COMPOSITION of each phase present in a two-phase sample is determined from the inter-
section of the tie line (the horizontal line at the given temperature) with the solidus and liquidus
lines. These intersections tell you the percent of alloying element in each phase, solid or liquid.
This percentage may be represented in either weight percent or atomic percent. The lever rule will
tell you the AMOUNT of solid or liquid in a two-phase region, not its compositions. The tie line can
be thought of as a “see-saw”™ with the original composition of the alloy being the fulcrum. The A-
MOUNT of any phase is the length of the OPPOSITE END of the see-saw divided by the length of the
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entire see-saw.

Opposite Arm of See-saw

Length of Entire See-saw x 100%

Percent of Phase Present =

2. Eutectic phase diagrams
The eutectic transformation, L—a + B is shown by a “downward-pointing V” of lines on the di-

agram. On cooling, the liquid phase forms a mixture of two solid phases. The example is Pb-Sn
(Fig.2.1).

The lead-tin phase diagram includes everyday ma-
terials ( solders) and contains a simple eutectic, mak- 32(;
ing it a good diagram to explain the four types of micro- § 232
structures that form in these alloys, depending on their g
composition. ' . g

The first type is alloys that contain less than 19% o+f
Sn, the maximum extent of the lead-rich single-phase. D E

Pb w(Sn)(%) Sn

These alloys solidify as they cool from the liquid to pro-
Fig.2.1 Pb-Sn thermal

duce a single solid solution. However, tin and lead A .
equilibrium phase diagram

have limited solubility, and upon further cooling, the A

solvus line is reached. This line represents the maximum solubility of tin in the lead-rich phase.
Once the alloy cools past this line, some tin will precipitate to form a new tin-rich phase. This may
take the form of fine particles dispersed in the matrix, or in some cases, might be concentrated at
the boundaries between grains. ® The same process would occur at the other side of the diagram for
alloys containing less than 2% Pb in Sn, forming the tin-rich phase first.

In the lead-tin system, the alloy that contains 61.9% Sn has the eutectic composition. When
the temperature is above 183°%C, the alloy is completely liquid. Upon reaching this temperature, the
eutectic reaction begins. ‘During solidification, a thermal arrest, or plateau, will be displayed in the
cooling curve. Two solid phases are formed during this reaction: the lead-rich alpha (o) and the
tin-rich beta (B). The compositions of these phases are the two endpoints of the eutectic line (19%
Sn and 98% . Sn, respectively). These two phases will grow in a lamellar, or plate-like, structure.
The product of these two phases, together, is called the eutectic microconstituent. This process is
called eutectic solidification.

The microstructure controls the strength of a eutectic alloy. The primary, or proeutectic, phase
is typically soft and ductile. Many thin lamellae are stronger than a few thick layers.  The amount of
eutectic microconstituent will also affect the strength of the alloy. The binary system of lead and tin
(solder) provides an example of the relationship between microstructure and properties of a eutectic

forming alloy.
Eutectoid Phase Diagram

The eutectoid reaction is a solid-state reaction similar to the eutectic but where one solid phase

transforms into two solid phases. A good example of this type of reaction is found in the iron-iron
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carbide phase diagram (Fe-Fe,C) (Fig. 2.2). Pure iron forms different crystal structures, depen-
ding on the temperature ( allotropy). At high temperatures ( above 1390°C), iron forms a BCC
structure called §. At lower temperatures, iron forms the FCC structure called austenite or vy. Below
910°C , iron transforms again to the BCC structure called ferrite or . Cementite, Fe,C, is a stoi-
chiometric compound.

»

P L
5 E e T T
5 .
(¥}
= Fe,C —
S
Fe w(C)
¥
é _a"_ o+y Fe,C
2,
5
E a+Fe,
w(C)

Fig. 2.2 Fe-C thermal equilibrium diagram

By controlling the amount, size and morphology of cementite, we can control the amount of dis-
persion strengthening. In this system, the alloy containing 0.77% carbon corresponds to the eutec-
toid composition. By heating this alloy above 727°C and allowing it to cool slowly, one can observe
the eutectoid reaction. The final structure is a lamellar one called pearlite containing and Fe,C.
The lamellar structure arises for the same reason as in the eutectic transformation.

Steels that contain more than 0. 77% C are called hypereutectoid, and steels that contain less
than 0.77% C are hypoeutectoid ( hyper = above, hypo =below).

In hypoeutectoid steels, as the alloy cools, ferrite, the primary microconstituent, begins to
form at the grain boundaries of the austenite. Ferrite continues to grow until the eutectoid tempera-
ture is reached. At the eutectoid temperature the remaining austenite undergoes the eutectoid reac-
tion (note the thermal hold while this takes place) and transforms into peatlite. The final structure
contains the continuous proeutectoid microconstituent, ferrite, surrounding islands of pearlite. These
steels are ductile because the primary ferrite can be deformed.

Hypereutectoid steels transform in the same way except that cementite is the primary microcon-
stituent. This is a hard, brittle phase, so the mechanical properties of hypereutectoid steels are very
different ( they are used, for example, in ball bearings) . '

The lever rule also applies to the eutectoid transformation in the Fe-Fe,C phase diagram. The
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calculation of the amount of each phase is identical. The only differences to keep in mind arise from
the fact that the austenite phase is a solid, not a liquid. This means that the nucleation of the alpha
and cementite phases generally starts at the grain boundaries ( heterogeneous nucleation) in the

austenite rather than at random ( homogeneous nucleation) , as in a liquid.

(Selected from Essential of Material Science and Engineering,
Donald R, Askeland, Pradeep P. Phule, 2005)

Questions

1. Describe purpose of thermal equilibrium diagram.
2. Describe procedure of drawing thermal equilibrium diagram.

3. List several applications of thermal equilibrium diagram.
New Words and Expressions

equilibrium n. P85, B&

liquidus line ¥k FHZR

Lever Rule #T#FFH#

disperse adj. 4FECIK

solvus line [EAHLR

eutectic n. LY ; adj. I

eutectoid n. RKIRILEEK; odj. T
cementite n. BRI, BiLE

stoichiometric adj. M EK, LEHTEM
. pearlite n. TG

. hypereutectoid adj. FILHFH

. hypoeutectoid edj. W I:HTH)

. ferrite n. ShkE, R, REHK

. heterogeneous adj. AEFHHK, EHH

15. homogeneous adj. WK, WML, MK, MER, H—8H

Notes

Ve NS ;A e e

bt bk et ek
H W N = O

D I insufficient time is allowed for the stable or metastable phases to be produced throughout
the material the phase diagram can be used to at least determine such things as the first solid to form
and the last liquid to solidify.

XRE—THEN “if 7 5|2 EGRENE,

BEFX. MEANEEIAREUERBEARVREME, ELWUAMERE-LHE,
Hotm: B e B B A B B ALEI .

@ Once the alloy cools past this line, some tin will precipitate to form a new tin-rich phase.

This may take the form of fine particles dispersed in the matrix, or in some cases, might be concen-
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trated at the boundaries between grains.
“once” ARG RIBNAIN—NHAKGIRE, #BH “—H”, “this” {QiF, HMAE
TR RIN A, “might be concentrated. . . ” HRIH A M T HFEiHE “fine particles”
BEFL: ~BALVHBLEMHR, B4 F L Sn THBERFNE Sn . IMEHE
BEAFIRE—LH/NBR, BH, EXRBEELT, XEMA/MEINSERR LT HESE,

Reading Material

Phase and Solubility

A phase is identified by its chemical composition and microstructure. A phase must be homoge-
neous in its crystal structure and atomic arrangement. A phase must have the same physical and
chemical properties throughout. A phase must also have a definite interface between its surroundings
and must be mechanically separable. Only if all these conditions aré met does a single phase exist.

The definition does not mean that only pure elements can qualify as phases. Compounds can al-
so have phases. Water (H,0) is a classic example. When you fix a glass of ice water, there are two
phases present: ice and water. These have the same chemical composition but different atom ar-
rangements. Likewise, two solids may have the same atom arrangement but different compositions
(many different metals have the FCC structure, and many ceramics have the NaCl structure).

Solid solutions are a very important part of materials science. By intentionally introducing solid
substitutional atoms into an existing lattice, we can control the properties of the new alloy®. We will
see that this includes not only mechanical properties (stiffness, strength, failure behavior) but also
electrical, optical, magnetic, environmental, and other behavior. In a solid solution, some atoms of
the solute replace those of the solvent in the solvent’ s normal lattice structure. They are randomly
distributed among the lattice sites. If the alloy contains 10% A in B, then at each lattice site there
is a 10% probability that we will find A. Ideally, this should not depend on what is at any other lat-
tice site, but in reality, the distortion of the lattice around each A atom makes it either more or less
likely to find other A atoms nearby.

For two substances to have unlimited solubility, any amount of either substance must be able to
dissolve completely into any amount of the other substance. A common application of unlimited solu-
bility is alcohol and water. In this example it is very important to remember that after the solution is
thoroughly mixed, only one phase is produced.

Copper and nickel are good examples of metals that display unlimited solubility. A solid solu-
tion of Cu and Ni forms only one solid phase below the individual melting points of each metal. How-
ever, at temperatures between their melting points, both a solid and a liquid phase will coexist. The
solid phase in this temperature range is still the same phase as the solid below the melting points.

For limited solubility, only a certain amount of one substance may completely dissolve into the
other substance®. If this level of solubility is surpassed one of the original components will remain.
At this time, two phases exist: the solution and the excess substance that was unablé to mix. A sim-

ple example is sugar and water. Sugar will dissolve in water but only to a certain point (which de-
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pends on temperature). After this point, the excess sugar will sink to the bottom of the container.

Many materials behave this way. Copper and zinc are two metals that display limited solubility.

(Selected from Essential of Material Science and Engineering.,
Donald R, Askeland, Pradeep P. Phule, 2005)

Questions

1. What is the phase?
2. How did solid solutions affect the properties of the materials?

New Words and Expressions

1. compound n. &Y, BEY; adi. EEH; v. BE, BE
2. stiffness n. Wi, FHE

3. solvent n. BH, HERL

4, likewise adv. [FFEML, HEAEHD

Notes

@ By intentionally introducing solid substitutional atoms into an existing lattice, we can control
the properties of the new alloy.

BHEEX: RMNABRERETIABIAN AP RENFT A SR,

@ For limited solubility, only a certain amount of one substance may completely dissolve into

the other substance.

SR ARABFRBAA - ERNEMYRBTLBRIAZ -FHPHEF,
2.3 Casting

The casting processes are used to produce the final form of some primary products. They may
be further processed by machining or by welding, but these processes produce relatively minor modi-
fications of the form of the part. Some castings may not be further processed at all; they are used as
cast.

All the casting processes include the steps of melting the metal in the desired composition, pre-
paring the pattern and using it to produce a mold, pouring the metal into the mold, letting it cool
down and solidify, and conditioning the casting mechanically by removing the sprue, runners,
gates, and other auxiliary parts®, and otherwise improving the surface. If required, the casting is
heat treated. There are several different casting processes that are classified according to the material
and structure of the mold, which is mainly either expendable or permanent. The choice of the
process depends on the size and material of the part, the accuracy and surface finish required, and
very strongly on the quantity of parts to be made.

We will concentrate on the industrial casting processes in the production of machinery. A great

MBEEWRE



variety of metals are cast: gray iron, malleable and ductile iron, steel, aluminum alloys, zinc al-
loys, brasses, bronzes, and many others.

In pure metals and in eutectics a plane solidification front propagates away from the walls of the
mold, which is where the heat is extracted (Fig.2.3a). Close to the wall, where the cooling is
fast, a layer of fine, equiaxial grains is produced. Further away from the wall long, columnar grains
grow into the melt. Very little porosity is obtained and as a result of shrinkage of the material as it
changes from liquid to solid and as the solid cools down, a rather deep depression called a pipe is
generated at the top of material that has been poured into an open mold. In closed molds it is neces-
sary to ensure a steady supply of molten metal from cavities additional to the functional mold, called
risers, to ensure complete filling of the mold. Furthermore, the mold must be designed so as to en-
sure that freezing starts at walls and in cavities farthest from the inlet of the molten material, called
the gate, and propagates towards the gate.
pipe

Heat
extraction

Heat
extraction

Melt

Growth
direction

—_—

Direction
of heat
extraction <)

Fig.2.3 Solid structures in a) columnar grains in eutectics,
b) dendrites in non-eutectic solid solutions, c¢) shows the dendritic structure
growing in crstallographically favorable directions.

In noneutectic solid solutions with their wide range of solidification temperatures and the varia-
tions of the composition in the crystals throughout the solidification process there is also a fine-grain
layer at the wall of the mold ( Fig.2.3b), but farther away, the grains grow in the form of dendrites
that resemble trees with branches® ( Fig. 2. 3¢). These forms are initially weak, and they can be

broken by agitation to result in fine grains. As the dendrites interweave, they lock in place and the
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spaces between the arms may be starved of fluid due to local shrinkage. This results in microporosi-
ty, which is harmful to the toughness of the casting. The pipe in this case is much smaller due to the
distributed shrinkage.

The properties of the cast, metal may also be improved by treatments applied after casting. One
of them is called high-temperature isostatic pressing ( HIP) , in which a neutral gas such as argon is
used to pressurize the casting. Pressures up to 200MPa and temperatures up to 2,000°C are possi-
ble. The process is applied to superalloy and titanium castings. It eliminates porosity and improves
toughness and fatigue strength. Other methods involve various kinds of heat treatment. Steel and iron
castings may be quenched and tempered, and aluminum and titanium eastings may be subjected to
solid-solution or precipitation-hardening treatments. Annealing is often applied to various metals with
the purpose of homogenizing the micro—and macro—segregation. Stress-relief heat treatment is also
rather common.

Steel castings are used in a great variety of applications; in the transportation industries for
parts of railway cars, highway trucks, and ships; in the mining industry for large excavators, shov-
els, ball mills, and crushers; in the construction industry as parts of road-building machinery; in
agricultural machines; in power generation for the housings of turbines and for valve bodies; in steel
plants for charging machines, rolls for rolling mills, and frames of rolling-mill stands. Some of the
steel castings are very large. Several examples are shown here in impressive photographs. A railroad

freight car contains steel castings as the coupler, the stricker, truck side frame, and bolster.

(Selected from Manufacturing processes and equipment, Jiri Tlusty, 2000)
Questions

1. Describe the solidification process during casting.
2. What advantage does steel castings show?

3. List several applications of steel casting.
New Words and Expressions

pattern n. A, B, &R, BR; ZX, BR, AE; &7, #HA
mold n. T, #, B&, HE

sprue n. 0, RO, HiE, HEE
runner n. WiH, BPEE

gate n. HPEE, B0

auxiliary adj. #IBIRY, KEK, NEBHK
malleable adj. AJ4RAY

equiaxial adj. SEHA

riser n. O, KO, |il, FEH
10. cavity n. 259, I, S, BEHE
11. inlet » AbE0O, #HEO, KA
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12. isostatic pressing FERIE

Notes

@ All the casting processes include the steps of melting the metal in the desired composition,
preparing the pattern and using it to produce a mold, pouring the metal into the mold, letting it cool
down and solidify, and conditioning the. casting mechanically by removing the sprue, runners,
gates, and other auxiliary parts,. ..

AR - REMSEEREDT, IE—BXA- g BX, RUTHENELA2T
B, “condition” AR “HKM7, FEIHIESFEM, BR “LH”,

BEREX : ANBEREE THNLRAR: URENVRSBLER, HEEE,
HMARMEET, BELEBAASET, ILEAHFER, RARAMAIRT KR EEED
&dgﬂﬁﬂi]%ﬁ, veeeen

(@ In noneutectic solid solutions with their wide range of solidification temperatures and the var-
iations of the composition in the crystals throughout the solidification process there is also a fine-grain
layer at the wall of the mold, but farther away, the grains grow in the form of dendrites that resemble
trees with branches.

“with” Z|RFEERIE, HBEREMEMS, “and” EERIHIINER.

SEFN: FREERKAREWELMBERRE, HEALIBRTRENRSERETH,
FrUEHEELERARE, BREHEETRNEY, SNUBERBERIHEK, BRELSXHRME
M.

Reading Material

Welding

Welding is a metal joining process that involves local melting. The blacksmith heats the metal
until the surface is just at the melting temperature, adds some borax to remove any oxide, and then
hammers the pieces together. More localized melting methods use electrical current ( spot or arc
welding) or flames ( oxy-acetylene or plasma welding) and may add additional metal that is melted
and deposited in the joint ( mixing to some degree with the base metal). When metal is added it can
be much higher in alloy content than the base metal to achieve strength without subsequent heat
treatment. Inert gases such as helium or argon are often used to prevent oxidation.

Problems in welding arise not in the weld metal, but typically in the base metal adjacent to the
weld (the “heat affected zone” , as shown in Fig.2.4 ) where the heat from the welding operation
can cause any of several problems that produce undesirable microstructure and propertiesm. Exces-
sive grain growth makes the material weak while formation of martensite may make it brittle. Careful
control of the amount of heat energy used in welding is required to avoid catastrophic failures.

Arc welding is the most important of all the welding processes. It is used universally in all
kinds of mechanical manufacturing from ship-building to car production, in the structures of machine

tools, in agricultural and textile machinery, and so on. It is also important outside of machine
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Deposited

Fig.2.4 Beat affected zone of the welding material

shops, in building construction and in pipeline construction, for example. We will discuss different
arc welding processes mentioned in the introduction to this chapter. Each of them is best in particu-
lar applications, depending on the base material, the size and type of weld, the accessibility of the
weld, and the requirements for mechanization and automation.

In all of them the source of the welding energy is the electric arc, which is produced between
an electrode and the work (base). The arc is an electric discharge through a column of ionized gas,
the plasma. The temperature in the arc is very high, between 5,000 and 30,000 K. The arc is
maintained at voltages between the terminals of 1540 V, and it carries currents commonly in the
range of 50-500 A, although currents as low as 0.3 to 10 A are encountered in plasma arc welding of
thin-gage metals, and currents as high as 1,600 A are used in submerged arc welding. The arc trav-
els along the weld seam, melting the base metal and usually also the filler metal. The filler metal
is provided either by melting the electrode, which has the form of a metallic rod or wire called a
consumable electrode, or by being fed separately into the arc in processes using a nonconsumable
electrode made of tungsten. In all the processes the arc and the puddle of the molten metal must be
shielded against oxidation and against other kinds of contamination from the atmosphere.

The various processes differ in the way the shielding is provided. They further differ in the
charaeteristics of the electric power supply. This may deliver DC, AC, or “pulsed” currents; it may
have “constant-voltage” or “constant-current” characteristics and may be connected with the elec-
trode negative (EN, also called “straight” polarity) or with the electrode positive (EP, also called
“reversed” polarity). The type of material, type of shielding, and type of current influence the ways
in which metal is transferred from the electrode to the base; therefore, a particular process may be
more or less suitable for welding in the more difficult positions. The flat position is the easiest one,
and any of the processes can be used. The overhead position is most difficult because the metal is
transferred against gravity. Only some of the processes are suitable in this case, and even with these
piocesses, much lower metal deposition rates are obtainable than in the flat, horizontal, and vertical
positions, respectively.

The first process, illustrated in Fig.2.5, is shielded metal arc welding (SMAW). Metallic
electrodes in the form of rods are used that are covered by a layer of flux. The arc is generated be-
tween the lower end of the electrode and the work. The consumable electrode melts away and is

transferred to the weld. The heat of the arc converts the covering to gas and molten slag. The gas
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shields the arc, and the slag shields the molten metal as it solidifies. The upper end of the electrode

is bare and it is clamped in a holder through
-which runs the end of the cable from the power
supply. The material of the core of the electrode is
similar to the material of the base metal. The cov-
erings exist in a variety of compositions which af-
féct the chemistry of the weld and the stability of
the arec. »
In the gas metal arc welding ( GMAW)
process (Fig. 2.6), the elecirode is in the form of
wire that is continuously fed into the arc. Current

is brought in through the contact tube in the wire

Protective Gas from

Electrode
Electrode Coating

Wire

Electrode

Molten Weld Coating

Metal
Slag Arc
Metal
Solidified Droplets
Weld Metal

Fig.2.5 Shielded metal arc welding. The
coating of the metal stick electrode provides
gas for shielding of the arc as well as
protective slag over the molten metal poor.

guide in the torch. Shielding of both the arc and

the molten metal is provided by an externally sup-

plied gas. Depending on application, either the in-

ert gases argon or helium are used, or carbon diox-

Metal -
ide. The equipment is more complex than for \§§ NSE . ’ Jl& ‘k‘

Fig.2.6 Gas metal are welding. Shielding of
arc and weldpool is provided by the gas.
The electrode is thin wire.

SMAW because of the gas supply line and wire-
supply components, but the process is amenable to
mechanization and automation. The equipment then
also includes machinery to guide the torch along the
desired path. This may be a rail and carriage for simpler straight-line motions. For complex mo-
tions, it is common to use robots.

The GMAW process uses mostly a DC power source with EP polarity and the “constant-voltage”
characteristic. As explained later, this is the basis for self-regulation of the process in which the
burn-off rate adjusts itself automatically to any change in the wire feed rate. This aspect is very im-
portant for successful automation of the operation. The GMAW process is utilized in high-production
welding operations. All commercially significant metals can be welded in all positions by choosing
the appropriate parameters and conditions for the process.

The next process is flux cored arc welding (FCAW). It differs from the GMAW process in
that the consumable, continucusly fed electrode is tubular and contains a flux core that provides the
shielding medium. This may or not be assisted by an additional gas shield. The FCAW process is
used for welding carbon and low-alloy steels, stainless steels, and cast irons. Essentially, the
FCAW process is a combination of the SMAW process, with the electrode wire and coating turned
inside out, and the GMAW process. .

The next two processes, gas tungsten arc welding ( GTAW) and plasma arc welding
(PAW) , use nonconsumable electrodes, which may thus be used in situations where no filler metal
is required. However, in most instances filler metal is added from a rod or wire fed into the arc.

This permits better control of the ratio of added metal to melted base metal than with the processes u-
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sing consumable electrodes. The weld quality is high because there is no slag, as in SMAW , which
might be entrapped in the weld, and no filler metal is transferred across the arc as in GMAW , which
could cause spatter. In the GTAW process the are is generated between a tungsten electrode and the
base, and inert gas is supplied through the torch to shield the arc and the molten metal®. This
process can be used to weld almost any metal, but it is the preferred process in the aerospace indus-
try for welding stainless steel, titanium alloys, nieckel alloys, and aluminum alloys. It can be used in
all positions. However, it is rather slow and not good for thick sections, because deposition rates are
low. In the PAW process the intensity of the heat input is effectively increased by constricting the
arc in a water-cooled copper orifice. Shielding is obtained primarily from the hot ionized gas issuing
from the orifice. There is also an outer shielding gas supply to protect the weld. This arrangement,
in which the nonconsumable tungsten electrode is recessed inside the orifice, leads to a very high di-
rectional stability of the arc and its insensitivity to variations in the tool standoff distance. The appli-
cations are of two kinds. The first one is low-current PAW, which is suitable for welding very thin
sheet metal or welding small components. The second one is high-current PAW, which offers better
penetration due to the higher heat intensity, and permits higher welding speeds than GTAW. Howev-
er, the equipment is more expensive because of the need of a cooling water supply for the orifice and
also because of the double inert gas supply lines. Because of the high heat intensity, this process is
also used for thermal cutting,.

The last process considered is submerged arc welding (SAW). A bare wire electrode is me-
chanically fed into the arc, as in GMAW, but shielding is provided from granular flux that covers the
welding arc. This flux is supplied through‘,a feeding tube located in front of the arc. The unmelted
flux acts as an air shield, a heat insulator, and a radiation shield. The molten flux provides slag
covering the molten metal, and the vaporized flux provides the plasma for the arc. Very high cur-
rents are possible, and they result in very high deposition rates. The process has to be mechanized
because the arc is not visible; it has to include automatic control of the wire feed rate, and it is lim-

ited to flat and horizontal welding. Ii is used for carbon and alloy steels and for nickel alloys.

(Selected from (D Manufacturing processes and equip-
ment, Jiri Tlusty, 2000; @ Essential of Material Science and
Engineering , Donald R, Askeland, Pradeep P. Phule, 2005)

Questions

1. Describe the solidification process during casting.
2. What advantage does steel castings show?

3. List several applications of steel casting.
New Words and Expressions

1. arc welding HLIEMR, 4R
2. base material & 4E&R, B4, BEELR
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3. accessibility n. A] ¥, FliAME, WHEH, AIRE, BAK
4. weld seam JR4&

5. filler metal HFEERE, HHER

6. consumable electrode JEILEHE, BEEHK

7. puddle n. &b

8. transfer o UWUE, 158, Hik

9. shielded metal arc welding (SMAW) {2&H KB

10. gas metal arc welding (GMAW) S {&{Eid 5B

11. flux n. B, &7

12. amenable adj. MBI, FEH

13. flux cored arc welding (FCAW) ZyREZ a8

14. tubular adj. FIRH

15. gas tungsten arc welding (GTAW) #EiRiEHESEBREPE
16. plasma arc welding (PAW) B TiHA

17. submerged arc welding (SAW)  HEFL4E

18. bare wire Ye{B4, #iE%, #L

Notes

(D Problems in welding arise not in the weld metal, but typically in the base metal adjacent to
the weld where the heat from the welding operation can cause any of several problems that produce
undesirable microstructure and properties.

SERL: BETEENRE - BRAERELR L, MERKSBREHEEL, El
Ab, BETAENMBEETE MRS, HEARE USSR AEE,

@ In the GTAW process the arc is generated between a tungsten elecirode and the base, and
inert gas is supplied through the torch to shield the arc and the molten metal.

Z2ERN: EEREESARPRY, ANESBRAEARZE =4, HHESERP BRI
MFRER .

2.4 Nonferrous Alloy

s This chapter presents a very superficial summary of some of the kinds of metal alloys other than
irons and steels that are available for engineering use. It is more of an indication of the range of
properties available than a selection guide. For each alloy type, a brief listing of a few key points is
given. Note that many of the characteristics of the alloys can be predicted from the crystal structure
and that the various alloying elements produce results that can be predicted from the phase dia-
grams.

Non-ferrous alloys include relatively common materials like aluminum and titani‘um, copper al-
loys (such as brass and bronze) , and lead-tin alloys (such as solder and pewter). There are also

many less common ones based on metals with much higher costs and special properties such as beryl-
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lium , magnesium, tungsten, uranium, etc?. Many of these special alloys are very lightweight, and
hence, of interest in aircraft construction. Others have good corrosion resistance in particular envi-
ronments. Some, such as gold, silver and platinum, have special value because of their scarcity and

decorative properties.

Aluminum Alloys

¢ Refined by electrolytic reduction of aluminum oxide (requires large amounts of electricity) ,
but relatively inexpensive. Widely used in technical and consumer applications. Easily recycled.
¢ Easily formed (e. g. , beverage cans), good electrical conductivity (used in high-voltage
transmission wires) and lightweight (2.7vs. 7.9g/ em’® for steel).
e Typically strengthened by solid solution alloying, precipitation hardening, or cold working.
Aluminum is FCC, and hence, it has good ductility and work-hardens well.
¢ Typical alloying elements are:
-— Boron or titanium to control grain size
— Copper, zinc, or magnesium for precipitation hardening
— Silicon for solid solution strengthening or precipitation hardening Lithium to reduce densi-
ty and for age hardening
e Oxidation produces an adherent coating that prevents further oxidation and protects the metal

in many environments (unlike steels which rust because the iron oxide coating is porous and flakes

off ).
Magnesium Alloys

e Magnesium is electrolytically extracted from magnesium chloride in seawater.

® Very low density, but poorer corrosion resistance, strength, duetility ( because it has an
HCP structure with few slip planes) , modulus of elasticity, and fatigue resistance as compared to a-
luminum. Also, magnesium can burn in air at high temperatures.

e Does not strain-harden well ( because of the HCP structure), but precipitation hardening
with Zr, Th, Ag, or Ce is possible.

e Magnesium-aluminum or magnesium-lithium alloys are used for light-weight structures.

e Dispersion strengthening with oxide particles or fibers introduced into the molten metal is al-
so used ( Metal Matrix Compesite, MMC) . l

Copper Alloys

& Some native copper exists and was used by early humans, but now copper is refined from ox-
ide and sulfide ores by a variety of methods.

® Good ductility (because of the FCC structure) and corrosion resistance, but generally poor

_strength. Copper work-hardens well ( again, due to the FCC structure) , as in drawing wire.

e Copper-zinc alloys ( brass) and copper-tin alloys (bronze) are solid solution strengthened

and among the earliest alloy metals used by humans.

B RS



e Zirconium, chromium, and beryllium produce precipitation hardening in Cu.

® Lead is added to copper alloys to produce tiny lead spheres ( molten Pb and Cu are insolu-
ble, forming a monotectic) that improve machinability.

® Copper-aluminum alloys ( called aluminum bronzes) produce eutectoid structures and mar-
tensitic transformations with a rich variety of microstructures and properties.

e High purity copper has very good electrical conductivity (only silver and gold are better).
Nickel Alloys

® Good high-temperature strength (e. g. , turbine blades).

® Good formability ( FCC structure produces good duetility) .

& Nickel-copper alloys ( Monel) are corrosion resistant in salt water.

® Aluminum and titanium additions produce age hardening.

® Nickel-titanium alloys have a martensitic transformation that can cause dimensional changes.

e Nickel-iron-cobalt alloys have even better high-temperature creep resistance than straight
nickel. .

e Alloys can also be strengthened by the formation of many different types of metal carbide
particles.

Titanium Alloys

e Excellent corrosion resistance (including salt water).

e High strength and moderate density.

e Used in airframe and jet engine components, and in submarines ( titanium is non-magnetic
and therefore harder to detect than steels). k

® Poor ductility ( HCP structure and few slip planes).

® Tin and zirconium additions produce solid solution strengthening.

e Alloying with manganese, chromium, and iron produces phase diagrams with eutectoid
transformations ( two-phase structures) and martensitic transformations from the high-temperature
BCC structure.

® Rich possibilities for microstructure control through alloying and heat treatment.

(Selected from Essential of Material Science and Engineering ,
D. R. Askeland and P. P. Phule, 2005)

Questions

1. Describe the performance of aluminum alloys.
2. Describe the performance of nickel alloys.

3. Describe the performance of copper alloys.
New Words and Expressions
1. nonferrous alloy HHE£E
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2. brass n. HH; BFE; #HF; HELRS
3. bronze n. FHH (FAMBHEE), FRNG; FTHE; FHECQNIH; FHS
4. solder n. 8, ¥F¥
5. pewter n. HBHESE
6. scarcity adj. St
7. magnesium n. £
8. martensitic adj. R
Notes

(D There are also many less common ones based on metals with much higher costs and special

properties such as beryllium, magnesium, tungsten, uranium, etc.

BHERL: BF-EFRHALNERGE, HRAERRS, BRAFRNMER, X8
SRme. &. B, &%,

Reading Material

Corrosion

Electrochemical Corrosion _

Electrochemical corrosion occurs when metal atoms lose electrons (oxidation reaction) in an a-
queous medium. An electrical circuit is formed between two different metals in which corrosion oc-
curs at the anode. Electrons travel to the cathode. In pure water they produce hydrogen bubbles. If
the solution contains dissolved oxygen (0, ) , this reacts with the electrons to produce OH ions that
in turn, react with the metallic ions, for instance, to produce the familiar rusting of iron in water®.
In a low-pH solution containing H + ions the cathode reaction simply produces more water molecules
and the only visible evidence of corrosion is the loss of metal from the anode.
Microstructural Effects on Corrosion

Structure and microstructure both determine how electrochemical corrosion proceeds. At the mi-
crostructural level many metals contain several phases, such as the pearlite in lamellae in steels.
These have different emf values, so one will be attacked ( this is how microstructures are etched for
microscopy) . Many stainless steels form chromium carbides at grain boundaries which reduce the
chromium concentration there relative to the interior of grains. This composition difference makes the
boundary regions anodic. Grain boundaries are usually anodic anyway because of the higher disloca-
tion density there. Etching of grain boundaries is also used for microscopic examination. Higher dis-
location density can also be produced by deformation and the regions that are deformed will act as
anodes. }
Coatings

In any pair of metals the more anodic one will be the anode and suffer electrochemical corro-
sion. This is why a block of zinc attached to a boat hull protects the brass fittings from corrosion ( by

being sacrificed itself) and why galvanized (zinc) coating on.steel guardrails and garbage cans pre-
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vents rusting. Note, however, that tinplate (tin coating on steel) does not provide electrochemical
protection, so a pinhole in the coating on a “tin” can allows the metal to be attacked (the coating’s
main purpose is to allow the metal to be joined by soldering rather than to prevent corrosion).
Oxidation

Oxidation of metals can be either a problem or a means of protection. Some metals oxidize more
readily than others (e. g. , magnesium oxide has a much higher free energy of formation [ more nega-
tive] than copper oxide, but it can be taken as a given that when exposed to a normal atmosphere all

metals will form some surface oxide in a very short time. The key to the behavior of the metal is

whether the oxide that does form creates a continuous, adherent, nonporous protective layer that pre-

vents further oxidation or creates other corrosive attack on the metal®.
Polymer Degradation

Many pélymer materials are quite resistant to corrosion and are used as protective coatings on
metals. Different thermoplastics and thermosetting polymers behave differently in different environ-
ments. Elastomers are also degraded by different environments. '

When polymers are exposed to liquids, they may swell (becoming softer and more ductile) or
dissolve. This process is accelerated by temperature. Rupturing bonds (called scission) within the
chains by chemical attack (e. g., ozone), heat, or ultraviolet light reduces molecular weight and
strength. Removal of side groups from chains also reduces strength and may produce undesired by-
products (e. g. , removing the chlorine from PVC produces HCl). In some cases radiation (light or
x-rays) can cause ionization leading to cross-linking, reducing ductility.

The intentional degradation of “biodegradable” plastics is often based on breaking down starch

fillers rather than attacking the actual polymer molecules.

( Selected from Essential of Material Science and Engineering ,
Donald R, Askeland, Pradeep P. Phule, 2005)

Questions

1. Describe the importance of corrosion,
2. List several types of local corrosion.

3. Describe mechanism of Polymer Degradation.
New Words and Expressions

electrochemical corrosion H {k & i it

rust n B8, &

peatlite n. FRNHEK

lamella n. 2, HH, HHE

grain boundary S 7, EBAF, SBEF
sacrifice n. & o fHE

galvanized aodj. BLEERY, BWHH

- N S - S S
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8. guardrail n. FRE

9. garbage can X IRAE, WK

10. tinplate n. EHEK, BHE L

11. degradation n. Bk, ik, B, BEMER, R

Notes

@ If the solution contains dissolved oxygen, this reacts with the electrons to produce OH ions
that in turn, react with the metallic ions, for instance, to produce the familiar rusting of iron in wa-
ter.

BRI MBBRBFEARHE, S5ETRUEREERE T, KAk, KERET
NEMEBE TR, Hin, SR LN, |

@ The key to the behavior of the metal is whether the oxide that does form creates a continu-
ous, nonporous protective layer that prevents further oxidation or creates other corrosive attack on the
metal.

SR : ERRMNNXEE.: FUFEN—BESNETLNRTE, REME#—P
A1k, BRESE L ERMBL,
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BERFHFRDS (Z): B A

REPHESORPEATHE, HREERBREXPESHRRAGTE, ERENESIER
KUFMIBFTRET WA,

1. yRER :

B “as+ BN (RFBA) R +as” W “HRIBE" B4, flin.

These methods will reduce machining cost, which can be as much as 50% of the total manufac-
turing cost.

X ERS AV TRAREKE BRAK 172,

Particle reinforced metals (PRMs) commonly contain below 25 vol. % ceramic reinforcement
when used for structural applications, but can have as much as 80 vol. % ceramic when used for e-
lectronic packaging.

FRERESRESHBSATENNEENHEYREANERET 25%, YHATH
TR, BRI AR 80%

Engineers designing a hypersonic-speed transport will have to develop new high-temperature ad-
vanced materials to be able to withstand temperatures as high as 1800°C

TR EFAEZEIN ST RFR LN, XM RERERAZHEERX
1800°C . '

2. BEAIH I

(1) “n+times +as +JE&FH (REFHA) JFHK +as” (ARBHnfE)o

This railway is three times as long as that one.

X ARRBE M B R AR R ERBE R 3 %

Most quenching is done in either water or oil. Water gives a quenching rate about three times as

fast as that of oil.

KER B KAE K P P T o K PRAY B R B 3 1o

Argon is approximately one and one-third times as heavy as air and ten times as heavy as heli-

um.

HSWEFERSSH4/3 1%, BEAKW 1015,

(2) “n+times + B (HBIHE) HHBLE +than” (A BK, K, B, - n-11&,
HRARBMnfE), '

Generally speaking, fibers are at least 100 times longer than they are wide.

BERN, SENKEZPDRFER 100 15,

This machine is five times heavier than that one.

XENBEIRESNRE 4,

(3) “n+times + &% (R, KE, BE&., kH%) SFNAHE that” (AR BKnfF,
RAKBR, K, E, - n-14%),

For soft materials, the thickness of the test piece should be at least 15 times the depth of the in-

dentation, while for hard materials the thickens should be at least 7 times the depth of the indenta-
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tion.

SEHRTIE, #R0REZSREREERN 15 M5, T FEAR S, 5 0nE
MEESREREEN T /%,

To get the same equivalent shielding effectiveness, the flow of helium will have to be two to
three times that of argon.

AT RIAEANRPUER, FENESHRBEESMN 2 ~3 15,

(4) “n +fold increase” EE#H “increase JSENIA + M~ (WM n -1 4%, REMIMP n
%) o

Magnetic nanocomposites with 5-10 fold increases in magnetocaloric effects should be used to

develop magnetic refrigerators that operate at room temperature.

BYERE SR BB BEIE N 5 ~ 1045, TR R REZE FEHE KBS
KHH

As a result of the newly adopted process, our output has increased by 50% .

BT RAFNETTE, RIN-REEHET 50%,

3. BFHHED
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. :
TEOR, BHNEERERKT 32%, BATLIER BCC L5 HHES #§ FCC 1 HCP —#
o

i,
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Chapter Ceramics

3.1 Introduction to Ceramics ( 1)

What Is a Ceramic?

Ceramics are classified as inorganic and nonmetallic materials that are essential to our daily life-
style. Ceramic and materials engineers are the people who design the processes in‘which these prod-
ucts can be made, create new types of ceramic products, and find different uses for ceramic products
in everyda); life. _

Ceramics are all around us. This category of materials includes things like tile, bricks, plates,
glass, and toilets. Ceramics can be found in products like waiches ( quartz tuning forks—the time
keeping devices in watches) , snow skies ( piezoelectric—ceramics that stress when a voltage is ap-
. plied to them) , automobiles ( sparkplugs and ceramic engine parts found in racecars) , and phone
lines. They can also be found on space shuttles, appliances (enamel coatings), and airplanes
(nose cones) . Depending on their method of formation, ceramics can be dense or lightweight. Typi-
cally, they will demonstrate excellent strength and hardness properties; however, they are often
brittle in nature. Ceramics can alse be formed to serve as electrically conductive materials, objects
allowing electricity to pass through their mass, or insulators, materials preventing the flow of elec-
tricity. Some ceramics, like superconductors, also display magnetic properties.

Ceramics are generally made by taking mixtures of clay, earthen elements, powders, and wa-
ter and shaping them into desired forms. Once the ceramic has been shaped, it is fired in a high
temperature oven known as a Kiln. Often, ceramics are covered in decorative, waterproof, paint-
like substances known as glazes.

Ceramic Processing

Ceramic processing is used to produce commercial products that are very diverse in size,
shape, detail, complexity, and material composition, structure, and cost. The purpose of ceramics
processing to an applied science is the natural result of an increasing ability to refine, develop, and
characterize ceramic materials.

Ceramics are typically produced by the application of heat upon processed clays and other natu-
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ral raw materials to form a rigid product. Ceramic products that use naturally occurring rocks and
minerals as a starting material must undergo special processing in order to control purity, particle
size, particle size distribution, and heterogeneity®. These attributes play a big role in the final
properties of the finished ceramic. Chemically prepared powders also are used as starting materials
for some ceramic products. These synthetic materials can be controlled to produce powders with pre-
cise chemical compositions and particle size.

The next step is to form the ceramic particles into a desired shape. This is accomplished by
the addition of water and/or additives such as binders, followed by a shape forming process. Some of
the most common forming methods for ceramics include extrusion, slip casting, pressing, tape
casting and injection molding. After the particles are formed, these “green” ceramics undergo a
heat-treatment ( called firing or sintering) to produce a rigid, finished product. Some ceramic prod-
ucts such as eleectrical insulators, dinnerware and tile may then undergo a glazing process. Some
ceramics for advanced applications may undergo a machining and/or polishing step in order meet

gpecific engineering design criteria.
Ceramic Properties

The properties of ceramic materials, like all materials, are dictated by the types of atoms pres-
ent, the types of bonding between the atoms, and the way the atoms are packed together. This is
known as the atomic scale structure. Most ceramics are made up of two or more elements. This is
called a compound. For example, alumina (Al,0,), is a compound made up of aluminum atoms
and oxygen atoms.

The atoms in ceramic materials are held together by a chemical bond. The two most common
chemical bonds for ceramic materials are covalent and ionic. For metals, the chemical bond is
called the metallic bond. The bonding of atoms together is much stronger in covalent and ionic
bonding than in metallic. That is why, generally speaking, metals are ductile and ceramics are brit-
tle. Due to ceramic materials wide range of properties, they are used for a multitude of applica-
tions. In general, most ceramics are:

® hard,

e wear-resistant,
brittle,
refractory,

thermal insulators,

e o o O

electrical insulators,

e pnonmagnetic,

® oxidation resistant,

e prone to thermal shock, and

o chemically stable.
Ceramic History
Archeologists have uncovered human-made ceramics that date back to at least 24,000 BC.

MBI EWRE



These ceramics were found in Czechoslovakia and were in the form of animal and human figurines,
slabs, and balls. These ceramics were made of animal fat and bone mixed with bone ash and a fine
claylike material. After forming, the ceramics were fired at temperatures between 500-800°C in
domed and horseshoe shaped kilns partially dug into the ground with loess walls. While it is not
clear what these ceramics were used for, it is not thought to have been a utilitarian one. The first
use of functional pottery vessels is thought to be in 9,000 BC. These vessels were most likely used
to hold and store grain and other foods.

It is thought that ancient glass manufacture is closely related to pottery making, which flour-
ished in Upper Egypt about 8,000 BC. While firing pottery, the presence of calcium oxide (CaO)
containing sand combined with soda and the overheating of the pottery kiln may have resulted in a
colored glaze on the ceramic pot®. Experts believe that it was not until 1,500 BC that glass was pro-
duced independently of ceramics and fashioned into separate items.

Since these ancient times, the technology and applications of ceramics (including glass) has
steadily increased. We often take for granted the major role that ceramics have played in the progress

of humankind.

(Selected from Ceramics in the Classroom, Robyn L. Johnson, 2003)
Questions

1. What is a ceramic?

2. List several properties of ceramic materials.

3. Why metals are ductile and ceramics are brittle?
4

. Describe the ceramic processing.
New Words and Expressions

quartz tuning fork HEF L

snow sky FEEZEE

space shuttle (IR FHIMMAZWZ EZRAMYER) MK EH
appliance n. 3% R, #%HE, ¥E

enamel coating BEeR

brittle adj. B, SHIFD

insulator n. %%, RARREFHYRRER
superconductor n. &

clay n. Z+t, B

10. earthen element +JTH

11. kiln n. &

12. decorative adj. (YASEH) FMHER, /EEHBHAN
13. waterproof adj. ABEKH, BiKEy; o @BHK, ERFEK
14, glaze n. PRI, BITD; o 25 E#
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15. diverse adji. AERY, BMHEEN

16. rigid adj. RIBEH), A% 8

17. heterogeneity n. FFh, RE, AR
18. accomplish ot. SERE, SCH, fa3h
19. extrusion n. BYHE, FrEMRE; # [#B] K; HH
20. slip casting EEEFHE]

21. pressing n. HifhlpGEl

22. tape casting i 3E R E

23. injection molding %5 FL K

24. dinnerware n. BEKNRER

25. dictate ot. ¥R, THE, S

26. compound n. EEY, k&Y

27. chemical bond fL24

28. metallic bond 4x/E4

29. covalent adj. ZEFHETME, MK
30. ionic adj. BTH

“31. ductile adj. FIEERK, HEIHEM

32. multitude n. KB, %

33. wear-resistant adj. TWEER, FLEMN

34. refractory adj. TR, HEHEN

35. nonmagnetic adj. JCHEEHER

36. prone adj. F----- MK, BT )
37. slab n. JEAR, FAR, A

38. dome =n. HETH

39. loess n. B 1

40, utilitarian adj. B Eﬁ, SHBY

41. functional adj. AR, EHK

42. vessel n. F%IM, ZF3%

43. store ut. & vi. fEME, FFIK

44. pottery n. Fg7%, MgSSERIL

45. flourish vi. ¥, MERIE

46. inorganic adj. LHLE; TKHPH

47. nonmetallic adj. EIFﬁEB‘J;F n EERYRE
48. piezoelectric adj. EHLAY

49. spark plug n. K{EZE

50. cone n. B, #EY, RKREK

51. refine oo WM, R4, Bo, RE (REH)
52. archeologist‘ n. BH¥EEK

53. Czechoslovakia n. (JR) HERIBMER
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Notes

@ Ceramic products that use naturally occurring rocks and minerals as a starting material must
undergo special processing in order to control purity, particle size, particle size distribution, and

heterogeneity.

BEREI: URRABHTYERFHOEE™RE, DRSS SHROLEIR, DEH
R, REKND. BEMEHRE,

@ While firing pottery, the presence of calcium oxide( Ca0) containing sand combined with so-
da and the overheating of the pottery kiln may have resulted in a colored glaze on the ceramic pot.

BEFX: YEREEN, B TEPHELS (CO0) L4THRE, UREHFHTH,
HARER - HEMMEESE.

Reading Material
Introduction to Ceramics ( II )

Main

Ceramic materials that are derived from common, naturally occurring raw materials such as clay
minerals and quartz sand. Through industrial processes that have been practiced in some ' form for
centuries, these materials are made into such familiar products as china tableware, clay brick and
tile, industrial abrasives and refractory linings, and Portland cement. This article describes the
basic characteristics of the raw materials commonly used in traditional ceramics, and it surveys the
general processes that are followed ‘in the fabrication of most traditional ceramic objects. From this
survey the reader can proceed to more detailed articles on the individual types of ceramic products,
links to which are provided at the end of this article.

Traditional ceramic objects are almost as old as the human race. Naturally 6€curring abrasives
were undonbtedly used to sharpen primitive wood and stone toz)ls, and fragments of useful clay
vessels have been found dating from the Neolithic Period, some 10,000 years ago. Not long after
the first crude clay vessels were made, people learned how to make them stronger, harder, and less
permeable to fluids by burning. These advances were followed by structural clay products, inclu-
ding brick and tile. Clay-based bricks, strengthened and toughened with fibres such as straw,
were among the earliest composite materials. Artistic uses of pottery also achieved a high degree of
sophistication, especially in China, the Middle East, and the Americas.

With the advent of the Metal Age some 5,000 years ago, early smiths capi';alized on the re-
fractory nature of common quartz sand to make molds for the casting of metals—a practice still\lem- .
ployed in modern foundries. The Greeks and Romans developed lime-mortar cements, and the -
Romans in particular used the material to construct remarkable civil engineering works, some of
which remain standing to this day. The Industrial Revolution of the 18th and 19th centuries saw rap-

id improvements in the processing of ceramies, and the 20th century saw a growth in the scientific
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understanding of these materials. Even in the age of modern advanced ceramics, traditional ceramic
products, made in large quantities by efficient, inexpensive manufacturing methods, still make up
the bulk of ceramics sales worldwide®. The scale of plant operations can rival those found in the

metallurgical and petrochemical industries.
Raw Materials

Because of the large volumes of product involved, traditional ceramics tend to be manufactured
from naturally occurring raw materials. In most cases these materials are silicates—that is, com-
pounds based on silica (8i0,), .ﬁn oxide form of the element silicon. In fact, so common is the use
of silicate minerals that traditional ceramics are often referred to as silicate ceramics, and their man-
ufacture is often called the silicate industry®. Many of the silicate materials are actually unmodified
or chemically modified aluminosilicates (alumina [ Al, O, ] plus silica) , although silica is also used
in its pure form. Aliogether, the raw materials employed in traditional ceramics fall into three com-
monly recognized groups: clay, silica, and feldspar. These groups are described below.

1. Clay

Clay minerals such as kaolinite (AL [Si,0,][OH],) are secondary geologic deposits, having
been formed by the weathermg of igneous rocks under the influence of water, dissolved carbon di-
oxide, and organic acids. The largest deposits are believed to have formed when feldspar
(KAISi,0,) was eroded from rocks such as granite and was deposited in lake beds, where it was
subsequently transformed into clay.

The importance of clay minerals to traditional ceramic development and processing cannot be o-
veremphasized. In addition to being the primary source of aluminosilicates, these minerals have
layered crystal structures that result in plate-shaped particles of exiremely small micrometre size®.
When these particles are suspended in or mixed with water, the mixture exhibits unusual rheology,
or flow under pressure. This behaviour allows for such dlverse processing methods as slip casting and
plastic forming, which are described below. Clay minerals are therefore considéred to be formers,
allowing the mixed ingredients to be formed into the desired shape.

2. Silica and feldspar

Other constituents of traditional ceramics are silica and feldspar. Silica is a major ingredient in
refractories and whitewares. It is usually added as quartz sand, sandstone, or flint pehbles. The
role of silica is that of a filler, used to impart “green” (that is, unfired) strength to the shaped ob-
ject and to maintain that shape during firing. Tt also improves final properties. Feldspars are alumi-
nosilicates that contain sodium ( Na) , potassium (X), or calcium (Ca). They range in composition
from NaAlSi, O, and KAISi,; O, to CaAl,Si,0,. Feldspars act as fluxing agents to reduce the melting

temperatures of the aluminosilicate phases.

(Selected from Traditional Ceramics, Encyclopedia Britannica, 2009)

Questions
1. List several products of ceramic materials.
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2. Describe the raw materials employed in traditional ceramics.
3. For traditional ceramics, what advantages do clay minerals have?

4. List several roles of feldspar.
New Words and Expressions

1. Portland cement %227k, HEAKE, EEBEAR

2. abrasive od. HEBMERR; n BX, £RH®; FEF

3. refractory lining WK%, Wk (M6) WHE

4. primitive adj. JRIRHY, WHR; MEK; BREKY

5. fragment n B H; FHr

6. Neolithic Period 7 256148

7. permeable adj. AR ER, RB BN

8. toughen . {f [ZF] IBEP

9. straw n. fHE, EFF

10. sophistication n. HZHH), LK, AL HHH 0
11. advent n. B, B3k ' i.
12. mold n. BT, B, w BFH, BE
13. foundry n. &, ﬂﬁ?,\ HHT, & ’ i
14, lime-mortar FHKEPIE : . 1
15. petrochemical adj. ALK, GILRIREK, BARLEN; n. A= R :
16. raw materials JEAf ¥t '
17. silicate n. EEBEER ‘

18. silica n. BfG, &4k

19. mineral n. 5%, G, ¥YH

20. aluminosilicate n. 4SEEERED

21. feldspar n. A

22. kaolinite n. FHI&H

23. geologic adj. MR (%) B, MK (%) L£#
24. weathering n. &0, M4k

25. igneous adi. KB, (NEWEH) KK

26. igneous rock K HH .

27. granite n. RHE, ERG .

28. overemphasize v. 31 4rRE

29. suspend v. B, B, FEE

30. rheology n. WA, WALEN

31. sandstone n. BFH

32. flint pebble A

33. impart v /T, &

34, flux o Mk, BUSM; FHBMVENALE; v Bk
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35. fluxing agent Bh& |
Notes

@D Even in the age of modern advanced ceramics, traditional ceramic products, made in large
quantities by efficient, inexpensive manufacturing methods. still make up the bulk of ceramics sales

worldwide.

2% IEEARMEHBENA, KENHER. RENEFTERHENESR
greq, MRS HAREHEN RS,

® In fact, so common is the use of silicate minerals that traditional ceramics are often referred
to as silicate ceramics, and their manufacture is often called the silicate industry.

BEBREX . BLE, RLBTYNEAREL, UETEEBEER R IERLW
B, KAEFEEEHRIERE T,

® In addition to being the primary source of aluminosilicates, these minerals have layered crys-
tal structures that result in plate-shaped particles of extremely small micrometre size.

BEFRI: BTEIEEAREMEEXE, ATXXVYAEERRASH, BKSE
J8% R~ 45 LA 40 B BRR TR

3.2 Novel Ceramic Processing Routes ( I )

Conventional Ceramic Processing

Conventional ceramic processing of pelycrystalline ceramic components requires a number of
stages, including manufacture of the powder, its calcination, milling, grading and mixing, incor-
porating additives, shape formi;lg, drying and densification, and finally heat treatment and ma-
chining. Since each of these steps affects the final ceramic properties they must all be understood,
and a more holistic approach is required when processing ceramics comparé('f Hto metals and poly-
mers, for example. While current knowledge of conventional ceramic processing is by no means
complete, it is at a reasonable level and much research and development work is aimed at ‘novel’
processing. In this article, recent developments in the fabrication of powders, polycrystalline ceram-
ics, single-crystal fibres and ceramic matrix composites ( CMC) are outlined, along with novel uses
of fine powders in refractories, the creation of a new formulation which could significantly alter the

whitewares industry, and the application of rapid prototyping to ceramics.
Novel Powder Processing

Most ceramics are produced by the controlled sintering of shaped powder preforms. Powders are
becoming finer and purer, enabling more control over the resulting ceramic properties: Finer ( col-
loidal) powders have larger surface areas and sintering, driven by surface area reduction, occurs at
lower temperature or requires shorter times.

The use of finer powders also meang that thinner polycrystalline layers can be made, useful in
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capacitor and thin film technology in microelectronic applications. Techniques being used in a novel
fashion for the production of ceramic powders include sol-gel processing, combustion synthesis, fu-
sion and Dimox ( directed metal oxidation).

Refractory Aluminosilicates

Sol-gel processing was developed in the 1950s for the production of radioactive powders of UO,
and ThO, for nuclear fuels, without generation of large quantities of dust. It achieves this by produ-
cing gels from liquids and then calecining to form the product, which can be crystalline or amor-
phous, dense or porous, bulk solids, fibres, thin films or powdersm. Sols are simply dispersions
of selid particles with at least one dimension between 1nm and lnm in a continucus liquid. Gels
consist of a continuous solid skeleton enclosing a continuous liquid so that producing a gel from a sol
requires linking the solid phase in the system.

The term sol-gel includes products made from both inorganic colloidal particles suspended in a-
queous solutions ( particulate systems) and via alkoxides ( metal-organic liquids) which can be par-
tially hydrolysed and then polymerised into a gel (polymeric systems). Research at the University
of Sheffield has focused on the production of refractory aluminosilicate glass ceramics such as cordi-
erite (Mg,Al,Si;O,), celsian (Ba,Al,Si,0,), and barium osumilite (BaMg,Al;Si;0,,). Glass
powders of these compositions have been fabricated by both melt and sol-gel routes and the evolution
of the microstructures examined using electron microscopy.

The crystallisation initiates both at the original powder particle ‘ surface’ and at the fibre/ma-
trix interface. An alternative route to fabrication of such highly refractory powders is under develop-
ment in a joint project between the University of Sheffield and British Glass using plasma melting.
Temperatures in excess of 2,000°C are generated in the plasma zone, which can be concentrated to
avoid melt-container reaction. British Glass is operating an experimental plasma melter of 50kg per

hour capacity in Sheffield.
Applications

These materials are being considered for uses in gas turbines for power generation and aerospace
industries, in particular when reinforced with silicon carbide fibres. Hot pressed or hot isostatically
pressed CMCs are strong, lightweight, heat resistant and damage tolerant, and are expected to form

the thermal protection system on the next generation of space shuttles (the Skylon).
Core-Shell Zirconia

Tioxide Specialities has developed a novel coating method for ZrO, powders which produces a
dense ceramic, resistant to hydrothermal degradation. Tetragonal zircomia polycrystals ( TZPs)
exhibit disastrous loss of strength and toughness when subjected to a moist environment in the tem-
perature range 100°C to 600°C. However, by processing the ceramic to give nanoscale zoning of the
yttria stabiliser, the ceramic retains high toughness and excellent resistance to hydrothermal degra-

dation. The resulting microstructure of the material reveals a monoclinic, ytiria depleted, grain
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core while the tetragonal grain shell is yttria rich.
Single Crystal Fibres

Single crystal fibres offer distinet advantages for high-temperature applications, since degrada-
tion by grain growth or creep of grain boundary phases is impossible. In the EFG (edge defined
film-fed growth) process, a fibre is grown from an induction heated melt through a small diameter
molybdenum crucible and wound continuously onto spools®.

Single crystal alumina fibres are produced by this process ( and marketed as Saphikon) as well
as a variety of shaped sapphire componénts such as substrates for silicon-on-sapphire wafers for in-
tegrated circuits, arc tubes for lighting, hollow fibres as optical waveguides for medical uses of la-

sers, and (one of the most familiar commercial applications) as abrasion resistant windows for su-

permarket laser scanners.

(Selected from Materials World, by William Lee, 1996)
Questions

1. What is novel powder processing?

2. Explain sol-gel processing.

3. What advantages do single crystal fibres have?

4. List properties of hot pressed or hot isostatically pressed CMCs.

New Words and Expressions

conventional adj. KB FHN, HEBEN; BHAK
polycrystalline adj. ZFH, HHH

component n. {4, RIS, B, TH
calcination n. JBEE, KBS, BIEEY

milling n. BHR; TE

grading n. F4r

incorporate ut. Heeeoer £, FEHA

heat treatment H AL HR

holistic adj. Betkiy, £&K

. prototype n. JRT; BEAR

. colloidal adj. BORKI, KRR

. sol-gel adj. (RHEEER) BESERRSHEIELRY
. combustion n. M%E, (FHEREFEK) HAik

. fusion n. BE, BT, BER

. Dimox ( = directed metal oxidation) HiEsRBALE
. radioactive adj. HIETHEH

17. calcine v BEAMAK, 1BFE, KHpe
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18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49,
50.
51.
52.
53.

Notes

dust n. #zb

crystalline adj. Z5FAM; n GME, &RE; B85
amorphous adj. TTEFEH, EL KW

porous adj. B, HKILW, HBH
dispersion n. S (&, H, &K, A, &%)
skeleton n. BT, X, B

aqueous adj, KB, KB

alkoxide n. EEEL

hydrolyse wvi. K

cordierite n. BH A

celsian n. YK A

osumilite n. XK@BAH

initiate ot. i, HEF

plasma n. FE Tk, ¥

isostatically adv. HBJEFHE

coating n. RE, WEE

hydrothermal adj. #HKKy, #K (FEH) B
tetragonal adj. WITRMAN, WAEK, WHBH
zirconia n. HiE, &+

disastrous adj. KHMEHER; WIKH, R
moist adj. HIBK, HEBHK

nanoscale n. N R B

yiria n. EikZ, =€

monoclinic adj. G [B] W

deplete ot. ERRMI; HiFE

distinct adj. MRAF, TLLIFH; HHK, AN
degradation n. PES%, MR, BIL

creep vi. BRI

spool n. B, &, &%

sapphire n. BEA, FE

substrate n. ¥ [&] J&; Bh; &Y

wafer n. WH, 8 A, &H

integrated circuit %8 i HE B

arc n K, WLR; WEY

tube n B, HKE

hollow adj. ZZHY, ZLH

@ 1t achieves this by producing gels from liquids and then calcining to form the product, which
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can be crystalline or amorphous, dense or porous, bulk solids, fibres, thin films or powders.
SERL, LHARXFERAE, BESNBEPIERER, REHEE, NNE 2B & ™

o, XS AERREE T ERE. REERESAME . BOEEK, F4. EFRIBK.
@ In the EFG( edge defined film-fed growth) process, a fibre is grown from an induction heated

melt through a small diameter molybdenum crucible and wound continuously onto spools.

B%FEL . £ EFC (EAMBEAK) B, 438/ E 2GR R i @
HK, ARG ELE L,
wound & wind 3FE£RK.

Reading Material
Novel Ceramic Processing Routes ( I )

Combustion Synthesis

Combustion synthesis, also termed self sustaining high temperature synthesis ( SHS), uses
high temperature reactions to form powders or dense components, with large potential energy savings
in a similar manner to the thermit process once used for welding iron and in incendiary bombs.
The heat evolved during self-sustaining ( once initiated) exothermic reactions can be used to form
single phase or composite ceramics. The reaction is typically initiated at the top of a pellet and pro-
ceeds as a reaction wavefront down the sample to form the products®. For example, a pellet of fine
silicon metal and carbon black, inductively heated in graphite to 1,200°C , will ignite exothermi-
cally to give temperatures of 2,250°C at the pellet centre, leading to formation of SiC.

Other ceramics prepared by this route include borides, carbonitrides, nitrides and
YBa,Cu,0, _, superconductors. A similar exothermic reaction mechanism is believed to occur in the
formation of MoSi, powder by mechanicochemical synthesis of silicon and molybdenum powders. In
this technique, the powders are milled in a high energy ball mill for several hours until the particles
are fine enough that the surface and strain energy available will sustain the reaction. Composites of
Saphikon fibres in a MoSi, matrix are currently being examined for various applications in the hot

sections of jet combustion chambers, heat exchangers and high temperature filters.
Fine Powder Additives to Refractories

The addition of fine powders to refractories to improve their properties is an increasing trend.
Metal powders ( aluminium, silicon, and magnesium, and mixtures such as Al-Mg) have been add-
ed to MgO-graphite bricks for lining basic oxygen steelmaking furnaces since the 1970s, to improve
oxidation resistance by gettering oxygen, and aid hot strength by forming ceramic bond phases such
as MgAl,0, and Mg,SiO, at high temperature.

More recently, bhoron-containing ceramic powders including ZrB,, B,0,, and B,C have been
used. B,C functions by gettering oxygen leading to formation of boric acid, H,BO,, which then re-
acts with MgO to form a viscous glass that reduces the refractories’ permeability, effectively acting
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as an internal glaze. CA (calcium aluminate) bonded monolithic (unshaped) refractories are used
for an increasing number of heat retention linings in reheat furnaces, ladle and tundish backing,
blast furnace runners and repair of blast furnace throat, cone and stack sections, as well as the wa-
ter-cooled delta sections of electric arc furnaces. Fine, colloidal Si0Q, (a by-product of silicon or fer-

rosilicon production) and reactive calcined Al,Q, added to CA castable refractories react to form e-

longated mullite grains in the bond phase which strengthens the structure and improves hot

strength.

A New Look at Whitewares

A major problem with conventional whitewares is that the clay particles become aligned macro-
scopically in plastically-formed and slip-cast wares, and microscopically in those that are pressed
from powder. The anisotropic firing shrinkage caused by clay alignment on the macroscale results in
shape distortion, whereas on the microscale enlarged pores are formed, which reduce strength.

New body formulations have been developed by researchers at the University of Sheffield (UK)
that have low clay contents, about one third of those used conventionally to reduce anmisotropic
shrinkage. The new formulations can be formed by pressing and casting. Coupled with newly de-
veloped binders that can be rapidly removed by a combination of water leaching and thermal debind-
ing, injection moulding of certain shapes has become a practical possibility.

Glazing of whitewares is receiving much attention because of recent legislation in the USA con-
cerning the use of PbO. However, PbO-containing glazes, and those recently developed to replace
them containing Bi,0,, are easily scratched and abraded in service. The traditional glaze on hard
porcelain is scratch resistant. Hard porcelain is glazed with a raw glaze, fired on at temperatures a-
round 1,400°C. Recently, it has been shown to be possible to glaze at temperatures some 200°C
lower than is employed conventionally by using a sintering only approach using a fritted ( powder)
glaze with a tailored particle size®.

One of the new low-clay whitewares has been formulated to have a thermal expansion coeffi-
cient to match that of the hard porcelain glaze, and it can be glazed at temperatures up to around
1,300°C. This whiteware is based on amorthite ( CaAl,Si,0,;) and has a similar appearence to
bone china. With a scratch resistant glaze it will be more serviceable than bone china, and as it has

a high strength it should be more resistant to chipping than hard porcelain.

( Selected from Materials World, by William Lee, 1996)

Questions
1. What is combustion synthesis?
2. List several boron-containing ceramic powders.
3. What is the major problem of conventional whitewares?
4. Why glazing of whitewares is receiving much attention?
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New Words and Expressions

1. sustaining adj. 2K, XHFMN

2. thermit n. ], HA]

3. incendiary bomb BRESH

4, wavefront n. JEFEME: KAT, BHE

5. pellet n. 3R [£&FE, HE] BT

6. carbon black RBHHEK, KE

7. graphite n. A&, ARH, KK, &K

8. exothermic adj. B, WHHRER

9. boride n. Hik4

10. carbonitride n. BRE LY

11. nitride n. &4k

12. ball mill EREEHL

13. jet n. BESF, SPW; W, KW

14. chamber n. %, F5[E], #¥; combustion chamber MREHEE

15. filter n. 3T3%, WiREE

16. steel making n. ¥&4W

17. gettering n. WS, B, BH; BIUE (EEER)

18. viscous adf- FHPER; MR, BHERAR

19. ladle n. (%, B) #, #, % (W] BE

20. tundish n. 3}

21. blast furnace KXY, B

22. stack n. M, (BY) PHERK

23. castable adj. FHEAY, SHA, FTEEM B

24. elongate ot. FEK, HIH; adj. K [H] B

25. mullite n. BERA, BEOEAR

26. macroscopical adj. REIBTRE, ZWH

27. shrinkage n. W48, 4, %K

28. snisotropic adj. B RHER

29. formulate ». FIARER, PARBRE, ERHEKRR

30. couple . FEH, B4, KR

31. binde n. ¥HEH, &S

32. leaching n. By [, #&]; Wk (), #*F (EM)

33. scratch wu. & o §4, R

34. whiteware n. [BFR] BGAKNE (28), TARE (8) (nHKDHE, RAMER
M%)

35. anorthite n. BHKA

36. appearance n. S, MR, SFE
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37. bone china HXKE (AELSHBRELBAEEHER)
Notes

(@D The reaction is typically initiated at the top of a pellet and proceeds as a reaction wavefront

down the sample to form the products.

BEEX: XMEREN BRI TR, U— RENTERBEEE, N
TR BT d o

@ Recently, it has been shown to be possible to glaze at temperatures some 200°C lower than
is employed conventionally by using a sintering only approach using a fritted ( powder) glaze with a
tailored particle size.

BHRI: X, ARV, A0 BE LE R AR5 E K 200C 6 HR, X
FhT sk R R TR ERNRMERM (BR) HIT5R4E,

3.3 Advanced Ceramics ( 1)

Background

The continuing evolution of the ceramics and materials world and the associated materials tech-
nologies is accelerating rapidly with each new technological development supplying more data to the
knowledge bank. As new materials and even newer technologies are developed; methods of han-
dling, forming and finishing are required to be devised to maintain pace with this rapid rate of devel-
opment. One of the most prominent examples of this rapid and accelerating technological develop-
ment is the electronic industry, more specifically the simple transistor. The pace of this development
and the development of the associated materials and processing technology has been quite astoun-
ding. The push has been along miniaturisation and packing the maximum amount of performance
into the smallest space. Recently noted, an e-mail quote stated that; “If the Automotive industry
had advanced at the same pace as the Computer industry, we would be driving cars, which gave a
thousand kilometres to the litre and cost $25”. The concept of the simple transistor stands as one of
the most significant electronic engineering achievements of the 20th century.

1. Advances in ceramic technology in the twentieth century

The 20th century has produced the greatest advancement in ceramics and materials technology
since humans have been capable of conceptive thought. The exiensive metallurgical developments. in
this period have now produced almost every conceivable combination of metal alloys and the capabil-
ities of those alloys are fairly well known and exploited. The push for ever faster, more efficient,
less costly production techniques continues today. As the limits of metal-based systems are sur-
passed, new materials capable of operating under higher temperatures, higher speeds, longer life
factors and lower maintenance costs are required to maintain pace with technological advancements.
Metals, by virtue of their unique properties: ductility, tensile stremgth, abundance, simple

chemistry, relatively low cost of production, case of forming, case of joining, etc. have occupied
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the vanguard position in regard to materials development. By contrast ceramics: brittle by na-
ture, having a more complex chemistry and requiring advanced processing technology and equipment
" to produce, perform best when combined with other materials, such as metals and polymers which
can be used as support structures. This combination enables large shapes to be made; the Space
Shuttle is a typical example of the application of advanced materials and an excellent example of the
capability of advanced materials.
2. Recent advances in ceramic technology
It is only during the last 30 years or so, with the advances of understanding in ceramic chemis-
try, crystallography and the more extensive knowledge gained in regard to the production of ad-
vanced and engineered ceramics that the potential for these materials has been realised. One of the
major developments this century was the work by Ron Garvie et al at the CSIRO , Melbourne where
PSZ (partially stabilised zirconia) and phase transformation toughening of this ceramic was devel-
oped. This advancement changed the way ceramic systems were viewed. Techniques previously ap-
plied to metals were now considered applicable to ceramic systems. Phase transformations, alloying,
quenching and tempering techniques were applied to a range of ceramic systems. Significant im-
provements to the fracture toughness, ductility and impact resistance of ceramics were realised
and thus the gap in physical properties between ceramics and metals began to close®. More recent

developments in non-oxide and tougher ceramics ( e. g- » nitride ceramics) have closed the gap even

further.
Properties of Ceramics

Ceramics for today’ s engineering applications can be considered to be non-traditional. Tradi-
tional ceramics are the older and more generally known types, such as: porcelain, brick, earthen-
ware, etc. The new and emerging families of ceramics are referred to as advanced, new or fine,
and utilise highly refined materials and new forming techniques. These “new” or “advanced” ce-
ramics, when used as an engineering material, posses several properties which can be viewed as su-
perior to metal-based systems. These properties place this new group of ceramics in a most attractive
position, not only in the area of performance but also cost effectiveness. These properties include
high resistance to abrasion, excellent hot strength, chemical inertness, high machining speeds ( as
tools) and dimensional stability.

1. Classifications of technical ceramics

Technical Ceramics can also be classified into three distinct material categories ;

Oxides: Alumina, zirconia;

Non-oxides: Carbides, borides, nitrides, silicides;

Composites ; Particulate reinforced, combinations of oxides and non-oxides.

Each one of these classes can develop unique material properties.

2. Oxide ceramics

Oxidation resistant, chemically inert, electrically insulating, generally low thermal conduc-

tivity, slightly complex manufacturing and low cost for alumina, more complex manufacturing and
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higher cost for zirconia.

3. Non-oxide ceramics

Low oxidation resistance, extreme hardness, chemically inert, high thermal conductivity, and
electrically conducting, difficult energy dependent manufacturing and high cost.

4. Ceramic-based composites

Toughness, low and high oxidation resistance ( type related) , variable thermal and electrical

conductivity, complex manufacturing processes, high cost.
Production

Technical or Engineering ceramic production, compared to yesterday’ s traditional ceramic
production, is a much more demanding and complex procedure. High purity materials and precise
methods of production must be employed to ensure that the desired properties of these advanced ma-
terials are achieved in the final product.

1. Oxide ceramics

High purity starting materials ( powders) are prepared using mineral processing techniques to
produce a concentrate followed by further processing (typically wet chemistry) to remove unwanted
impurities and to add other compounds to create the desired starting composition. This is a most im-
portant stage in the preparation of high performance oxide ceramics. As these are generally high pu-
rity systems minor impurities can have a dynamic effect, for example small amounts of MgO can
have a marked effect upon the sintering behaviour of alumina. Various heat treatment procedures are
utilised to create carefully controlled crystal structures. These powders are generally ground to an ex-
tremely fine or “ultimate” crystal size to assist ceramic reactivity. Plasticisers and binders are
blended with these powders to suit the preferred method of forming ( pressing, extrusion, slip cast-
ing, etc. ) to produce the “raw” material. Both high and low-pressure forming techniques are used.
The raw material is formed into the required “green” shape or precursor ( machined or turned to
shape if required) and fired to high temperatures in air or a slightly reducing atmosphere to produce
a dense product.

2. Non-oxide ceramics

The production of non-oxide ceramics is usually a three stage process involving:; first the prepa-
ration of precursors or starting powders, secondly the mixing of these precursors to create the desired
compounds (Ti +2B, Si + C, etc. ) and thirdly the forming and sintering of the final component.
The formation of startifxg materials and firing for this group, require carefully controlled furnace or
kiln conditions to ensure the absence of oxygen during heating as these materials will readily oxidise
during firing. This group of materials generally requires quite high temperatures to effect sintering.
Similar to oxide ceramics, carefully controlled purities and crystalline characteristics are needed to
achieve the desired final ceramic properties.

3. Ceramic-based composites

This group can be composed of a combination of ; oxide ceramics-non-oxide ceramics ( granum-

lar, platy, whiskers, etc. ), oxide-oxide ceramics, non-oxide-non-oxide ceramics, and ceramics-
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polymers, etc. an almost infinite number of combinations are possible. The object is to improve ei-

ther the toughness or hardness to be more suited to a particular application. This is a somewhat new

area of development and compositions can also include metals in particulate or matrix form? .

(Selected from Materials Australia, by D. A. Taylor, 2001)

Questions

1
2
3.
4

. List several properties of ceramics.

. Explain “new” or “advanced” ceramics.

What advantages do ceramic-based composites have?

. Describe the process of non-oxide ceramics.

New Words and Expressions

ol A

— =
[\S I =]

13.
14,
15.
16.
17.
18.
19.
20,
21.
22.
23.
24.
25.
26.

prominent adj. BEK, EHM

pace v JEHTF, EFHLUBWE; W, H--EHE
miniaturisation n. /NEE, HEI4L

conceivable adj. WAREIK, WAMEH, ATEEH

by virtue of FEfE .- WAk, 8F

ductility n. FERRYE, ¥¥E, Kitk, T8, ##
tensile strength  Hi5KIR

vanguard n. 7G4, UK

in regard to R Fe-reee , X, e TR

. by contrast XFHER, SZHHK, MRH
. crystallography n. Z5F%¥
. CSIRO (Commonwealth Scientific and Industrial Research Organization )

BEB¥S ThHRAR

Melbourne n. B/RKA (WM KREHETH)
quenching n. A

tempering n. [Bl:K, iBK

be applied to FAT, MAT

fracture toughness WrZ ¥ &

impact resistance ¥y [#@idi] B
porcelain n. %, B4

earthenware n. FJ3%

cost effectiveness LA

abrasion n. {5, B

technical ceramics TV HI%, BARBE
alumina n. L, BEL; EHhE
zirconia n. #4LE, &1L

carbide n. ALY, BAE, A, BRES

HEBEWRE
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27. silicide n. BE4LW

28. unique adj. FEH, HFHEK, LRK; B—X -8, NEHK, E—K

29. inert adj. 18 (18] %K, RERP, ER, FEAFEAN, P/ () B
30. insulating n. & aodi #&% (#9); KRB (8); BH/ (8)

31. thermal conductivity 3t [ B¥], #aeE

32. extreme adj. HREER, MUK RLW, KWK

33. toughness n. ¥JHE, WHE, Rk, #EFHE

34. compared to H----Hl

35. dynamic adj. BN, FIIER; ¥ (L) B; BHEW, B3HH, WK
36. ultimate odj. BJFHY, KWHY; BAM, HEHN

37. plasticiser n. H¥|

38. binder n. WEN, HEH

39. blend with B

40. extrusion HfH A

41. slip casting IR E

42. precursor n. HIIRY), ¥R BT

43. be composed of H-e+-- A

44. granular adj. BHY, FPORIM; BORM; HEM

45. platy n. BRE, RERH

46. whisker n. 7, F 5

Notes

@ Significant improvements to the fracture toughness, duectility and impact resistance of ceram-
ics were realised and thus the gap in physical properties between ceramics and metals began to

close.

2B WENEREYE, EREMTMGEEEERE, NTIHEAEENERZEY
BHRGEEIF RS,

@ The object is to improve either the toughness or hardness to be more suited to a particular
application. This is a somewhat new area of development and cotﬁpositions can also include metals

in particulate or matrix form.

2R HENERREPHSEE, UEESHENNA, X—-—MHEFNEER
B, HASETURSBRREEAERNLSR.

Reading Material
Advanced Ceramics ( [I )

Firing
Firing conditions for new tooling ceramics are somewhat diverse both in temperature range and
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equipment. This subject is too lengthy to cover here. A wide range of publications is available on
this subject for those interested. However, a brief description of some techniques and conditions is
appropriate to provide an understanding of the basic technology of advanced ceramics firing. In gen-
eral these materials are fired to temperatures well above metals, and typically in the range of
1,500C to 2,400C and even higher. These temperatures require much specialized furnaces and
furnace linings to attain these high temperatures. Some materials require special gas environments
such as mitrogen or controlled furnace conditions such as vacuum. Others require extremely high
pressures ( HPs) to achieve densification. Thus these furnaces are quite diverse both in design and
concept. The typical methods of heating in these furnaces are gases ( gas plus oxygen, gas plus heat-
ed air), resistance heating ( metallic, carbon and ceramic heaters) or inductance heating
(R.F., microwave).

1. Firing environments

Gas heating is generally carried out in normal to low pressures. Resistance heating is carried
out in pressures ranging from vacuum to 200 MPa. Inductance heating can also be done over the
same range as resistance. In both resistance and inductance heating the systems do not have to con-
tend with high volumes of igmition products thus can be contained. The typical furnace types used
in the foregoing methods are box, tunnel, bell, HIP ( gas and resistance heated) , sealed ( “auto-
clave” sealed type for carbon element heated) , sealed special design ( water-cooled type for R. F.
heated) or open design microwave heated ( small items)®.

2. The importance of the firing process

This brief listing serves to provide an indication of just how diverse the techniques employed to
fire advanced ceramics are. Each ceramic type has its own special requirement in regard to firing
rate, environmental condition and temperature. If these conditions are not met then the quality of the

final product and even the formation of the final compounds and densities will not be achieved.
Finishing

One of the final stages in the production of advanced materials is the finishing to precise toler-
ances. These materials can be extremely hard, with hardness’ s approaching diamond, and thus
finishing can be quite an expensive and slow process. Finishing techniques can include: laser, wa-
ter jet and diamond cutting, diamond grinding and drilling, however if the ceramic is electrically
conductive techniques such as EDM (electrical discharge machining) can be used. As the pursuit of
hardness is one of the prime developmental objectives, and as each newly developed material in-
creases in hardness, the problems associated with finishing will also increase®. The development of
CNC grinding equipment has lessened the-cost of final grinding by minimising the labour content,
however large runs are generally required to offset the set up costs of this equipment. Small runs are
usually not economically viable. One alternative to this problem is to “net form” or form to predicta-
ble or acceptable tolerances to minimise machining. This has been achieved at Taylor Ceramic Engi-
neering by the introduction of a technique called “near to net shape forming”. Complex components

can be formed by this unique Australian development with deviations as low as +0.3% resulting in
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considerable savings in final machining costs.

In many applications today, the beneficial properties of some materials are combined to enhance
and at times support other materials, thus creating a hybrid composite. In the case of hybrid com-
posites, it is the availability and performance properties of each new material, which sets the capa-
bility of the new material. In-field evaluation testing has to be carried out in certain instances, to de-

termine the long-term durability of the new composite before actually committing to service.
Design

The properties of advanced materials need to be considered when designing structures, compo-
nents and devices. The final design and material selection must ultimately be cost effective, must
function reliably and, ideally, should be an improvement upon existing technology. Prior perform-
ance knowledge is obviously an asset, however in many new applications prior knowledge may not be
available thus careful observation and recording of performance characteristics of the experimental
model, or in plant trial, is needed. In this regard the Materials Engineer worke in close contact
with the research team to cooperatively develop the new concept. As we are still working with rela-

tively brittle materials this aspect has to be always kept in mind. New techniques such as Finite El-

ement Analysis have proven beneficial in this regard. The use of computer modelling allows the

structures to be created on screen without the need for costly prototypes.
Where to Next?

Advanced ceramic materials are now well established in many areas of every day use. The im-
provements in performance, service life, savings in operational costs and savings in maintenance
are clear evidence of the benefits of advanced ceramic materials. Life expectancies, now in years in-
stead of months with cost economics in the order of only double existing component costs, give ad-
vanced ceramics materials a major advantage. The production of these advanced materials is a com-
plex and demanding process with high equipment costs and the requirement of highly specialised and
trained people. The ceramic materials of tomorrow will exploit the properties of polycrystalline
phase combinations and composite ceramic structures, i. e. the co-precipitation or inclusion of dif-
fering crystalline structures having beneficial properties working together in the final compound.

Tomorrow ( even today) the quest will be to pack the highest amount of bond energy into the fi-
nal ceramic compound and to impart a high degree of ductility or elasticity into those bonds. This
energy level has to be exceeded to cause failure or dislocation. The changing pace of technology and
materials also means that newer compounds precisely engineered to function will be developed. Just
how this will be achieved and when the knowledge becomes public—who can tell] Ceramics, an old

class of material, still present opportunities for new material developments.

It is a fascinating quest but this aspect of secrecy and the continued presence of “Black Art” in.

many ceramic production industries makes it even more fascinating.

(Selected from Materials Australia, by D. A. Tayloer, 2001)
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Questions

1.
2.
3.
4.

List several typical metheds of firing:
What is EDM? .
Explain HIP.

Where to next about advaneced ceramic materials?

New Words and Expressions

W NN N OB RN B = pe b b b e e ek e e
o@gﬁmmtﬁwwwoom\la\mpwt@»—o

firing n. Fepk, HEHl

description n. U, #HE, RH; #AK, KB
in general —BWE, SRR, KEE
furnace n. $F, WY, B &, BRES
lining n WHE, BF; 8, Ax

attain ot. & . P, FEF, BF

nitrogen n. %

vacuum n. HZS

densification .n. HVE/ER, WL (FEM); FH, H™; EX, FXL

. HP ( =Hot Pressing) #HJE [ #8455
. resistance heating HLEH ™

. inductance n. B, BA, BNEEK [BRR]; (2sHHl) #X
. inductance heating & R i #4

microwave n. (X

. carried out SERL, B; #AT; AT, HW '

. contend with 5 (JEEY) Hisf, FTRM: 5 (EAN) %S

. ignition n. ALK, FX, FIHR; KB

. box n E&, &, F; v . BEAEGESP

. tunnel . BXE, HUiE, HH; @E, WE; XHE; 8

. bell n. 8, Bb7W; bell kiln £hBERE

. HIP ( =Hot Isostatic Pressing) W& #E [ 4]

. autoclave n. HEE, E#SE

. approach u. & o $E, BiE, IHE

. water jet WER), STH; WEHE, KW

. diamend cutting &RAYIEIS

. grinding adj. DFEERY, BBE (8] W

. drilling n. 85FL; &H

. developmental adj. REH; REER; FEMN

. associate with e ZFFE, BRER

. CNC( = Computerized Numerical Control)  Hi ¥ {E ¥ H, HBHLEE
31.

viable adj. VISEWITAY, WISCiEM
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32. deviation n. HZE, BE; WH

33. hybrid composite 458

34. in the case of ZE F----:- , B e 31

35. durability ». WAYE, WHE; EE

36. commit to ZAE, e BA

37. asset n. W&, M™; HEMENARY; KA, KA
38. plant tial TJ &&4TREA; £/ ELRA

39. in this regard X FHE, EXA L

40. aspect n. HH; HHL, BAM; WL, BE, ¥E
41. Finite Element Analysis 74 BBJCA-#7

42. proven adj. Zi3IBIEFHIELR

43, computer modelling F+H P

44. operational cost BERA

45. exploit ot. JFR, FFER, RHl; o WG B], WE, KBWTH, BERHRR
46. polycrystalline phase §i#4H

47. co-precipitation FYII

48. inclusion n. €&, WEY,; Jef, e,
49. elasticity n. Fjy, gt

50. dislocation n. JB#HL, FEWHL; (V4

Notes

(@ The typical furnace types used in the foregoing methods are box, tunnel, bell, HIP ( gas
and resistance heated) , sedled ( “autoclave” sealed type for carbon element heated) , sealed special
design (water-cooled type for R. F. heated) or open design mierowave heated (small items).

BEFR: ELRFTED, FANRAFPREATARE. RES. 41820, RASHE
BE (RAKMEEmMmHA), Fip (RMABAWEHRX “BEL”). BEEHTHHEHP
(KEASHMME) KA BRNBHT BB MABEE DMMEIR) .

@ As the pursuit of hardness is one of the prime developmental objectives, and as each newly
developed material increases in hardness, the problems associated with finishing will also increase.

SEBRX: ATEEZYRIEENBIRZ—, MES—HFF M BEENEN, 5
BRMAXHRERESZ SR,

3.4 Clean Energy through Ceramics ( I )

Recent advances in low-power electronics have generated tremendous interest and provided
new opportunities for the use of piezoelectric materials to power electronic devices without the need
for batteries. Ceramic fiber spinning technology has been refined to produce inexpensive piezoelec-
tric fiber composites, which have generated sufficient power to run wireless sensor networks and e-

lectronic devices from waste mechanical energy.
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Piezoelectric ceramics generate éleciricity when exposed to a mechanical stress, and, con-

versely , they change shape when an electric field is 148

applied. Piezoelectric fibers take full advantage of this 12z L

phenomenon, and piezoelectric fiber composites are be- ‘\‘

ing produced for their maximum energy-harvesting effi- § Lo# n

ciency. These ceramic fibers are flexible and, in com- § 085 \‘\

posite form, very robust. Typical successes include 3 062 \

powering wireless sensors from low-level environmental 04g “ar

vibrations as the source of power, and recharging or e- 02g 1. — T
liminating batteries in remote locations. Fig. 3. 1 shows 0 T 11t
the energy generation capability of these devices under 0 ! 2 Tim:/min 4 > &

vibration. At the low acceleration level of 0. 1g, it takes
Fig.3.1 Acceleration input vs. the time

just 5 minutes to charge sufficient energy to power a to charge to 5V in a 200uF capacitor.

wireless sensor and transmitter. At about 1g, the char-
ging time reduces to under 1 minute.

This green technology produces useful amounts of electricity from environmentally available
sources of mechanical energy and eliminates the need for expensive wiring or the installation of
heavy, expensive, difficult-to-replace and polluting batteries®. In addition, ceramic fiber-powered

products are priced competitively with rechargeable batteries.
Energy Harvesting

Energy harvesting (EH) , sometimes referred to as energy scavenging, has gained tremendous
attention as a means to lessen or eliminate the need for battery power. Novel EH approaches are a-
vailable to generate power by utilizing energy from human and environmental sources. Given battery
limitations, wider adoption of EH is coming but requires a clever combination of design skills. A
multi-discipline approach is required that leverages knowledge in several fields of engineering, in-
cluding electrical, mechanical, material and process.

The concept of EH is not new. Consider hand-cranked radios, flashlights and watches powered
by shaking, as well as windmill farms, solar energy and even sailboats. What is new is the appli-
cation of EH for ultra-low-power embedded electronics that require no moving parts. The conver-
gence of high-charge piezoelectric ceramics and ceramic fiber composite process technology has ena-
bled the application of self-powered systems for an array of electronics. Added to the obvious advan-
tages associated with utilizing free mechanical energy to power many types of systems, EH eliminates

concerns regarding battery replacement and disposal.
"Converging Technologies

The science of piezoelectric devices is fairly well understood in the engineering world, but their
application remains a naseent field rich with possibilities. The emergence of piezoelectric. ceramic fi-

ber “super transducers” that offer significantly increased deliverable power, combined with elec-
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tronic components that measure performance in nano-watts, is opening a range of new products and
services.

The need for constant and/or long-term power for numerous electronic systems and devices is
fueling extensive research, development and growth. Piezoelectric ceramic fibers, given their u-
nique properties of flexibility, light weight and higher output per pound of material, offer the grea-
test potential for enabling the wide-scale deployment of self-powered piezoelectric ceramic systems®.

Conventional piezoelectric ceramic materials are rigid, heavy and produced in block form. A
new low-cost technology, termed the viscous suspension spinning process ( VSSP), can produce
fibers that range in diameter from 10 to 1,300 microns. When formed into user-defined (shaped)
composites, the ceramic fibers possess all the desirable properties of ceramics ( electrical, thermal,
chemical) but eliminate the detrimental characteristics ( brittleness, weight).

The VSSP generates fibers with 209% -30% more sensitivity (higher output voltage) than tradi-
tional bulk ceramics due to their small cross-sectional area. Mechanical-to-electrical transduction
efficiency can reach 70% , compared to the 10% -15% common with solar energy harvesting. In ad-

dition, vibrations can be harvested 24 hours per day, almost anywhere.
Piezo Power Generation

Piezoelectric fiber composites { PFCs) open the door for an array of energy-harvesting applica-
tions. The fiber can recover (harvest) waste energy from mechanical forces such as motion, vibra-
tion, compression and/or tension. With simple, low-cost analog circuits, the piezo power can be
converted, stored and regulated as an independent power source or a direct replacement for batter-
ies. A typical PFC can generate voltages in the range of 80 Vp-p from vibration, while a typical PF-
CB (bimorph) can generate voltages in the range of 500 Vp-p, with some forms reaching outputs of
4,000 Vp-p. The converted energy can be stored in a capacitor to power electronic devices.

Fig. 3. 2a shows the frequency dependance of such power. The full width at half maximum
(FEHM) is fairly wide {10Hz), and the frequency can be tuned as desired. Further, the FWHM

150 ll
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Fig.3.2 Output voltage signal of PFCB
a) when 4 N force was applied, and
b) peak voltage generation of a 1-3 fiber compdsite for an igniter.
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increases significantly as the frequency increases. Piezoelectric multilayer composites ( PMCs),
however, are designed to withstand large impact forces and accelerations up to a few thousand g’ s.
This type of transducer is a good sensor that can produce large voltages, even with the moderate
force of 1 N impacting the transducer (Fig.3.2b).

Using a constant vibration source with the frequency matched to the resonance of a standard
PFCB at 30Hz, piezo-fibers have the proven ability to produce enough energy with maximum effi-
ciency to run many electronics continuously®. Energy levels sufficient to power wireless systems for
sensing, monitoring and control of security equipment, appliances, medical devices, buildings and
other infrastructure elements are in development or have been commercialized.

Power output is scalable by combining two or more PFC elements in series or parallel, depen-
ding on the application. The composite fibers can be molded into unlimited user-defined shapes and
are both flexible and motion-sensitive. The fibers are typically placed where there is a rich source of
mechanical movement or waste energy. Fig.3.3 shows the results of real-time road tests to power a
toll transponder device using the piezoelectric fiber transducer. The charging time varied depen-
ding on the vibration level transferred from the road, but in all cases provided suitable power within

the required time.

( Selected from Advanced Cerametrics,

by Richard Cass, Hyeoungwoo Kim, etc. ,2008)
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Fig.3.3 Real-time road experiment results storing a threshold
1.44m] of energy for a toll transponder device using the piezoelectric
fiber transducers in a) a Dodge Truck and b) a Honda Civie.

Questions

List several applications of EH.

Describe the properties of conventional piezoelectric ceramic materials.
Explain VSSP.

What advantages do piezoelectric fiber composites have?
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New Words and Expressions

© @ N L AW -

N N N NN = o = e e e e e b
4ROV LEBBRIBROERENRSO I ars @b -0

tremendous adj. KK, BERA, WAK; B, REMN
piezoelectric adj. FEHLK 7.

spinning n. %5, ¥EL; WK¥, A%, KE; od. GYN, REKN
sensor n. 4R, REOH

wireless sensor networks JGZR {5 B A% M 4%

expose to R, MR

conversely adv. M3, KifEH

take full advantage of FE43F]H

flexible adj. BB, PEtEET, ARMER; THK; REN; THEK

. robust adj. R, BERANKKN, BER, HEW

. vibration n. R [Bi. #R] 3h; E3; R ,

. transmitter n. ZF3% [fERR. R, fE3] #; &4 [(®. 5. &E] #l
. eliminate ot. JEES, HEBR; ZRE; Wik '
. rechargeable adj. T HIEHAY

. scavenging n. PR, BRAH:; Bk, BB

. adoption n. R, FRH; WIFH

. multi-discipline £ %E}

. leverage n. FLATHLM; FLFFPER; HE ;s o RE---BE

. flashlight n. FH&

. windmill n. RFE, RER; RAORHI, Biex

. solar energy XFHfE

. embedded adj. AR, EAK, AN, BAEH

. convergence n. 1, I

. nascent adj. FFERTERK, RAEPH, MEB; B4EN, FEKN

. super transducer FBZfE B

. nano-watts ZEWE (%), 10° KL%

. fuel wt. & i (%) WM (SME) LB (%) ok R, #3
. flexibility n. ¥4E, FZNHE, PlLaitE, Btk

. viscous suspension spinning process Kt RFELH LT

. detrimental adj. HEH, KRF

. dueto HF; RFM (K], NETF

. cross-sectional adj. fXFEHEH

. transduction efficiency #RAEH A

. analog( =analogue) n. MY, MY, XKk

. bimorph n. XEHRFF, W&

. Vp-p( = Peak-to-peak voltage) MM fE

. capacitor n. BEZF; BHE
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38. transducer n. FE¥AR, WA, BPA, RKES; RS HREF
39. matched to fFF0------fHEE, JLEC

40. resonance n. (KK Aig; 3Eny, H4E, FEE, &IW

41. infrastructure n. F:Ah; FERIEH [RHE]

42, commercialized of. HEFI AL, EE R

43. scalable adj. 7] (FBEFRE) HRE; WTEEY,; THEKN

44, in series or parallel HBLERI-Ex

45. user-defined HE X

46. real-time BRIBTALEREY; AT

47. toll transponder W 2} 3§

Notes

(D This green technology produces useful amounts of electricity from environmentally available
soures of mechanical energy and eliminates the need for expensive wiring or the installation of heavy,

expensive, difficult-to-replace and polluting batteries.

SEHEL: RTHBEARRTTLUNFE R HPREBE RO AE P H KBWE N, FEXFEM
RBERE, RETUAERBAER, XERBIIE. SR, RUBAHFEEE,

® Piezoelectric ceramic fibers, given their unique properties of flexibility, light weight and
higher output per pound of material, offer the greatest potential for enabling the wide-scale deploy-
ment of self-powered piezoelectric ceramic systems.

SEFX: EOAWESE, A THRAE, BER. SN ERSMSHHERE, 1
o Bt R MR R RMBHET MAH, ROAT BT AEE,

@ Using a constant vibration source with the frequency matched to the resonance of a standard
PFCB at 30Hz, piezo-fibers have the proven ability to produée enough energy with maximum effi-

ciency to run many electronics continuously.

BEFX: LUK, BRI 30Hz B SRR W R R & Sk & b8 7= A S PR e e 3h

B, ERFREEFERBHER, NBRARRMAARATREFEER,

Reading Material

Advanced Ceramics: Clean Energy Through Ceramics ( II )

Wireless Sensor Networks

Sensors that measure everything from process temperatures to system prcssufes and machine vi-
brations have been historically expensive to deploy in manufacturing, infrastructure and industrial
environments. The sensors require expensive wiring or batteries and are expensive to service as well.
With the emergence of the new ZigBee standard, based on IEEE 802. 15.4 (and other low-power
RF protocols) , the availability of large, low-cost, low-power wireless sensor networks ( WSNs)
that are self-managed is becoming a reality.

Sensors, signal conditioners, controllers and RF transceivers continue to become smaller,

HHREVRE



lower power and more highly integrated. The combination of wireless networking, intelligent sensors
and distributed computing has created a new paradigm for monitoring the health of machines,
buildings and -environments,

A low-cost, renéwable energy seurce is critical to ubiquitous deployment of WSNs. New pi-
ezoelectric ceramic fiber-based energy harvesters will, in some cases, obviate the need for batteries
in WSNs. In other cases, the harvesting technology can be used to recharge batteries to enhance
service life. i

- The power comes from the vibration of the system being monitored. Piezo fiber-based products
require no maintenance, significantly reduce life cycle costs, improve the overall quality of industrial
and machine control, and enhance security systems by responding to pressures as small as sound

pressure.

Fig. 3.4 shows an example of the
Sensor

PZT fiber acting as an energy harvester Network

to convert waste mechanical energy into

a self-sustaining power source for a Zig- 7 F

Bee wireless sensor node®. The piezo- {8 Controller Mechanical System
electric fiber captures the energy gener- !
ated by the structure’ s vibration, com- 4 Wi
pression or flexure. The resulting ener- R
gy (after conversion to current) is used
to charge a storage circuit that then pro-
vides the necessary power level for the

. - ig. 3. fi i
sensor node electronics. Fig.3.4 Example of PZT fiber acting as an energy harvester

to convert waste mechanical energy into a self-sustaining
In this example, energy is harves- power source for a ZigBee wireless sensor node.

ted by the vibration of PZT fiber com-
posites. The energy is converted and stored in a low-leakage charge circuit until a certain threshold
voltage is reached. Once the threshold is reached, the regulated power is allowed to flow for a suf-

ficient period to power the micro-controller and the RF data transmission.
Additional Applications

PFCs can convert mechanical energy directly into light energy with no intervening electronics.
By harvesting energy from ambient vibrations, PFCs can provide electroluminescent, LED or flu-
orescent lighting on vehicles, bridge decks, digital signage, buoys and other low-power lighting
loads using waste energy. Some ‘of the frequencies of electroluminescent lights can be readily seen
through smoke or fog and could serve as signaling devices that have no electromagnetic signature.

PFCs also offer solutions for vibration damping and structural morphing. To enable self-ad-
justing systems, a smart structure containing PFCs can sense a change in motion. The motion pro-
duces an electrical signal that can be sent to a control processor that measures the magnitude of the

change in motion and returns an amplified signal that either stiffens or relaxes the active fiber actua-
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tors/sensors®. Just a 2g PFC can create a 201b blocking force.

For self-powered RFID tagging systems, incident evidence can be collected in a flash memory
that is powered by the incident and then evaluated later, so that penetration, damage or other activi-
ties can be sensed and recorded without the need for external power sources. In addition, one ver-
sion of the energy harvester can create a shoe-powered GPS/homing beacon. Identical devices can
be easily installed on containers, inventory or other places where RFID is being considered for ac-
tive ’track'ing. Similar designs are being assembled for Homeland Security border control using tree
or grass motion as the source of power for long-scale wireless sensor networks.

Unmanned aerial vehicles (UAVs) are finding wide use in many surveillance systems, and
power sources for both guidance and telemetry have been a nagging problem. The batteries current-
ly in use are heavy and fail frequently. One PFCB design uses vibrations from the engine and air-
frame to power thesel electronic systems. The system can either help keep the batteries charged lon-
ger or eliminate them altogether by using the present waste energy without debiting any ongoing op-

erations.

You Have the Povirer

This unique power source for low-power electronics uses environmental energy and flexible pie-
zoelectric ceramic fiber composites to provide broad synergy with many applications. Wireless sen-
sor networks, embedded systems, active structural contrel and other mechanical and electronic
functions are being powered by this technolegy and its products from ambient sources of mechanical
energy, such as human movement, wind or water, vehicle passage, or unexpected occurrences.
Thousands of potential applications for self-powered systems could take advantage of flexible piezoe-

lectric fiber ceramic composites®. :

( Selected from Advanced Cerametrics,
by Richard Cass, Hyeoungwoo Kim, etc. , 2008)

Questions

1. List several applications of PFCs.
2. What are UANs?

3. Describe the wireless sensor networks.
New Words and Expressions

1. deploy w. & . (JUIBESH{TSH) ERIF; HRE; BEF

2. ZigBee standard F¥EEBR ITLEMITE L
3. IEEE ( =Institute for Electrical and Electronic Engineers) (%) @5 #éF TRIF%XS
4. RF( =Radio Frequency) $1#5i, &L

5. protocol n. (FRAER) BER; (JFH) BUEH; SRIEFR; A, LW

6. signal conditioner {5547 3§
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7. transceiver n. JLEREW RV, WEH
8. intelligent sensor 4 BB & /R 7%
9. distributed computing HRITE (FAR)

10.
11,
12.
13,
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.

paradigm n. J¥E, WH, =E; BE&Kk

monitoring n. HEHR, #WH, W, BE

renewable energy source W] F4: BETH

ubiquitous adj. KFARZER, HRFEN

deployment n. BH, #HE, #HE '
obviate . JHER; HERR (BERS. EESE); W, #%
node n. W, %, B; WA, BV (RakBLED
flexure n. JHREN, i, T (F); thek; WwE
low-leakage {Kiftds, 1KEH

threshold n. [B]; B{&E

threshold voltage [B{f HL &

regulated power & JK F IE

ambient adj. FEK, SMFR

electroluminescent adj. W KR IEH, BIBEIK
LED( = light-emitting diede) KX _RE

fluorescent adj. FEIEHERT, KL H

bridge deck #¥FIH

digital signage ¥{FFRME

buoy n. AR, HitR, BAM; v FEFE, B
signaling n. T8, RS

vibration damping R

morphing n. AP

stiffen ot. & wi. (ff) ZHE; ARIRIE, ISR
actuator n. EE)A, FHEKE (PW]; HATH; MBEE
blocking n. 3, M

GPS ( =Global Position System) 2IREMRSK
homing beacon [Hfi (FTL&RH) E

inventory n. W4 HF, FREL

tracking n. FRER, WM

unmanned aerial vehicles . JG A% 3 K788

surveillance n. WA, BB, (W

telemetry n. BR%E; BRHEAR [(FE], WER
nagging ad. BSUIARIRAY, FA&M, BRBIN; AWM
debit n. f&F, & o ICABN

synergy n. BMA, EA, SWAHEHHIRERBEER
embedded system i AR RE
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Notes

@ Fig. 3. 4 shows an example of the PZT fiber acting as an energy harvester to convert waste
mechanical energy into a self-sustaining power source for a ZigBee wireless sensor node.

SEHERN: B34 T - MERBESEMRI—FBERLRS, BRIV K
H ZigBee RRMZ BBV R BLEBBEHH T,

® The motion produces an electrical signal that can be sent to a control processor that measures
the magnitude of the change in motion and returns an amplified signal that either stiffens or relaxes
the active fiber actuators/sensors.

BEFEN: KEFHRBTZE—TERES, TURXBERLESE, CEBWEZEHEL
R/, FHIEE—-MRKRES, ZESESMBRAET RIS RBE.

(@ Thousands of potential applications for self-powered systems could take advantage of flexible
piezoelectric fiber ceramic composites.

BEZFX: XFRTEFOBENBUBRENNAHE, TURHRENEABES %S
CLZER

HHEWRE



BERFERMIFHRT (=): ENSTHEER as WAE

L ERRR “as..a8” EH WMo SR B

These methods will reduce machining cost, which can be as much as 50% of the total manufac-
turing cost.

X 2807 Bk RE S B A UL A0 T Al A KIS B MR A 19 1/2,

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.

AERE, EROFEERBEMRT 32% , SHeTLIf4E BCC WM HEF 4 FCC f1 HCP —#
R : ,

Rapid solidification technology can now produce metal alloy powders which have been rapidly
cooled from the melt at rates as high as 1 million degrees Celsius per second.

RENEERABBHZSBBAR, XERRTLEI MBS RLIEE 1 x10°C/s
Y BV AR RTR

2. BEERAES “H..-.-. Z{—-#" L PPN . S || EETR » o8 ... zzﬁ ...... ”

The Rockwell scale is therefore not as accurate as the Vickers scale in distinguishing small

differences in hardness of hard materials.

B, A A B8 BE R 22 B LB/ B B, 9% R R 0 R R 4 4 8 (B AR 4 MY

However, the same type of notch does not give the same results on large section test pieces as
are obtained on small sections.

BE, ¥TFXIAFMDAIHTE, HRANDOFAEMEHRNER,

3. “such as” ¥H “4R------ —&" 3 “tk”

Non-metallic elements such as carbon, nitrogen, and oxygen may also be contained in metallic
materials.

EERMBFRAIBEREEHR, K. E—HANESRTE,

Metals and alloys are commonly divided into two classes: ferrous metals and alloys that contain
a large percentage of iron such as the steels and cast irons and nonferrous metals and alloys that do
not contain iron or only a relatively small amount of iron.

ERAMESER T AWE.: - HEROCEEAANGE, FF BN, wm. WAE
B AHERECLERAEGL, FEERATERLEBHE,

Microelectronic devices have made possible such new products as communication satellites, ad-
vanced computers, digital watches, and welding robots.

e FRET RO RERATEE, kin: BEDR. S#HEN. BFEFE., BE
ML A. (RREER “wm”, EXTAFEWHHE, BRLENR, % such as K T4
THEGE, XSTERBRAEEE.)

High energy radiation, such as neutrons produced in nuclear reactors, can affect the internal
structure of all materials, producing a loss of strength, emhﬁtﬂemeﬁt, or critical alteration of physi-

cal properties.
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RS, HMBBERNENT T, SXNHRRATREHT- LR, EHBRER
&, 2N, HurEyEaAaRa iR RE.

4. as 5| BitFRBENG, WEH “BA----- TR ”

Complicated as the problem is, it can be worked out in a few minutes by a computer.

REBAREREZR, BHENERELIMHEERT.

5. “as soon as” W}l “—H-..... ”

As soon as the current has reached a constant value, the induced e. m. f. disperses.

Ml — BB EE, BARIIEREL.

In elastic behaviour, the strain produced in a stressed material is completely removed as soon as
the stress is removed. ,

AT AT, —HEBMNN, OB ESFEZHE.

6. “as...”, asS|RREIENA, EH “EM------"

As might be expected, these additional requirement lead to more complex crystal structures.

IEAH AR, XM EREERESEHEMESR,

As stated previously, the Brinell hardness number is not reliable above 450 HBW.

R BT, IR EEE 4S0HBW £ RBAFIET o

7. as RPME—FRE, BFNMETHURENR

The specimen is now ready for examination in the as-polished condition.

' i B A B A W] L R AT R B

The as-cast ingot structure with its coarse grains is broken up.

RAHERNESHRFRRED B

8. “... vas...”, as fEE SR ATiA, #H “MEH ”

These spaces then remain as micro-porosity with a characteristic shape.

RIE, X ess EVE AL E TR By — MRS

Hot working is the usual first stage of processing, while cold working processes are carried out

as finishing operations on previously hot worked material.

AMTEMTIREANEELE, WA TR T i 5 s BRIE 2 Bk

In the Rockwell test the depth of the indentation is measured by the instrument and this is di-

rectly indicated on a dial as a hardness value.

AWRKEENES, EROEERGNSMER, TUERNRE L3R HRENERE

9. “.ene BB +as + oree " ki, “...defined as...”, "“...known as...” %,
Tl oo 3 I »ou.. - P »

Stress is defined as the force divided by the cross sectional area on which the force acts.

I 1 B0 2 i mAE B T B B9 I BR AT AR o

Solid substances can be classified as either amorphous or crystalline.

I A 3 T LS A AR S AR B R A

This relationship is known as Hooke’ s law.

B EWEE



RMHFXFRRNATLER,

In crystalline substances, the atoms occur in a regular three dimensional pattern known as a

space lattice.

EREERS, RTEA=ZEHFHF, ROBZIEZESKE,
When the metal first makes contact with the mould, the mould is cold and this has a chilling
effect on the molten metal, which results in the formation of very small crystals, known as chill crys-

tals, at the surface of the ingot.

MRS R S ERTTHEME, REESN SR ERS R, ATEkFERERRE
BAKERE, RIOKZ HBERE
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Chapter - Polymer Materials

4.1 Polymers

Conventional macromolecules { or polymers) consist of a minimum of several hundred cova-

lently linked atoms and have molar masses clearly above 10°g/mol. The degree of polymerization

. P, and the molecular weight M, are the most important characteristics of macromolecular sub-

stances because nearly all properties in solution and in bulk depend on them. The degree of poly-
merization indicates how many monomer units are linked to form the polymer chain. The molecular
weight of a homopolymer is given by the following equation.

M=PM,

where M stands for the molar mass of the monomer repeating unit. While pure low-molecular-
weight substances consist of molecules of identical structure and size, this is generally not the case
for macromolecular substances. They, instead, consist of mixtures of macromolecules of similar
structure but different degrees of polymerizations and molecular weights®. Therefore, they are called
polydisperse. As a result of this polydispersity, the values of P and M are only mean values.

High molar masses and chain-like architectures result in properties quite different from those of
low-molecular-weight substances. This maybe demonstrated for the case of polyethylene;

—CH,—CH,—CH,—CH,—CH,—CH,—

While chains having molecular weights of a few thousands only form brittle waxes, polyethy-
lenes having molar masses of above hundred thousand show much better mechanical properties. They
can be processed into films, pipes, and other performance product's. When molar mass is further
increased up to several millions, even higher impact strengths and abrasion resistances are a-
chieved which enable these materials to be used in heavy-duty applications like skating floors and
artificial hips.’

Macromolecules may be classified according to different criteria. One criterion is whether the
material is natural or synthetic in origin. Cellulose, lignin, starch, silk, wool, chitin, natural
rubber, polypeptides ( proteins), polyesters ( polyhydroxybutyrate), and nucleic acids (DNA,
RNA) are examples of naturally occurring polymers while polyethylene, polystyrene, polyure-
thanes, or polyamides are representatives of their synthetic counterparts. When natural polymers
are modified by chemical conversions ( cellulose— cellulose acetate, for example) , the products are

HHREWRE



called modified natural polymers (Fig. 4.1).

Another criterion is the chemical composition of the macromolecules: when containing only car-
bon, hydrogen, oxygen, nitrogen, halogens, and phosphorus, they are called organic. If they addi-
tionally contain metal atoms, or if they have a carbon-free main chain but organic lateral substituents
—such as polysiloxanes, polysilanes, and polyphosphazenes—they are called organometallic or
hybridic. Finally, if they do not contain carbon atoms at all-—such as polymeric sulfur—they are
called inorganic (Fig.4.2).

Macromolecules Macromolecules
. i i hybridic of i i
natural ntll(a’),(titllfriaeld synthetic orgamgc orgznometallic inorganic
Fig.4.1 Classification of macromolecules { I ) Fig.4.2 Classification of macromolecules ( II }

At the same time, the macromolecules might be classified according to whether their chains
have only one kind of atoms—like carbon—in the backbone (isochains) or different elements ( het-
erochains). Concerning their chain architecture, polymers are subdivided into linear, branched,

comb-like, crosslinked, dendritic, or star-like systems (Fig.4.3)®.

N
[ tinear | [ branched | |comb-like]| star-lke || dendritic || cross-inked | | hyperbranched |

Fig.4.3 Classification of macromolecules ( Il )

Moreover, polymers are quite often classi-

2) —A—A—A—A—A—A—A—A—A—A—A—A—A—A—
fied according to the number of different types of

b) —A—B—A—B—A—B—A—B—A—B—A—B—A—B—
monomers they are prepared from (Fig. 4.4).

¢) —A—B—A—A—B—B—A—A—B—A—B—B—B—A—

When produced from one single type of mono-

mer, they are called a) homopolymers. H a sec- @ —ATATATATA—A—A—B—B—B—B—B—B—B—
ond or third type of monomer is involved in the ¢ _A—A—ll\—A_A—?—A;A—?—A—A—?—A—A—-
polymer synthesis, the resulting materials are 113 l|3 l|3 ll3

called binary and ternary copolymers. In addi- f|3 I|3 I? ?

tion, a distinction is also made on how the dif- ]|3 ]|3 ? 113

ferent monomers are arranged in the resulting ]|3 ]|3 1[3 ?
copolymer chains, distinguishing among others: B B B B

b) alternating-, c) statistic-, d) block-, and Fig.4.4 Copolymer architectures

e) graft-copolymers.
Finally, for practical reasons it is useful to classify polymeric materials according to where and

how they are employed. A common subdivision is that into structural polymers and functional poly-
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mers. Structural polymers are characterized by—and are used because of—their good mechanical ,
thermal, and chemical properties. Hence, they are primarily used as construction materials in addi-
tion to or in place of metals, ceramies, or wood in applications like plastics, fibers, films, elasto-
mers, foams, paints, and adhesives. Functional pelymers, in contrast, have completely different
property profiles, for example, special electrical, optical, or biological properties. They can assume
specific chemical or physical functions in devices for microelectronic, biomedical applications,
analytics, synthesis, cosmetics, or hygiene.

(Selected from Polymer Synthesis: Theory and Practice, by Dietrich Braun, 2005)

-Questions
1. What is a polymer?
2. What is the degree of polymerization, P?
3. Why can the polyethylene present different mechanical properties?
. 4. How are the polymers classified?
5. List several functional polymers.

New Words and Expressions

1. consist of ZHER, Hy----- IR
2. the degree of polymerization R4
3. the molecular weight 4>F&°
4. homopolymer ¥E4Y)

5. repeating unit & BTG
6. similar adj. MR, HHE, R0
7. britile waxes JEHERS

8. performance product E‘H{ﬁ&?ﬂ o

9. impact éuength 5 3R B

10. abrasion resistance i B ¥

11. anificial hip A T#E%¥

12, cellulose n. #F4EE

13. lignin n. REE

14, starch n. JE¥}

15. chitin n. HRE

16. polyester n. HHg, B4

17. nucleic acid #®

18. polyethylene n. B Z4H

19. polyurethane n. & EE

Giﬁ*ﬁ?ii&?ﬁtﬂﬁfﬁ?ﬁi-, 'ZFE——*E&!@
82 MBEUEE



20. polystyrene n. BEZ I

21. polyamide n. FEBEH

22, cellulose acetate REBRET 2R

23. organic adj. HHEK, PH
24. polysiloxane n. RS

25. polysilane n. BELR

26. polyphosphazene n. BBEFE

27. backbone n. T2

28. comb-like MR

29. dendritic adj. BHEURE; BORM
30. star-like B

31. alternating-copolymer AZ#FiLEHY)
32. statistic-copolymer G ILE4
33. block-copolymer H#xEt3LEHY

34. graft-copolymer IEEiILEEHY)

35. a minimum of B

36. microelectronic f§HF

37. biomedical application 4= %) B2 N F
38. cosmetic n. bk dh; FHES

39. hygiene n. D4, {#4

Notes

(@ They, instead, consist of mixtures of macromolecules of similar structure but different de-
grees of polymerizations and molecular weights.

SEEX: RN, XEYPYFRERSENIFEARNEGI FREAYNESY.

(@ Concerning their chain architecture, polymers are subdivided into linear, branched, comb-
like, crosslinked, dendritic, or star-like systems.

SEE: RB\HAGSH, BSPIRARE., B8R, fiR. Bk, WBERKEREFLR,

® In addition, a distinction is also made on how the different monomers are arranged in the re-
sulting copolymer chains, distinguishing among others; b) alternating-, ¢) statistic-, d) block-,
and e) graft-copolymers.

BHEEI: Wi, HBEERBTERXRY RS FEPREINNFAR, B0 H
(b) ZH. (c) M. (d) HMEURK () EEHERY,

Reading Material

Characterization of Macromolecules

For the unequivocal characterization of a low-molecular-weight compound, it is sufficient to

specify a few physical or chemical properties, for example, boiling point, melting point, angle of
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optical rotation, refractive index, elemental analysis, IR and NMR spectra. If two low-molecular-

weight samples have the same characteristic properties, they may be considered as identical.
The characterization of macromolecular substances is considerably more difficult. Owing to the

high intermolecular forces, macromolecules are not volatile without decomposition and so, no boiling

point can be determined. The melting points of partially crystalline polymers are generally not sharp.

Amorphous polymers frequently show only sintering or softening, often accompanied by decomposi-

tion. In addition to elemental analysis, other data must be determined, for example, solubility, vis-

cosity of the solution, mean molecular weight, molecular weight distribution, and degree ,of crystal-

The fundamental difficulty is that polymeric substances cannot be obtained in a structurally and
molecularly uniform state, unlike low-molecular-weight compounds®. Thus, macromolecular materi-
als of the same analytical composition may differ not only in their structure and configuration but also
in molecular size and molecular weight distribution; they are polydisperse, i. e., they consist of
mixtures of molecules of different size®. Hence, it is understandable that the expression “identical”
is not, in practice, applicable to macromolecules. Up to the present time, there is no possibility of
preparing macromolecules of absolutely uniform structure and size. It follows, therefore, that physi-
cal measurements on polymers can only yield average values. The aforementioned peculiarities of
macromolecular substances mean that the methods of characterization suitable for low-molecular-
weight compounds are frequently not applicable or only applicable in a substantially medified form;
often completely new methods of investigation must be employed®.

Since the properties of a polymer can be noticeably influenced by small variations in the molec-
ular structure, and these in turn depend on the preparation conditions, it is necessary when reporting
data to indicate not only the type of measurement (e. g. , molecular weight by end group analysis;

crystallinity by infrared measurement or by X-ray diffraction; etc. ), but also the type of preparation

(e. g. , radical polymerization in bulk at 80 °C ; polymerization with a particular organometallic cata-
lyst at 20 C ).

(Selected from Polymer Synthesis: Theory and Practice, by Dietrich Braun, 2005)
Questions

1. Why is the characterization of macromolecular substances considerably more difficult?
2. What are polydisperse of polymer?

3. List several methods of characterization of macromolecular.
New Words and Expressions

1. boiling point i &
2. melting point #EX
3. optical rotation JFENEE
4. refractive index H7§FH

MR EWEE



5. elementsl analysis G 4+#T

6. identical adj. F—M, TLHEK
7. volatile adj. BIEER

8. amorphous polymer FEGBZEEY
9. crystalline polymer BAERSY

10. solubility n. ¥ERE

11. viscosity n. ¥E

12. degree of crystallinity 458 E

13. uniform state ZH—R7A&

14. average value Y-HJ{H

15. end group analysis BEFE ik
16. infrared measurement - £ #h il &
17. X-ray diffraction X 3148 77 5¢

18. organometallic catalyst & #1438 4E4LT

Notes

(© The fundamental difficulty is that polymeric substances cannot be obtained in a structurally
and molecularly uniform state, unlike low-molecular-weight comf)ounds.

SEEL: BRANERET, RS TRAGYRR, BREHABAITENY -HWRE
.

® Thus, macromolecular materials of the same analytical composition may differ not only in
their structure and configuration but also in molecular size and molecular weight distribution; they
are polydisperse, i. e., they consist of mixtures of molecules of different size.

SZFEX: Bk, HRAGHRSHNED FHRRNTRESHRBAE LAR, 5FKh
M TFRANHRERR,; ENZRLBH, PREVYRFRAXPITFHRRYNEBEY.

@ The aforementioned peculiarities of macromolecular substances mean that the methods of
characterization suitable for low-molecular-weight compounds are frequently not applicable or only
applicable in a substantially modified form; often completely new methods of investigation must be
employed.

BRI KoTYRN ERFEERE, S/ TRL FRIAYWHRIE N EX TR
THESREARRASLIERBREAEH; EFERALSFHMR L,

4.2 Methods for Synthesis of Polymers

Chain Polymerization

Polymers may be synthesized by two major kinetic schemes, chain and stepwise polymerization.
The most important of the chain polymerization methods is called free radical polymerization.
1. Free Radical Polymerization
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The synthesis of poly( ethyl acrylate) will be used as an example of free radical polymeriza-
tion. Benzoyl peroxide is a common initiator. Free radical pelymerization has three major kinetic
steps—initiation, propagation, and termination®. »

2. Initiation

On heating, benzoyl peroxide decomposes to give two free radicals ;

O O O

[ Il I
Crter et e
Benzoy! peroxide Free radical, R.

In this reaction the electrons in the oxygen-oxygen bond are unpaired and become the active site.
With R representing a generalized organic chemical group, the free radical can be written R - . (It
should be pointed out that hydrogen peroxide undergoes the same reaction on a wound, giving a
burning sensation as the free radicals “kill the germs. ” )@

The initiation step usually includes the addition of the first monomer molecule;

H H
| |
R-+ CH2=(|3 —— R—CH,;—C-
0=C—0 —C;,H; O0=C—0 —C,H;s
Free radical Ethyl acrylate Growing chain

In this reaction the free radical attacks the monomer and adds to it. The double bond is broken
open, and the free radical reappears at the far end.

3. Propagation '

After initiation reactioris, many monomer molecules are added rapidly, perhaps in a fraction

of a second:

H H
| |
R——CHz—Cll- +nCH,==C -
O=C—0 —C,H;s O =C— 0—C, Hs

|
H;C;—O O — C2Hs O— CHs

On the addition of each monomer, the free radicdl moves to the end of the chain.

4. Termination

In the termination reaction, two free radicals react with each other. Termination is either by

MR TS



combination,

H H H
IR—CHy—C —R— CH2—(II——(|3<CH2—R
0= C—0—C;Hs o=¢ 0=C—0—CHs
—C,Hs

where R now represents a long-chain portion, or by disproportionation, where a hydrogen is trans-
ferred from one chain to the other. This latter result produces in two final chains. While the normal
mode of addition is a head-totail reaction, this termination step is normally head-to-head.

As a homopolymer, poly( ethyl acrylate) is widely used as an elastomer or adhesive, being a

polymer with a low T, —-22°C. As a copolymer with other acrylics, it is used as a latex paint.
Step Polymerization

The second important kinetic scheme is step polymerization. As an example of a step polymeri-
zation, the synthesis of a polyester is given. The general reaction to form esters starts with an acid

and an alcohol ;

O O
CH3—CH,0H + CHz3— g—OH—* CH;— CHZ—O—(”:—CH3 + H,O
Ethy] alcohol Acetic acid Ethyl acetate Water
o
where the ester group is —O0—C— , and water is eliminated.

The chemicals above cannot form a polyester because they have only one functional group
each. When the two reactants each have bifunctionality, a linear polymer is formed:

0 0
I l

nHO—CH,—CH,—OH + nHO—C@—C—OH-*

Ethylene glycol Terephthalic acid

i i
H{-0—CHy— cm—o—c@é OH + (2n - HH,0
n
Poly(ethylene terephthalate) |

In the stepwise reaction scheme, monomers, dimers, trimers, and so on, may all react together.
All that is required is that the appropriate functional groups meet in space®. Thus the molecular
weight slowly climbs as the small molecule water is eliminated. Industrially,
0o 0
—(lg—OH is replaced by —C-—O0—CH,. Then, the reaction is an ester interchange, releasing
methanol.

Poly ( ethylene terephthalate) is widely known as the fiber Dacron®. It is highly crystalline,
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with a melting temperature of about +265%C.
Another well-known series of polymers made by step polymerization reactions is the polyam-
ides, known widely as the nylons. In fact there are two series of nylons. In the first series, the mon-

omer has an amine at one end of the molecule and a carboxyl at the other. For example,

. I

nH2N~—CH2 — CHZ— CH2 —C—OH—
i ||
H+N—CH;—CH;—CH;—C+y, OH+ (n-1) H0
which is known as nylon-4. The number 4 indicates the number of carbon atoms in the mer.
In the second series, a dicarboxylic acid is reacted with a diamine
0

nHoN (CHy)4NH3 + nH—O — C(CH2)6C—OH —»

| | I

H+N—(CH2)a—N—C—(CH2)¢C+ OH+ 2n - ) H,O
n

which is named nylon 48. Note that the amine carbon number is written first, and the acid carbon

number second. For reaction purposes, acyl chlorides are frequently substituted for the carboxyl

groups.
(Selected from Introduction to Physical Polymer Science, by L. H. Sperling, 2006)

Questions

1. What is the chain polymerization?

2. What is the step polymerization?

3. List several free radical initiators.

4. Distinguish the combination termination and the disproportion termination.

5. Describe the synthesis of polyamide 610 from the monomers.

New Words and Expressions

kinetic adj. B1J1ZK

free radical polymerization HHEES
poly (ethyl acrylate) = (FRHHEBZER)
benzoyl peroxide it 5 $L7E W Bk

initiator n. B &

propagation n.

termination n. 2k

® N s W=

decompose n. 3@
HHEWHEE



9. unpaired adj. REXTH

10. active site JEMR, FHHEHF L

11. attack ». Hdy

12, react v R

13. monomer n. Bifk

14. combination n. £5&, BE&

15. disproportionation n. Mifk (& 1k), R4

16. homopolymer n. HEH

17. T, ( =glass transition temperature) B{EILEEAREE

18. copolymer n. 3LE#)

19, latex paint FLEEE

20. polyester n. BEE; %%

21. functional group ‘E BEH]

22. reactant n. R

23. bifunctionality XU H BEBEF |
24. linear polymer MR EYW
25. dimmers n. 4

26. trimers n. =Kk

27. methanol n. R 1
28. poly (ethylene terephthalate) I (ME_HMZ _BE)

29. crystalline adj. %558 i
30. polyamides n. FBiRZ

31. nylon n. B3

32. dicarboxylic acid 3R

33. diamine n. Zf%

34, amine n. B ()

35. acyl chloride PBEE -

36. carboxyl n. #E

37. elastomer n. FWPE{R

Notes

(D Free radical polymerization has three major kinetic steps—initiation, propagation, and ter-
mination.

BEFN: HHERGEEASRSA¥STE—HTI K. S RMSERIE,

@ It should be pointed out that hydrogen peroxide undergoes the same reaction on a wound,

i

giving a burning sensation as the free radicals “kill the germs. ’ S
BEHEN: MiEEY, JEASELBSORSREMRIRN, XAHE “RKHAE"
B 722 A ) AR

@ In the stepwise reaction scheme, monomers, dimers, trimers, and so on, may-all react to-
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gether. All that is required is that the appropriate functional groups meet in space.

SHERI: BPRMP, Bk, “RE, SRS, BUBMERERN, #4EER
RAFTELS Y I E R .

Reading Material

Natural Product Polymers

Living organisms make many polymers, nature’s best. Most such natural polymers strongly re-
semble step polymerized materials®. However, living organisms make their polymers enzymatical-
ly, the structure ultimately being controlled by DNA, itself a polymer.

Some of the more important commercial natural polymers are shown in Table 4. 1. People some-

times refer to these polymers as natural products or renewable resources.

Table 4.1 Some natural product polymers

Name Source Application

Cellulose Wood, cotton Paper, clothing, rayon, cellophane
Starch Potatoes, com Food, thickener

Wool Sheep Clothing

Silk Silkworm Clothing

Natural rubber Rubber tree Tires

Pitch 0Oil deposits Coating, roads

Wool and silk are both proteins. All proteins are actually copolymers of polyamide-2 ( or ny-
lon-2, old terminology). As made by plants and animals, however, the copolymers are highly or-
dered, and they have monodisperse molecular weights, meaning that all the chains have the same
molecular weights.

Cellulose and starch are both polysaccharides, being composed of chains of glucose-based
rings but bonded differently.

Natural rubber, the hydrocarbon polyisoprene, more closely resembles chain polymerized
materials. In fact synthetic polyisoprene can be made either by free radical polymerization or anionic
polymerization®. The natural and synthetic products compete commercially with each other.

Pitch, a decomposition product, usually contains a variety of aliphatic and aromatic hydroe-

carbons, some of very high molecular weight.

(Selected from Introduction to .Physical Polymer Science, by L. H. Sperling, 2006 )

Questions
1. What are natural product polymers?
2. List several natural product polymers.
3. What is DNA?
4. Show the structure of the natural rubber.

HEEUWRE



New Words and Expressions

1. natural adj. KKK

2. resemble . 1§, Ff

3. organism n. 4%, FHE

4. cellulose n. £FEE

5. starch n. JE¥

6. pitch n. PHEH

7. renewable resource W4 ¥FIR
8. protein n. AR

9. monodisperse adj. H4EEY
10. polysaccharide n. E¥F

11. glucose n. HEWH

12. hydrocarbon n. BREILEW
13. polyisoprene n. BFRR 4
14. anionic polymerization FRESTHR-G
15. decomposition 43f#

16. aliphatic adj. ARAFEERY

17. aromatic adj. FHFHFHEHN

Notes

(D Most such natural polymers strongly resemble step polymerized materials.

BERIL: REPARPIRARSYREBBELRAHHB,

@ In fact synthetic polyisoprene can be made either by free radical polymerization or anionic
polymerization.

ZER. FxE, BAESEHERSHTE, R ELHETFRENTERS R
R Mo

4. 3 Processing of Polymers

Processing of a polymer can be performed with the polymer in various states of aggregation: in
solution, in dispersion, and in the melt. The method chosen will depend on whether the polymer
melts without decomposition and whether it is soluble. However, the nature of the application is al-
so decisive. In practice a molded object can be prepared from a thermoplastic only via the melt,
while for textile coatings the only feasible method is to process from solution or dispersion®. But
processing of polymers is not only of industrial interest. A previous processing step is also necessary
for many physical and chemical investigations, which only can be done with a well-defined test spec-
imen. Although suitable equipment is available for injection molding and extrusion on the laboratory

scale which require amounts of substances in the range of 5 to 1,000 g, the following simpler meth-

Chapter 4 Polymer Materials




92

ods suffice for preliminary investigations.
Melt Processing of Polymers

The processing of polymers in the melt is the method most extensively used in technology. It is
an essential requirement that the product does not undergo any significant degradation at the high
processing temperature and under shear. The processing temperature must generally be considerably
higher than the softening or melting temperature in order to reduce the high viscosity of the polymer
melt. In this processing technique the polymer is heated above its melting or softening point, the vis-
cous melt is brought into the desired form by mechanical forces and the formed object is finally
cooled. This procedure is very widely applicable and allows the preparation of objects in practically
any size or shape, for example, of molded bodies ( by pressing, injection molding, or extru-
sion) , of films and sheets (by extrusion and calendering) , and of fibers ( by extrusion).

Polymers that are difficult to process in the melt, either because the melt viscosity is too high
or because they decompose, can often be processed at low temperatures through the addition of a

plasticizer, leading to improved flow properties and lower processing temperature.
Processing of Polymers from Solution

If suitable equipment for processing the polymer melt is not available, or if the polymer will not
melt, or melts only with decomposition, the processing may be carried out from solution. This tech-

nique, however, is limited to the fabrication of films, membranes, fibers, coatings, and adhe-

sives.
(Selected from Polymer Synthesis: Theory and Praectice, by Dietrich Braun, 2005)
Questions
1. How many methods of processing of a polymer are mentioned in the text?
2. Why is the conventional grinding in a mortar usually ineffective to a polymer?
3. What is a plasticizer?
4. Describe the processing of polymers from solution.

New Words and Expressions

decompose n. i

molded object X%
thermoplastic  $u48 ¥ 38 5
textile coating LA BRE
specimen n. B, HA
shear n. {1748

pressing molding 45 FE iR &Y
injection molding {5 %

® N9 LR
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9. extrusion molding #fHE &
10. calendaring n. JEFE

11. melt viscosity %KL B

12. plasticizer n. 3%}

13. membrane n. W&, BERY
14. fiber n. &4

15. coating n. ¥ ¥l

16. adhesive n. BER§FH

Notes

@ In practice a molded object can be prepared from a thermoplastic only via the melt, while for
textile coatings the only feasible method is to process from solution or dispersion.

SEFIC: TP Lh—F R RLE S AR AR, THAREREN
BB BORBR A

Reading Material

Thermoplastic Elastomers

These new materials contain physical cross-links rather than chemical cross-links. A physical
cross-link can be defined as a non-covalent bond that is stable under one condition but not under
another. Thermal stability is the most important case. These materials behave like cross-linked
elastomers at ambient temperatures but as linear polymers at elevated temperatures, having re-
versible properties as the temperature is raised or lowered®.

The most important method of introducing physical cross-links is through bleck copolymer for-
mation®. At least three blocks are required. The simplest structure contains two hard blocks ( with a
T, or T; above ambient temperature) and a soft block (with a low T,) in the middle. The soft block
is amorphous and above T, under application temperatures, and the hard block is glassy or crystal-
line.

The thermoplastic elastomers depend on phase separation of one block from the other, which
in turn depends on the very low entfopy gained on mixing the blocks. The elastomeric phase must
form the continuous phase to produce rubbery properties; thus the center block has a higher molec-
ular weight than the two end blocks combined.

Examples of the thermoplastic elastomers include polystyrene-block-polybutadiene-block-poly-
styrene ( SBS) or the saturated center block counterpart (SEBS). In the latter, the EB stands for
ethylene-butylene, where a combination of 1,2 and 1,4 copolymerization of butadiene on hydrogen-
ation presents the appearance of a random cepolymer of ethylene and butylene.

Important applications of the triblock and its cousins, the starblock copolymer thermoplastic e-
lastomers, include 'the rubber soles of running shoes and sneakers and hot melt adhesives. In the
former application, sliding friction generated heat momentarily turns the elastomer into an adhe-
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sive, reducing slips and falls. When sliding stops, the sole surface cools again, regenerating the
rubber.

The so-called segmented polyurethanes form thermoplastic elastomers of the < ( AB-, type,
where A is usually a polyether such as poly ( ethylene oxide) and B contains aromatic urethane
groups (142,143). These polyurethanes make excellent elastic fibers that stretch about 30% and
are widely used in undergarments under the trade names Spandex® and Lycra®.

The literature distinguishes various kinds of polyurethanes. There are those that are not thermo-
plastic elastomers, often densely cross-linked. These need not be elastomeric at all.

The thermoplastic elastomer polyurethanes, TPU, may be of two general types: partly crystal-
line elastic fibers (see preceding paragraph) or softer elastomers, depending on the relative length
of the soft segment. Those polyurethanes based on polyester soft segments tend to be more resistant
to hydrocarbons, while the polyether types are more resistant to hydrolysis but tend to swell more
in aqueous environments.

A newer type of (AB), block copolymer, known as the poly ( ether-ester) elastomers and sold
as Hytrel® | contains alternating blocks of poly( butylene oxide) and butylene terephthalate as the
soft and hard blocks, respectively:

0 0 0 o]

Il [ I ]

C C—O—(CH,)7- Ot 1C C—O-HCH, 704,
Hard segment ™m Soft segment

Usually m =1 or 2, and n =40 ~60; thus the soft segment is much longer than the hard segment.
The hard blocks crystallize in this case.

(Selected from Introduction to Physical Polymer Science, by L. H. Sperling, 2006 )
Questions

1. What are thermoplastic elastomers?
2. List some methods of introducing physical cross-links.

3. Do you know Spandex® and Lycra® 2 Describe their structures and advantages.
New Words and Expressions

. non-covalent bond JEIL4)4
. stable adj. I8EHN, FEK; FEH

. thermal stability M EH:
. ambient temperature ¥R

. reversible properties ] 33 4 i
. block copolymer {#REZILIEY

1

2

3

4

5. elevated temperature 5

6

7

8. application temperature & iR
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9. phase separation 4%

10. in turn i3

11. entropy B (P A¥ERE)

12. continuous phase % %224

13. polybutadiene n. BT 4

14. saturated adj. R

15. ethylene-butylene Z.#-T %

16. random copolymer JCHIILEE4
17. hot melt adhesive FUHRBE

18. sliding friction ¥EzhEEH#E

19. polyurethane n. FEEE

20. polyether n. Bk

21. poly (ethylene oxide) I (HEIE)
22. elastic fiber ERMEF4E

23. Spandex n. E#

24. Lycra n. 3F

25. cross-linked ALK

26. thermoplastic elastomers  #i %8 ¥ 3 # f%&
27. be resistant to BBHT, W

28. hydrocartbon BRELESY

29. swell v BEJK

30. in aqueous environments JKFfiE

31. butylene terephthalate X "M T — EAR
Notes

(D These materials behave like cross-linked elastomers at ambient temperatures but as linear
polymers at elevated temperatures, having reversible properties as the temperature is raised or low-
ered. »

BEEX: XEHNEFRTRIRBEE, AERRTRALESY, HHEREAS
R, RASME,

@ The most important method of introducing physical cross-links is through block copolymer

formation.

BHEL: SIANPEXBRBEREN T EREETREERYHH %,
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MEZEBEFRD (H): FASIHEER it WAZE

1. it fEARRKIEN, R “EB” SEFHRERGRE

When a force (or load) is applied to material, it produees a stress in the material.

LB EMRAN, E&™EMNT, (B “B”, BRRMA)

We are always interested in how the material behaves when it is exposed to sudden intense blow
(impact).

BATE EXT BRI RARRZERAM o BRBREMEEE NG . (FHHBRAKLRE)

The dislocation can move through the crystal until it emerges at one edge to produce a step.

EEESRBESEBCE-ATEER. (Fh “B7, BAA)

The rate at which a molten metal is cooling when it reaches its freezing point affects the size of
the crystals which form.

BRSBERIERRSNEHHNEESEWBE RN RBEMR T, (FRHFERKZE)

2. (EfERRAR, BA “X” "HB” “XH4E", FHAERNRE

Plastic deformation can occur by twinning. It is most easily achieved in c. p. h. metals.

FRESEEHEE. IRARBES HAAEFHAS RE D, LHBAXHAR)

It can be seen that when a metal is stressed beyond its elastic limit, plastic deformation occurs.

BRAGEER, HLERZN BN EWRERRN, ASREBHEE.

3. EXEAHmRAN, MRFEABAR, HE, ERE, TEHRAFY

It is far to the school.

BFRARZ. (FF)

It is raining.

TRT. (AF)

It is time to school.

R ERT .

4. it ERAEE, FHLERIERST

It is usual in such illustrations to represent atoms as solid spheres and to ignore the atomic
structure. :

BRERALOCRRBEFHAREFEHNERRE LK,

In order to completely define the structure of a particular metal it is necessary to state the type
of crystal structure and the dimensions of the unit cell.

T REREEREGH, LHHENRESEHERMARHRT.

5. it e RiEN, it EXREN, FoHEY

The invention of radio has made it possible for mankind to communicate with each other over
along distance.

TR ARE RS ZEREFERS

6. itZEBEAS, EEEH "ER” “RR" “AR"” i

It is to reduce accidents that safety valves are designed.

HHREWRE



ERFTHOES, F@HTELMA.
It was this engineer who improved the molding technology.
REXNMIRNRHETRELZ,
7. #Eitis (was) not until... BRFM ERIFNGR b, BEEEFED “HB---- b RETRLE "
It was not until 1, 500 BC that glass was produced independently of ceramics and fashioned into
separate items. .
HBAITHT 1500 4, FHWMAFHRM L THE, BEMLKTE.
It was not until the industrial revolution that the modern polymer industry began to develop.
HAT L Fa, AR TLUAFHEERRE,
8. BE—IMRENGN, BEFERERAHRENT

It is only when the engineers recognize the type of loading to which the material is exposed that

they can choose the materials correctly.

TRIMAAEBEEMEAZREGEE, FRREREEMN ., GRESZERE)
It is because the carbon content of the core (0.15% ) and the case (0. 8% ) are different that

two treatment temperatures are necessary.

ERRALBEMEZANSHKEAR, ABERIRLBERE. GRERERRE)
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Chapter Composites

5.1 Composite Basics—Material System

Modern structural composites, frequently referred to as “ Advanced Composites” , are a blend of
two or more components, one of which is made up of stiff, long fibers, and the other, a binder or
“matrix” which holds the fibers in place. The fibers are strong and stiff relative to the matrix and

' are generally orthotropic (having different properties in two different directions) . The fiber, for ad-
vanced structural composites, is long, with length to diameter ratios of over 100. The fiber’ s
strength and stiffness are usually much greater, perhaps several times more, than the matrix materi-
al. The matrix material can be polymeric (e. g. , polyester resins, epoxies) , metallic, ceramic or
carbon. When the fiber and the matrix are joined to form a composite they retain their individual
identities and both directly influence the composite’ s final properties. The resulting composite will
generally be composed of layers (laminate) of the fibers and matrix stacked to achieve the desired
properties in one or more directions.

The high strength or stiffness to weight ratios of advanced composites are well known, but there
are other advantages also (Table 5.1).

Table 5.1 Advantages/disadvantages of advanced composites

Advantages Disadvantages

Weight reduction Cost of raw materials and fabrication
High strength or stiffness to weight ratio

Tailorable properties Transverse properties may be weak
Can tailor strength or stiffness to be in the -

load direction

Redundant load paths (fiber to fiber) Matrix is weak, low toughness
Longer life ( no corrosion) Reuse and disposal may be difficult
Lower manufacturing costs because of Difficult to attach

less part count
Inherent damping Analysis is difficult

T d (or d d) thermal or Matrix subject to environmental ,

electrical conduetivity
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These advantages translate not only into aireraft, but into everyday activities, such as longer
drives with a graphite-shafted golf club ( because more of the mass is concentrated at the clubhead)
or less fatigue and pain because a graphite composite tennis racquet has inherent damping®. Gener-
ally, the advantages accrue for any fiber/composite combination and disadvantages are more obvious
with some. These advantages have now resulted in many more reasons for composite use. Proper de-
sign and material selection can circumvent many of the disadvantages.

An advanced composite laminate can be tailored so that the directional dependence of strength
and stiffness matches that of the loading environment. To do that, layers of unidirectional material
called laminae are oriented to satisfy the loading requirements. These laminae contain fibers and a
matrix. Because of the use of directional laminae, the tensile, flexural and torsienal shear properties
of a structure can be disassociated from one another to some extent and a golf shaft, for example,
can be changed in torsional stiffness without changing the- flexural or tensile stiffness.

Fibers can be of the same material within a lamina or several fibers mixed (hybrid). The com-
mon commercially available fibers are as follows :

e fiberglass;

® graphite;

e aramid;

& polyethylene;

e horon;

o gilicon carbide;

® silicon nitride, silica, alumina, alumina silica.

The advaritages of fiberglass are its high tensile strength and strain to failure, but heat and fire
resistance , chemical resistance, moisture resistance and thermal and electrical properties are also ci-
ted as reasons for its use. It is by far the most widely used fiber, primarily because of its low cost;
but its mechanical properties are not comparable with other structural fibers.

Carbon/graphite fibers have demonstrated the widest variety of strengths and modulii and have
the greatest number of suppliers. The fibers begin as an organic fiber, rayon, polyacrylonitrile or
pitch which is called the precursor®. The precursor is then stretched, oxidized, carbonized and
graphitized. There are many ways to produce these fibers, but the relative amount of exposure at
temperatures from 2,500 to 3 ,000°C results in greater or less graphitization of the fiber. Higher de-
grees of graphitization usually result in a stiffer fiber (higher modulus) with greater electrical and
thermal conductivities and usually higher cost.

The organic fiber Kevlar 49, also called aramid, essentially revolutionized pressure vessel tech-
nology because of its great tensile strength and consistency coupled with low density, resulting in
much more weight effective designs for rocket motors. Aramid composites are still widely used for
pressure vessels but have been largely supplanted by the very high strength graphite fibers. Aramid
composites have relatively poor shear and compression properties; careful design is requires for their
use in structural applications that involve bending or compression.

The polyethylene fibers have the same property drawbacks as aramids, but also suffer from low
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melting temperature which limits their use to composites that cure or operate below 149°C (300°F )
and a susceptibility to degradation by ultraviolet light exposure. Both of these types of fibers have
wide usage in personal protective armor. In spite of the drawbacks, production of both of these fibers

is enjoying strong worldwide growth.

Boron fibers, the first advanced composite fibers to be used on production aireraft, are pro-

duced as individual monofilaments upon a tungsten or carbon substrate by pyrolytic reduction of

boron trichloride ( BCL,) in a sealed glass chamber. The relatively large cross section fiber is used

today primarily in metal matrix composites which are processed at temperatures which would attack

carbon/graphite fibers.

The functions. and requirements of the matrix are to;

keep the fibers in place in the structure;

help to distribute or transfer loads;

protect the filaments, both in the structure and before and during fabrication;
control the electrical and chemical properties of the composite ;

carry interlaminar shear.

The needs or desired properties of the matrix, that depend on the purpose of the structure are:

minimize moisture absorption;

have low shrinkage;

must wet and bond to fiber;

low coefficient of thermal expansion;

must flow to penetrate the fiber bundles completely and eliminate voids during the compac-

ting/ curing process;

ber) ;

have reasonable strength, modulus and elongation ( elongation should be greater than fi-

must be elastic to transfer load to fibers;

have strength at elevated temperature ( depending on application) ;
have low temperature capability ( depending on application) ;

have excellent chemical resistance ( depending on application) ;
be easily processable into- the final composite shape;

have dimensional stability ( maintain its shape).

There are many matrix choices available; each type has impact on the processing technique,

physical and mechanical properties and environmental resistance of the finished composite. The com-

mon thermoset matrices for composites include the following:

polyester and vinylesters;

€poxy ;

bismaleimide ( BMI) ;

polyimide;

cyanate ester and phenolic triazine.

Each of the resin systems has some drawbacks, which must be accounted for in design and
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manufacturing plans.

Polyester matrices have been in use for the longest period, and are used in the widest range and
greatest number of structures. The usable polymers may contain up to 50% by weight of unsaturat-
ed monomers and solvents such as styrene. Polyesters cure via a catalyst (usually a peroxide)
resulting in an exothermic reaction, which can be initiated at room temperature.

The most widely used matrices for advanced composites have been the epoxy resins. These res-
ins cost more than polyesters and do not have the high temperature capability of the bismaleimides or

polyimides, but because of the advantages they are widely used.

(Selected from Handbooks of Composites, by S. T. Peters, 1998)

Questions
1. Describe the functions and requirements of the matrix.
2. List several common thermoset matrices for composites.
3. What are Modern structural composites?
4. List several advantages of fiberglass.

New Words and Expressions

1. composite n. E-&¥FE

2. stiff adj. RI¥ER

3. binder n. ¥E&EF

4. fiber n. £ 4k

5. matrix n. ZHE

6. orthotropic adj. £ HFHEH

7. polymeric adj. BEH, BEHEMN
8. polyester n. FlR

9. fabrication n. H{E, WL

10. tailorable adj. (ABIE) WRHW
11. redundant adj. KK, SR
12. inherent adj. BEH K, NEEM
13. accrue . Hin, WK

14. circumvent o. BIKFEREEA (HFY); Ml
15. damping n. PHJE, WIE, EMH
16. laminate n. BRE#HE, BER
17. fiberglass n. BEREL 4, Bz
18. aramid n. FHEEBEHE, FL
19. boron n. (4k)

20. silicon n. {{k) %k

21. alumina ». E{L4E, W+
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22. alumina silica RS LRER

23. rayon n. (3£) AN#EZ, NEG%H, \E4BY, \EGELRY
24. polyacrylonitrile ». EHWIE (44%)

25. pitch n. PFE

26. precursor n. SGEK, SoATH; SBJK, BUEE

27. modul n. #EE

28. susceptibility n. 5 ZEWIMAFHRE

29. monofilament n. H (M) £, HHF (%) #
30. tungsten n. <4k >43

31. substrate n. ({ft&@E. BIRI%H) KEH, &K
32. pyrolytic adj. FRRY

33. filament n. K%, B4, KA4%

34. penetrate v BE, BA

35. compacting n. 3L, EH, () K (#) 3
36. cure o ${k, @ik

37. thermoset n. PEMERAE, REWER; od. HEER
38. vinylester n. Z JEEEHER

39. bismaleimide n. XUIL3RBEIE I

40. polyimide n. FEEEF

41. cyanate n. SR8k

42. cyanate ester F(BREY

43. phenolic adj. E}H}, ABEBERY

44. unsaturated adj BHBHK, FHERMA

45. monomer n. BA{K

46. solvent n. {{b) P&

47. styrene n. EZIJE

48. catalyst n. ({k) #E1LA, ki

49. peroxide n. FEIE, TELY

50. exothermic adj. B, MHEREMN

51. initiate ». | &

52. resin n. WHE

Notes

(D These advantages translate not only into aircraft, but into everyday activities, such as longer
drives with a graphite-shafted golf club ( because more of the mass is concentrated at the clubhead)
or less fatigue and pain because a graphite composite tennis racquet has inherent damping.

BEREX: EAMBHRRPEREIARANNAT WTH, MENATHERAERE, B
AABEAMMRENRRRRITERELE (RAEZNHEEEPETL), BABEAH
BHHENMBRAEEB AR, TUBRBERTRES. -
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® ..., rayon, polyacrylenitrile or pitch which is called the precursor.
BHFI: oo WA Y, RPN G0 A 4 S E R AT BT IR A

Reading Material

Polymer-matrix Composites

Polymer-matrix composites are much easier to fabricate than metal-matrix, carbon-matrix, and
ceramic-matrix composites, whether the polymer is a thermoset or a thermoplast. This is because of
the relatively low processing temperatures required for fabricating polymer-mairix composites. For
thermosets, such as epoxy, phenolic, and furfuryl resin, the processing temperature typically ran-
ges from room temperature to about 200°C ; for thermoplasts, such as polyimide (PI), polyether-
sulfone ( PES), polyetheretherketone ( PEEK) , polyetherimide ( PEI), and polyphenyl sulfide
(PPS), the processing temperature typically ranges from 300 to 400°C.

Thermosets ( especially epoxy) have long been used as polymer matrices for carbon fiber com-
posites. During curing, usually performed in the presence of heat and pressure, a thermoset resin
hardens gradually due to the completion of polymerization and the cross-linking of the polymer
molecules. Thermoplasts have recently become imp‘ortant because of their greater ductility and pro-
cessing speed compared to thermosets, and the recent availability of thermoplasts that can withstand
high temperatures. The higher processing speed of thermoplasts is due to the fact that thermoplasts
soften immediately upon heating above the glass transition temperature (7,) and the softened materi-

" al can be shaped easily. Subsequent cooling completes the processing. In contrast, the curing of a
thermoset resin is a reaction which occurs gradually.

Epoxy is by far the most widely used polymer matrix for carbon fibers. Epoxy has an excellent
combination of mechanical properties and corrosion resistance, is dimensionally stable, exhibits good
adhesion, and is relatively inexpensive. Moreover, the low molecular weight of uncured epoxide res-
ins in the liquid state results in exceptionally high melecular mobility during processing. This mobili-
ty enables the resin to quickly wet the surface of carbon fiber..

The curing of an epoxy resin requires a cross-linking agent and/or a catalyst. The epoxy and
hydroxyl groups (-OH) are the reaction sites for cross-linking. Cross-linking agents include a-
mines, anhydrides, and aldehyde condensation products. In the curing reaction, the epoxide ring
is opened ( called ring scission) and a donor hydrogen from, say, an amine or hydroxyl group
bonds with the oxygen atom of the epoxide group®. Ethylene diamine is an amine which serves as
a cross-linking agent.

Semicrystalline thermoplasts (e. g. , PEEK) are more efficiently reinforced than are amor-
phous thermoplasts (e. g. , PES). This is because the fibers act as nucleation sites for crystalliza-
tion; the fiber becomes surrounded by a microcrystalline structure, which binds the fiber more firmly
to the polymer and improves the modulus. Furthermore, the degree of reinforcement increases with

the degree of crystallinity.

The addition of fibers increases the softening temperature of a thermoplast and the effect is grea-
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ter with semicrystalline polymers than with amoerphous polymers, where the gain is typically 10-
20°C. This is because softening is governed by Tg for an amorphous polymer, but is governed by the
melting point (T_) and the degree of crystallinity for a semicrystalline polymer.

The addition of fibers increases the creep resistance because it impedes the molecular mobility.
The effect is greater with amorphous thermoplasts than with semicrystalline thermoplasts, as crystal-
line polymers themselves inhibit creep.

The use of fibers produces higher melt viscosities at a given shear rate, so higher processing
temperatures and/or higher injection pressures are necessary. On the other hand, the addition of fi-
bers reduces shrinkage during processing.

Surface treatments of carbon fibers are essential for improving the bonding between the fibers
and the polymer matrix. They involve oxidation treatments and the use of coupling agents, wetting
agents, and/or sizings ( coatings). Carbon fibers need treatment both for thermosets and thermo-
plasts. As the processing temperature is usually higher for thermoplasts than thermosets, the treat-
ment must be stable to a linigher temperature (300-400°C ) when a thermoplast is used.

Oxidation treatments can be applied by gaseous, solution, electrochemical, and plasma meth-
ods. They serve mainly to remove a weak surface layer from the fibers. More severe oxidation treat-
ments also serve to roughen the fiber surface, thereby enhancing the mechanical interlocking be-
tween the fibers and the matrix. Chemical modification occurs, but contributes little to the fiber-ma-
trix adhesion. The oxidation treatments essentially do not improve the fiber wetting. However, the
effect of the treatments varies with the polymer species.

The treatments degrade the fiber properties but improve the composite properties. Epoxy em-
bedded single fiber tensile testing showed that amodic oxidation of pitch-based carbon fibers in am-
monium sulfate solutions increased the interfacial shear strength by 300% . As the modulus of the fi-
ber increases, progressively longer treatment times are required to attain the same improvement in
ILSS ( composite interlaminar shear strength). Although the treatment increases ILSS, it decreases
the impact strength (i. e. , impact energy) , so the treatment time must be carefully controlled in or-
der to achieve a balance in properties. The choice of treatment time also depends on the particular
fiber-resin combination used. For a particular treatment, as the modulus of the fiber increases, the
treatment’ s positive effect on the ILSS and its negative effect on the impact strength both become
more severe®.

Commercial carbon fibers are surface treated to enhance the bonding with epoxy, though the
surface treatment is proprietary. The interfacial shear strength was determined from the critical shear
transfer length, i. e. , the length of the fiber fragments after fracture of a single fiber pulled in ten-
sion while being encapsulated in epoxy. .

Although surface treatments of carbon fibers result in some degree of oxidation, which places
oxygen on the surface in an acidic form, the treatments themselves produce little acidity. Surface a-
cidification is not desirable because it is accompanied by surface degradation.

In addition to oxidation treatments, carbon fibers require the use of coupling agents, wetting a-

gents, and/or sizings ( coatings) in order to improve the wetting of the fibers by the polymer, the
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adhesion between the fibers and the matrix, and the handle ability of the fibers. As one agent often
serves more than one function, the distinction among coupling agents, wetting agents, and sizings is
often vague.

Coupling agents are mostly short-chain hydrocarbon molecules, one end of which is compati-
ble or interacts with the polymer while the other end interacts with the fiber. A coupling agent mole-
cule has the form X-R, where X interacts with the fiber and R is compatible or interacts with the
polymer.

Wetting agents are polar molecules with one end attracted to the fiber and the other end to the
polymer. The agent forms a protective layer around the fiber, thereby improving dispersion. It also
promotes adhesion by allowing more efficient wetting of the polymer on the fiber. The main differ-
ence between a wetting agent and a coupling agent is that a coupling agent forms a chemical bond
with the fiber but a wetting agent does not.

Carbon fiber polymer-matrix composites can be classified according to whether the matrix is a
thermoset or a thermoplast. Thermoset-matrix composites are by tradition far more common, but
thermoplast-matrix composites are under rapid development. The advantages of thermoplast-matrix
composites compared to thermoset-matrix composites include the following:

Lower manufacturing cost

® no cure;

¢ unlimited shelf-life;

® reprocessing possible (for repair and recycling) ;

® less health risks due to chemicals during processing;

¢ Jow moisture content;

® thermal shaping possible;

e weldability (fusion bonding possible) .

Better performance;

® high toughness (damage tolerance) ;

® good hot/wet properties;

® high environmental tolerance.

The disadvantages of thermoplast-matrix composites include the following:

® limitations in processing methods;

® high processing temperatures;

® high viscosities;

e stiff and dry prepregs when a solvent is not used;

o fiber surface treatments less developed.

Carbon fiber polymer-matrix composites can be classified according to whether the fibers are
short or continuous. Continuous fibers have much more effect than short fibers on the composite’ s
mechanical properties, electrical resistivity, thermal conductivity, and on other properties, too.
However, they give rise to composites that are more anisotropic. Continuous fibers can be in unidi-

rectionally aligned tape or woven fabric form.
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Carbon fiber polymer-matrix composites are predominantly used for the aerospace industry, but
the decreasing price of carbon fibers is widening the applications of these composites: to include the
automobile, marine, sports, biomedical, construction, and other industries.

One area of aerospace applications is space vehicles. Satellite structures and solar panels also
use carbon fiber polymer-matrix composites. Most space applications utilize standard aerospace grade
carbon fibers combined with a 177°C cure multifunctional epoxy resin matrix. Thermoplast matrices
such as PEEK and PES are gaining attention for space applications.

A second area is military aircraft. Examples include French Rafale, and U.S. B 2, which use
the 177°C cure toughened thermoset matrix resins along with intermediate-modulus, or high-
strength, intermediate-modulus carbon fibers. The U. S. Advanced Tactical Fighter is planned to
use thermoplastics or toughened bismaleimide as a primary structural material. Older military air-
craft are being modified with epoxy-matrix composite wings.

Helicopters are a third area, both for military and commercial use. For example, the all-com-
posite MBB BK117 helicopter is two-thirds carbon fiber epoxy-matrix composite, one-third aramid fi-
ber and glass fiber epoxy-matrix composite.

A fourth area is concerned with primary and secondary structures in commercial aircraft. Exam-
ples of primary structural applications include the Airbus A310/A320 vertical tail fin boxes, the
A320 horizontal tail fin and the ATR 72 external wing box.

A fifth area of aerospace applications is commercial aircraft engines. Outer and front sections of
the engine are subjected to lower temperatures and can utilize an epoxy matrix. Thermoplasts such as
PEEK are being considered for engine applications.

Aluminum is a lightweight metal that competes with carbon fiber polymer-matrix composites for
aerospace applications. In addition to their much higher strength and modulus, the carbon fiber
composites are produced using much less energy and costly pollution control compared to aluminum.

Carbon fiber polymer-matrix composites have started to be used in automobiles mainly for saving
weight. The so-called graphite car employs carbon fiber epoxy-matrix composites for body panels,
structural members, bumpers, wheels, drive shaft, engine components, and suspension systéms.
Thermoplastic composites with PEEK and polycarbonate ( PC) matrices are finding use as spring
elements for car suspension systems.

The electrically conductive characteristic of carbon fiber polymer-matrix composites makes them
suitable for static dissipation, functional elements in high-impedance circuits, and shielding from
radio frequency interference. The elecirically conductive characteristic also makes carbon fiber poly-
mer-mairix composites useful as electrodes. ‘

The high thermal conduectivity and low thermal expansion of continuous carbon fiber polymer-
matrix composites make them suitable for heat sinks in electronics. Since a heat sink is in contact
with a ceramic chip carrier or a printed circuit board, a low thermal expansion is preferred. The low
density of the composites ( compared to copper) makes them even more attractive for aerospace elec-
tronics.

Thermoplasts filled with short or continuous carbon fibers are useful as bone plates for fracture




fixation. Metal bone plates suffer from metallic ion leaching, which may cause adverse local tissue
reactions and even local tumor formation, and from stress protection atrophy. Polylactic acid
(PLA) is an absorbable thermoplast used for this application, but its mechanical properties are not
sufficient for long bone fixation, so continuous carbon fibers are added to produce a semiabsorbable

composite.

( Selected from Carbon Fiber Composites, by Deborah D. L. Chung, 1994)
Questions

1. What are polymer-matrix composites?

2. Why polymer-matrix composites are much easier to fabricate than others?

3. List several advantages of thermoplast-matrix composites compared to thermoset-matrix com-
posites.

4. Describe the curing of a thermoset resin.

5. According to the passage, what are coupling agents?
New Words and Expressions

furfuryl n. BEE

thermoplast n. #48 (¥E) 3H,; HEBH
polyethersulfone n. FBERR
polyetheretherketone n. 3 REEEEH
polyetherimide n. 3 BEREW B%
polyphenylene sulfide n. ZIFEHM
matrices n. B, K (matrix KEHER)
polymerization n. &

cross-linking A2HE

. polymer n. BE&Y (&)

. ductility n. BEM, FTHH

. availability n. A J¥E, A, TR
. hydroxyl n. ¥ (%), S8

. amine n. g

. anhydride n. Bf

. aldehyde n. B, 28

epoxide n. AELY

. scission n. LIMT, 43F, 4E, 4R

. hydrogen n. (fb) &

. oxygen n. (fk) #, €K

. ethylene diamine Z, "}

. semicrystalline adj. ¢ S FEH

O 00 NN AW N

T U T Sy oy
NN xsJIaarmsoionr-o
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23. amorphous adj. XEEERE, EHR, ELERK
24. creep wv. HBAR

25. viscosity n. K5, i

26. oxidation n. EAib

27. coupling agent FEBEEF

28. sizing n. B

29. solution n. BFH

30. plasma n. (¥) FEFH

31. anodic adj. PHIRAY

32. vague adj. HE¥IH

33. hydrocarbon n. BRELEY, &

34. compatible adj. BRI, HEK, thiEK

35. dispersion n. B(A, W

36. stiff odl. ANEEHM, EH; BH

37. prepreg n. (MEBIELHARE R BB FTAWISERME) FERE
38. anisotropic adj. &R BN

39. align o {FR—Z%

40. bismaleimide n. X5 BET Y

41. aluminum n. 48

42. bumper n. (RFE LK) REIT, ZrH

43. polycarbonate n. FEERBRHEE

44. static adi. ALK, RERW, #1LH, BEW
45. dissipation n. YWBL, H#E

46. impedance n. BHHT, 2HMH

47. electrode n. B}

48. heat sink WFEA, AW; B#F; CERE) AU
49. density n. (fk) ®WHE '

50. leach o (H4L%dh . TYHESE) Sk, (BKk) Sk, L
51. atrophy n. 45, FiB; v FHE, JIRBH

52. polylactic acid RF.M

Notes

(D In the curing reaction, the epoxide ring is opened ( called ring scission) and a donor hydro-
gen from, say, an amine or hydroxyl group bonds with the oxygen atom of the epoxide group.
SHEF. BRI RS, FERTH, BlBENERTFSHREEANEETES
" @ For a particular treatment, as the modulus of the fiber increases, the treatment’ s positive

effect on the ILSS and its negative effect on the impact strength both become more severe.
SEHBRI . WIEARE W RE L, Hﬁbﬂﬁ@ﬂ@ﬁﬁ@% 3878 2 16 L BY 38 B O AR
. ERSRENERENATERRBNALE .
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5.2 Introduction to Carbon Fiber Composites

Composite materials refer to materials containing more than one phase such that the different
phases are artificially blended together. They are not multiphase materials in which the different
phases are formed naturally by reactions, phase transformations, or other phenomena.

A composite material typically consists of one or more fillers in a certain matrix. A carbon fiber
composite refers to a composite in which at least one of the fillers is carbon fibers, either short or
continuous, unidirectional or multidirectional, woven or nonwoven. The matrix is usually a pelymer,
a metal, a carbon, a ceramic, or a combination of different materials. Except for sandwich compos-
ites, the matrix is three-dimensionally continuous, whereas the filler can be three-dimensionally dis-
continuous or continuous®. Carbon fiber fillers are usually three-dimensionally discontinuous, unless
the fibers are three-dimensionally interconnected by weaving or by the use of a binder such as car-
bon.

The high strength and modulus of carbon fibers makes them useful as a reinforcement for poly-
mers, metals, carbons, and ceramics, even though they are brittle. Effective reinforcement requifes
good bonding between the fibers and the matrix, especially for short fibers. For a unidirectional
composite (e. g. , one containing continuous fibers all in the same direction) , the longitudinal ten-
sile strength is quite independent of the fiber-matrix bonding, but the transverse temsile strength
and the flexural strength (for bending in longitudinal or transverse directions) increase with increas-
ing fiber-matrix bonding. On the other hand, excessive fiber-matrix bonding can cause a composite
with a brittle matrix (e. g. , carbon and ceramics) to become more brittle, as the strong fiber-matrix
bonding causes cracks to propagate straightly, in the direction perpendicular to the fiber-matrix
interface without being deflected to propagate along this interface. In the case of a composite with a
ductile matrix (e.g. , metals and polymers) , a crack initiating in the brittle fiber tends to be blun-
ted when it reaches the ductile matrix, even when the fiber-matrix bonding is strong®. Therefore,
an optimum degree of fiber-matrix bonding is needed for brittle-matrix composites, whereas a high
degree of fiber-mairix bonding is preferred for ductile-matrix composites.

The mechanisms of fiber-matrix bonding include chemical bonding, Van der Waals bonding,
and mechanical interlocking. Chemical bonding gives the largest bonding force, provided that the
density of chemical bonds across the fiber-matrix interface is sufficiently high. This density can be
increased by chemical treatments of the fibers or by sizings on the fibers. Mechanical interlocking
between the fibers and the matrix is an important contribution to the bonding if the fibers form a
three-dimensional network. Otherwise, the fibers should have a rough surface in order for a small
degree of mechanical interlocking to take place.

Both chemical bonding and Van der Waals bonding require the fibers to be in intimate contact
with the matrix. For intimate contact to take place, the matrix or matrix precursor must be able to
wet the surfaces of the carbon fibers during infiltration of the matrix or matrix precursor into the car-
bon fiber preform. Chemical treatments and coatings can be applied to the fibers to emhance wet-

ting. The choice of treatment or coating depends on the matrix. Another way to enhance wetting is
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the use of a high pressure during infiltration. A third method is to add a wetting agent to the matrix
or matrix precursor before infiltration. As the wettability may vary with temperature, the infiltration
temperature can be chosen to enhance wetting.

The occurrence of a reaction between the fibers and the matrix helps the wetting and bonding
between the fibers and the matrix. However, an excessive reaction degrades the fibers, and the re-
action product(s) may be undesirable for the mechanical, thermal, or meoisture resistance proper-
ties of the composite. Therefore, an optimum amount of reaction is preferred.

Carbon fibers are electrically and thermally conductive, in contrast to the noncenducting nature
of polymer and ceramic matrices. Therefore, carbon fibers can serve not only as a reinforcement,
but also as an additive for enhancing the electrical or thermal conductivity. Furthermore, carbon fi-
bers have nearly zero coefficient of thermal expansion, so they can also serve as an additive for
lowering the thermal expansion. The combination of high thermal conductivity and low thermal ex-
pansion makes carbon fiber composites useful for heat sinks in electronics and for space structures
that require dimensional stability. As the thermal conductivity of carbon’fibers increases with the de-
gree of graphitization, applications requiring a high thermal conductivity should use the graphitic
fibers, such as the high-modulus pitch-based fibers and the vapor grown carbon fibers. Carbon fi-
bers are more cathodic than practically any metal, so in a metal matrix, a galvanic couple is
formed with the metal as the anode. This causes corrosion of the metal. The corrosion product tends
to be unstable in moisture and causes pitting, which aggravates corrosion. To alleviate this prob-
lem, carbon fiber metal-matrix composites are often coated.

Carbon is the matrix that is most compatible to carbon fibers. The carbon fibers in a carbon-
matrix composite (called carbon-carbon composite) serve to sirengthen the composite, as the carbon
fibers are much stronger than the carbon matrix due to the crystallographic texture in each fiber.
Moreover, the carbon fibers serve to toughen the composite, as the debonding between the fibers and
the matrix provides a mechanism for energy absorption during mechanical deformation. In addition to
having attractive mechanical properties, carbon-carbon composites are more thermally conductive
than carbon fiber polymer-matrix composites. However, at elevated temperatures ( above 320°C ),
carbon-carbon composites degrade due to the oxidation of carbon (especially the carbon matrix)
which forms CO, gas. To alleviate this problem, carbon-carbon composites are coated.

Carbon fiber ceramic-matrix composites are more oxidation resistant than carbon-carbon com-
posites. The most common form of such composites is carbon fiber reinforced concrete. Although
the oxidation of ¢arbon is catalyzed by an alkaline environment and concrete is alkaline, the chemi-
cal stability of carbon fibers in concrete is superior to that of competitive fibers, such as polypropyl-
ene, glass, and steel. Composites containing carbon fibers in more advanced ceramic matrices
(such as SiC) are rapidly being developed.

Carbon fiber composites are most commonly fabricated by the impregnation ( or infiltration) of
the matrix or matrix precursor in the liquid state into. the fiber preform, which is most commonly in
the form of a woven fabric. In the case of composites in the shape of tubes, the fibers may be im-

pregnated in the form of a centinuous bundle from a spool and subsequently the bundles may be
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wound on a mandrel. Instead of impregnation, the fibers and matrix material may be intermixed in
the solid state by commingling carbon fibers and matrix fibers, by coating the carbon fibers with the
matrix material, by sandwiching carbon fibers with foils of the matrix material, and in other ways.
After impregnation or intermixing, consolidation is carried out, ofien under heat and pressure.
Due to the decreasing price of carbon fibers, the applications of carbon fiber composites are
rapidly widening to include the aerospace, automobile, marine, construction, biomedical, and other
industries. This situation poses an unusual demand on research and development in the field of car-

bon fiber composites.

(Selected from Carbon Fiber Composites, by Deborah D. L. Chung, 1994 )
Questions

1. What is carbon fiber composite?

2. Why an optimum degree of fiber-matrix bonding is needed for brittle-matrix composites,
whereas a high degree of fiber-matrix bonding is preferred for ductile-matrix composites?

3. Explain the mechanisms of fiber-matrix bonding,

4. According to text, how to fabricate Carbon fiber composites?
New Words and Expressions

interconnect v. HIHEE; EAHKR

reinforcement n. 3R

unidirectional adj. BA[] B, B A1)

longitudinal adj. K, MK

tensile adj. RLAHY, RAB, ATHEKK

tensile strength HUIIRFE, FHPIRE

flexural adj. HITHY, THEM

bonding n. Bif%h; HE (¥, 12, B, K] &, & (8, B, &] &, 8%
propagate . %ﬁ, b

. perpendicular adj. EHK, REMAW

. interface n. F M, 4+FH

. deflect ». ({#) W&, () WE, () MK

. ductile adj. AJRERE, EEHEH

. blunt aodj. ZHW, ESAHEN, HK; o - Frel,
. Van der Waals 54

. interdlock n. L, T8

. sizing n. B

. intimate adj. HHIRY

. infiltration n. BE

. preform o. BB ; n EM TR, TRARE

=T IS B S I L

[ I e e i i e
S WOV 60 I N D B WN = O
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21. coating n. BRE, BER

22. enhance v. $RF, M, M3E

23. wettability n. ¥HB#:

24. moisture resistance BiERYE; DL

25. coefficient of the thermal expansion JREFEBKRE, HBEKRERH
26. additive n. FEHOH]

27. heat sink WA, WW; B#; CERE) AN

28. graphitization n. f 81k

29. vapor grown carbon fibers S AH4: KB4 4

30. cathodic adj. FHIRAY, FABH

31. galvanic adj. HIEHK), HERSIEKN
32. galvanic couple HWHES

33. anode n. PH#R

34. pitting n. WIBTE, EKHE

35. aggravate ot. {4k, FETEH

36. corrosion n. FEDh; 3% EERAYERAL

37. compatible adj. FLFEH, MENH, BHEK

38. crystallographic adj. B&ER; REFEK

39. texture n. FR, BB, Fiib

40. oxidation n. ik

41. concrete adj. SLERY, BIEM; n. B&EYW, BEL
42, alkaline adj. BB, WEEH

43. impregnation n. FA, BH

44. fabric n. R4, M

45. spool n. (L824, KRR, HMEHFEW) F. &, &M
46. mandrel n. J[>%h

47. intermix ». (f) B, () BH

48. commingle v JRE&, B, 3

49. sandwich ». J& A

50. consolidation n. [&E4k

Notes

(@D Except for sandwich composites, the matrix is three-dimensionally continuous, whereas the
filler can be three-dimensionally discontinuous or continuous.

BEFEX: REBHEAMHZS, BEME=$45%, WMERETU=SESERAEL,

® In the case of a composite with a ductile matrix (e. g. , metals and polymers) , a crack initi-
ating in the brittle fiber tends to be blunted when it reaches the ductile matrix, even when the fiber-
matrix bonding is strong.

BEFI: MBREARDEHE (WERMRAGYE), ML %5 MR &R ER
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M, BEYEL 45| KRB RBRER Bk,

Reading Material

Carbon Fibers

Carbon fibers refer to fibers which are at least 92 wt. % carbon in composition. They can be
short or continuous; their structure can be crystalline, amorphous, or partly crystalline.

Carbon fibers exhibit truly outstanding properties. Their strength, o, competes with the stron-
gest steels; they can have stiffness, E, greater than any metal, céramic or polymer; and they can
exhibit thermal and electrical conductivities that greatly exceed those of competing materials. If the
strength or stiffness values are divided by the low density (p = 1,800 ~2,200kg/m>), then their
huge specific properties (o/p, E/p) make this class of materials quite unique.

All carbon fibers sold commercially are fabricated from polyacrylonitrile ( PAN) or from a
coal, petroleum or synthetic pitch. PAN-based fibers are produced from a solubilized mixture that
is wet or dry spun to produce a fiber, ostensibly for use in the textile industrym. This fiber is stabi-
lized and carbonized to produce a carbon fiber. Aerospace grade material can be obtained in tows
that contain between 3,000 and 12,000 fibers. Lower perf(;rmance materials are usually formed u-
sing larger tows that contain up to 320,000 fibers. PAN-based carbon fibers are cheaper when pro-
duced from larger tows.

Pitch fibers are melt spun products obtained in small tow sizes varying from 2,000 to 4,000 fi-
bers. They are usually of larger diameter (10 ~15pm) than fibers formed from PAN.

The spinning process is controlled by the pitch-based carbon fiber produeer; thus, microstrue-
tural features developed in the spinning process that also influence the stiffness, strength and the
thermal and electrical properties of pitch can be optimized®. Nevertheless, the tensile strength of
PAN-based fibers has always been superior to pitch-based fibers; since. PAN fibers were developed
before pitch fibers, most structural materials and components use PAN-based fibers.

The most important mechanical and physical properties exhibited by carbon fibers are the elastic
modulus, tensile strength and the electrical and thermal conductivities. These properties are sensi-
tive to the crystallite size and perfection of the graphene layers developed within the carbon fiber
and depend for the most part on the degree of molecular alignment with respect to the fiber axis.
Growth and alignment of such layers occur within the precursor and within the solid carbon fiber
when it is heated to high temperature. However, it can be argued that the most extensive structural
rearrangement occurs when the basic structural units ( BSUs) present in the original precursor are
large and. plate-like so that the shear stresses generated during spinning can align these large areas
more easily. Heating the fiber to high temperature after spinning relaxes the spinning stresses and al-
lows the oriented regions to grow. Compared to PAN, the basic structural umits in an original me-
sophasic pitch are much larger in area and length and are not twisted to the same degree. The re-
sulting ease of graphitization and alignment of the graphene layers and the development of large crys-

tallites, produces a large elastic modulus and electrical and thermal conductivity parallel to the fiber
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axes. Unfortunately, large graphitized regions tend to produce high local stress concentrations, es-
pecially if they are misaligned. Thus, pitch-based fibers tend to exhibit high modulus and high elec-
trical and thermal conductivities, but low strength. PAN-based fibers tend to be of intermediate
modulus and relatively high strength.

The mechanical properties of structural metals generally vary in direct proportion to density.
Thus, the specific properties (a/p, E/p) tend to remain relatively constant; structures designed to
resist a given set of loads tend to weigh the same irrespective of whether they are made from alumi-
num, titanium or steel. These mechanical property/density relationships are not followed by carbon
fibers; so, compared with metals, similar structures made from carbon fiber reinforced composites
will be lighter.

The most successful use of carbon fiber reinforced materials has been for military purposes, es-
pecially aeronautical structures. Composite use in civilian aviation has been more limited, largely
because of cost. However, in 1985 the European Airbus consortia used carbon/epoxy vertical stabi-
lizers on their A310 and, since 1993, delivered their A340 and A330 models equipped with compos-
ite tail sections, floor panels, landing gear doors and carbon-carbon brakes. The new Boeing 777
and the projected McDonnell-Douglas MD-12 contains similar composite structures.

The methods used to fabricate carbon fibers from PAN or from pitch seem to be almost identi-
cal, for example, both methods involve the preparation, spinning and subsequent thermal degrada-
tion of organic precursors. Essentially a precursor material is prepared, spun into a fibrous shape,
stabilized to change it from a thermoplastic to a thermoset, then heated until all unwanted elements
are expelled. Depending on the final heat treatpent temperature, a fiber is produced that is primari-
ly carbon. A strikingly similar production technique is used to produce either type of fiber; however,
the initial pretreatment and the chemical reactions that occur within either PAN or pitch during stabi-
lization and carbonization are markedly different. These differences determine the ultimate properties
and the cost of the carbon fibers that are produced.

The chemical composition of PAN-based precursors tends to be proprietary; however, in gen-
eral it consists of small diameter linear molecules that are made up from nitrogen, hydrogen and
carbon. Spinning tends to orient these molecules parallel to the fiber axis, but they continue to be
randomly oriented transverse to that direction. Thus, a fiber with a twisted fibrillar structure is pro-
duced. This fiber is supplied by the textile industry to the carbon fiber fabricator who stabilizes it
under tension before converting it into a carbon fiber using a controlled heat treatment process. Apart
from the obvious generation of the fibrous shape, the importance of the spinning process to the fabri-
cation of carbon fibers from PAN is relatively minor; more important is the chemical makeup of the
PAN and the presence of small amounts of other constituents that influence the complex chemical re-
actions that occur during stabilization and carbonization. Stabilization involves cyclization of the ori-
ented molecules -and results in the release of most of the hydrogen and part of the nitrogen as NH,,
and other nitrogen compounds. The role of the retained nitrogen is very important to both the
crosslinking process and to the development of optimum properties during carbonization.

A pitch precursor taken from a petroleum or coal tar feedstock initially contains individual mol-
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ecules that exhibit appreciably different molecular weights. These untreated precursors have been
used to produce fibers; however, they are isotropic and exhibit relatively poor mechanical and phys-
ical properties. Conversely, the carbon fiber producer can pretreat the pitch to develop a continu-
ous anisotropic phase (similar to a mesophasic liquid crystal) or a two phase mixture that becomes
highly oriented during the subsequent spinning process. In contrast to the chemical changes occur-
ring in PAN, physical changes are responsible for the final properties of pitch-based carbon fibers.
Essentially, the precursor isotropic pitch is pretreated to produce a two phase mixture that is predom-
inantly anisotropic. During spinning and drawdown, this mixture is very strongly oriented both par-
allel and transverse to the fiber axis. Oxygen added during stabilization tends to crosslink these large
molecules in a simple way before being released on carbonization as CO, CO,, and H,0. More re-
cent interest has centered on producing fibers from synthetic pitches. These require no extensive pre-
treatment and they stabilize faster at a given temperature. Fibers made from these pitches should cost
less to produce.

Precursor materials that have been used to produce carbon fibers include: polyamides, polyes-
ters, polyvinyl alcohol, alkylbenzenes, rayon, polyacrylonitrile ( PAN) and various petroleum,
coal tar and synthetic pitches.

The carbonization of stabilized PAN and pitch involves controlled heating to a temperature of a-
bout 1,500°C. The majority of gases emitted from either the PAN or the pitch are emitted before a
temperature of 1,000°C is reached and the emission is primarily from unstabilized regions. Indeed,
the quantity of gases emitted from an unstabilized central core of either PAN or pitch can be so large
that the fiber can disintegrate. Great care should therefore be taken to determine the optimum heat-
ing rate for stabilized or under-stabilized fibers. In some cases, hold times should be incorporated
into the heating cycle. Both materials emit a variety of gas molecules containing oxygen, hydrogen
and carbon; however, a major difference between PAN and pitch involves nitrogen containing com-
pounds which are only emitted from PAN. The temperature and rate of emittance are important con-
trol parameters sirite they affect the strength of the resultant carbon fibers.

A stabilized polyacrylonitrile fiber which contains about 11% oxygen by weight can be thermally
degraded by heating at a slow heating rate in an inert atmosphere such as nitrogen or a reactive envi-
ronment where nitrogen gas is bubbled through acid or water. As the temperature increases, many
complex reactions take place resuliing in the evolution of volatile products.

Results obtained from experiments involving slow pyrolysis at 4°C/min indicate that optimum
mechanical and physical properties are unobtainable unless high nitrogen contents are retained within
the precursor until the later stages of carbonization. Therefore, a large nitrogen content (large N/C
ratio) should be present when local molecular ordering (LMO) begins and the carbon skeleton is
being formed. Since the N/C atomic ratio depends inversely upon the H/C ratio, LMO should occur
at large N/C and small H/C ratios. Essentially, small amounts of aromatic hydrogen and a relative-
ly large amount of nitrogen present during the LMO stage allow the carbon skeleton to remain flexible
enough at high temperatures that molecular rearrangement is easy. Within this overall fibrous tex-

" ture, the nanotextural features of the carbonized fibers are the consequence of the variations in cy-
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clization, stabilization, carbonization and graphitization conditions®. If the original precursor is CH-
and NH-rich but oxygen-poor, the corresponding carbonized fibers will have low porosity, high com-
pactibility and stacking order and a relatively high strength. Likewise, if two nitrogen atoms are
present in two aromatic rings contained within adjacent sheets, they are able to promote bonding of
contacting BSUs together with a N, release. The ultimate strength value of the fibers inereases as the
compactibility and the availability of “efficient” nitrogen increases. Bright and Singer (1979) a-
greed with others when they found that the tensile strength of most heat treated fibers tends to de-
crease with higher temperature exposures and release of nitrogen.- The same authors argue that if ad-
equate nitrogen exists within the fiber after LMO occurs, then a greater potential for bonding exists
and an improved rather than & diminished strength will result. This conclusion is based on the obser-
vation that, in contrast to other fibers, the strength of (nitrogen containing) commercially available
Toray T-300 fibers increased from 2.2 to 3. 2GPa after heat treatment to 2,800°C. Tension also in-
creases cyclization and nitrogen elimination which increases the tensile strength of the final carbon fi-
ber. Exactly what influence nitrogen has on the development of high tensile strength is still being de-
bated. However, the texture of the graphitic layers, the amount of nitrogen present in the original
precursor and the temperature at which misshapen layers touch and hence are available to bond and
emit nitrogen are obviously important.

Up to 1,000°C, carbonization leads to an effluent loss and increasing aromatization. As a re-
sult, the solid residue transforms from a viscoelastic into a brittle solid material. The stabilized PAN
normally carbenizes into a statistically isotropic but nanoporous carbon material which, because of
the small dimensions of the initial LMOs, is inherently non-graphitizable. Continuing pyrolysis up to
1,500°C eliminates most of the residual nitrogen and completes the conversion of the PAN molecules
into sheets of carbon that are appreciably anisotropic. Continued heating eliminates the remaining ni-
trogen and, since the material is then only made of pure carbon, further modifications are only struc-
tural®.

Graphitization is the name of the process that involves heating the carbonized fiber to approxi-
mately 2,500C in times as short as a minute. Graphitized pitch fibers exhibit a larger, more gra-
phitic and better oriented crystal structure than PAN-based carbon fibers which are inherently non-
graphitizable. Parallel to the fiber axes, pitch fibers have higher stiffness and thermal conductivity
values and a reduced thermal expansion coefficient. These changes due to graphitization do not pro-
duce any significant increase in relative strength values. As a result of the exireme temperatures re-
quired to process them, graphitized pitch-based carbon fibers are more expensive and are fabricated

for specialized applications.

(Selected from Carbon Fiber Composites, by Deborah D. L. Chung, 1994 )
Questions

1. Describe the outstanding properties of carbon fibers.

2. How to produce PAN-based carbon fibers? R
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3.
4.
5.

What is the main point of the last paragraph?
What differences are there between stabilization and carbonization of fibers?

Which kinds of precursors are usually used in carbon fiber producing?

New Words and Expressions

V] [ S S I S R e e e e e
P UYL SR NREREBRNREEESEGREER S

polyacrylonitrile n. BREF

petroleum n. fqif

synthetic adj. &R, A&/

pitch n. ¥¥H, HHF

spun spin M XA fad X459 odj. GIRH
ostensible adj. (FHHF) @%W, FTH B
carbonize wt. {HFLER, Wik, FEHRES
perfection n. 523%; 52%

graphene n. ABWRETE

. alignment n. HE EHZR
. precursor n. Fo3R{K; ST
. mesophase n. EIHE, H[E]AH
Ctwist v H1, B, MEE

crystallite n. &

. graphitization n. H84k

. irrespective adj. NHBH, NEM, NEH

. titanium n. £k

. aviation n. §i%, HiE Tk

. consortium n. (PFAFRWBITHRSHBMN) WH, RELW
. expel o BRZE, &, HZE

. proprietary adj. FAH M

. nitrogen n. (fk) &

. hydrogen n. (&) &

. fibrillar  adj. £FLARE, SFH4RE

. cyclization n. ¥4k (FEH)

. feedstock n. % (FHEFAVLBRMI) KER)

. isotropic adj. £ [H) [ElH: I

. pretreat v. THSGAbEE, Wibm

. anisotropic adj. £ RN

. drawdown n. ZEf#

. alkylbenzene n. AL

. disintegrate . (fff) BH [4H, BE]; (F) B
. volatile adj. (AWM BHERWN

. aromatic adj. FEMN; HAEKRY
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35. nanotextural adj. HKELN L

36. compactibility n. ¥, &ﬂ‘ﬂi,‘gﬁﬁf
37. stack ». HEFH

38. adjacent adj. 4BITHY

39. misshapen adj. ATBEZRHN, BIEW

40. effluent adj. &R, WHK

41. aromatization n. FE¥g4l

42. viscoelastic adj. KiEHER

43. pyrolysis n. &R

Notes

@ PAN-based fibers are produced from a solubilized mixture that is wet or dry spun to produce
a fiber, ostensibly for use in the textile industry.

SEEX:. RABRBARERHTHRNHBAYEARERT RS LTS HTRG, — K&
ATHARITL,

@ The spinning process is controlled by the pitch-based carbon fiber producer; thus, micro-
structural features developed in the spinning process that also influence the stiffness, strength and
the thermal and electrical properties of pitch can be optimized.

SR LT EHHEERT BRI EFES, Hik, BRHFORNE. BE. H4
BB, HESERMMSHIFMEELG 2 BER, K LBBH4ik,

® Within this overall fibrous texture, the nanotextural features of the carbonized fibers are the
consequence of the variations in cyclization, stabilization, carbonization and graphitization condi-
tions.

BHEL: BRGESHD, RUVTENPREHFERHFRL. BEk, Bk, 58
FG B EALBIRI

@ Continued heating eliminates the remaining nitrogen and, since the material is then only
made of pure carbon, further modifications are only structural.

SHFI: EEMPBHBRBKOE, EHREOERHARAER, E—SNRERE
it LAk,

5.3 Three-Dimensionally Reinforced Preforms and Composites

Conventional fiber-reinforced polymer ( FRP) laminates have a layered two-dimensional con-
struction. The lack of reinforcement in the through-thickness or z-direction resulis in the laminates
having low interlaminar strength and fracture resistance.

Laminated two-dimensional composites are not suitable for applications where through-thickness
stresses may exceed the (low) tensile strength of the matrix ( or matrix/fiber bond) and in addi-
tion, to provide sufficient residual strength after anticipated impact events, two-dimensional lami-

nates must be made thicker than required for meeting strength requirements. The resulting penalties
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of increased cost and structural weight provide impetus for the development of more damage-resistant
and tolerant composite materials and structures. .

Considerable improvements in damage resistance can be achieved by using tougher thermoset or
thermoplastic matrices together with optimized fiber/matrix bond strength. However, this approach
can involve significant costs, and the improvements that can be obtained are limited. There are also
limits to the acceptable fiber/matrix bond strength because high bond strength can lead to increased
notch-sensitivity®.

An alternative and potentially more effective means of. increasing damage resistance and
through-thickness strength is to develop a fiber architecture in which a proportion of fibers in the
composite are oriented in the z-direction. This fiber architecture can be obtained, for example, by
three-dimensional weaving or three-dimensional braiding. A much simpler approach is to apply z-di-
rection reinforcement to a conventional two-dimensional fiber configuration by stitching; howev-
er, this does not provide all of the benefits of a full three-dimensional architecture.

In all of these approaches, a three-dimensional preform is first produced and is converted into a
composite by one of the liquid resin molding techniques.

Even without the benefits of three-dimensional reinforcement, the preform approach has the im-
portant advantage that it is a comparatively low-cost method of manufacturing composite components
compared with conventional laminating procedures based on pre-preg. Indeed, preforms for resin-
transfer molding (RTM ) and other liquid molding techniques are often produced from a two-dimen-
sional fiber configuration by stitching or knitting.

Stitching is best applied using an industrial-grade sewing machine where two separate yarns are
used. For stitching composites, the yams are generally aramid (Kevlar) , although other yarns such
as glass, carbon, and nylon have also been used. A needle is used to perforate a pre-preg stack or
fabric preform, enabling the insertion of a high-tensile-strength yarn in the thickness direction. The
yam, normally referred to as the needle yam, is inserted from the top of the stack/preform, which is
held in place using a presser foot. When the yarn reaches the bottom of the stack/preform it is
caught by another yam, called the bobbin yam, before it re-enters the stack/preform as the needle
is withdrawn from the stack/preform, thus forming a full stitch. The stack/preform is then advanced
a certain distance between the presser foot and a roller mechanism before the needle is used to effect
the next stitch. This process is repeated to form a row of stitches. |

Apart from improving z-direction properties, stitching serves as an effective means of assembling
preforms of dry two-dimensional tape or cloth, for example, attaching stiffeners to skin preforms,
that are then consolidated using processes such as liquid molding.

Woven fabrics are made of warp (longitudinal) and weft ( transverse) yarns interlaced in a
regular order on mechanical looms. The process of weaving is already used extensively within the
composite industry to produce the vast majority of the single-layer, broadcloth fabric that is current-
ly used as a reinforcement. With minimal modification, the same standard industry machines can be
used to manufacture flat, three-dimensional fabrics in a wide variety of yam architectures.

Three-dimensional fabrics can be woven using almost any type of yarn, including carbon,
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glass, aramid, and ceramic fibers or combinations of these yarns. In addition, the proportions of
the yamns in the x, y, and z directions can be controlled to tailor the properties of the composite for
specific applications. The path that the binder yam follows as it traverses through the thickness of the
woven preform plays an important part in controlling the final three-dimensional architecture and thus
the resultant mechanical properties.

3-D woven composites have been studied since the 1980s, but a clear picture of their in-plane
‘performance and how it is affected by variables such as the weave architecture is still developing.
Many of the studies on the performanee of three-dimensional woven composites have been conducted
with comparison to two-dimensional laminates manufactured with similar, but not always the same,
parameters ( fiber content, lay-up, etc. ), and often these differences have prevented conclusive
comparisons of performance being made. Numerous investigations of the tensile properties of three-
dimensional woven composites have led to conflicting results. Some researchers have reported the
tensile modulus of three-dimensional woven composites to be reduced in comparison to similar two-
dimensional laminates, whereas other researchers have reported an increase. However, in spite of
this conflict in the reported results, it has been observed that (in the majority of cases) the tensile
modulus of a three-dimensional woven composite is within 20% of the modulus of the comparable
two-dimensional laminate. The studies have also shown that the modulus of the three-dimensional
woven composite is not significantly influenced by the content of the z-direction reinforcement or the
weave architecture. The explanation for the higher tensile modulus of some three-dimensional materi-
al is thought to be due to a slightly higher fiber content than the comparable two-dimensional lami-
nate. The lower modulus in other cases is generally considered to be due to the increased waviness of
the in-plane yarns caused by the presence of the z-direction reinforcement.

There is also no conclusive evaluation of the tensile strength of three-dimensional woven com-
posites. The failure strength of three-dimensional woven composites has been found to be the same or
(more often) less than the strength of a comparable two-dimensional laminate, but the difference is
rarely more than 20% . As with tensile modulus, the strength of 3-D woven composites does not ap-
pear to be significantly affected by the z-direction reinforcement content or weave structure. The re-
duction in the tensile strength of three-dimensional woven composites is considered to be primarily
due to the increased waviness of the in-plane yarns.

With regard to the compressive properties of three-dimensional woven composites, the modulus
is generally reduced due to the z-direction yarns causing an increased waviness and local crimping of
the in-plane yarns. A comparison of the compression strength of three-dimensional woven composites
relative to similar two-dimensional laminates is more complex, and so far the findings have not been
conclusive with both improvements and reductions in strength being observed. The ‘compressive
strength appears to be independent of weave architecture or the proportion of z-direction fiber. Deg-
radation of the compressive strength is believed to be due to the kinking or microbuckling of the
load-bearing yams, which in turn is attributed to local waviness or crimping of the yams as a result
of the z-direction reinforcement. The occasional observed improvement in strength could be attribu-

ted to the initiation of delamination being suppressed by the z-direction yam.
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Knitting refers to a technic for producing textile fabrics and preforms by. intermeshed loops of
yarns using knitting needles. A continuous series of knitting stitches or intermeshed loops is formed
by the needle, which, catching the yarn and drawing it through a previously forméd loop, forms a
new loop. In a knit structure, rows, known as courses, run across the width of the fabric, and col-
umns, known as wales, run along the length of the fabric. The loops in the courses and wales are
supported by and interconnected with each other to form the final fabric. Depending on the direction
in which the loops are formed, knitting can be broadly categorized into one of two types—weft knit-
ting and warp knitting. Weft knitting is characterized by loops forming through the feeding of the
weft yarn at fight angles to the direction in which the fabric is produced. Warp knitting, on the other
hand, is characterized by leops forming threugh the feeding of the warp yarns, usually from warp
beams, parallel to the direetion in which the fabric is produced. These basic knit architectures can
be modified through the use of tuck and float loops to achieve specific macroscopic properties in the
fabric. In general, the former makes a knitted fabric wider, thicker, and slightly less extensible,
and the latter creates the opposite effect, as well as increases the proportion of straight yarns in the
structure, which is an important consideration for many composites applications.

Since fibers are required to bend over sharp radii and maneuver sharp comers to form the knit-
ted loops of the structure, knitting may not at first appear to be a manufacturing technique that would

“be suitable for use in the production of aerespace components®. However, the knitted carbon and
glass fabric that can be produced on current, standard industrial knitting machines has particular
properties that potentially make it very suitable for certain aerospace composite components. Current
machinery is also capable of producing preforms with up te four interconnected layers of kmtted fab-
ric. Therefore, although the process is not yet able to manufacture preforms with thickness dimen-
sions as large as weaving or braiding, it is still able to produce three-dimensional fiber architectures.

Knit architectures result in a fabric of relatively low strength and stiffness compared with tape or
woven cloth, but the knitted fabric is highly conformable and is therefore ideally suited to manufac-
ture non-structural components of complex shape. Layers of knitted fabric can be stretched to cover a
relatively complex tool surface without the need to cut and overlap sections. This reduces material
wastage and helps decrease the costs of manufacturing complex shape components such as fairings.

More advanced industrial knitting machines are now capable of producing very complex, net-
shaped structures at high production rates with little material wastage. Through careful knit loop con-
trol, structures. that are very difficult to produce using conventional fabries can be knitted to net
shape, thereby further reducing manufacturing costs. These preforms can also incorporate oriented
fibers in selected areas to improve the mechanical performance of the finished component.

Three-dimensional textile manufacturing processes are an emerging field and they offer similar
advantages to two-dimensional processes, albeit not without their restrictions. Design or manufactur-
ing criteria that favor the use of a particular textile process for one application may not necessarily be
relevant for another. It is also possible that for some structures it may be necessary to combine a
number of the textile processes to achieve a cost-effective product with the required performance. Of

particular importance is the intimate connection between the textile manufacturing process, the re-
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quired preform design, the cost, and the performance of the resultant composite. A large range of
possible preform architectures can now be produced, each with its own mechanical performance and
associated cost. It is, therefore, critical that in the design of any component, early consideration is
given to the method of manufacture because only seemingly slight, relatively unimportant changes to
component shape or required performance may result in significant changes to the cost of manufactur-
ing a preform.

In spite of the relative youth of these manufacturing techniques, advanced textile preforms are
beginning to be used in the manufacture of aerospace components. The potential savings in cost and
improvements in performance that can be realized through the use of these processes are sufficiently
attractive that extensive efforts are being put into further developing these processes. It is not yet
clear how far these developments will go, but as designers and manufacturers become more familiar,
and hence confident, with the advanced textile composites on offer, the use of these techniques will

become more commeonplace.

( Selected from Handbooks of Composites, by S. T. Peters, 1998)

Questions
1. What disadvantages do three-dimensional composites have?
2. What is weft knitting and what is warp knitting?
3. Translate the second paragraph into Chinese.
4. What is the main point of the second paragraph?

New Words and Expressions

interlaminar adj. B [E K

matrix n. 3R

notch-sensitivity ] [ 0%

architecture n. BH ¥, BRAZAR; Wik, &4
reinforcement n. 3SR, DN ; WA, W (] R, FHPRE
configuration n. i, AR, S, RE

stitching n. Fj U ZET4T4, %9

pre-preg S EFEHEANHE (H) &, HEHR

preform o WAL ; n BT R

. laminating n. BE (&%), B& (&)

—
(=]

11. perforate w. T T, FE----- LITER, THL
12. insertion n. A, HWAY

13. bobbin n. £XHh, ZELRH

14. roller n. BHEHL; BT, BE; ERBRX

15. woven fabrics &?R?E, WA

16. warp n. &l
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17. weft n. 24

18. loom n. ZAEHL

19. broadcloth n. (F&. . ZEBH) MV

20. aramid n. FHREBE

21. tailr n. & v WEE, BE, WREENM

22. conflicting adj. HHER, ~A—HB, HFEH

23. laminate ». (HHEAFBEE—E) WR (HH); n. BEM
24. kinking n. HEh; A4 (DRWEAR)

25. weft knitting %%

26. warp knitting 24§

27. radii n. 2%

28. maneuver v. & n. PLF)

29. aerospace n. IEFFHAITEME

30. overlap v TWHES

31. fairing n. BWHREHA

32. albeit conj. RE, Hiff

33. intimate adj. FEHB, BUYW

34. commonplace adj. WiFEHK, FRHEH; n. FEEXRE, FEHEY
35. knitting n. B H, FH

. Notes

(D There are also limits to the acceptable fiber/matrix bond strength because high bond strength
can lead to increased notch-sensitivity.

SHEFN: CERWAESRARGBRERE, B8R 6E S O 8ok 58
R o

® Since fibers are required to bend over sharp radii and maneuver sharp comers to form the
knitted loops of the structure, knitting may not at first appear to be a manufacturing technique that
would be suitable for use in the production of aerospace components.

SEEX: W THETEMZRT T EREEERREATEH, EVNRACFIHERE
ATHRRBHHE,

Reading Material

Composites Fabrication Techniques

The goals of the composite manufacturing process are to:
® achieve a consistent product by controlling

— fiber thickness,

— fiber volume,

—fiber directions;
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® minimize voids;

® reduce internal residual stresses;

® process in the least costly manner.

The procedures to reach these goals involve iterative processes to select the three key compo-
nents:

® composite material and its configuration;

® process.

Once material selection has been completed, the first step leading to the acceptable composite
structure is the selection of tooling, which is intimately tied to process and material. For all curing
techniques the tool must be:

® strong and stiff enough to resist the pressure exerted during cure;

® dimensionally stable through repeated heating and cooling cycles;

® light enough to respond reasonably quickly to the changes in cure cycle temperature and to
be moved in the shop;

o leakproof so that the vacuum and pressure cycles are consistent.

The tool face is commonly the surface imparted to the outer surface of the composite and must
be smooth, particularly for aerodynamic surfaces. The other surface frequently may be of lower fin-
ish quality and is imparted by the disposable or reusable vacuum bag. This surface can be improved
by the use of a supplemental metal tool known as a caul plate. (Press curing, resin transfer mold-
ing, injection molding and pultrusion require a fully closed or two sided mold. ) Tooling options have
been augmented by the introduction of elastomeric tooling wherein the thermal expansion of an elas-
tomer provides some or all of the pressure curing cure, or a rubber blanket is used as a reusable vac-
uum bag. The volumetric expansion of an elastomer can be used to fill a cavity between the uncured
composite and an outer mold. The use of elastomeric tooling can provide the means for fabricating
complex box-like structures such as integrally stiffened skins with a co-cured substructure in a sin-
gle curing operation.

Tooling and the configuration of the reinforcement have a great influence on the curing process
selected and vice-versa.

The choice between unidirectional tape and woven fabric has frequently been made on the basis
of the greater strength and modulus attainable with the tape partigularly in applications which com-
pression strength is important.

Lay-up Techniques

Lay-up techniques along with composite cure control have received the greatest attention for.
processing. In efforts to reduce labor costs of composite fabrication, to which lay-up has traditionally
been the largest contributor, mechanically assisted, controlled tape laying and automated integrat-
ed®. In addition to any cost savings by the use of an automated technique for long production runs,
there are two key quality assurance factors which validate the automated techniques. They are;
greatly reduced chance that release paper or film could be retained, which would destroy shear and

compressive strength if undetected, and reduced probability of the addition or loss of an angle ply
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which would cause warping due to the laminate’ s lack of symmetry and balance. All curing tech-
niques use heat and pressure to cause the matrix to flow and wet out all the fibers before the matrix
solidifies.

Generally, the percent matrix weight is higher before cure initiation ; the matrix flows out of the
laminate and takes the excess resin with the potential voids. An arbitrary 1% void limit has been
adopted for most autoclaved composites; filament wound and pultruded composites will have higher
void volumes depending upon the application. An autoclave is essentially a closed, pressurized ov-
en; many common epoxy laminates are cured at an upper temperature of 177°C (350°F ) and 6MPa
(100psi). Autoclaves are still the primary tool in advanced composite processing and have been
built up to 16m (55 feet) long at 6. 1m (20 feet) diameter. Since autoclaves are expensive to build
and operate, many other methods of curing, compacting composites have been developed. The two
newest and most attractive methods are fiber placement and resin transfer molding.

Resin Transfer Molding

Previous discussions have centered on moving resin out of the laminate to reduce voids. Resin
transfer involves the placement of dry fiber reinforcement into a closed mold and then injecting a cat-
alyzed resin into the mold to encapsulate the reinforcement and form a composite. The impetus for
the use of this process comes from the large cost reductions that can be realized in raw materials and
lay-up. The process can utilize low injection pressures i. e. 55MPa (80 psi) , therefore, the tooling
can be lower cost plastic or a vacuum bag rather than metal. A wind eye at speeds synchronized
with the mandrel rotation, control winding angle of the reinforcement and the fiber lay-down rate.
The reinforcement may be wrapped in adjacent bands or in repeating bands that are stepped the
width of the band and that éventually cover the mandrel surface. Local reinforcement can be added
to the structure using circumferential windings, local helical bands, or by the use of woven or unidi-
rectional cloth. The wrap angle can be varied from low angle helical to high angle circumferential.
Fiber Placement

Fiber placement, initially developed by Hercules Aerospace Co., is a cross between filament
winding and automatic tape laydown, retaining many of the advantages of both. The natural out-
growth of adding multiple axes of control to filament winding machines results in control of the fiber
laydown so that non axisymmetric surfaces can be wound®. This involves the addition of a modified
tape laydown head to the filament winding machine and much more.

Filament Winding

Filament winding is a process by which continuous reinforcements in the form of rovings or tows
( gathered, untwisted strands of fiber) are wound over a rotating mandrel. The mandrel can be cy-
lindrical, round or any other shape as long as it does not have re-entrant curvature. Special ma-
chines traversing machine additions include in-process compaction, individual tow cut/start capabili-
ties, a resin tack control system, differential tow payout, low tension on fiber and enhanced offline
programming.

Pultrusion

Pultrusion is an automated process for the manufaciure of constant volume/shape pro-files from
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composgite materials, The composite reinforcements are continuously pulled through a heated die and
shaped and cured simultaneously. If the cross-sectional shape is conducive to the process, it is the
fastest and most economical method of figurations can be fabricated with square round, hat-shaped,
angled ‘I’ or ‘T’ -shaped cross-sections from vinylester, polyester, or epoxy matrices with E and S-
glass, Kevlar and graphite reinforcements. The curing is effected by combinations of dielectric pre-
heating and microwave or induction ( with conductive reinforcements like carbon graphite) while the
shape traverses the die.
Braiding, Weaving and Other Preform Techniques

Braiding, weaving, knitting and stitching represent methods of forming a shape, generally re-
ferred to as preforming, with the composite fibers before impregnation. The shape may be the fi-
nal product or some intermediate form such as a woven fabric. The braiding process is continuous
and is amenable to round or rectangular shapes or smooth curved surfaces and can transition easily
from one shape to another. The other fabric preforming techniques are weaving, knitting and the
non-structural stitching of unidirectional tapes. Stitching simply uses a non-structural thread, such
as nylon or Dacron, to hold dry tapes at selected fiber angles. Preforming in this manner results in a
higher-cost raw material but saves labor costs for orientation of individual lamina. The stitched pre-
form has known, stable fiber orientations similar to woven fabric, without the crossovers which

could reduce compressive strength.

(Selected from Handbooks of Composites, by S. T. Peters, 1998)
Questions

Describe the process of Lay-up techniques.,
What is resin transfer molding?
What kind of objects may be pultruded?

il e

Translate the last paragraph into Chinese.
New Words and Expressions

1. residual adj. LK, BREBEK

2. internal stress PR A

3. iterative odj. BEM, REHRN, HRAH
4. configuration n. FE, JEAR, MR, BE
5. tooling v. MIT

6. leakproof adj. ALK, BIRE

7. aerodynamic adj. IS HEH

8. caul n. JAEE, KME

9. augment v ¥iN, |\, P X

10. elastomer n. J4E{R, ABBE

11. integral adj. HMIRRBEAKFT LT M
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12.
13.
14.
15.
16.
. encapsulate v, 3 AR
18.
19.
20.
21.
22.
23,
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34,
35.
36.
37.
38.
39.
40.
41.
42,
43,

17

Notes

substructure n. W&5H, Al

py » 8 (TR) BERER; ». (FTRHW) BH
warp v FH, FE

arbitrary aodj. FEEN, EWH

autoclave n. PSS

impetus n. #E3N, R, W

synchronize v (ff) Ri; () RHEHFT
adjacent adj. 4B

circumferential adj. [B F&#

lay-up n. #EBRA

outgrowth n. 5%

axisymmetric adj. B%FFRE

roving n. b

mandrel n. ;R

cylindrical adj. BHER

re-entrant ‘adj. MIF) (M)

curvature n. FHih; HMES; #E, @E
helical adj. BEER K

pultrusion n. PR

die n. #HE

simultaneously adv. [E5]#i

cross-sectional adj. A% &9

dielectric n. BB, #EZRK; odj. EEFHH
induction n. (EBIBEH) B

traverse v. ﬁm, ﬁ@, BH

braiding n. (E#) FEHRAW; RAY
preforming n. WRB, EH

impregnation n. Bl

amenable adj. MM

rectangular odji. K FIEH, EEH
crossover n. ¥ HEl; ¥

@ In efforts to reduce labor costs of composite fabrication, to which lay-up has traditionally

been the largest contributor, mechanically assisted, controlled tape laying and automated integrated.
BEEL. HTREEAMRNHERE, S5 ENAR HFHREEARE VM
By, &7 AW EER, ’

@ The natural outgrowth of adding multiple axes of control to filament winding machines results
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in control of the fiber laydown so that non axisymmetric surfaces can be wound.

SERN: NAEEEREFMEMBIALE ARSBRMTBNBN, FUREBES
LB O R B R D

5.4 The Uses of Composite Materials

Composites in Land Transportation Applications

The use of polymer composite materials in land transportation is steadily increasing because of
the cost and performance advantages that composites offer over competing materials. Today, compos-
ites are extensively used in well-established passenger car, van and truck applications. New appli-
cations demanding higher structural performance levels are under development. Railroad cars, mass
transit vehicles and a wide range of military ground transportation systems offer expanding opportuni-
ties for composite materials.

Driving forces for the use of polymer composites in ground transportation applications include
low manufacturing investment cost, cost reduction through parts consolidation, weight savings, good
mechanical properties, “Class A” surface quality, excellent durability characteristics, inherent dent
and corrosion resistance, good noise and vibration dampening, styling flexibility and dimensional
stability. Factors which tend to mitigate against their use are high materials costs, low modulus and
the reluctance to use materials perceived to be “new and unproven”.

Only those materials and processes which provide required performance at the lowest cost a-
chieve long-term commercial success in transportation applications. For high-volume automobile and
truck applications, high-speed processes must be used to manufacture parts rapidly enough to meet
the production rates of the assembly plants. As a result, injection and compression molding proces-
ses are used extensively for these applications. Composites typically used in transportation applica-
tions consist of low-cost grades of thermoplastic or thermoset polymers reinforced with E-glass fibers.
Often these composites also contain mineral particulate fillers. Composites containing high-modulus
fibers, such as carbon, and higher-performance resins such as epoxies, are used only where the
higher cost can be justified to meet special product requirements. Metal matrix composites are used
very sparingly in ground transportation.

Over the past 50 years, the use of polymer composites generally has progressed from low-per-
formance applications towards more demanding applications requiring excellent surface appearance,
high mechanical properties, increased temperature stability or improved durability. With increasing
demands to reduce vehicle weight for improved fuel economy, and te reduce investment costs for
greater competitiveness, the use of composites in ground transportation is expected to increase for
many decades to come.

Composites in Aerospace Equipment and Instrument Structure

It is necessary to discuss GFRP ( graphite fiber reinforced plastics) thoroughly in order to un-

derstand the importance of composites in the manufacture of aerospace equipment and instrument

structures. Before composite materials such as GFRP became viable candidate materials for aero-
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space primary structures, or even for sporting equipment, they were first used for aerospace equip-
ment and instrument structures. Because composites exhibited both unique and superior properties,
designers were willing to pay the prevailing high prices to achieve their design goals. For space
hardware, where a pound of weight saved was worth thousands of dollars, designers were motivated
to characterize composite materials suitable to their applications. Understandably, composites for
primary and secondary structure (e. g., launch vehicles, aircraft frames, wing spars and skins,
etc. ) were a “hard sell” , and temperature extremes were too severe for “thermosetting” GFRP to
be used on missiles®. The quantity of GFRP required for a particular piece of aerospace equipment
or instrument structure was usually minimal, so relative costs were low, and composite materials’
superior properties compared to heavy Invar, or high coefficient of thermal expansion (CTE) alu-
minum, or very expensive beryllium further justified the material selection.

Consequently, numerous mirror bezels, telescopes, optical benches and reflectors were de-
signed and built from GFRP in the early 1970s. As a result of these efforts, today more and more
structures are being fabricated from GFRP materials, principally because specific materials matching
specific property requirements are now available.

Although GFRP has dominated composite materials applications, DuPont’ s Kevlar-49 has been
found to be ideal for antenna reflectors because of its exiremely light weight and RF transparency.
Many communication satellites utilize this type of Kevlar reflector.

For aerospace equipment and instrument structures, generally, thermoplastic versions of GFRP
have not seen as much application as the thermosets due to high investment costs in tooling and facil-

ities. Considering the relatively small quantities that are usually bought, thermoplastic applications
are not often cost effective. Also, the required high temperature cures subject the laminate to micro-
cracking instabilities.

Metal matrix composite applications-have been limited, and knowledge of material properties
and processes has been restricted due to their use on classified programs. Materials like silicon car-
bides and carbon-carbon find limited, but important, use in aerospace structures, particularly mir-
rors. Design selection criteria plays an extremely important role in determining what type of material
is used on any particular component of aerospace equipment and instrument structures. The primary
reasons for choosing a composite material, rather than a metal, are weight, dynamic stability and
thermal stability.

The. primary reason that GFRP is a material candidate for most applications is the wide range of
material systems that are currently available that can compare with Kevlar, aluminum, Invar, beryl-
lium, metal mairix composites, silicon carbide, and carbon-carbon.

Composites in Aircraft Applications

Advanced composites, composed of high strength, high modulus, low density continuous fibers
embedded in polymer matrices, first became available some 30 years ago. Since then, composite
aircraft structures have transitioned from laboratory curiosities into low-risk, light-weight alterna-
tives to metal structures. Thousands of safety-of-flight composite components are flying in regular

service on military and civil aircraft.
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Major advantages of high-performance composite structures include weight savings, material tai-
lorability, improved fatigue and corrosion resistance. Disadvantages are primarily cost related.
Almost all the composite structures currently in production and service have thermoset matrices. A
few aircraft parts are currently being made from thermoplastic matrix composites. Metal matrix com-
posites are still in the development stage.

“Conventional” aircraft structural materials now include polymer matrix composites in addition
to aluminum, titanium and steel.

Composites in the Sporting Goods Industry

In 1990 Frost & Sullivan reported that over 800 million dollars were spent by domestic de-
fense/aerospace contractors for advanced composites. In the same period, $ 70 million worth of ad-
vanced composites were purchased from domestic producers for sporting goods.

Advanced composites are usually defined as those composites that use either carbon, aramid,
S-glass, ceramic, polyethylene, boron, or other high strength or high stiffness fiber. In 1991, the
total worldwide consumption of advanced fibers was estimated to be 27,200 metric tons. Approxi-
mately 10% of this fiber went into sport and recreation applications. Worldwide sport and recrea-
tion applications are the third largest user of advanced composites behind defense/aerospace and e
lastomer reinforcement ( tires, hose and belts). In the USA as well, sport and recreation applica-
tions are the third largest users of advanced composites. One of the major growth markets for ad-
vanced composites over the past several years has been the sporting goods industry. Although there
was a total decline in USA defense spending of only 14% from 1990 to 1994, the procurement de-
cline was 45% . The defense procurement decline was disastrous for the composites industry and
resulted in severe upheavals. Although no segment of the composites market could offset the de-
fense-induced decline, the sporting goods/recreation composite segment along with most other seg-
ments is predicted to show pesitive growth in the near future®. This growth trend is expected to con-
tinue inte the 21st century. Advances in materials and processes have reduced consumer prices for
the recreational composite while providing improved performance for the athlete.

Some of the first applications for composites in sport and recreation were fiberglass boat hulls
arid fishing poles. Now the list of products using composites includes almost every sporting and rec-
reation activity. Products in golf, tennis, and bicycle racing have brought attention to the superior
performance of composites in sports and recreation.

Hand lay-up and roll-wrapping have been the processes generally used for most sporting goods
applications. There has been an increased interest in filament winding as a preferred process for tu-
bular products such as golf shafts, sail masts, ski poles, softball bats and bicycle frame tubing,
because filament winding can lower labor costs and add a new level of design flexibility, product
consistency, and quality for these products.

Construction

Composite materials are used by the construction industry to replace or complement convention-

al materials such as steel and concrete. The main reasons for the use of composite materials are cor-

rosion resistance, electromagnetic transparency and weight savings Frequently, structural engi-
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neers take advantage of ‘more than one salient feature of composites to formulate a design that is com-
petitive with an alternate design based on conventional materials.

Corrosion resistance is the most important advantage of composites with respect to steel for con-
struction applications. The selection of a composite material usually begins with the selection of a
resin that is capable of resisting the attack of a corrosive substance. The corrosive agent can be any-
thing from spring water to sulfuric acid.

While weight saving is the main driving force behind the application of composites in aero-
space, it is not so critical in construction projects. However, reduction of structural weight can be
exploited as a secondary advantage to help offset the higher cost of composites as compared to con-
ventional materials®. Lightweight structures require less foundation and supporting structure. In the
case of bridges, a noncorrosive bridge deck can be built to replace existing steel reinforced concrete
decks that corrode rapidly under the attack from de-icing chemicals. For example, a pultruded deck
was used to construct the Wick Wire Run vehicular bridge on public road 26, in Taylor County,
West Virginia ( completed August 1996). An added advantage of a composite deck would be the
weight reduction that supposedly would allow the user (highway department) to re-rate some bridges
for a higher live load without major modifications to the existing superstructure. The live load could
be increased by approximately the same amount of dead load saved with the use of the composite
deck minus adjustments for dynamic effects. Other applications where weight savings are important
are cladding of buildings, rehabilitation of chimneys, ete.

(Selected from Handbooks of Composites, by S. T. Peters, 1998)
Questions

1. What are driving forces for the use of polymer composites in ground transportation applica-
tions?

2. Why it is necessary to discuss GFRP thoroughly in order to understand the importance of
composités in the manufacture of ae€rospace equipment?

3. List the major advantages of high-performance composite structures.

4. Can you tell what is the third largest user of advanced composites behind defense/aerospace
and elastomer reinforcement?

5. How to look at Composite materials used by the construction industry?
New Words and Expressions

1. well-established adj. BEAREMN, ARBELW
2. dampen v. JHR

3. flexibility n. B¥E, FRHE, PLEIHE, Bt

4. mitigate . W, ZM

5. sparingly adv. Fif&HL, RFH

6. viable adj. YJSERIFTH0, WISEHEN
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7. candidate n. fREH

8. primary structure —R%W; F (B) 44
9. prevailing adj. SEEE, TEN, RTH
10. Invar n. #EEKAHEBR/DEHE, WUERKESE
11. aluminum n. 48

12. beryllium n. 8

13. bezel n. FEHE

14. optical bench SR

15. reflector n. RGF2EEF; REHOL [, FEF] Wk
16. RF S35 (Radio Frequency) , JC&& o5 5%
17. microcrack wv. ({ffi) PEHEHBL

18. silicon n. fE

19. silicon carbide n. §R{LEE, & RIE

20. criterion n. (HEIF. FIWEH) FRdE, N (EPIERH criteria)
21. embed ». #Z.eeeor A, A

22. transition n. FP¥; HA; AT

23. curiosity n. &Y, B &

24. safety-of-flight 4 %4T

25. tailorability n. (XBHE) TTRIHE

26. fatigue n. FEH, HR

27. corrosion n. FEPR; R MAERAL

28. titanium n. £k

29, domestic adj. AEAY, EAK

30. aramid n. FHERB; F4L

31. polyethylene n. BZ W&

32. boron n.

33. metric adj. K#HlH

34. recreation n. K (HR); HiE (FX)
35. procurement n. 3KG

36. upheaval n. RARWEZE; KFHH; KEH
37. segment n. ¥4, HE

38. offset v. LN, #ME

39. hull n. &, A5

40. fishing pole n. §JfE%

41. tubular eadj. BH; HETIEH

42. hand lay-up F THIEWMREBE;, FHRE
43. mast n. BEHE, HEHF; A

44. softball bat L2FRHE

45. consistency n. ZRIEEF

i

132 HHEEWSEE



46. electromagnetic adj. BB

47, transparency n. & (#E)

48. salient odj. BEH, BEM, FTEM , (EAR) LM
49. sulfuric adj. WK, SRKEWRBEN

50. de-ice » Bk (F¥) LMK; Bk (E9) HRESK
51. cladding n. W2

52. rehabilitation n. EE, BE

Notes

(@ Understandably, composites for primary and secondary structure (e. g. launch vehicles, air-
craft frames, wing spars and skins, etc. ) were a “hard sell”, and temperature extremes were too
severe for “thermosetting” GFRP to be used on missiles.

SHEL: REEE, BT -S8MS5 _REHNEAHN (RMERAH. LW
B RBRINES) B—AKEE, HE FTRERBERSTHA, REEEENCGE
ATe#.

@ Although no segment of the composites market could offset the defense-induced decline, the
sporting goods/recreation composite segment along with most other segments is predicted to show

positive growth in the near future.

BHEEX: REE— ﬁﬁﬁEAHﬂﬁ%%ﬁZ\‘ﬁE*[‘%ﬁIﬁﬁ"fﬂl'glﬁﬁﬁﬁi%?ﬁ& {87 LA H3H
EARTHER, FERAAREEMTHESRBEK.

® Hewever, reduction of structural weight can be exploited as a secondary advantage to help

offset the higher cost of composites as compared to conventional materials.

SE£EX: KR, ABEEAMRTUENRBREHRNER, XEIRERLT B THEN
54 GE bR AR LU AR B MR AR o

Reading Material

Typical Properties for Advanced Composites

For a company or institution that is designing composite material structures, or embarking for
the first time into the application of advanced composite materials for structural purposes, it is im-
perative that material properties be available. Of course it would be desirable to have a complete set
of statistical Design Allowables, such as the statistical “A” values for properties, or even the “B”
values. Since complete statistical Design Allowables are not available, the next sought after material
properties would be “typical” properties. However “typical” properties are not defined statistically
and may be defined in many different ways. Therefore it is important to discuss typical material
properties and also discuss the means to achieve a set of typical properties.

The purpose of having a complete set of typical properties is to be able to design composite
structures with a minimum of testing confirmation. Having a complete set of typical properties will

allow design optimization, preliminary design, cost and weight optimization and other trade-offs with
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a number of different materials and candidate laminates with different fiber orientations. Once an op-
timum material and configuration is selected, a minimum test program would then be initiated.

Having a set of typical composite materials has advantages and disadvantages. For example, if
one were to design a structure utilizing only typical material properties, without the knowledge of the
scatter that may occur in those properties, structural failure may occur. Perhaps not immediately,
nor on every structure produced, but on an unknown statistical basis, at some point in time. Howev-
er, prior to a final design for a structure, the normal engineering procedure is to initiate the test pro-
gram. The purpose of the test program is threefold: one, confirmation of the design; two, deter-
mine the scatter that occurs due to variations in materials and the manufacturing process; and three,
over a period of time, either to confirm the material properties database being used, or to accumulate
test data for a material properties database.

One of the problems of determining typical properties is the variations that occur in the materials
making up laminates. In the case of glass fiber, the types of glass fiber and number of manufacturers
is considerably less than with carbon fiber.

However, even with this limitation, there are at least two major types of glass fiber, E-glass
and S-2 glass. Within each of these glasses are variations in chemical composition, fiber diameter,
fiber finish, fiber sizing, the number of individual fibers in a tow, roving, yarn, ete.

Manufacturers have different names for the similar type of glass, for example the higher
strength , higher modulus glasses. These fiber glasses are the older S-glass (no longer available com-
mercially) , S-2 glass and the R-glass by a French manufacturer. Other countries fabricate the same
type of glass, but with only minoer differences in properties.

For carbon fiber, not only are there the same variations as mentioned above for glass, but in
addition, there are large variations in strength and modulus and in manufacturers.

Based on the large number of variations in fibers, it would be virtually impossible to obtain
complete statistical material properties for each variation. Even to obtain typical properties for each
variation would not be practical.

To reduce this problem to a practical level, it is necessary to analyze the usage of glass and car-
bon fibers ( or other fibers). The usage of advanced composite fibers by “pounds used per dollar ex-
pended” , is estimated to be, in order of highest usage: E-glass, high strength carbon (modulus of
227GPa, (33 x10° psi) ) and then S-2 glass. With this list, it is possible to develop typical proper-
ties for composites fabricated from each of these fiber types.

The matrix for fiber composites can be classified into two categories, metallic and non-metallic.
This discussion on typical properties involves only non-metallic resin matrix systems.

As was discussed for fibers, only the high usage matrix systems in advanced composites are
considered as candidates for typical properties. In addition, for typical properties of advanced com-
posites for structural applications, only structural resin systems are candidates. Structural resins are
defined as resins that have similar modulus and tensile strength as standard epoxy systems. For ex-
ample, an applicable resin for structural composites would have a modulus of approximately 3. 5GPa
(0.5 x10°psi) and a tensile strength of approximately 100MPa (15hi).
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The more popular structural resins are polyester, epoxy, vinyl ester and phenclic. For typical
composite properties, the use of any of these resins will allow a single typical property.

There are properties in which the resin is the significant factor. These characteristics are associ-
ated with stress concentrations and environmental considerations. Key among these characteristics
are: temperature, fracture toughness, compression after impact, crack propagation, humidity,
stress concentrations, interlaminar shear, mechanical fasteners in laminates, holes in laminates,
creep, damage tolerance and compatibility with fiber finish. In determining typical properties, these
characteristics are not included but, as applicable, need to be considered for the final design®.

Fiber-reinforced composite materials are primarily used to take advantage of the high strength
and stiffness of the fiber. Therefore in most applications, the laminate orientation is designed so that
the strength and modulus are controlled by the fiber properties.

For the fiber fracture controlled composites, which are the main interest in structures, typical
composite material properties are valid over a wide variation in resin characteristics.

The main interest in structural components is the high strength and modulus obtainable from the
fiber reinforcing of the matrix. Therefore in the design of the laminate, for most of the applications,
the resulting failure modes are fiber fracture critical. Unfortunately, there are cases where the matrix
is the eritical element in the failure mode for all laminate orientations. This does not mean that the
fiber does mot contribute to reinforcing the matrix in both strength and modulus, but only that the ul-
timate failure is the result of failure in the matrix®.

Among the cases where the matrix is the critical failure mode are laminates that are subjected to
shear, the first ply failure (limit load) of a laminate and most cases of the transverse strength prop-
erty of a laminate with no 90" plies. Even for these cases, a typical property can be determined utili-
zing the typical set of unidirectional properties represented by most of the epoxy systems in use by
the prepreg manufacturers as well as most of the structural epoxies sold.

The acceptability of material properties in the design of structures is based on a number of fac-
tors. If a design is being produced for a customer, the customer is often the final word on the accept-
ability of the material properties utilized. An alternate possibility is that the customer is not interest-
ed in accepting or rejecting the material properties used, but would rather accept the product against
a specification. Final acceptance is a qualification of the product through testing. The third case is
where a product is produced by the company itself and sold to the consumer directly. Of course the
consumer (public) is not interested in accepting or rejection the material properties database. An
example of this is the automobile industry.

In the case of a company that subcontracts the design and fabrication of composite structures,
the company may either want to review the subcontractor’ s material properties database, or be able
to review the design of the subcontractor with the use of the company’ s typical properties database.

In each of the above cases, a typical material properties database can be used for cost and
weight trade-offs, selection of the best materials, optimizations studies and preliminary design.

It is important to note that the final design would always go through an extensive test program to

verify the material properties selected, the final design, the manufacturing process and to determine
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the variability of the product.

Thus, a typical material properties database is acceptable and useful to reduce the cost of engi-
neering design, reduce the cost of testing and allow a more intelligent and less time consuming ap-
proach to the final design.

In the above discussion, the customer requirements were mentioned as one of the criteria for ac-
ceptance or rejection of a material properties database. There are cases where the customer will insist
upon enough testing to develop a statistical property database. For that requirement the typical ma-
terial database would not be acceptable. However in any statistical database, the applicability is
confined to the specific fiber, matrix and fabrication process. The statistical testing process is expen-
sive and time consuming. In most cases, the statistical database would be limited to the laminate ori-
entations tested, which would also be very limited.

For applications where significant environmental conditions are present, the use of typical mate-
rial properties may not be applicable due to large variations in the response of different resins to
these environmental conditions. These conditions were summarized above and included impact, hu-
midity other corrosive fluids, stress concentrations, temperature, ete.

The design of composite material structures requires a knowledge of the material properties for
all combinations of laminates. It is cost-prohibitive to test all combinations of laminates, even to ob-
tain typical properties. To obtain statistical design properties for a limited number of laminate con-
figurations is also expensive, but in some cases may be required by a contract. Typical composite
material properties can provide useful data and be cost effective for the design engineer. The data
can be generated by utilizing typical unidirectional data for each class of materials. To generate all
the laminate configuration, both limit (first ply failure) and ultimate, requires a comprehensive
computer program, including a failure criteria and utilizing the composite transformations equations.
A typical property database for all orientations and selected materials is available, but also a typical
composite material database could be generated by a company using composite engineering analysis
as discussed above.

Although this discussion of typical properties has mentioned only static strength and modulus,
typical properties are also available for fatigue, CTE and for elevated temperatures. Fatigue typical
properties include all fatigue stress ratios. Fatigue statistical properties, of course, would be prohibi-
tively expensive.

If users of typical composite material properties are aware of their limitations, typical properties

can be a very useful database for cost effective design and analysis.

{ Selected from Handbooks of Composites, by S. T. Peters, 1998)
Questions

1. What are the purposes of the test program?
2. What are the main interests in structural components?

3. What is the main idea of the first paragraph?
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4. Describe what mean by “pounds used per dollar expended” 7
New Words and Expressions

embark v. HF

imperative edi. MEN, B2, BRBEED

scatter n. EIEY

threefold adv. =%

resin n. WAE

propagation n. {£#%, ¥ @&

subcontract n. ¥4

trade-off ¥, thiE, X5F, F& H
preliminary - adj. ¥JH), TWEK, FFERK

. statistical adj. S, UBIERRW

. fluid adj. FERY, WSE; n WK, Bk

. stress concentration Jf & |

13. configuration n. #%5, AR, SN R, BE

Notes

\ooa\lc\u.-hupu—-

— b
N = O

@D In determining typical properties, these characteristics are not included but, as applicable,
need to be considered for the final design.

SEHFEL: XBEHRGFARE SR IEHRMRERE, HEXRNEAR, PR
MEIR,

(@ This does not mean that the fiber does not contribute to reinforcing the matrix in both
strength and modulus, but only that the ultimate failure is the result of failure in the matrix.

BEE: XA BLLF YRR R B A R TR, LR MEKWBIKRh
EABIRSIRE
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FHERIEFERT (H): XERASISNURBEFERDT (1)

1. what S| RN AHBFERTT

(1) what fESERIE, FR “fFA” B “BRE”,

What are the important factors influencing the structure of a casting?

EmBEtEnEZEREMN A

What are the electrical characteristics of the ceramics?

W 5 ) R B TR 2 7

What limits the applications of the structural composite materials?

tARBTEMEEMB KR A? (what BEVERBEER], AR ER)

(2) what REWEAEH, WEAREETHER, TEHBEEEFAN 184G, BTFHE
WREME—B5r. BR “Ha” “Hafi” “EBR" SAFER, .

1) what 5|1 R A] FAER EE: ~

What was impossible yesterday is a reality today!

MERATRNBFLESRERT HE!

_ What we should do today is to protect the environment. (what 5| RIH FENBIHTH

FiE, Faf, what LEFENGHHERE,)

A RBEAIRLZEM I RER IR

2) what ABEEE:

The question is what step we should take next. (FEiEMA], what fE&EE)

FEAET T - BATZERBA AEHE.

This explained how these defects arise and what steps may be taken to minimize them.

XBRRR BT BRIE ™ A B IR B A BCR BT ARE AR HE BB R B B /D

2. which 3| R BBMIFHRTT

(1) which YESEMI{R], R “BF— (Fh)” “HRLL” “EpA" %,

Which factor is the most important influencing the performance of the material ?

Fu R EENEREB 17

(2) which A& BfEEiE, FEEEMRYE T4, BENTMAERNEEEYEEE
Bf, AR “BR— (Fh)” “HRLL” “IBAT F,

Ceramic materials are inorganic materials which consist of metallic and nonmetallic elements

chemically bonded together.

MEMBELTIME, RELIHEaERMESRTRBESLEEREREE &,

(3) which & BERREE, ERENHLYT-TEHE, BERATMARAKOREEYE
SEER, B CW— (FF)7 “HRE” AT F,

The structure-property-processing relationship is also influenced by the surroundings to which
the material is subjected.

FOBLR A - ¥R — 0 TR 2 A B4 5% R R 32 B IR AR AR L SRS I B W

The engineer must recognize the type of loading to which the material is exposed.
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AR 0 0 15 2 R AR 32 R AR L R K A

(4) which 5| KA TYERRE ,

Arc welding is a process in which an electric arc is produced between a metal electrode or wire
carrying high amperage current and the workpiece.

ERIVET, BNFERERBREBRER (REL) MITHZE=4,

Normally, the yield strength, above which the material suffers a permanent change in its di-
mensions, is the most critical property and is usually the most important consideration in the design
of a material component. (which 3| 3 & 4RIE NG, WHRT MNEE T H B &4 RIE K=
X, BRI DARE P A R R EE N o)

HEERYE, BRBREEREENMLE, BTFE, HERSREKRALEE,

Metals have a crystalline structure in which the atoms are aﬁaﬁged in an orderly manner. (2%
THAFRRERE, HLEIH in which BHIR, HEASEHEE.)

&RA RSN, B RELEHT, Jﬁ?éﬁ?:ﬁwﬂo

3. when 5| SR MIFRKI

(1) when fESERA], R “MIE” “fAamHE”,

When did the molten metal Begin to solidify?

BRERA AN G HEER?

(2) when 5| TR EE, BER “- HIBFE” FER

When a molten metal reaches its freezing point affects the size of the crystals which form.

F2 i IR 5k B O [ A 3 TR 2 B e B AR ORI R R/

(3) when 5| R FERRE,

When the material engineer changes one of these three aspects of the relationship, either or
both of the others also change. (when 5| R R&MRIENA, MR M EE F )M EARIEHN
B, O] LA 3R BUAR LA IR T AT S )

TRMMRRET EHFEHEF -4, BAFIRSEETL, RERNEETL,

Solidification will begin, and this takes place by a process of nucleation and growth, when the
temperature of a molten pure metal falls to its freezing point. (AR HFERME KN ERNE
EREEE, RBIGEIR, REATNAEZE FAMEERIBOEX, HTFHFERT.)

UEMAOESRNRERERISER S8, RTHEL, XTIREIRBELBEMK K
#1To

When the metal first makes contact with the mould, the mould is cold and this has a chilling
effect on the molten metal; which results in the formation of very small crystals. (when 5| 3 g5
B R E NG, FEFRE T A FN G E SR B e BhAT I, SRR AT LA iR R, )

SREHEEME, EB’“F%& MREM, MESERAFHUAIER, FBEEFH/DNKN G
BB RR o
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Chapter Biomaterials

6.1 Biomaterials and Biomaterials Science |

Biomaterials science addresses the properties and applications of materials ( synthetic and natu-
ral) that are used in contact with biological systems. These materials are commonly called biomateri-
als. Biomaterials, an exciting field with steady, strong growth over its approximately half century of
existence, encompasses aspects of medicine, biology, chemistry, and materials science. It sits on a
foundation of engineering principles. These is also a compelling human side to therapeutic and di-
agnostic application of biomaterials®.

Although biomaterials are primarily used for medical applications, they are also used to grow
cells in culture, to assay for blood proteins in the clinic laboratory, in equipment for processing
biomaterials for biotechnological applications, for implants to regulate fertility in cattle, in diagnos-
tic gene arrays, in the aquaculture of oysters, and for investigational cell-silicon “biochips”®. How
do we reconcile these diverse uses of materials into one field? The common thread is the interaction
between biological systems and synthetic or modified natural materials.

In medical applications, biomaterials are rarely used as isolated materials but are more com-
monly integrated into devices or implants. It will quickly become apparent that the subject cannot be
explored without also considering biomedical devices and the biological response to them. Indeed,
both the effect of the materials/devices on the recipient and that of the host tissues on the devices
can lead to device failure. Furthermore, a biomaterial must always be considered in the context of its
final fabricated, sterilized form®. For example, when a polyurethane elastomer is cast from a sol-
vent onto a mold to form the pump bladder of a heart assist device, it can elicit different blood reac-
tions than when injection molding is used to form the same device. A hemodialysis system serving
as an artificial kidney requires materials that must function in contact with a patient’ s blood and also
exhibit appropriate membrane permeability and mass transport characteristics. It also must employ
mechanical and electronic systems to pump blood and control flow rates.

A definition of “biomaterial” endorsed by a consensus of experts in the field is:

A biomaterial is a nonviable material used in a medical device, intended to interact with biologi-
cal systems ( Williams, 1987). ‘

If the word “medical” is removed, this definition becomes broader and can encompass the wide

140 MEEWES



range of applications suggested above.

If the word “nonviable” is removed, this definition becomes even more general and can address
many new tissue-engineering and hybrid artificial organ applications where living cells are used.

“ Biomaterials science” is the physical and biological study of materials and their interaction
with the biological environment. Traditionally, the most intense development and investigation have
been directed toward biomaterials synthesis, optimization, characterization, testing, and the biology
of host-material interactions. Most biomaterials introduce a non-specifie, stereotyped biclogical reac-
tion. Considerable current effort is directed toward the development of engineered surfaces that could
elicit rapid and highly precise reactions with cells and proteins, tailored to a specific application.

Indeed, a complementary definition essential for understanding the goal (i. e. specific end ap-
plications) of biomaterials science. is that of “biocompatibility”.

Biocompatibility is the ability of a material to perform with an appropriate host response in a spe-
cific application (Williams, 1987).

Examples of “appropriate host response” include the resistance to blood clotting, resistance to
bacterial colonization, and normal, uncomplicated healing. Examples of catheter, or a hip-joint
replacement prosthesis. Note that the hemodialysis membrance might be in contact with the
patient’ s blood for 3 hours, the catheter may be inserted for a week, and the hip-joint may be in
place for the life of the patient.

This general concept of biocompatibility has been extended recently in the broad approach
called “tissue engineering” in which invitre and invive pathophysiological processes are harnessed
by careful selection of cells, materials, and metabolic and biomechanical conditions to regenerate
functional tissues.

Thus, in these definitions and discussion, we are introduced to considerations that set biomate-

rials apart from most materials explored in material science®. Table 6. 1 lists a few applications for

Table 6.1 Some applications of synthetic materials and modified natural materials in medicine

Application Types of materials
Skeletal system
Joint replacements (hip, knee) Titanium , Ti-Al-V alloy, stainless steel, polyethylene
Bone plate for fracture fixation Stainless steel, cobalt-chromium alloy
Bone cement Poly ( methyl methacrylate)
Bony defect repair Hydroxylapatite
Artificial tendon and ligament Teflon, Dacron
Dental implant for tooth fixation Titanium, Ti-Al-V alloy, stainless steel, polyethylene

Titanium, alumina, calcium phosphate
Cardiovascular system

Blood vessel prosthesis Dacron, Teflon, polyarethane

Heart valve Reprocessed tissue, stainless steel, carbon

Catheter Silicone rubber, Teflon, polyurethane
Orxgans

Artificial heart Polyurethane

Skin repair template Silicone-collagen composite

Antificial kidney (hemodialyzer) Cellulose, polyacrylonitrile

Heart-lung machine Silicone rubber
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( Continued )

Application Types of materials
Senses
Cochlear replacement Platinum electrodes
Intraocular lens Poly (methyl methacrylate) , silicone rubber, hydrogel
Contact lens Silicone-acrylate, hydrogel
Corneal bandage Collagen, hydrogel

synthetic materials in the body. It includes many materials that are often classified as “biomateri-

als”. Note that metals, ceramics, polymers, glasses, carbons, and composite materials are listed.

Such materials are used as molded or machined parts, coatings, fibers, films, foams and fabrics.

( Selected from Biomaterials Science, edited by B. D. Ratner,
A.S. Heffman, F.]J. Schoen, and J. E. Lemons, 2005)

Questions

What is “biomaterials science” 7

What is the definition of “biomaterials” ?

How long has biomaterials science existed?

What are the biomaterials used for? Give some application examples.

What is “tissue engineering” 7

QR W=

Use your own words to explain the meanings of invitro and invivo.

New Words and Expressions

1. encompass v U, %, WANAEXFEY
2. therapeutic n. YBITFH: adi. RITHI, JBITEM
3. diagnostic adj. ZKTHY

4. assay n. & v LB, O, BE

5. protein n. FHM; ad. EHRK

6. fertility n. ®FHRES, £FH, &£&h, /&
7. aguaculture n. JKF=Ak

8. oyster n. $tWF, ¥

9. polyurethane n. BB

10. elastomer n. PAYE{K, AERE

11. bladder n. B¥BE, ¥RAH

—
N

. hemodialysis n. It ¥& BT

. consensus n. —EFEIE, #ip, [

. nonviable adj. TH:AER, FRBFEEN
.elicit o B, 3IH, &

. skeletal adj. BEEM, BEMW, HNEWN

. tendon n. B

e T T
~N N AW
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18. stainless adj. AR, TBIEK, SiiEN

'19. ligament n. HF

20. Dacron n. %%, WHR

21. hemodialyzer n. A i B

22. comeal n. FAEH

23. bandage n. W

24. catheter n. 2%, RRE

25. hip-joint #EXF

26. prosthesis n. fBfE (MMM, BRMETE), AEBEE (K)
27. invitro adj. ZETGRINEREY

-28. invivo adj. EEEANK, EEUEAMN

29. recipient n. ERXE, FH; off FRHEIZW, BEUEN
30. reconcile ». fEFNIK, fEFuME, thiA

31. pathophysiological adj. H5EEA: BEHY

Notes

(D These is also a compelling human side to therapeutic and diagnostic application of biomaterials.

SEFEX . AP RERRNEKART T N ABRSIAEH,

@ ..., they are also used to grow cells in culture, to assay for blood proteins in the clinic la-
boratory, in equipment for processing biomaterials for biotechnological applications, for implants to
regulate fertility in cattle, in diagnostic gene arrays, in the aquaculture of oysters, and for investiga-
tional cell-silicon “biochips”.

BEEFRX: -, ENGATERERMALEK, AREKRIBREAMNOES, AEst
HAEYHBMNARE L, BTBERENSELTE, SHERHEY, ATHGRRA,
FRATHENR—HK “LWER.

® ..., a biomaterial must always be considered in the context of its final fabricated, sterilized
form.

BEHEL: -, —HEPHRLABRFSRBERKRNT. XKEHER.

in the context of #N “FE----®HR () T7, BHAPITRFEL,

@ ..., we are introduced to considerations that set biomaterials apart from most materials ex-

plored in material science.
BEFEX: o, BTHEREFIHROEIHHZIN, RIREEZREGHH.
apart from %R “Bx----- |

Reading Material

Designed Biomaterials ( 1 )

Silicones

Though the class of polymers known as silicone has been explored for many years, it was not
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until the early 1940s that Eugene Rochow of GE pioneered the scale-up and manufacture of commer-
cial silicones via the reaction of methyl chloride with silicon in the presence of catalysts. In Roch-
ew’ s 1946 book, The Chemistry of Silicones ( John Wiley & Sons, Publishers) , he comments anec-
dotally on the low toxicity of silicones but did not propose medical applications. The potential for
medical uses of these materials was realized shortly after this, in a 1954 book on silicones, McGre-
gor has a whole chapter titled “Physiological Response to Silicones”. Toxicological studies were ci-
ted suggesting to McGregor that the quantities of silicones that humans might take into their bodies
should be “entirely harmless”. He mentions, without citation, the application of silicone rubber in
artificial kidneys®. Silicone-coated rubber grids were also used to support a dialysis membrane
(Skeggs and Leonards, 1948).

Teflon

DuPont chemist Roy Plunkett discovered a remarkable inert polymer, Teflon ( polytetrafluoro-
ethylene) , in 1938. William L. Gore and his wife Vieve started a company in 1958 to apply Teflon
for wire insulation. In 1969, their son Bob found that Teflon, if heated and stretched, forms a por-
ous membrane with attractive physical and chemical properties. Bill Gore tells the story that, on a
chairlift at a ski resort, he pulled from his parks pocket a piece of porous Teflon tubing to show to
his fellow ski lift passenger®. The skier was a physician and asked for a specimen to try as vascular
prosthesis. Now, Goretex porous Teflon is the leading synthetic vascular graft and has numerous ap-
plications in surgery and biotechnology.

Polyurethanes .

Polyurethanes, reaction products of diisocyanates and diamines, were invented by Otto Bayer
and his colleagues in Germany in 1937. The chemistry of polyurethanes intrinsically offered a wide
range of synthetic options leading to hard plastics flexible films, or elastomers. Interestingly, this
-was the first class of polymers to exhibit rubber elasticity without covalent cross-linking. As early as
1959, polyurethanes were explored for biomedical applications, specifically heart valves ( Akutsu et
al. , 1959). In the mid-1960s a class of segmented polyurethanes was developed that showed both
good biocompatibility and outstanding flex life in biological solutions at 37°C ( Boretos and Pierce,
1967). Sold under the name Biomer, these segmented polyurethanes comprised the pump dia-
phragms of the Jarvik 7 hearts that were implanted in seven humans.

( Selected from Biomaterials Science, edited by B. D. Ratner,
A. S. Hoffman, F.J. Schoen, and J. E. Lemons, 2005)
Questions

1. How were the commercial silicones manufactured in the early 1940s?
2. Which year was Telfon discovered?
3. What are polyurethanes?

New Words and Expressions
1. anecdotally ady. ﬂ@i@:, ZHREH
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toxicological adj. FEYIEH

dialysis n. FH, 05

membrane n. B, FRAE

Teflon n. $¢3E, RUKZH

stretch v & n. K, HE

chaitlit n. (BEBFEFRWEL. TH) AR, BZHE
vascular adj. BKEH, IMEHK

graft o & n (RS BH, BE

10. diisocyanate n. —RE L (IB)

11. biomedical adj. Y E2%H

12, biocompatibility n. H=¥E R, EPEMHE
13. diaphragm n. BEFRBE, BEH, #R3HR

Notes

(D He mentions, without citation, the application of silicone rubber in artificial kidneys.
BEE: BRBEREEALE LHHA, BRALHIIHR.
® He pulled from his parks pocket a piece of porous Teflon tubing to show to his fellow ski lift

passenger.

SR MAERKOREEH —HEZANEBERAEMHAR - BERENREE.

6.2 Traditional and New Generation Biomaterials

Traditional Biomaterials

Although medieal implant materials have been used for at least 2,000 years ( some historians
trace sutures back 32,000 years) , most early medical implants were doomed to failure because im-
portant concepts relating to infection, materials, and the biological reaction to materials were not yet
established®. The modemn era of medical implants might be traced back to an observation made by
British ophthalmologist Harold Ridley in the late 1940s. While examining Spitfire fighter pilots
who had shards of canopy plastic unintentionally implanted in their eyes from enemy machine gun
fire, he noted that these shards seemed to heal without ongoing reaction. He concluded that the can-
opy plastic, poly(methyl methacrylate) , might be appropriate for fashioning implant lenses for re-
placing cataractous natural lenses. His first implantation of such a lens was in 1949. His observa-
tion and innovation led to the development of modern intraocular lenses (10Ls) that are now being
implanted in over 10 million human eyes each year and have revolutionized treatment for those with
cataracts. At about the same time that Harold Ridley was innovating IOLs, Charnley was developing
the hip implant, Vorhees invented the vascular graft, Kolff was revolutionizing kidney dialysis,
and Hufnagel invented the ball and cage heart valve. These pioneers, in an era before principles for

medical materials were established, proved feasibility, saved lives, and evolved the foundations that
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we build on today®. By the late 1960s engineers, chemists, and biologists, in collaboration with
physicians, were formalizing design principles and synthetic strategies for biomaterials. In particu-
lar, the idea that the release of toxic leachables from biomaterials will adversely affect healing was
formalized—this toxicology idea is implicit in today’ s definition of biocompatibility. As develop-
ments took place in biology and materials science, biomaterials researchers were quick to incorporate
these new ideas into biomaterials. Molecular biology concepts are now opening new frontiers for bio-
materials design—a path to biomaterials that will work with the normal physiology and seamlessly in-
tégrate into the human body.

The appreciation of the host response ( healing) of implanted materials helps us understand the
performance of today’ s biomaterials and also aids us in envisioning how we might improve the body’

s response to biomaterials in the future.
A New Generation of Biomaterials

The next generation of biomaterials will be based upon knowledge of the biology of wound heal-
ing and inflammation and will control bioreactor responses with precision. One approach to
achieve such healing biomaterials is to medify surfaces of existing devices to minimize the foreign
body reaction and to promote normal wound healing. This approach is elaborated on shortly. For lon-
ger-term solutions, however, researchers must turn to biology te develop ways to help the body mend
itself and regenerate new tissue that can last for the patient’ s lifetime. The only way to replace func-
tion to damaged tissue is with similar tissue that contains the appropriate tissue architecture of cells
and ECM. A number of different approaches are being investigated including drug and cell deliver-
y. In both cases, a carrier is required to deliver the drug to a particular site successfully and, in the
case of cells, to provide a 3-D structure that facilitates tissue growth. Many different types of bioma-
terials have been investigated for both drug and cell carriers. In tissue engineering, a combination
of drugs, cells, and a suitable carrier with tailored macroscopic properties, a well-tuned degradation
profile, and specific biological cues may be necessary to promote normal tissue growth®.

This section highlights the next generation of biomaterials, which include surface modification of
biomaterials to overcome nonspecific protein adsorption in vivo, precision immobilization of signaling
groups on surfaces, the development of synthetic materials with controlled and tailored properties for
drug and cell carriers, biologically inspired materials that mimic natural processes, and finally the
design of sophisticated 3-D architectures to produce well-defined patterns for developing bioMEM
devices and tissue-engineering scaffolds. ‘Because of the fast growth of this field, this section aims to
highlight several exciting new research areas. We present some of the most recent developments in
the different subfields of biomaterials and provide references to recent reviews for more in-depth dis-
cussions. This section aims to demonstrate the powerful impact that biomaterials will have on the fu-

ture of medicine.

" (Selected from Biomaterials: Where we have been and where

we are going, by B. D. Ratener and S. J. Bryant, 2004 )
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Questions

1. What are the traditional biomaterials?

2. How many years have the medical implant materials been used for?
3. What is a new generation biomaterials?
4

. What kind of approach do the healing biomaterials adopt?
New Words and Expressions

ophthalmologist n. RFlE4L, BERIEGH

fighter pilot /% 3}-#1 KT R

shard n. ®hH, BH

canopy n. ( K74 BAY) BEMEE

cataractous adj. N B

intraocular adj. RN

cataract n. NEE \
vascular graft MEHBME, ATME
. leachable adj. RJEHRAY, TTEREEY
10. seamlessly adv. TCEEHL, THEH#
11. inflammation n. &#, FKk, B
12. bioreactor n. =4k W 2§

13. architecture n. ARZH, (B4, BR) &H, gy, 218, SRR ,
14. ECM 4R (Extra Cellular Matrix)

15. tissue engineering (4:4) HLA T H2E

16. tailored adj. RBUK, BUREBIAH

17. bioMEM A ¥t F PR (Dbiological Microelectromechanical )

L 00 N N D WD

Notes

@ ..., most early medical implants were doomed to failure because important concepts relating
to infection, materials, and the biclogical reaction to materials were not yet established.

BEEL: -, BRBYE., B8, UEMHNEYRNEEEESTERARY, k%
SFRPHERTHAYREEERBA .

© These pioneers, in an era before principles for medical materials were established, proved
feasibility , saved lives, and evolved the foundations that we build on today.

SHFL: EEFHRKREUE GTWE R, X WEEYE T Al fod, W& T 44,
RRT RIS KT LB #R

@ In tissue engineering, a combination of drugs, cells, and a suitable carrier with tailored
macroscopic properties, a well-tuned degradation profile, and specific biological cues may be neces-

sary to promote normal tissue growth.

SER: BHATET, AEXEEFHLANEK, &Y. AR, BRAEEHERERE
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EEBE, REFVAERAFEMEENEDERENESRLERN,
Reading Material

Designed Biomaterials ( II )

Poly ( ethylene glycol)

PEG, also called Poly(ethylene oxide) (PEO) in its high-molecular-weight form, can be cate-
gorized as a hydrogel, especially when the chains are cross-linked. However, PEG has many other
applications and implementations. It is so widely used today that it is best discussed in its own sec-
tion.

The low reactivity of PEG with living organisms has been known since at least 1944 where it
was examined as a possible vehicle for intravenously administering fat-soluble hormones® ( Fried-
man, 1944). In the mid-1970s, Abuchowski and colleagues ( Abuchowski et al. , 1977) discov-
ered that if PEG chains were attached to enzymes and proteins, they would have a much longer
functional residence time in vivo than biomoleculares that were not PEGylated. Professor Edward
Merrill of MIT, based upon what he called “ various bits of evidence” from the literature, concluded
that surface-immobilized PEG would resist protein and cell pickup. The experimental results from his
research group in the early 1980s bore this conclusion out ( Merrill, 1992). The application of PEGs
to wide range of biomedical problems has been significantly accelerated by the synthetic chemistry
developments of Dr. Milton Harris while at the University of Alabama, Huntsville.

Poly ( lactic-glycolic acid)

Though originally discovered in 1833, the anionic polymerization from the cyclic lactide
monomer in the early 1960s made materials with mechanical properties comparable to Dacron possi-
ble. The first publication on the application of Poly (lactic acid) in medicine may have been by
Kulkarni et al. (1966). This group demonstrated that the polymer degraded slowly after implanta-
tion in guinea pigs or rats and was well tolerated by the organisms. Cutright et al. (1971) was the
first to apply this polymer for orthopedic fixation. Poly( glycolic acid) and copolymers of lactic and
glycolic acid were subsequently developed. Early clinic applications of polymers in this family were
for sutures. The glycelic acid/lactic acid polymers have also been widely applied for controlled re-
lease of drugs and proteins®. Professor Robert Langer’ s group was the leader in developing these

polymers in the form of porous scaffolds for tissue engineering ( Langer and Vacanti, 1993).

( Selected from Biomaterials Science, edited by B. D. Ratner,
A. S. Hoffman, F.]J. Schoen, and J. E. Lemons, 2005)

Questions

1. What is PEG?
2. Describe the applications of PEG.
3. What is polylactic acid?
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4. Can polylactic acid be used in medicine?
New Words and Expressions

hydrogel n. JKEEBE

implementation n. RAT,EB, TH,®&

organism n. Yk, FHLAE

enzyme n. B

MIT JBR4E B T % B% (Massachusetts Institute of Technology)
anionic polymerization BB FES

cyclic adj. K, 8 B

lactide n. PI3ZEE, B4

guinea pig n. KB, (BhPEEH) /MR

. orthopedic adj. BESPRIEG

. copolymer n. fLEH

. glycolic acid Z Mk, BEILB

. lactic acid P.EB

14. scaffold JHF32 328 '

Notes .

\OOO\]O\M:#UJN'-‘

et b ek et
W N = O

(@D The low reactivity of PEG with living organisms has been known since at least 1944 where it
was examined as a possible vehicle for intravenously administering fat-soluble hormones.

BERL: BORAE 1944 FHPIKEWZ ZBAED R Al BN RS KNERER
RN, ESHAAARBRNMECSBANALR,

@ The glycolic acid/lactic acid polymers have also been widely applied for controlled release of

drugs and proteins.

2EHRL: ZER/ARRAYELS ZHATERHAYMES RN

6.3 Examples of Biomaterials Applications

Heart Valve Prostheses

Diseases of heart valves often make surgical repair or replacement necessary. Heart valves open
and close over 40 million times a year and they can accumulate damages sufficient to require replace-
ment in meny individuals. More than 80,000 replacement valves are implanted each year in the
United States because of acquired damage to the natural valve and congenital heart anomalies®.
There are many types of heart valve and convgenital heart anomalies. There are many types of heart
valve prostheses and they are fabricated from carbons, metals, elastomers, plastics, fabrics, and
animal or human tissues chemically pretreated to replace their immunologic reactivity and to en-
hance durability. Fig. 6. 1 shows a bileaflet tilting-disk mechanical heart valve, one of the most
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widely used designs. Other type of heart
valves are made of chemically treated pig
valve or cow pericardial tissue. Generally,
almost as soon as the valve is implanted car-
diac function is restored to near normal levels
and the patient shows rapid improvement. In
spite of the overall success seen with replace-
ment heart valves, there are problems that
may differ with different types of valves; they
include induction of blood clots, degenera-

tion of tissue, mechanical failure, and infec-

tion.

Artificial Hip Joints

Fig.6.1 A replacement heart valve

The human hip joint is subjected to high
Jevels of mechanical stress and receives considerable abuse in the course of normal activity®. It is
not surprising that after 50 or more years of cyclic mechanical stress, or because of degenerative or
rheumatological disease, the nature joint wears out, leading to considerable loss of mobility and of-
ten confinement to a wheelchair. Hip-joint prostheses are fabricated from titanium, stainless steel,
special high-strength alloys, ceramics, composites, and ulirahigh-molecular-weight polyethylene.
Replacement hip joints ( Fig.6.2) are implanted in more than 220,000 humans each year in the U-
nited States alone. With some type s of replacement hip joints and procedures that use a polymeric
cement, ambulatory function is restored within days after surgery. For other types, a healing-in pe-
riod is required for integration between bone and the implant before the joint can bear the full weight
of body. In most cases, good function is restored. Even athletic activities are possible, although
they are generally not advised. After 10-15 years, the implant may loosen, necessitating another op-

eration.

Fig.6.2 A metallic hip joint (photograph
courtesy of Zimmer ,Inc. )

Intraocular Lenses

A variety of intraocular lenses (IOLs) have been fabricated of poly ( methyl ‘methacrylate) ,

silicon elastomer, soft acrylic polymers, or hydro gels and are used to replace a natural lens when it
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become cloudy due to cataract formation ( Fig. 6.3) By the age of 75, more than 50% of the popula-

tion suffers from cataracts severe enough to warrant IOL implantation

million implantations in the United States alone each
year, and double that number worldwide. Good vision
is generally restored almost immediately after the lens
is inserted and the success rate with this device is
high. IOL surgical procedures are well developed and
implantation is often performed on an outpatient ba-
sis. Recent observation is implanted lenses using a
microscope to directly observe the implanted lens
through the cornea show that inflammatory cells mi-
grate to the surface of the lenses after implantation.
Thus the conventional healing pathway is seen with
these devices, similar to that observed with materials
implanted in other sites in the body. Outgrowth of
cells from the posterior lens capsule stimulated by the
IOL can cloud the vision, and this is a significant

complication.

®

. This translates to almost 4

Fig.6.3 An intraocular lens ( photograph
courtesy of Alcon Laboratories, Inc. )

(Selected from Biomaterials Science, edited by B. D. Ratner,
A.S. Hoffman, F.J.Schoen, and J. E. Lemons, 2005) |

Questions

1. What is heart valve prostheses?
2. Who will need artificial hip joint?

3. What kind of materials can be used to make hip-joint prostheses?

4. How many people will need I0Ls implantation at age of 757

New Words and Expi'essions

oL FRE I R
congenital heart anomalies
pretreat v THALE
immunologic adj. HEEFEH
n. WA, WAN
adj. LA
g B

adj. [, BUH
. rheumatological adj. K¥BHEH
10. ambulatory adj. WATHI, IEFEEH

heart valve

EROBESRHE

durability
pericardial
blood clot

degenerative
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11. intraocular adj. RN

12. outpatient n. [JIZH A

13. inﬂammatory adi. R, REK, WK
14, healing n. RE, BE; od. HIFRW
15, posterior adj. JSHEH, EHMK, BWKK

Notes

@ ... because of acquired damage to the natural valve and congenital heart anomalies.

BHFRL: - HTERERNCERBEHREMEREOCERY .

® The human hip joint is subjected to high levels of mechanical stress and receives considera-
ble abuse in the course of normal activity.

BHEX. AWBXTRBMIME NS, EEEEHPHLYSHFRTERER,
abuse: WA . BHFHEE, EHERAEY .

® By the age of 75, more than 50% of the population suffers from cataracts severe enough to
warrant I0L implantation.

SEHEFXL: WIS BHEBEAKRR, 502 U ERLBRTENONE, BEHEAALS
1798

Reading Material

Designed Biomaterials ( I )

Hydrogels

Hydrogels have been found in nature since life on earth evolved. Bacterial biofilms hydrated
living tissues, extracellular matrix components, and plant structures are ubiquitous, hydrated,
swollen motifs in nature®. Gelatin and agar were also explored early in human history. But, the
modern history of hydrogels as a class of materials designed for medical applications can be accurate-
ly traced.

In 1936, DuPont scientist published a paper on recently synthesized methacrylic polymers. In
this paper, Poly(2hydroxyethyl methacylate) ( polyHEMA) was mentioned. It was briefly described
as a hard, brittle, glassy polymer and clearly not considered of importance. After that paper, this
polymer was essentially forgotten until 1960. Wichterle and Lim published a paper in Nature descri-
bing the polymerization of HEMA monomer and a cross-linking agent in the presence of water and
other solvents ( Wichterle and Lim, 1960). Instead of a brittle polymer, they obtained a soft, water-
swollen, elastic, clear gel. This innovation led to the soft contact lens industry and to the modern
field of biomedical hydrogels as we know them today.

Interest and applications for hydrogels have steadily grown over the years. Important early ap-
plications included acrylamide gels for electrophoresis, poly( vinyl alcohol) porous sponges ( Ival-
on) as implants, many hydrogel formulations as soft contact lenses, and alginate gels for cell encap-

sulation.
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Hydroxyapatite

Hydroxyapatite is one of the most widely studied materials for healing in bone. It is both a natu-

ral component of bone (i.e., a materials of ancient history) and a synthetic material with a modemn

history.

Hydroxyapatite can be easily made as a powder. One of the first papers to apply this materi-

al for biomedical application was by Levitt et al. (1969), in which they hot-pressed the hydroxyap-

atite powder into useful shape for biological experimentation. From this early appreciation of the ma-

terials science aspect of a nature biomedical, a literature of.thousands of papers has evolved. In

fact, the nacre implant described in the prehistory section may owe its effectiveness to hydroxyapa-

tite-recent data have shown that the calcium carbonate of nacre can transform in phosphate solutions
to hydroxyapatite®(Ni and Ratner, 2003).

(Selected from Biomaterials Science, edited by B. D. Ratner,
A. S. Hoffman, F.]J. Schoen, and J. E. Lemons, 2005)

Questions
!
1. Where can we find hydrogels?
2. What are the applications of hydrogels? ‘
3. What is hydroxyapatite?
4. Could hydroxyapatite be used as a biomedical material? ;

New Words and Expressions

—
- O

—
w N

Notes
)

tures are ubiquitous, hydrated, swollen motifs in nature.

ubiquitous adj. BIAMFAER, BBELEN
hydrated adj. & KK

motif ». EJE, ER, 8, 3l
gelatin n. BERE, BHEE

agar n. B, AEFX

methacylate n. I REPIMARER

swollen adj. FPRKAY, FPEY

acrylamide n. THHSBERE

electrophoresis  n. HLJKBEE

. sponge n. B4, (SMPLA) MER, OF; o FHESSER. Rk (WK
. hydroxyapatite n. BEBEKA

. literature n. CEK, FEE, X% (EH)

. nacre n. RN

14.

phosphate n. BiESL

Bacterial biofilms hydrated living tissues, extracellular matrix components, and plant struc-
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SR FEAYEKSEERAS . SR ERBESMEYDEHEDILGEER, &K
4y, BEMERR.

@ In fact, the nacre implant described in the prehistory section may owe its effectiveness to
hydroxyapatite—recent data have shown that the calcium carbonate of nacre can transform in phos-
phate solutions to hydroxyapatite.

BEFEX: FXE, P BPHRNBERIEAVANTREERKANERE—BIEN
PREEZVERREFBI2HRINBRRESAIZERZERKD .

6.4 The Future of Biomaterials

There are trends in biomaterials, many of them highlighted in this review, that suggest the fu-
ture of biomaterials. Medical implants and in vitro systems are addressed separately.

Implanted medical devices are essential to modern medical practice, and they save lives or im-
prove the quality of life for millions. However, they still heal like foreign objects—they are encap-
sulated and walled off®. With the major investment by medical-device companies in development,
manufacture, marketing, surgeon acceptance, and regulatory approval, it is unlikely that medical
devices as we know them will change substantially in the next ten years. However, by surface mod-
ification of existing medical devices, we might expect to see devices that heal in a physiologically
normal fashion (a vascularized reconstruction of the anatomy). Such a normal healing will improve
the performance of many devices that are now hampered by poor healing (e. g. , the problems asso-
ciated with the foreign body capsule). For example, with integrative healing characteristics coupled
with advances in materials and robotics, implanted limbs may not only replace the functionality of
lost limbs but also provide some functionality even superior to that possible in flesh and blood limbs.

Another area of research that will lead to improvements in the performance of implants is a re-
duction in the propensity toward infection. This may be accomplished through antibacterial surface
treatments , nonfouling surfaces, and antibiotic controlled release strategies. Also, general advances
in controlled drug release will permit the development of devices with both device and drug function-
ality. The potential of this approach is now being realized with drug eluting cardiovascular stents
that inhibit restenosis. Finally, advanced smart materials may be used for tissue, organ, and system
replacement. A polymeric artificial muscle or an insulin-releasing system that intrinsically re-
sponds to blood glucose are examples of possible in vivo systems that use smart materials concepts
and also may substantially advance the treatment of diseases or organ/tissue replacement.

Two technologies, tissue engineering and regenerative medicine, both in development now,
will ultimately revolutionize medical implants®. Tissue engineering will allow replacement of many
tissues and organs with living, functional replacements. Tissue-engineering advances will rest upon
advances in biodegradable polymers, rapid prototyping, drug delivery, cell culture, stem cell
methodologies, angiogenesis, and biomimetic strategies for recreating extracellular, matrix-like
biomimetics. Also, advances in cell culture, gene delivery, cell and tissue storage, sterilization,

and surgery will be needed to fully realize the potential of tissue engineering. Regenerative medi-
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cine, permitting in vivo regeneration of whole organs and tissues, will ultimately replace tissue engi-
neering. Technologies important to making regenerative medicine a reality include advances in biolo-
gy, gene delivery, and controlled release.

With respect to in vitro systems, regulatory issues are not so constraining, and we can expect to
see substantial advances in devices both for diagnostics and therapeutics. Smart materials, non-
fouling surfaces, and MEMS concepts will enter into these devices. A chip array with complemen-
tary DNA to 100 different bacteria can rapidly recognize the origin of a bacterial infection®. An ar-
ray device with the whole human genome on it will permit infants to be diagnosed at birth with prob-
lems likely to crop up later in life. Preventative medicine, buttressed by this foreknowledge of
conditions that probably will develop later, can greatly improve the quality of life. Possibly, a
MEMS device containing a living culture of cells from a person’s body might be used to synthesize
on demand specific pharmaceuticals tuned to the physiology of the individual. The possibilities are
almost limitless for developments using smart systems and micro-and nanofsbrication. These in vitro
systems of the future will be grounded in an advanced understanding of the way biological systems in-
teract with synthetic surfaces. Careful ethical deliberation will also enter into these new technolo-

gies that have the potential to alter the expectations for humans.

(Selected from Biomaterials: Where we have been and where we are going,

by B.D. Ratener and S. J. Bryant; Annu. Rev. Biomed. Eng. , 2004)
Questions

1. Why implanted medical devices are essential to modern medical practice?
2. What is tissue engineering?

3. What is regenerative medicine?
New Words and Expressions

highlight n. #7RX, MEX, BBF (HE) 4 v M3, 1d, ENRE
foreign object R '
encapsulate v. ¥ AR, ERAH, EH

walled off (FI3E) FRIF

surgeon n. hBIEEA

approval n. FKik, B, EXAHE

substantially adv. FE4-3b

physiological adj. HHEER, £HE LK

hamper v Pifg, #Hl

10. robotics n. FlEFAZE, PLEEALAR

© PN h W

11. limb = Jk, R, 4%
12. flesh n. B, W&, AE; o AR, KF
13 '

. propensity n. i)
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14. antibacterial n. HLEZG; aodj. FEK

15. antibiotic n. $TEE; adj. P

16. eluting v PE#

17. cardiovascular stent 0> il S48

18. restenosis n. (W FEREH) ERAE

19. artificial muscle AL

20. insulin-releasing system MESHERKESR

21. regenerative adj. FAEN, FAEK

22. biodegradable adj. :¥IREMAEN, RSB
23. rapid prototype PRBEMLE, R

24. methodology n. Hik%, Hitif

25. angiogenesis n. M'EHAR, MEHE

26. recreate v BEKRFE, BBRE

27. biomimetics n. {4

28. sterilization n. R, 4£F

29. diagnostics n. LM, W%

30. therapeutics n. JTE, (T

31. nonfouling adj. RIFHRH, KFEHK

32. complementary adj. T, #PRK

33. array n. HEFU, SHEA; o B, HF

34. genome n. EEE4, Yefaiky

35. preventative adj. Tl Bh# 89

36. buttress n. X#Y; v T, B4

37. foreknowledge n. TiH, £ ZH

38. pharmaceutical n. Z5¥); odj. $IZHH, ZHFM
39. ethical aodj. SRBHE XK, REN, REFEN
40. deliberation n. B, B, Z&, A&

Notes

(D However, they still heal like foreign objects—they are encapsulated and walled off.
BEREI: R, ENAEENEIRY—aHE. 5HEERBA.
Walled off FREFKER, XEHHEAYRABNHMR—AREEERA S,

@ Two technologies, tissue engineering and regenerative medicine, both in development now,

will ultimately revolutionize medical implants.

S2HFN: FRER—HATEMELELY, REBEERT, B2 MRE EREER

THEHAY,
@ A chip array with complementary DNA to 100 different bacteria can rapidly recognize the or-

igin of a bacterial infection.
ZHEI . WA 100 FR [ 4006 4h 3 DNA $48 Both AT LA TR s st 19 5 40 ol A e 3
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Reading Material

Designed Biomaterials (IV )

Titanium

In 1791, William Cregor, a Cornish amateur chemist, used a magnet to extract the ore that
we know as ilmenite from a local river. He then extracted the iron from this black powder with hy-
drochloric acid and was left with a residue that was the impure oxide of titanium®. After 1932, a
process developed by William Kroll permitted the commercial extraction of titanium from mineral
sources. At the end of World War Il , titanium metallurgy methods and titanium materials made their
way from military application to peacetime uses. By 1940, satisfactory results had already been
achieved with titanium implants (Bothe et al. , 1940). The major breakthrough in the use of titani-
um for bony tissue implants was the Branemark discovery of osseointegration.

Bioglass

Bioglass is important to biomaterials as one of the first completely synthetic materials that seam-
lessly bonds to bone®. It was developed by Professor Larry Hench and colleagues. In 1967, Hench
was an assistant professor at the University of Florida. At that time his work focused on glass materi-
als and their interaction with nuclear radiation. In August of that year, he shared a bus ride to an
Army Materials Conference in Sagamore, New York, with a U. S. Army Colonel who had just return
from Vietnam where he was in charge of supplies to 15 MASH units. He was not terribly interested
in the radiation resistance of glass. Rather, he challenged Hench with the following: hundreds of
limbs 2 week in Vietnam were being amputated because the body was found to reject the metals and
polymer materials used to repair the body. “If you can make a materials that will resist gamma
rays, why not make a material the body won’t resist?”

Hench returned from the conference and wrote a proposal to the U. S. Army Medical R and D
Command. In October 1969 the project was funded to test the hypothesis that silicate-based glasses
and glass-ceramics containing critical amounts of Ca and P ions would not be rejected by bone. In
November 1969 Hench made small rectangles of what he called 45S5 glass (44. 5% SiO, by
weight) and Ted Greenlee, Assistant Professor of Orthopedic Surgery at the University of Florida,
implanted them in rat femurs at V A Hospital in Gainsville. Six weeks later Greenlee called “ Larry,
what are those samples you gave me? They will not come out of bone. I have pulled on them, 1
have pushed on them, I have cracked the bone and they are still bonded in place.” Bioglass was
born, and with the first composition studied! Later studies by Hench using surface analysis equip-
ment showed that the surface of the Bioglass, in biological fluids, transformed from a silicate-rich
composition to a phosphate-rich structure, possible with resemblance to hydoxyapatite ( Clark et
al. , 1976). -

(Selected from Biomaterials Science, edited by B. D. Ratner,
A. S. Hoffman, F.]. Séhoen, and J. E. Lemons, 2005)
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Questions

1. What did William Cregor discover in 17917
2. What is the main application of titanium as a biomaterial?
3. Who invented bioglass in 19697 How did he?

New Words and Expressions

1. amateur n. WRBEHFH, WREAREK
2. magnet n. BE{K, Wk
3. ilmenite n. K&

4. extract n. Y, WF, BB; o WH, B, BB, FF

5. hydrochloric acid #:E8 :

6. residue n. FRY, BREL, BH

7. impure adj. AZEKY

8. titanium n. £

9. military adj. ZHM, EHHY

10. bony tissue HZHLR '

11. osseointegration H%4&

12. 15 MASH units  (E%E) 15 WIS EEB

13. radiation n. ¥E, BHL, HHNY

14, amputate v VIR (FH. B%)

15. gamma ray {3 5+4k

16. silicate n. EEEEIL

17. rectangle n. K FH, Bk

18. orthopedic adj. B HLH

19. femurs n. KEEH, BBY, B

20. come out of fereeee FEH, Mheeeee ik

21. fluid » WA, WA, WEE; odi WIIKW, REER, WHK
22. resemblance n. J[E 24t

Notes

(D He then extracted the iron from this black powder with hydrochloric acid and was left with a

residue that was the impure oxide of titanium.
BEHEREX: R, MAERARHBAERERRE, ITHREYREAANLEL
Y.

@ Bioglass is important to biomaterials as one of the first completely synthetic materials that

seamlessly bonds to bone. .
BERX: N -MHEEFLXEXLEEENELARMN, EVBBRREAENEYH
*to )
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MEREFBELD (A): XERSISHIEBERDT (1)

1. where 3| SN RNBWMIFH

(1) where fEBERIAE, FR “fai”.

Where can three phases coexist in an equilibrium diagram of a binary showing complete insolu-
bility in the solid state?

HE—NMEEZEALEN AR L, ZMtETHENH AT 7

(2) where BI B HHFIER EE, 512 EEMNARFER o l1H” oo WA B
ETTE TN B{Jj&lﬁ” “Z_fE ...... ﬂﬁﬁ” “E ...... %ﬂﬁ‘z” “’ﬁ'/lxﬁﬂjj_”o

Where hardness peaks occur largely depends on the preheating of the parent metal and the heat
input at the time the weld is made. (where 5| S f)A) TR E1E, peak FH “MH” A KZ,
HHEEN “BREE".)

BAEEHAWAERAREE KBTS O MAAEROAER,

(3) where 5] R TFIEARIE

1) 5198 KRB N BHER o WS FE---- b7, WA RHER

Three phases can only coexist at a point referred to as an invariant point, where the temperature
and composition are fixed. (where 5|5 #9/48] F4E#8 SR )

ESHABEET-IMEEMA, EX—-AL, BEMAIEREH.

Stresses may also develop in the heat affected zones of steel welds, where a very hard constitu-
ent (called martensite) may have been formed so that cracking may take place. (where 5|3 [ #h
FCRIEMAT, R GBI E I SOIRE R R S, AT RASE R R AH B I RE AR )

PSR ERESBRNAEWE, AREHEK, BRARERNDERAM, NN
ERL,

Even after solidification the slag continues to protect the weld metal until it cools to the point
where reaction with the air is negligible.

EMEELT, BEbxEReBEINRPEN, RE-ERIAILFEERAEER
BE o ,

2) where 3| R B DURH EORIE, LREZMRENT, where RFHK, BRI ERE
R B, '

In welding where the workpiece is the positive pole and the electrode is negative, the hookup is
referred to as being straight polarity (dcsp).

THEERBRFEAROERE, RAIERER,

Where it is necessary to keep the workpiece as cool as possible, reverse polarity is the best
choice. (FIEREBMFD, AR B ARBHFRAMHRE, A BHEPRBEEFR
HRARIE )

WRITHLFREMBEH, BFEBERKE,

2. how 5| BHABBMIFHIS

(1) how fEEEMA], #W “EBH",
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How do physical properties depend on atomic and electronic structure?

YRR AR T T RS TR

(2) how BRI FIERE, how RENEIEMA, WEA LS THEM, TEBREEE
A—ARS, SATBBRMNIN ARG, BR “BRENT o’ BT SAXE
i 98

Furthermore, the electronic arrangement influences how the atoms are bonded to one another
and helps determine the type of material-—metal, ceramic, or polymer. (how | R84 FEEE
MAT)

ME, BRTFrS5RFIREINGSTAZRRTHIIEMW, JEHb FHYA B THEM RN
KE—ER. HEERRRY.

(3) how R E{EER, how RENEMM, ERA LB THEA, TEREEEFAH—
A4y, WATEMEMNEH— DT

The mechanical properties not only determine how well the material performs in service, but al-
so determine the ease with which thie material can be formed into a useful shape. (how 3|2 EiHE M
f], how AGEEE, FREMAFR “fHaBm” “EBR",)

LR BB A LR E T B IR AL T e BB ISP 3R, TO B T AP TRIEWIRES .

(4) how 5| RMHFIEEIE,

How the structure-property-processing interrelate in order to finally produce the required prod-
uct is determined. ( how 5| S A FIEFXIE)

ATBRAKBHRBHT &R, RIALAHEEHN BN L=82AAEERHREK,




Chapter Nanotechnology and Nanomaterials

7.1 What Are Nanomaterials?

Engineered nanomaterials are materials designed at the molecular (nanometre ) level to take ad-
vantage of their small size and novel properties which are generally not seen in their conventional,
bulk counterparts. The two main reasons why materials at the nanoscale can have different proper-
ties are increased relative surface area and new quantum effects. Nanomaterials have a much grea-
ter surface area to volume ratio than their conventional forms, which can lead to greater chemical re-
activity and affect their strength. Also at the nanoscale, quantum effects can become much more im-
portant in determining the material’ s properties and characteristics, leading to movel optical, elec-
trical and magnetic behaviours.

Nanomaterials have extremely small size as their defining characteristic, although there is as yet
no agreed national or international definition for nanomaterials®. The current working definition of
nanomaterials is a material having at least one dimension 100 nanometres or less. To put nanomateri-
als into perspective, up to 10,000 could fit across a human hair. Nanomaterials can be nanoscale in
one dimension (e. g. , surface films) , two dimensions (e. g. , strands or fibres) , or three dimen-
sions (e.g. particles). They can exist in single, fused, aggregated or agglomeréted forms with
spherical, tubular, and irregular shapes. Common types of nanomaterials include nanotubes, den-
drimers, quantum dots and fullerenes.

Products containing engineered nanomaterials are already in commercial use, with some having
been available for some time. The range of commercial products available today is very broad, inclu-
ding stain-resistant and wrinkle-free textiles, cosmetics, sunscreens, electronics, paints and
varnishes. Nanocoatings and nanocomposites are finding uses in diverse consumer products, such
as windows, sports equipment, bicycles and automobiles. There are novel UV-blocking coatings on
glass bottles which protect beverages from damage by sunlight, and longer-lasting tennis balls
using butyl-rubber/nano-clay composites. Nanoscale titanium dioxide, for instance, is finding ap-
plications in cosmetics, sun-block creams and self-cleaning windows, and nanoscale silica is being

used as filler in a range of products, including cosmetics and dental fillings®.

(Selected from www. nicnas. gov. au, 2009)
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Questions

1. What are engineered nanomaterials?

2. Why materials at the nanoscale can have different properties?
3. How about the size of nanomaterials?
4

. How aboui commerecial use of nanomaterials? .

New Words and Expressions

" 1. nanomaterial n. g1 Hl

2. novel adj. FHBH, BEM; o Pk

3. counterpart n. MMM ARY, Fid

4. nanoscale n. FIRRE, JIKER

5. quantum n. BF, BT

6. perspective n. WWEE, B, LR, iR, BUNE
7. strand n. £, 4&; o B

8. agglomerate ». JH, BE; n. KH, Kkik; odj. BHRH
9. spherical adj. BREH), R

10. dendrimer n. BIE 4T

11. quantum dot & F@& &

12. fullerene n. E#4E

13. stain-resistant TH 5

14. wrinkle-free R4

15. cosmetic n. {Litdh; adi. fRBCAAK

16. sunscreen n. (BFEETHAED) WL

17. vamnish n. BFE, HE@E; v B

18. diverse adj. AEK, TiEH

19. beverage n. th¥l

20. longer-lasting EiR AR, EWAK

21. butyl-rubber T HMWE, R THE

22. titanium dioxide g fbék

23. sun-block cream PN, BRI E
24. silica n. BEH, 1, TKER

25. filler n. EEW, WL
Notes

(D Nanomaterials have extremely small size as their defining characteristic, although there is as

yet no agreed national or international definition for nanomaterials.
2EBN: BRAEWRAPRMBNEALERNE —EX, BEEARNMIRSTRYX
R A BRAFLE
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®) Nanoscale titanium dioxide, for instance, is finding applications in cosmetics, sun-block
creams and self-cleaning windows, and nanoscale silica is being used as filler in a range of prod-
ucts, including cosmetics and dental fillings.

SEF: FIIM, FOKRENTELK, BATESRR. IBBMAERNE,, AF
gk — AL B E RS B A R TR RS — R 8 B AN .

a range of: —RFH, JEH,

Reading Material

How Are Nanomaterials Made?

Nanomaterials can be natural or manmade. For example, nanoparticles are preduced naturally
by plants, algae and volcanic activity. They have also been created for thousands of years as prod-
ucts of cooking and burning, and more recently from vehicle exhausts®. Some proteins in the body,
which control things like flexing muscles and repairing cells, are nanosized. We can set out to make
nanomaterials in a variety of different ways. Some nanomaterials can assemble themselves from their
components. Carbon fragments, for example, can self-assemble into nanotubes in this way. Another
approach, used in the production of computer chips, is to etch nanomaterials from larger pieces of
material. Increasingly, these two methods are converging, leading to exciting new production tech-
niques.

Powerful microscopes have been developed which allow
researchers not only to look more closely at atoms and mole-
cules, but also to pick them up and move them around to
form basic nanostructires. This allows some nanomaterials to

be built molecule by molecule. For instance, this technique

was used to manipulate atoms to spell out the IBM logo
Fig.7.1 Xenon atoms spelling out

the IBM logo. Each letter is about
laborious and unsuitable as an ir_ldustrial process. Snm from top to bottom.

Are Nanotechnologies Safe?

(Fig.7.1). However at present this technique is extremely

Most current and future nanotechnologies, such as computer chips and catalysts, pose no new
health or safety risks. This is because the nanomaterial is fixed or etched onto a larger object and
therefore unable to stray into the environment.

But concerns do exist about the possible impacts of manufactured nanoparticles and nanotubes
that are free to move around rather than being fixed or embedded into a bulk material. Although
these represent just a tiny fraction of all nanotechnologies, there is some evidence that their small
size may increase any potential toxicity. Certainly, the toxicity of a material in larger form does not
tell us what its toxicity will be when it is nanosized.

The worry is that free nanoparticles could be inhaled, ingested or enter the body via the skin,
and then cause damage to cells. Nanotubes, for example, are structurally similar to asbestos fibres,

which can cause respiratory problems when inhaled in large amounts over long periods.

Chapter 7 Nanotechnology and Nanomaterials
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So the Royal Society and Royal Academy of Engineering Report calls for:

® Free nanoparticles to be treated and labeled as new chemicals.

® Research into potential hazards to keep pace with new developments.

e The UK Government to provide funds for a new research centre to address safety concerns.

Currently, there is only very limited knowledge about the effects of inhaling nanoparticles or
nanotubes, but its thought that any risk would be linked to large doses. This means that any hazard
applies mainly to workers and researchers involved in their manufacture. The Health and Safety Ex-
ecutive (HSE) already has interim guidelines in place on the use of nanoparticles in the workplace,
so0 the report calls for:

® The HSE to review existing regulations and consider setting lower exposure levels for manu-
factured nanoparticles.

® Workplace exposure to be carefully monitored.

It is thought that the nanoparticles in sunscreens and cosmetics cannot penetrate the skin, but
further studies are needed to confirm this. So the report recommends that; -

® Industry publishes the manner in which their safety tests have taken the special properties of
nanoparticles into account®.

e Consumer products containing manufactured nanoparticles should be approved by an inde-
pendent safety committee before hitting the shelves.

At present, almost nothing is known about the potential effects of free nanoparticles and nano-
tubes on the environment. But it is possible that they could enter the food chain, and affect plants
and animals. So the report recommends that:

e Their release be minimised until their effects are better understood.

Some are concerned about grey goo, a fictitious notion in which self-replicating, man-made,
nano-robots devour the Earth and turn it into a grey goo. But there is no evidence to suggest that
nanobots like this could be made. The originator of the grey goo scenario, Dr. Eric Drexler, has
even retracted his original proposition.

Miniature Medicines

Simon Biggs is Royal Academy of Engineering/BNFL Professo; of Particle Science and Technol-
ogy at the University of Leeds. He studies the behaviour of nanoparticles and one of his key projects
is to develop new materials for use in drug delivery. Working with chemists at the University of Sus-
sex, he is looking at new materials which could carry drug molecules around the body and provide

controlled drug release.
( Selected from royalsociety. org, 2008 )

Questions

1. How can we make nanomaterials?
2. How can we observe basic nanostructures?

3. Tell some examples of nanotechnologies? Are they safe?
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4. How does the pepople consider the effect of the nanomaterial to cell?
New Words and Expressions

nanoparticle n. ZKER
volcanic adj. KIUH, BAH
exhaust ». F%, R

flexing n. B8h, Al Hed:
converging adj. WK, BEFH
manipulate ». R, FH, BAgGEH
_unsuitable edj. REEK
catalysts n. #E4LFH, RHIHE
pose v. BT, |

. fixed adi. BER, HEW

. embedded adj. fHAHK

. toxicity n. EEf

. asbestos n. G

. inhale ». T} A

. royal adj. EEH, F—NH

. hazard n. & v &K, BERER
. penetrate v. gﬁ, %ﬁ, T
18. self-replicating HBRE HIH

Notes

O 00 N N R W N -

bt e
- O

e e e e e
N R WwWoN

(D They have also been created for thousands of years as products of cocking and burning, and

more recently from vehicle exhausts.

SEEI: B (JORMR). ERERAMRENYERAEHIILTE, WHEETHE
EREFHRHESIT
@ Industry publishes the manner in which their safety tests have taken the special properties of

nanoparticles into account.

BEREX: TURAMTREEMRN TR, HPELEBAGFRBONG KR,

7.2 What Is Nanotechnology?

What Is Nanotechnology?

Nanotechnology is the understanding and control of matter at dimensions between approximately
1 and 100 nanometers, where unique phenomena enable novel applications. Encompassing
nanoscale science, engineering, and technology, nanotechnology involves imaging, measuring,

modeling , and manipulating matter at this length scale.
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What Is Special About the Nanoscale?

Unusual physical, chemical, and biological properties can emerge in materials at the
nanoscale. These properties may differ in important ways from the properties of bulk materials and
single atoms or molecules: some are better at conducting electricity or heat, some are stronger, some
have different magnetic properties, and some reflect light better or change colors as their size is
changed. Nanoscale materials also have far larger surface areas than similar volumes of larger scale

materials, meaning that more surface is available for interactions with other materials around them.
How Small Is a Nanometer?

It’ s defined as one billionth of a meter. How small is that? Some ways to think about just how
small a nanometer is (Fig.7.2);

® A sheet of paper is about 100,000 nanometers thick.

® Blond hair is probably 15,000 to 50,000 nanometers in diameter, but black hair is likely to
be between 50,000 and 180,000 nanometers.

® There are 25,400,000 nanometers in an inch.

® A nanometer is a millionth of a millimeter.

- The Scale of Things-Nanometers and More
Things Natural Things Manmade

2 lem
m 107 {Gmm
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L T 10 mE= | 50pm
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= 10um .
£ £ Red blosd oot
N
Red blood cells = £ : =
with white cell L= e AP
2~5um J 1,000 nanometers= Zomi plate x fay lens’
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10 mis

o
nc Fabricate and combine
=~ manoscale building
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107 mie- O-1um devices, eg, a )
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e s semiconductor storage.
= 2
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& ~Inm
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Fig.7.2 The scale of things
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Where Are Nanoscale Materials Found?

If scientists can create artificial spider silk economically, the superstrong, lightweight materi-
als could be used in sports helmets, armor, tethers and other products®. Nanoscale materials and
effects are found in nature all around us ( Fig. 7. 3). Nature’ s secrets for building from the
nanoscale create processes and machinery that scientists hope ta imitate. Researchers already have
copied the nanostructure of lotus leaves to create water repellent surfaces used today to make stain-
proof clothing, other fabrics, and materials. Others are trying to imitate the strength and flexibility
of spider silk, which is naturally reinforced by naneoscale crystals.

DNA Bacterium Large Raindrop
2.5 nanometers 2.5 micrometers 2.5 millimeters
diameter long diameter

s
%100,000

i
%100,000
Single-walled Strand of Hair _ House
Carbon Nanotube 100 micrometers 10 meters
1 nanometer diameter diameter wide

sy

*1,000,000
o
%1,000,000
Nanoparticle Ant Indianapolis Motor
4 nanometers 4 millimeters Speedway
diameter long 4 kilometers per lap

Fig.7.3 Three examples at the nanoscale
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Many important functions of living organisms take place at the nanoscale. Qur bodies and those
of all animals use natural nanoscale materials, such as proteins and other molecules, to control our
bodies’ many systems and processes. A typical protein such as hemoglobin, which carries oxygen
through the bloodstream, is 5 nanometers, or 5 billionths of a meter, in diameter.

Nanoscale materials are all around us, in smoke from fire, volcanic ash, sea spray, as well as
products resulting from burning or combustion processes. Some have been put to use for centuries.
One material, nanoscale gold, was used in stained glass and ceramics as far back as the 10th centu-
ry. But it took 10 more centuries before high-powered microscopes and precision equipment were de-

veloped to allow nanoscale materials to be imaged and moved around.
What Is Nanoscale Behavior?

At the nanoscale, objects behave quite differently from those at larger scales. Gold at the bulk
scale, for instance, is an excellent conductor of heat and electricity, but not of light. Properly struc-
tured gold nanoparticles, however, start absorbing light and can tum that light into heat, enough
heat, in fact, to act like miniature thermal scalpels that can kill unwanted cells in the body, such
as cancer cells®.

Other materials can become remarkably strong when built at the nanoscale. For example,
nanoscale tubes of carbon, 1/100,000 the diameter of 2 human hair, are incredibly strong. They
are already being used to make bicycles, baseball bats, and some car parts today. Some scientists
think they can combine carbon nanotubes with plastics to make composites that are far lighter, yet
stronger than steel. Imagine the fuel savings if such a material could replace all the metal in a car!
Carbon nanotubes also conduct both heat and electricity better than any metal, so they could be used
to protect airplanes from lightning strikes and to cool computer circuits.

( Selected from royalsociety. org, 2008 )

Questions
1. What are the characteristics of nanotechnology?
2. What will be happened when materials is reduced in size till a nanometric levels?
3. Tell some examples of nanometer?
4, Where can we found nanoscale materials?

New Words and Expressions

1. nanotechnology n. ZyHKEIAR

2. millimeter n. ZEXK

3. lightweight adj. B EK

4. repellent adj. HEFH, S AREN
5. fabrics n. &Y, 4R

6. spider n. BI%k
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7. protein n. BHE

8. hemoglobin n. MBE

9. miniature adj. /MEHK

10. scalpel n. @HIJTI, SBLFERT]

11. incredibly adv. FNEEAE{SHE

12. combine v. BXG, &6; n BE&4N, BEESicHHL
13. nanotube n. YIXKEF

14. strike o 3T, #F, WW

15. circuit n»n. HEE, FE

Notes

@ If scientists can create artificial spider silk economically, the superstrong, lightweight mate-
rials could be used in sports helmets, armor, tethers and other products.

BEHEL: MRPERBETFHHIE N AWKy, BAXFBRKG . REOH BT H
THEE LB, BF. BREHM™5H.

@ Properly structured gold nanoparticles, however, start absorbing light and can turn that light
into heat, enough heat, -in fact, to act like miniature thermal scalpels that can kill unwanted cells in
the body, such as cancer cells.

BEEX: R, ELSHOARER, FHEEOEE, FTEERBRARIHNE, BX
b, RBEQABTLUEAMBRMENT], TURRARHRTEQHANR, HOBEK.

Reading Material

Nanoscale Properties ( T )

Nanoscience and Nanotechnology have emerged within the borderland between physics, chem-
istry and biology. When a material is reduced in size till a nanometric levels, its properties and be-
havior are described by quantum physies and chemistry not the classical science. There is not a de-
fined limit between classical and quantum science but as while the material is reducing its size the
energy levels, those that say us how the materials behave, are more discrete going from classical to
quantum physics and chemistry.

Quantum Science is not so common to us because we are living in a macroscopic world
where we can easily understand the trajectory of a ball in a basketball match but not the route of an
electron because it is described by probabilities®. However the quantum world is now quite present
in our modern live because it plays an important role in the way the semiconductors, superconduc-
tors, lasers, and now nanomaterials work. In the future, we should like to control and organize them

into new structures with new abilities.
Electrical Properties of Nanomaterials
Nanomaterials can hold considerably more energy than conventional because of their large
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grain boundary (surface) area. They are materials in which an optical absorption band can be intro-
duced, or an existing band can be dltered by the passage of current through these materials, or by

the application of an electric field.
Applications of Electrical Properties of Nanomaterials

1. High energy density batteries

Conventional and rechargeable batteries are used in almost all applications that require elec-
tric power. The efiergy density (storage capacity) of these batteries is quite low requiring frequent
recharging. Nanocrystallipe materials are good candidates for separator plates in batteries because
they can hold consideral’;ly more energy than conventional ones. Nickel-metal hydride batteries
made of nanocrystalline nickel and metal hydrides are envisioned to require far less frequent rechar-
ging and to last much longer.

2. Large electrochromic display devices

An electrochromic device consists of materials in which an optical absorption band can be intro-
duced, or an existing band can be altered by the passage of current through the materials, or by the
application of an electric field®. They are similar to liquid-crystal displays (LCD) commonly used
in calculators and watches and are primarily used in public billboards and ticker boards to convey
information. The resolution, brightness, and contrast of these devices depend on the tungstic acid
gel’ s grain size. Hence, nanomaterials, such as tungstic oxide gel, are being explored for this pur-

pose
(Selected from Nanoscale Properties and Materials, by Miguel J. Yacaman, 2005)

Questions

What are of science of nanomaterial and nanotechnology 7
What will guantum world will be like, for examples?

How about the electrical properties of nanomaterials?

hw o=

What purpose is tungstic oxide gel being explored?
New Words and Expressions

borderland n. 1 M, WEE

nanometric adj. KK

classical adj. MK, HHM, EEKN
quantum Science BFHlF

macroscopic world ZEIRHEF

trajectory n. PUiH, P, FE
considerably adv. )FE M4 oh

alter v HAE, TE

rechargeable battery ZFEH B #h

I N I S
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10. nanccrystalline adj. 4K GHH

11. candidate n. WE¥FY), BREH

12. hydride n. Z4{b¥

13. envision o FEFR, WM

14. electrochromic HLikZh, BHEE

15. liquid-crystal display ( LCD) HRBERE (8%)

16. billboard n. ["45M, AR '

17. ticker board  (MEEARE . Hlip. K EWNSAMERERY) FREL, FRERK
18. convey v. f£i%, t&ik, #E, #it

19. resolution n. ZFHEE, FEMTE, i, P
20. tungstic acid 48

.Notes

(D Quantum Science is not 80 common to us because we are living in a macroscopic world where
we can easily understand the trajectory of a ball in a basketball match but not the route of an electron
because it is described by probabilities. .

BHFX: BARMNBEE-NEURENHRE, BTFREFERER, ROITURES
HF—-HERLEPHERNEE, BAFSERBEHRNETHT

® An electrochromic device consists of materials in which an optical absorption band can be
introduced, or an existing band can be altered by the passage of current through the materials, or by
the application of an electric field.

BEFEI: AT OAR[/QR B BRBA R, B E AL e I SR I L 5 T B
WEFERGEIE. ‘

7.3 Nano-Crystalline Metal and Nano Metal Foam

Nano-Crystalline Nickel

Nickel may one day compete with other materials in lightweight applications such as aerospace
componenté, sporting goods and armour systems for defense.

A Canadian nano-technology company, Integran Technologies; has developed a relatively low-
cost electroforming process: that can manufacture a variety of nano-crystalline forms, such as plates
and strips, with a higher strength-to-weight ratio than some of the strongest lightweight alloys made
of titanium and aluminum.

For example, the company’s nickel-iron (50% nickel) armour plating is 2. 5 times tougher
than the required specifications for U. S. military vehicles, whereas its body armour is seven times
stronger than that currently worn by soldiers and police. This increase in strength is accompanied by
a decrease in weight. V '

Integran has partnered with the U. S. Department of Defense to design new products based on
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these properties.

On the consumer front, potential applications include lightweight helmets that use nano-metal
foam technology, lightweight coatings to add stiffness to tennis rackets and golf clubs, and corrosion-
resistant, durable edges for skates, skis and snowboards.

The key to the technology is a single-step process that produces nano-materials with a grain size
a thousand times smaller than conventional alloys without sacrificing ductility. The tiny grain size
makes the metal stronger and more resistant to wear.

Although first tested in the lab in the early 1980s, it was another decade before the technology
found commercial applications.

The breakthrough occurred in the 1990s, when Ontario Hydro, a government-owned power
company in Canada, was seeking an in-situ repair technology for the degraded tubes in its nuclear
steam generator. Although nickel seemed like the ideal choice, because of its resistance to corrosion
and stress corrosion cracking in nuclear reactors, its use was limited by poor mechanical strength.

Nano-crystalline nickel saved the day, as it is four times stronger than conventional nickel
while retaining all of the metal’ s other attributes®. The resulting nano-crystalline “electro-sleeves”
were fitted over the original tubes to provide resistance to pitting, denting, cracking and other
forms of degradation. They remain intact today.

More recently, Integran has been working on bringing other applications to market. The versa-
tility of the company’ s process allows for a wide range of product forms including powders, foams
and complex net-shape components.

“The electro-sleeve process remains one of the first-ever large-scale applications for nano-struc-
tured materials,” says Gino Palumbo, Integran’s president and CEO. “But we’ re still only scratc-
hing the surface in terms of applications for nano-nickel products. 0u1: main limitation in promoting
our technology in the nickel community has been in identifying the areas where our materials can
best be of benefit. ”

Recent breakthroughs in nano-crystalline nickel have included its use in a nickel-iron coating
with superior magnetic properties and as an environmentally benign substitute for nickel-beryllium al-
loys with better strength, resilience and electrical conductivity. Equally valuable are nano-structured
analogs of nickel-iron alloys with low thermal expansion coefficient, such as those used in the
shadow masks of televisions and computer monitors.

Palumbo also sees a future for nano-crystalline nickel-iron alloys in the manufacture of micro-e-
lectro-mechanical devices by eleetro-deposition. The current electro-deposits fall short on reliability
because of their unpredictable properties. . Electro-deposited bulk nane-structures promise to over-

come this challenge by providing a uniform fine-grain structure throughout the device.

(Selected from Nano-crystalline Nickel, by Virginia Heffernan,2004)
Nano World: Metal Foams for Catalysis

Metal foams made of grains and pores only nanometers or billionths of 2 meter wide are lighter
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than Styrofoam, enough to float on water. The exiraordinarily high surface areas these unprecedent-
ed foams possess suggest they could serve as excellent platforms for chemical reactions that for in-
stance help generate electricity or remove pollutants, experts told UPI’s Nano World. -

The methods used for making metal foams have until now been limited mainly to a handful of
metals such as aluminum. These produce relatively dense, heavy foams or low-density foams with
large pores and low surface areas. The new and simple technique energetic materials chemist Bryce
Tappan and a multidisciplinary team of his colleagues at Los Alamos National Laboratory in New
Mexico developed produce unprecedented ultra-low density foams with pores as little as 10 nanome-
ters wide from metals scientists could not foam in the past.

“This is the first time that both a practical and scalable process has become available for produ-

»”

cing a variety of metal foams,” said Dennis Wilson, founder, chairman of the board and chief tech-
nical officer at Nanotechnologies in Austin, Texas.

The scientists discovered their new method accidentally. They were investigating how pellets of
metallic compounds rich in nitrogen burned. Normally such compounds combust very rapidly or even
detonate. However, the researchers saw pellets burned rapidly but steadily when in an inert atmos-
phere. While the heated metal atoms attracted each other and ultimately coalesced into monoliths of
nanoparticles, the resulting gases, such as hydrogen and nitrogen, blew tiny holes through the mol-
ten metal to form pores. The results are iron, copper, silver or cobalt foams®.

Without the gases, “there would just be a pool of metal,” Tappan said. Why the foams “don’t
fly apart into clusters or small particles is quite surprising,” he added, and not quite understood at
the molecular level. Tappan and his colleagues reported their findings in the Journal of the Ameri-
can Chemical Society.

These foams could find use in catalysts, the market for which in the year 2000 approached $27
billion in the United States alone. They could also find use in advanced chemical sensors for explo-
sives and other harmful agents, Téppan said, in storing hydrogen fuel, or even as coatings for pel-
lets in nuclear fusion experiments.

Membranes based on the porous foams could also find use in gas separation or water remedia-
tion, Wilson added. The foams might also be used in electrodes for batteries, fuel cells, solar cells
or supercapacitors, he added. “The efficiency of an electrode relates to its surface area,” Wilson
explained, and these foams are high in surface area.

Future research can investigate into creating foams from other kinds of metals, as well as opti-
mizing foams for applications by controlling their structures during manufacture, such as by tuning
how much gas is generated or by tinkering with the levels and duration of the gas pressure during

burning, Tappan said. .

(Selected from United Press International, 2006)
Questions
1. What are metal foams made of?
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2. Tell about some details of research progress of nano-crystalline nickel?
3. Why metal foams can float on water?
4. What kind of metals can make metal foams?

New Words and Expressions

1. ammour n. ZZH, 3
2. ductility n. ZEREM:
3. wear v B, WEF
4. nano-crystalline #§% 5
5. attribute n. YERE, 454
6. demt n. M
7. crack n. Z34%E; ». FH
8. degradation n. iB{fk
9. intact adj. TEILHEHH
10. thermal expansion coefficient FBE K £
11. foam n. ¥WHEMH
12, catalysis n. fE4L1EH
13. Styrofoam n. B Z MWK EE
14. multidisciplinary adj. RIEZRERIH
15. coalesce v &3
16. cobalt n. &
17. molecular adj. 43FH
18. fusion n. WG, K4S
19. store v 1R, 76k
20. porous adj. BEBFEM, AW
21. remediation n. ¥p3, HF
22. electrode n. B
- 23. supercapacitor n. #Z% 425 A%
24. investigate v. P&

25. optimize v. FHELIL
Notes

(D Nano-crystalline nickel saved the day, as it is four times stronger than conventional nickel
while retaining all of the metal’s other attributes.

SEFL: FORREBTRE, EREERLBRNEMIFRAERSERFTA HAArE.

saved the day: # T Kit; BB,

@ While the heated metal atoms attracted each other and ultimately coalesced into monoliths of
nanoparticles, the resulting gases, such as hydrogen and nitrogen, blew tiny holes through the mol-

ten metal to form pores. The results are iron, copper, silver or cobalt foams.
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SHFI: LYYMANSREFHIRS] HFBRAEIH N A HREOR B, LR
®, HMESMAR, ERLER ERHADGIATIE R SRBRT . @, 4.
BHHAKER

Reading Material
Nanoscale Properties ( 11 )

Mechanical Properties of Nanomaterials

Scientific challenges in nanoscience and nanotechnology include the development of nanomateri-
als with novel mechanical properties. The need for scratch, mar and/or abrasion resistance is well
established in various markets, including fingernail polishes, flooring, plastic glazing, headlamp
covers and other automotive parts, transportation windows and optical lenses, where clear scratch-re-
sistant coatings are used. Because the nanosize, many of their mechanical properties of the materials
is modified, among others, hardness and elastic modulus, fracture toughness, scratch resistance,
fatigue strength, and hardness. Energy dissipation, mechanical coupling within arrays of com-
ponents, and mechanical nonlinearities are influenced by structuring components at the nanometer
scale. This includes also the 'interpretation of unusual mechanieal behavior (e. g. , strengths ap-
proaching the theoretical limit) and the exploration of new ways to integrate diverse classes of me-

chanically functional materials on the nanosize.
Applications of Mechanical Properties of Nanomaterials

1. Tougher and harder cutting tools

Cutting tools made of nanomaterials, such as tungsten carbide, tantalum carbide, and titani-
um carbide, are much harder, much more wear-resistant, erosion-resistant, and last longer than
their conventional (large-grained) counterparts. Also, for the miniaturization of microelectronic cir-
cuits, the industry needs micro drills (drill bits with diameter less than the thickness of an average
human hair or 100 pm) with enhanced edge retention and far better wear resistance. Since nano-
crystalline carbides are much stronger, harder, and wear-resistant, they are currently being used in
these micro drills.

2. Automobiles with greater fuel efficiency

In automobiles, since nanomaterials are stronger, harder, and much more wear-resistant and
erosion-resistant, they are envisioned to be used in spark plugs. Also, automobiles waste significant
amounts of energy by losing the thermal energy generated by the engine. So, the engine cylinders
are envisioned to be coated with nanocrystalline ceramics, such as zirconia and alumina, which re-
tain heat much more efficiently that result in complete and efficient combustion of the fuel.

3. Aerospace components with enhanced performance characteristics

One of the key properties required of the aircraft components is the fatigue strength, which de-

creases with the component’ s age. The fatigue strength increases with a reduction in the grain size of
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the material. Nanomaterials provide such a significant rednction in the grain size over conventional
materials that the fatigue life is increased by an average of 200% -300% . In spacecrafts, elevated-
temperature strength of the material is crucial because the components ( such as rocket engines,
thrusters, and vectoring nozzles) operate at much higher temperatures than aircrafts and higher
speeds. Nanomaterials are perfect candidates for spacecraft applications, as well.

4. Ductile ceramics )

Ceramics are very hard, brittle, and hard to machine even at high temperatures. However,
with a reduction in grain size, their properties change drastically®. Nanocrystalline ceramics can be
pressed and sintered into various shapes at significantly lower temperatures. Zirconia, for example,
is a hard, brittle ceramic, has even been rendered superplastic, i. e. , it can be deformed to great

. lengths ( up to 300% of its original length). However, these ceramics must possess nanocrystalline
grains to be superplastic. Ceramics based on silicon nitride (Si,N,) and silicon carbide (SiC),
have been used in automotive applications as high-strength springs, ball bearings, and valve lifters,
and because they possess good formability and machinabilty combined with excellent physical,
chemical, and mechanical properties. They are also used as components in high-temperature fur-
naces.

5. Better insulation materials

Aerogels are nanocrystalline porous and extremely lightweight materials and can withstand 100
times their weight. They are currently being used for insulation in offices, homes, etc. They are also
being-used as materials for “smart” windows, which darken when the sun is too bright and they

lighten themselves otherwise.

(Selected from Nanoscale Properties and Materials, by Miguel J. Yacaman, 2005)
Questions

1. How about the mechanical properties of nanomaterials?
2. Please intruduce the applications of nanomaterials.

3. Tell the propertieds of ductile ceramics and intruduce some examples of them.
New Words and Expressions

1. scratch » ¥R, #; n. IR, BH; o« BESH
2. fingernail n. FEH

3. plastic glazing & PLBEHE

4. fatigue strength 3% 3538 fF

5. energy dissipation BEE#l#E

6. mechanical coupling HLARHHIF

7. carbide n. BRILY)
8. tantalum n. 48
9

. retention n. P&, RSB
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10. crucial adj. EXEEN

11. thruster #n. fEBERS

12. vectoring nozzle [a] BWEME , 2% [m) HEME
13. superplastic adj. ¥

14. formability ». B[ ERTEH:

15. machinabilty n. WA T4, ®FU7H|HE
16. aerogel n. S EEHE

17. porous adj. ZFLH

Notes

(D Ceramics are very hard, brittle, and hard to machine even at high temperatures. However,
with a reduction in grain size, their properties change drastically.

BEHFENX: WERAEFE, ERERBTEHEFEM TR . AT, HE/DERRT
G, B R BRSO,

7.4 Applications of Nanotechnology

The special nature of carbon combined with the molecular perfection of single-walled nanotubes
to endow them with exceptional material properties, such as very high electrical and-thermal con-
ductivity , strength, stiffness, and toughness. No other element in the periodic table bonds to it-
self in an extended network with the strength of the carbon-carbon bond. The delocalized pi-electron
donated by each atom is free to move ahout the entire structure, rather than remain with its donor
atom, giving rise to the first known molecule with metallic-type electrical conductivity. Furthermore,
the high-frequency carbon-carbon bonds vibrations provide an intrinsic thermal conductivity higher
than even diamond. In most conventional materials, however, the actual observed material proper-
ties—strength , electrical conductivity, etc. -—are degraded very substantially by the occurrence of
defects in their structure. For example, high-strength steel typically fails at only about 1% of its the-
oretical breaking strength. CNTs, however, achieve values very close to their theoretical limits be-
cause of their molecular perfection of structure.

This aspect is part of the unique story of CNTs. CNTs are an example of true nanotechnology :
they are under 100 nanometers in diameter, but are molecules that can be manipulated chemically
and physically in very useful ways®. They open an incredible range of applications in materials sci-
ence, electronics, chemical processing, energy management, and many other fields. CNTs have ex-
traordinary electrical conductivity, heat conductivity, and mechanical properties. They are probably
the best electron field-emitter possible. They are polymers of pure carbon and can be reacted and
manipulated using the well-known and the tremendously rich chemistry of c.arbon. This provides op-
portunity to modify their structure, and to optimize their solubility and dispersion. Very significant-
ly, CNTs are molecularly perfect, which means that they are normally free of property-degrading

flaws in the nanotube structure. Their material properties can therefore approach closely the very
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~ high levels intrinsic to them. These extraordinary characteristics give CNTs potential in.numerous ap-

plications.
Field Emission

CNTs are the best known field emitters of any material. This is understandable, given their
high electrical conductivity, and the incredible sharpness of their tip. The smaller the tip’ s radius of
curvature, the more concentrated the electric field will be, leading to increased field emission. The
sharpness of the tip also means that they emit at especially low voltage, an important fact for building
low-power electrical devices that utilize this feature. CNTs can carry an astonishingly high current
density. Furthermore, the current is extremely stable. An immediate application of this behavior re-
ceiving considerable interest is in field-emission flat-panel displays. Instead of a single electron gun,
as in a traditional cathode ray tube display, in CNT-based displays there is a separate nanotube elec-
tron gun for each individual pixel in the display. Their high current density, low turn-on and operat-
ing voltages, and steady, long-lived behavior make CNTs very attractive field emitters in this appli-
cation. Other applications utilizing the field-emission characteristics of CNTs include general types of
low-voltage cold-cathode lighting sources, lightning arrestors, and electron microscope sources.
Conductive or Reinforced Plastics

Much of the history of plastics over the last half-century has invelved their use as a replacement
for metals. For structural applications, plastics have made tremendous headway, but not where elec-
trical cenductivity is required, because plastics are very good electrical insulators. This deficiency is
overcome by loading plastics up with conductive fillers, such as carbon black and larger graphite fi-
bers. The loading required to provide the necessary conductivity using conventional fillers is typical-
ly high, however, resulting in heavy parts, and more importantly, plastic parts whose structural
properties are highly degraded. It is well-established that the higher the aspect ratio of the filler par-
ticles, the lower the loading required te achieve a given level of conductivity.

CNTs are ideal in this sense, since they have the highest aspect ratio of any carbon fiber. In
addition , their natural tendeney to form ropes provides inherently very long conductive pathways
even at ultra-low loadings. Applieations that exploit this behavior of CNTs include EMI/RFI shiel-
ding composites; coatings for enclosures, gaskets, and other uses such as electrostatic dissipation;
antistatic materials, transparent conductive coatings; and radar-absorbing materials for stealth ap-
plications.

‘A lot of automotive plastics companies are using CNTs as well. CNTs have been added into the
side mirror plastics on automobiles in the US since the late 1990s. ‘I have seen forecasts predicting

that GM alone will consume over 500 pounds of CNT masterbatches in 2006 for using in all areas of

"automotive plastics. Masterbatches normally contain 20 wt% CNTs which are already very well dis-

persed. Manufacturers then need to perform a “let down” or dilution procedure prior to using the
masterbatch in production.
Energy Storage

CNTs have the intrinsic characteristics desired in material used as electrodes in batteries and

capacitors, two technologies of rapidly increasing importance. CNTs have a tremendously high sur-
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face area, good electrical conductivity, and very importantly, their linear geometry makes their sur-
face highly accessible to the eleetrolyte.

Research has shown that CNTs have the highest reversible capacity of any carbon material for
use in lithium ion batteries. In addition, CNTs are outstanding materials for super capacitor elec-
trodes and are now being marketed for this application. CNTs also have applieations in a variety of
fuel cell components. They have a number of properties, including high surface area and thermal
conductivity, which make them useful as electrode catalyst supports in PEM fuel cells. Because of
their high electrical conductivity, they may also be used in gas diffusion layers, as well as current
collectors. CNTs’ high strength and toughness-to-weight characteristics may also prove valuable as
part of composite components in fuel cells that are deployed in transport applications, where durabil-
ity is extremely important.

Conductive Adhesives and Connectors

The same properties that make CNTs attractive as conductive fillers for use in electromagnetic
shielding, ESD materials, etc. , make them attractive for electronics packaging and interconnection
applications, such as adhesives, potting compounds, coaxial cables, and other types of connectors.
Molecular Electronics

The idea of building electronic circuits out of the essential building blocks of materials—mole-
cules—has seen a revival the past few years, and is a key component of nanotechnology. In any
electronic circuit, but particularly as dimensions shrink to the nanoscale, the interconnections be-
tween switches and other active devices become increasingly important. Their geometry, electrical

. conductivity, and ability to be precisely derived, make CNTs the ideal candidates for the connec-
tions in molecular electronics. In addition, they have been demonsirated as switches themselves.

There are already companies such as Nantero from Woburn, MA that are already making CNT
based non-volatile random access memory for PC’s. A lot of research is being done to design CNT
based transistors as well.

Thermal Materials

The record-setting anisotropic thermal conductivity of CNTs is enabling many applications where
heat needs to move from one place to another. Such an application is found in electronics, particu-
larly heat sinks for chips used in advanced computing, where uncooled chips now routinely reach
over 100°C . The technology for creating aligned structures and ribbens of CNTs is a step toward real-
izing incredibly efficient heat conduits. In addition, composites with CNTs have :been shown to dra-
matically increase their bulk thermal conductivity, even at very small loadings.

Structural Composites

The superior properties of CNTs are not limited to electrical and thermal conductivities, but also
include mechanical properties, such as stiffness, toughness, and strength. These properties lead to a
wealth of applications exploiting them, including advanced composites requiring high values of one
or more of these properties.

Fibers and Fabrics

- Fibers spun of pure CNTs have recently been demonstrated and are undergoing rapid develop-
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ment, along with CNT composite fibers. Such super-strong fibers will have many applications inclu-
ding body and vehicle armor, transmission line cables, woven fabrics and textiles.
Catalyst Support

CNTs intrinsically have an enormously high surface area; in fact, for single walled nanotubes
every atom is not just on one surface—each atom is on two surfaces, the inside and the outside of the
nanotube ! Combined with the ability to attach essentially any chemical species to their sidewalls this
provides an oppertunity for unique catalyst supports. Their electrical conductivity may also be exploi-
ted in the search for new catalysts and catalytic behavior.

CNT Ceramics

A ceramic material reinforced with carbon nanotubes has been made by materials scientists at
UC Davis. The new material is far tougher than conventional ceramics, conducts electricity and can
both conduct heat and act as a thermal barrier, depending on the orientation of the nanotubes. Ce-
ramic materials are very hard and resistant to heat and chemical attack, making them useful for ap-
plications such as coating turbine blades, but they are also very brittle.

The researchers mixed powdered alumina (aluminum oxide) with 5 to 10 percent carbon nano-
tubes and a further 5 percent finely milled niobium. The researchers treated the mixture with an
electrical pulse in a process called spark-plasma sintering. This process consolidates ceramic pow-
ders more quickly and at lower temperatures than conventional processes.

The new material has up to five times the fracture toughness-——resistance to cracking under
stress—of conventional alumina. The material shows electrical conductivity seven times that of previ-
ous ceramics made with nanotubes. It also has interesting thermal properties, conducting heat in one
direction, along the alignment of the nanotubes, but reflecting heat at right angles to the nanotubes,
making it an attractive material for thermal barrier coatings.

Biomedical Applications

The exploration of CNTs in biomedical applications is just underway, but has significant poten-
tial. Since a large part of the human body consists of carbon, it is generally thought of as a very bio-
compatible material. Cells have been shown to grow on CNTs, so they appear to have no toxic
effect. The cells also do not adhere to the CNTs, potentially giving rise to applications such as coat-
ings for prosthetics and surgical implants. The ability to functionalize the sidewalls of CNTs also
leads to biomedical applications such as vascular stents, and neuron growth and regeneration. It has
also been shown that a single strand of DNA can be bonded to a nanotube, which can then be suc-
cessfully inserted into a cell; this has potential applications in gene therapy.

Air, Water and Gas Filtration

Many researchers and eorporations have already developed CNT based air and water filtration
devices. It has been reported that these filters can not only block the smallest particles but also kill
most bacteria. This is another area where CNTs have already been commercialized and products are
on the market now. Someday CNTs may be used to filter other liquids such as fuels and lubricants as
well.

A lot of research is being done in the development of CNT based air and gas filtration. Filtra-
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tion has been shown to be another area where it is cost effective to use GCNTs already. The research
I’ ve seen suggests that 1 gram of MWNTs can be dispersed onto 1 sq. ft. of filter media. Manufac-

turers can get their cost down to 35 cents per gram of purified MWNTs when purchasing ton quanti-

ties.
Other Applications

Some commercial products on the market today utilizing CNTs include stain resistant textiles,
CNT reinforced tennis rackets and baseball bats®. Companies like Kraft foods are heavily funding
CNT based plastic packaging. Food will stay fresh longer if the packaging is less permeable to atmos-
phere. Coors Brewing company has developed new plastic beer bottles that stay cold for longer peri-
ods of time. Samsung already has CNT based flat panel displays on the market. A lot of companies
are looking forward to being able to produce transparent conductive coatings and phase out ITO coat-

ings. Samsung uses align SWNTs in the transparent conductive layer of their display manufacturing

process.

( Selected from www. nanowork. com, 2008 )

Questions

1. Tell some details about CNTs nanotechnology.
2. Tell some characters of Molecular Electronics.
3. Tell some applications of nanomaterial in water treatment.

4. What is the mechanism of nanomaterials used in filtration?
New Words and Expressions

endow v. B, By
thermal conductivity F##
strength n. SR

stiffness n. FEE

toughness n. ¥
delocalize v. {385 FFJE AL
donate v TERM, B
vibration n. #E3)

intrinsic adj. EA W, WK
. modify v. Rk, B

. field emitter 3% % 8

. microscope n. BIKE

. reinforce v. 43R

. plastics n. ¥¥

. graphite fiber R4

. pathway n. B§%2

[ e T o =
A L A W= O
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17. shielding composite BiiFE &+ ¥
18. enclosure n. [EIZS, B4
19. gasket n. M

20. antistatic adj. PiEBE K
21. stealth n. FBFEATH

22. energy storage BERfEFE
23. capacitor n. HLZ%%

24. lithium n. @&

25. battery n. H b

26. diffusion n. YL, #EH
27. adhesive adj. A

28. coaxial adj. EIHH

29. transistor n. SRS

30. routinely adv. BT/ Hb
31. dramatically adv. %ERE|#
32. fabrics n. ¥, Wik

33. catalytic adj. BN K
34. alignment n. HERE LR

35. biomedical adj. H=YEEH
36. biocompatible adj. 4¥E S
37. prosthetics n. FR#AR

38. filtration n. iF¥R, FHFLE
39. brewing n. EEiE

40. coating n. ¥FE

41. transparent adj. FEHHHY

Notes

@ This aspect is part of the unique story of CNTs. CNTs are an example of true nanotechnolo-
gy: they are under 100 nanometers in diameter, but are molecules that can be manipulated chemi-
cally and physically in very useful ways.

BEFX: XFERRAKE (CNT) MIFBEN L. RAKEREEHRERY
— T EfIRERZRART 100nm, HEWHAAEMPETERINERL T,

® Some commercial products on the market today utilizing CNTs include stain resistant tex-
tiles, CNT reinforced tennis rackets and baseball bats.

SEHEX: WATHH LW —HBRHAKRERL>REET WEHRE .. RIOKEHBERMN
RIGFERE '
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Reading Material

Nanoscale Properties (1T )

Optical Properties of Nanomaterials

Nanocrystalline sysiems have attracted much interest for their novel optical properties, which
differ remarkably from bulk crystals. Key contributory factors include quantum confinement of elec-
trical carriers within nanoparticles, efficient energy and charge transfer over nanoscale distances and
in many systems a highly enhanced role of interfaces. With the growing technology of these materi-
als, it is increasingly neéessary to understand the detailed basis for nanophotonic properties. The
linear and nonlinear optical properties of such materials can be finely tailored by controlling the crys-
tal dimensions, and the chemistry of their surfaces, fabrication technology becomes a key factor for
the applications.

" Surface Plasmons ( SP) are the origin of the color of nanomaterials. An SP is a natural oscil-
lation of the electron gas inside a given nanosphere. If the sphere is small compared to a wave-
length of light, and the light has a frequency close to that of the SP, then the SP will absorb energy.
The frequency of the SP depends on the dielectric function of the nanomaterial, and the shape of the
nanoparticle. For a gold spherical particle, the frequency is about 0. 58 of the bulk plasma frequen-
cy. Thus, although the bulk plasma frequency is in the UV, the SP frequency is in the visible
(close to 520nm). ‘ :

Suppose we have a suspension of nanoparticles in a host. If a wave of light is applied, the local
electric field may be hugely enhanced near an SP resonance. If so, one expects various nonlinear
susceptibilities, which depend on higher powers of the electric field, to be enhanced even more.

Glues containing nanoparticles have optical properties that give rise to uses in optoelectronics.
Casings, containing nanoparticles used in electronic devices, such as computers, offer improved
shielding against electromagnetic interference. Electrochromic, devices are similar to liquid-crystal
displays (LCD), are been developed with nanomaterials. The incorporation of nanomaterials in sur-
face coatings can provide long-term abrasion resistance without significantly effecting optical clarity,
gloss, color or physical properties.

Chemical Properties of Nanomaterials

One of the important factors for the chemical applications of nanomaterials is the increment of
their surface area which increases the chemical activity of the material.

Due to their enhanced chemical activity, nanostructural materials can be used as catalysts to re-
act with such noxious and toxic gases as carbon monoxide and nitrogen oxide in automebile catalyt-
ic converters and power generation equipment to prevent environmental pollution arising from burning
gasoline and coal®. Fuel cell technology is another important application of the noble metal nanopar-
ticles relating the catalysis of the reactions. In the present, the fuel cell catalysts are based on plati-
num group metals (PGM). Pt and Pt-Ru alloys are some of the most frequently used catalysts from

this group. In fact, the use of these metals is one major factor for cell costs, which has been one of
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the major drawbacks preventing it from growing into a more important technology. One possibility to
produce economical catalysts is the use of bimetallic nanoparticles.
Magnetic Properties of Nanomaterials

The strength of a magnet is measured in terms of coercivity and saturation magnetization val-
ues. These values increase with a decrease in the grain size and an increase in the specific surface
area (surface area per unit volume) of the grains. Therefore nanomaterials present also good proper-
ties in this field.

Magnets made of nanocrystalline yttrium-samarium-cobalt grains possess very unusual magnetic
properties due to their extremely large surface area. Typical applications for these high-power rare-
earth magnets include quieter submarines, automobile alternators, land-based power generators,
and motors for ships, ultra-sensitive analytical instruments, and magnetic resonance imaging
(MRI) in medical diagnostics.

(Selected from Nanoscale Properties and Materials, Miguel J. Yacaman, 2005)
Questions

1. How about optical properties of nanomaterials?
2. Tell some properties of liquid-crystal displays (LCD).

3. What are the magnetic properties of nanomaterials?
New Words and Expressions

1. confinement n. (#%) FR#H, (¥) &M, V%
2. nanophotonic adj. BAKICEHE K, FKIEFH
3. Surface Plasmons FHEZ%® F#T
4. oscillation n. #EZ), KT, WHh
5. nanosphere n. ZYXKIR
6. plasma n. B P&
7. suspension n. i, BT, BEH, HE

8. increment n. N, HME

9. chemical activity 4hL3ERE B

10, noxious adj. HEH

11. toxic adj. HEM, PEH

12. carbon monoxide — 4 {bak

13. platinum n. H4:, 44

14. bimetallic adj. XNE&BH

15. coercivity n. BP0, SFmitk

16. saturation magnetization {IFIBE{L, BEMRFN
17. rare-earth W+

18. submarine n. ¥/KAE; adi. KTH, WEHN
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19. magnetic resonance REFILHFE
20. diagnostics n. W, Lk

Notes

(D Due to their enhanced chemical activity, nanostructural materials can be used as catalysts to
react with such noxious and toxic gases as carbon monoxide and nitrogen oxide in automobile catalyt-
ic ¢onverters and power generation equipment to prevent environmental pollution arising from burning
gasoline and coal. v

SEEI: HTHAHOALREEYE, FOREHMB LIRS, ERERLERS
REBFEPSHLEEERGESEA N —EABME A LDHER, DB IR M AERR
bl NNEZS: R O
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MEREBERED (t): #5amEsa

1. #3a

I 5 a2 i WA R DR B S A O S R R A B . B TR R R R ORI %
WEE—E,

Sometimes the reverse is the case, and design engineers have a problem in their design which
requires a new material to be created by research scientists and engineers.

ErpRERER, Rt ITBRNERITHENERTEARARFEFT M

Glassy polyethylene is transparent while crystalline polyethylene is translucent.

FRENRZHEBAN, MEASHRZBUELERAN,

This stage of the processing is called fixing and must be carefully carried out, otherwise any un-
exposed silver bromide would slowly change color.

XA TR MER, LAFHERE, TN - HRBANRABREBESA,

2. 544 '

EEAR—NEAM—AH—TUAERNTER, AW AIRENFELEW, 3FH, H
A EEEREL T, F-ARENRELEW NG, NIELEE&AFHESRS,
EASAREMAEE, FTAMAG—RARXRKAHEE, ERENIEESAPRAYH RS R
[, A4k EEMAA . BiIENG ., RENG., EENGRRENA,

The skeiches explained why the hardness materials were chosen. ( ZEiE M f])

R R T REEMR IR . .

When the engineer changes the structure of the material, the properties also change. (RiEM
)

Y TRITREMR GRS, R ERBESRERT.,

" The engineer produced a component that had the proper shape and properties to perform its
task. (EENA])

THERMHEL T REEHMBRALENT TH, UBERTE,

The most important was how to change the structure of the materials to meet the need. (FEiE
MA))

BREEZNEERYEHHNNEHNTEBBEETE,

3. HEAMESANEE

(1) RBAKEs,

No sooner is stress removed than the strain produced in a stressed material is completely re-
moved in elastic behavior.

EREREN, —BEXBNN, HEHNERSELHE,

Only by heat treatment can we refine the crystal of this material.

R $u ik 78 7 B 40 4k 33 Fhobh 8 Sk

Not only shows the material excellent corrosion performance but also it shows the excellent

physical performance.



XFHBANBRTREHWRERR, TEHERTIRRAYELERE,

Not until World War I did jet plane come into use.

H B W R KR A I R AR KL,

(2) RARNEE. '

Only when you have obtained sufficient date can you come to a proper conclusion. (IR &M
Rig, @FEE) :

REFBRESHEE, TRE8HERBELR.

Hardly have we touched on their mechanical properties when our focus has been on amorphous

polymers in the preceding discussion.

BT RiNES, ROIEBHMEL T, HEXRRREMNHVRERE.,

Brittle as it is, there is no material more properly than it. (as 5| % LWERIBEBNA), 475
%)

BARXMHRRY, ERAHRHMNLEESE,

Had I known the new technology, I would have produced new product. ( 3l iEBI%)
MBRAMEHFTE, RASTFEH &,
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Chapter g Recent Advances in Materials
Science and Technology
and Future Trends

8.1 Recent Advances in Materials Science and Technology

In recent decades, a number of exciting initiatives in materials science have been undertaken
that could potentially revolutionize the future of the field. Smart materials and devices at micrometer

size scale and nanomaterials are two classes of materials that will critically affect all major industries.
Smart Materials

Some smart materials have been around for years but are finding more applications. They have
the ability to sense external environmental stimuli (temperature, stress, light, humidity , and elec-
tric and magnetic fields) and respond to them by changing their properties ( mechanical, electrical ,
or appearance) , structure, or functions. These materials are generically called smart matérials.
Smart materials or systems that use smart materials consist of sensors and actuators. The sensory
component detects a change in the environment, and the actuators component performs a specific
function or a response. For instance, some smart materials change or produce color when exposed to
changes in temperature, light intensity, or an electric current.

Some of the more technologically important smart materials that can function as actuators are
shape-memory alloys and piezoelectric ceramics. Shape-memory alloys are metal alloys that, once
strained, revert back to their original shape upon an increase in temperature above a critical trans-
formation temperature. The change in shape back to the original is due to a change in the crystal
structure above the transformation temperature. One biomedical application of a shape-memory alloy
is a stent for supporting weakened artery walls or for expanding narrow arteries®. The deformed
stent is first delivered in the appropriate position in the artery using a probe. The stent expands to its
original shape and size after increase its temperature to body temperature. For comparison, the con-
ventional method of expanding or supporting an artery is through the use of a strainless steel tube
that is expanded using a balloon. Examples of shape-memory alloy are nickel-titanium and copper-

zinc-aluminum alloys.
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Actuators may also be made of piezoelectric materials. The materials produce an electric field
when exposed to a mechanical force. Conversely, a change in an external electric field when ex-
posed to a mechanical response in the same material. Such materials may be used to sense and re-
duce undesirable vibrations of a component through their actuator response. Once a vibration is de-
tected, a current is applied to produce a mechanical response that counters the effect of vibration.

Now let us consider the design and development of systems at micrometer size scale that use
smart materials and devices to sense, communicate, and actuate: such is the world of microelectro-
mechanical system (MEMS). Originally, MEMS were devices that integrated technology, electronic
materials, and smart materials on a semiconductor chip to produce what were commonly known as a
micromachine. The original MEMS devices had the microscopic mechanical elements fabricated on
silicon chips using integrated circuits technology ; MEMS were used as sensors or actuators. But to-
day the term “MEMS” is extended to any miniaturized device. The applications of MEMS are also
numeraus, including but not limited to micropumps, locking systems, motors, mirrors, and sen-
sors. For instance, MEMS are used in automobile airbags to sense both deceleration and the size of

person sitting in the car and to deploy the airbag at a proper speed.
Nanomaterials

Nanomaterials are generally defined as those: materials that have a characteristic length scale
(that is particle diameter, grain size, layer thickness, etc. ) smaller than 100 nm (1nm =10 “m).
Nanomaterials can be metallic, polymeric, ceramic, electronic, or composite. In this respect, ce-
ramic powder aggregates of less than 100nm in size, bulk metals with grain size less than 100nm,
thin polymeric films with thickness less than 100nm, and electronic wires with diameter less than
100nm are all considered nanomaterials or nanostructured materials. At the nanoscale, the proper-
ties of the material are neither that of the molecular or atomic level nor that of the bulk material. Al-
though a tremendous amount of research and development activities has been devoted to this topic in
the past decade, early research on nanomaterials dated back to the 1960s when chemical flame fur-
naces were used to produce particles smaller than one micron (1micron =10 “m =10 nm) in size.
The early applications of nanomaterials were as chemical catalysts and pigments. Metallurgists have
always been aware that by refining the grain structure of a metal to ultrafine (submicron) levels, its
stmﬁgth and hardness increases significantly in comparison to the coarse-grained ( micron-size) bulk
metal. For example, nanostructured pure copper has a yield strength six times that of coarse-grained
copper.

The reasons for the recent extraordinary attention to these materials may be due to the develop-
ment of (1) new tools that make the observation and characterization of these materials possible and
(2) new methods of processing and synthesizing nanostructured materials that enable researchers to
produce these materials more easily and at a higher yield rate.

The future applications of nanomaterials are only limited to the imagination, and one of the
major obstacle in fulfilling this potential is the ability to efficiently and inexpensively produce these

materials. Consider the manufacturing of orthopaedic and dental implants from nanomaterials with
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better biocompatibility characteristics, better sirength, and better wear characteristics than metals.
One such material is nanocrystalline zirconia ( zirconium oxide) , a hard and wear resistant ceramic
that is chemically stable and biocompatible®. This material can be processed in a porous form, and
when it is used as implant material, it allows for bone to grow inte its pores, resulting in a more sta-
ble fixation. The metal alloys that are currently used for this application do not allow for such inter-
action and often loosen over time, requiring further surgery. Nanomaterials may also be used in pro-
ducing paint or coating materials that are significantly more resistant to scratching and environmen-
tal damage. Also, electronic devices such as transistors, diodes and even lasers may be developed
on a nanowire. Such materials science advancements will have both technological and economical
impact on all areas of engineering and industries.

Welcome 1o the fascinating and exceedingly interesting world of materials science and engi-

neering !
(Selected from Foundation of Materials Science and Technology,
by W. F. Smith and J. Hashemi, 2004 )
Questions
1. What materials will critieally affect all major industries?
2. What are smart materials?
3. What are shape-memory alloys?
4. Please describe MEMS by using your own words.
5. What are the reasons for the recent extraordinary attention to nanomaterials?

New Words and Expressioils

1. smart material 8B4, HLEH B
2. humidity n. BJE, B8

3. geneﬁc'ally adv. — i Hh

4. actuator n. BFEF, HHEE

5. sensory adj. (B, BEN, REN
6. shape-memory alloy JERIZIZA S

7. piezoelectric n. FHLAY

8. revert v WE, BIE

9. critical transformation temperature I 555735 I8 &
10. stent n. MEBHRFEE; odl. T HH
11. strainless adj. LHKITHY, TR
12. conversely adv. FIFHE

13. vibration n. ¥EEhH, Bzh

14. integrated circuit HE A H I

15. locking system ARG, SEEE
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16. airbag n. HE&S I, |48

17. aggregate n. Bil, B£EHK; odi EEHW, BEAW; v £E, BE
18. ultrafine eodj. AR, B/
19. coarse adj. MKy, HEH

20. imagination n. R, ZH, BRH
21. obstacle n. B, T

22. fulfill o JBFT, B, 5BR

23. orthopaedic adj. BIEIFH

24, surgery n. B}, FRE, BT E
25. scratch n. Bf5, PIE; o ¥, #
26. nanowire n. ZYKLE

27. fascinating adj. 2R AHK), S ABEREHN
28. exceedingly adp. FERHL, WREHL

Notes

@ One biomedical application of-a shape-memory alloy is a stent for supporting weakened arter-
y walls or for expanding narrow arteries.

BEREL: BRELALSEEYER PN —MNE, RARMAEZEEHENSKERY
A BREI LR

® One such material is nanocrystalline zirconia ( zirconium oxide), a hard and wear resistant

ceramic that is chemically stable and biocompatible.

SHEBRL . —HABKRB RIS (A, BER-HEEXMENBEE, H
B RREH RAE L PHEE,

8.2 Trends in Materials Science and Technology( I )

Fabrication at the micro- and nanoscale level will yield a number of new devices and products,
ranging from exquisite sensors to tiny walking robots and automated labs-on-a-chip. Key to such ad-
vances is understanding how to control the materials used and the development of new molecular ma-
nipulation and micromachining tools.. Advancements in photonics will help meet the demand for
greater bandwidth for communications, and innovations in photonic-integrated systems will expand
their use for signal processing. Both high- and low-temperature superconductors pose challenges and
promise commercial applications over the next decade, including in the distribution of electric power
and as ships’ engines(D. Creation of new materials will have effects throughout society, and the ver-
satility of polymers makes them a particularly attractive target for research. Self-assembly, by which

molecules form into structures on their own, also has gained increasing attention.
Microscale and Nanoscale Fabrication
Emerging micro- and nanominiaturization techniques promise to transform the typically
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planar world of these scales into three dimensions and to enable new devices and technologies of sci-
entific, industrial, economic, and security import, including a host of new sensors, walking mi-
crorobots, nanomotors, and new polymers. Understanding how to control the chemical composi-
tion, physical properties, and configuration of materials at the molecular level is a key element in
devising nanoscale building blocks for assembly into working devices and machines®. Achieving this
knowledge and integrating it into products requires an interdisciplinary effort by chemists, physi-

cists, materials scientists, and engineers.
MEMS

Microelectromechanical system (MEMS) devices have gone from relatively simple accelerome-
ters to devices that enabled the successful flight of twin tethered experimental communications satel-
lites, each of which is only 12 cubic inches and weighs 0.55 lb. The challenge now is to improve
MEMS techniques and develop new ways to do three-dimensional microfabrication of things such as
metallic coils. MEMS devices—already in commercial use as sensors and actuators—are being de-
veloped as micromachines and microrobots. Especially promising to the MEMS field is the advent of
laser-based micromachining and other innovations to supplement the photolithography-chemical etch-
ing process used originally. Laser techniques now in laboratory development can micromachine met-
als and fabricate devices of smaller dimensions—a few micrometers today and, perhaps, nanoscale
devices tomorrow. Swedish researchers have fabricated a walking silicon microrobot, as well as a mi-
crorobotic arm that uses conjugated-pelymer activators to pick up, move, and place micrometer-size
objects.

At the nanoscale level, the ability to manipulate atoms, molecules, and molecular clusters has
revealed often unexpected and potentially useful properties. Now scientists are seeking to exploit
these findings to create nanowires, nanomotors, macromolecule machines, and other devices. Nano-
motors, for example, will be needed to power many envisioned nanodevices, including switches,
actuators, and pumps. The challenge is to devise ways to convert chemical energy into power that

enables nanodevices to perform useful tasks and to find ways to control and refuel the tiny motors.
Nanotubes

Carbon-based nanotubes continue to attract interest because of the potential of their physical
and electrical properties. They are stronger and tougher than steel, can carry higher current densities
than copper, and can be either metals or semiconductors. Uses envisioned for them range from tiny
switches 1o new composite materials capable of stopping high-velocity bullets. Bringing such nanom-
eter applications to fruition, however, especially for electronics, will require new methods to reliably
and economically mass-produce nanotubes and control their characteristics, as well as ways to struc-
ture and organize them.

Without scanning probe microscopy, nanotechnology would remain largely a concept. Neverthe-
less, there exists the need for faster techniques to control, image, and manipulate materials and for

new ways to make molecular-scale measurements. One approach to greater specificity would harness
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the spatial resolution of scanning probe microscopy with the chemical specificity of molecular spec-
troscopy: :

Sensors

Microfabrication and MEMS devices will play increasingly greater roles in the development and
manufacture of high-tech sensors. The increased potential for terrorist attacks and the ‘threat of
chemical or germ warfare has spurred efforts by the civilian and military sectors to detect explosives,
deadly chemicals, and biological agents. A single lab-on-a-chip ean detect and identify a number of
different substances, a capability useful to medical and environmental monitoring as well as national
security. Beyond today’ s technology, researchers funded by the Defense Advanced Research Pro-
jects Agency (DARPA) are developing small, lightweight, easy-to-use MEMS-based biofluidic mi-
croprocessors capable of monitoring a person’ s blood and interstitial fluid and comparing readings
with an assay reference. chip. Such devices could not only give early warning of exposure to chemi-
cals or biological agents but also monitor general health, medication usage, and psychological stress.

The coming decade should see other significant advances in medical microsensors. For exam-
ple, English scientists are developing a camera-in-a-pill that can be swallowed to examine the gas-
trointestinal tract. The device, currently 11 x 30 millimeters, contains an image sensor, a light-
emitting diode, telemetry transmitter, and battery. Several improvements are needed before it can
complement or replace current endoscopy tools, including orientation control and a more powerful
battery that will enable it to image the entire gastrointestinal tract, from ingestion to elimination.
And a Michigan company, a winner in the 2000 Advanced Technology Program competition, is try-
ing to commercialize technologies developed at the University of Michigan. It hopes to create im-
plantable wireless, batteryless pressure sensors to continuously monitor fluids in the body. Potential
beneficiaries include patients with glaucoma, hydrocephalus, chronic heart disease, or urinary in-
continence.

Artificial or electronic noses are starting to find a home in industry. These devices typically
consist of an array of polymers that react with specific odors and a pattern-recognition system to iden-
tify an odor by the change it produces in a polymer. To date, artificial noses have been used mainly
in the food industry to augment or replace existing means of quality control, but potential uses in-
clude quality control in the pharmaceutical, cosmetic, and fragrance industries. Expanding the u-
ses of electronic noses will require sensors with greater sensitivity and specificity and more advanced

algorithms to improve performance. : ‘
Photonics

Photonics underpins optical communications. Because photons are more effective carriers of in-
formation than electrons, the demand for new ways to harness light to communicate and store data
will intensify® ,L- driven by the worldwide need for greater bandwidth. The development of wavelength
division multiplexing has opened ‘a progressive revolution in data transmission, storage, and process-

ing that could match that of electronics in the 20th century. Although most photonic eircuits today
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are analog, the development of low-cost photonic integrated systems will enable uses beyond commu-
nications, including signal processing and exquisite sensors. )
Photons travel at the speed of light and do not interact with one another, which all but elim.i-
nates cross talk and inference. However, logic functions require some interaction, and researchers
have sought ways to process information electronically and transmit it optically. One promising ap-
proach to integration is the use of smart pixel devices, which combine electronic processing circuitry
with optical inputs and/or outputs and can be integrated into two-dimensional arrays. Researchers
are investigating several approaches to applying smart pixels in high-speed switching, as intercon-

nects, and in flat-panel display applications.
Electro-optical Polymers

The increase in optical-fiber capacity also creates the need to speed information in and out of
the fibers. One mew approach to speeding this information flow uses polymers containing organic
chromophores, which are molecules involved in color. Evidence suggests that embedding chromo-
phores can yield electro-optical polymers that have higher speeds—as high as 100 gigahertz—and re-
quire lower voltages than present-day electronic modulators. However, chromephores tend to align
in ways that reduce the effect of an applied field, a problem that needs resolution.

Researchers are also exploring holography to create three-dimensional photonic crystals for use
in ultrasmall waveguides and other optical-communications uses. So far, however, the thickness of
the crystal layers is limited to about 30 micrometers, and more advances in processing will be nee-
ded to obtain the larger photonic crystals needed for communications applications.

Significant improvements in key photonic devices seem a certainty in the next decade, including
in-fiber optical filters (known as fiber Bragg gratings) , in-fiber amplifiers, and fiber lasers®. Fiber
Bragg gratings, for example, are the building blocks of wavelength division multiplexing and essen-
tial elements for the next generation of all-optical switches and networks. In-fiber amplifiers depend
on doping the core of optical fibers with rare-earth ions, and refining the doping process should opti-
mize various amplifier designs. - Fiber lasers can sustain high power densities and can currently gen-
erate pulses of 100 femtoseconds. The development of polymer lasers holds significant potential for
speeding communications.

One challenge to developing new photonic devices is that models currently used to characterize
materials require unrealistic. computer time. As a result, prototype devices often must be built for
testing. A great need exists for new algorithms to address issues such as simulation, analysis, align-

ment tolerance, and increasing the yields of photonic components.

( Selected from Future R & D Environments: A Report for the National Institute
of Standards and Technology, American National Research Council, 2002)

Questions

1. What kinds of products will yield if fabrication at the micro- and nanoscale levels?
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What are nanotubes?
What is a sensor?

Why does photonics underpining optical communications?

wn A WN

Give some examples of electro-optical polymers.
New Words and Expressions

1. exquisite adj. FHEH, ﬁfﬁﬁﬁ, REMN, MER
2. photonics n. JeFHF, FHNE

3. bandwidth n. FH

4. innovation n. #%E, ®HE

5. nanominiaturization n. ZUKREEI{L

6. planar adj. FHERY, VIHEH

7. microrobot n. FHFIHLIRA

8. nanomotor n. FAANCHHL

9. microfabrication f{RIHI{E (FHL)

10. envision ». R, HME

11. nanodevice n. ZHXKE/M (M)

12. nanotube n. FKE

13. spatial adj. ZS (G

14, spectroscopy n. JGiE%, W%, 4H06A
15. terrorist n. 4> TF

16. biofluidic adj. AEYHEWE, EWRER
17. microprocessor n. {¥AbEEER, WALBEHL
18. interstitial fluid ZHMEIAIME, (8] R Fik
19. assay n. & 9. {L¥, BE

20. gastrointestinal adj. BB H)

21. tract n. (fBH]) HE, #o¥

22. ingestionr n. EEL

23. batteryless adj. TLEHEIBHY

24. elecironic nose. HLFH (TR &)
25. odor n. KBk, £5

26. fragrance  n. 3¥%, &I

27. algorithm n. B, BHE %N

28. underpin ». FLHE, X#, MR- Yy 2 A
29. harness n. R£&, E&; o FH

30. pixel n. ¥, Rt

31. chromophore n. REH, REHK

32. align v HF|, HFF, BN

33. holography ». 2B AR

o
o
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34. waveguide n. &
35. Bragg grating 75 frA& el ’
36. femtosecond n. KF), ZELHMEL (10 Ps)

Notes

D Both high- and low-temperature superconductors pose challenges and promise commercial
applications over the next decade, including in the distribution of electric power and as ships’ en-
gines.

ZHF: RBAKREFEEIEERRMERRK 10 FERY LV AHANERR, 0Fd
FIBEFA TR,

@ Understanding how to control the chemical composition, physical properties, and configura-
tion of materials at the molecular level is a key element in devising nanoscale building blocks for as-
sembly into working devices and machines.

SHRE: MBI T RERTAESERRENAREMERE, THRIMAMESFRKEL
BB EERS . YEETEMSHRE—XBEE,

® Because photons are more effective carriers of information than electrons, the demand for
new ways to harness light to communicate and store data will intensify, ..

BER: ATRFRERFEARREERE, K AEREREMETRIEFEENY
%Skgﬂgﬁj: , reree

@ Significant improvements in key photonic devices seem a certainty in the next decade, inclu-
ding in-fiber optical filters (known as fiber Bragg gratings) , in-fiber amplifiers, and fiber lasers.

SHEI: KRR 104, XBHLTFRESHBEOUOE, QFEFRELRE (K
RATHAE AT ) | ST KRS ML MR

8.3 Trends in Materials Science and Technology( Il )

Superconductors

In recent years, applications of high-temperature superconductors have moved beyond the realm
of laboratory sensors®. The U.S. Navy, for example, has awarded a contract for the design of a
25,000-horsepower superconductor motor to power its next generation of destroyers. The ability of
these superconductors to transmit electricity with essentially zero resistance will in and of itself guar-
antee continued efforts to understand the phenomenon, develop new superconducting materials, and
apply them. ‘

Opening up applications and a large commercial market for superconductor wires and cables will
require increasing the current-carrying capacity of high temperature superconductors, and the coming
years will witness further efforts to resolve this challenge. German researchers have achieved a six-
fold increase in current-carrying capacity at 77 K by manipulating the make-up of a yttrium-bari-

um-copper oxide superconductor. The researchers replaced some yttrium ions at grain boundaries
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with calcium ions. 77 K is the boiling point of nitrogen and the point above which many believe su-
perconductors can be widely commercialized. This discovery suggests similar chemical tinkering may

raise the current carrying capacity of other high-temperature superconductor compounds.
Superconducting Plastics

Electrically conducting plastics were discovered a quarter-century ago, but only now have su-
perconductor plastics come to the fore. Superconductor polymers have been problematic because
plastics carry current as the result of doping them with impurities, but superconductivity requires an
ordered structure that does not disrupt electron flow. An international team that included Bell Labs
researchers reported earlier this year that it had observed superconductivity in the polymer poly
( hexythiophene). The researchers placed the polymer inside a field-effect transistor, injected it
with holes, and achieved superconductivity at 2. 35 K. The new discovery should pave the way for a
new approach to developing and applying superconductor polymers.

The discovery of an intermetallic superconductor with a critical temperature of 39 K, announced
earlier this year, opens another area of opportunity. Although low in operating temperature compared
with today’ s high-temperature superconductors, the magnesium boride compound can carry three
times as much current, weight for weight, because it is a lighter material, and it can be cooled by

closed-cycle refrigeration instead of liquid helium coolants®.
Nanotubes

Low-temperature superconductors continue to demonstrate resilience and the potential for signif-
icant development. An ongoing Department of Energy program supports efforts to move these materi-
als into commercial use. In one demonstration project, a consortium of companies is readying super-
conductor cable to serve 14,000 inner-city Detroit customers with electricity. Experimentally, nano-
tubes—which at room temperatures can be insulators, semiconductors, or metals—have added to
their reputation as physical chameleons with the discovery that they can become superconductors.
European researchers suspended a number of single-wall nanotubes between two superconductor e-
lectrodes and found they became superconductors and ultrasmall Josephson junctions at between
0.3 and 1.0 K, depending on the sample.

New Materials and Self-Assembly

Materials science underpinned much of the technological advancement of the 20th century and
will continue to do so in this decade. The discipline involves understanding the structure and physi-
cal properties of materials and finding ways to alter them for useful purposes. The coming years will
accelerate the design of materials with specific performance capabilities dictated by a specific need.
The applications of materials science range across modern life, from new structural materials, to
sensing devices, to implantable biocompatible replacement parts for humans. As they have in recent

decades, innovations in materials will enable a spectrum of new products and technologies.
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1. Polymers

These long-chain molecules have made important contributions to technology and will continue
to do so (see flat displays and printed circuits). Polymers, depending on their composition, can
be as rigid and strong as steel, as floppy and stretchable as rubber bands, or somewhere in between.
Synthesizing polymers with specific properties, sizes, and shapes, however, remains a significant
challenge. Despite substantial progress in controlling the architecture and functions of polymers,
considerably. more needs to be accomplished in understanding these materials and in developing ways
to easily tailor their configurations and properties to meet specific needs—whether as new materials
for an old product or a new material for an envisioned use. Japanese researchers, for example, have
used the probe tip of a scanning tunneling microscope to fashion conjugated polymers into nanowires.
Researchers at the Massachusetts Institute of Technology are developing a shape-memory polymer with
properties and applications superior to those of the shape-memory metal alloys now available.

2. Composite materials

By chance, guesswork, and science, humans have created alloys for more than 4,000 years.
Composite materials, in the form of straw-based bricks, go back roughly 7,000 years. As scientists
develop a deeper understanding of how to structure and process molecules in ways that fine-tune their
physical properties, new alloys and composite materials will emerge. In Earth-orbit experiments,
researchers have developed a nanocomposite in which magnetic nanoparticles move freely inside
cavities that form within the material. Potential applications include tiny compasses, gyroscopes,
switches, and, perhaps, microtransformers. Today’s alchemists rely on computers—for modeling,
computational chemistry, and computational physics—sensitive imaging studies, and nondestructive
testing. Even better tools are needed as the science surges forward.

3. Self-assembly

One area likely to progress rapidly over the next decade is that of molecular self-assembly to in-
expensively produce atomically precise materials and devices®. Harnessing this phenomenon will
provide a critical element in fabricating new materials, nanomachines, and electronic devices. Some
examples of self-assembling materials in development include smart plastics that assemble themselves
into photonic crystals, spinach-based epto-eleetronic circuits for possible use in logic devices and
ultrafast switches, and inorganics and organics that self-assemble between two electrodes to form
transistors. Earlier this year, English scientists reported what they called the equivalent of catalytic
antibodies for synthetic chemists—a dynamic solution that enables molecules to arrange themselves
into the best combination to bind to a specific target. Self-assembly has important applications in the
biomedical sciences. One technique, for example, uses a system in which molecules assemble into
countless combinations that are quickly tested for their ability to bind to receptors.

A great deal remains unknown about the process of molecular self-assembly or how to utilize it
for producing new materials or new applications. Even more challenging is the creation of materials
that self-assemble from two or more types of molecules.

(Selected from Future R & D Environments: A report for the National Instituie of
Standards and Technology, American National Research Council, 2002 )
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Questions

1. What is a superconductor?

2. Can nanotubes become superconductors?
3. What does self-assembly mean?
4

. Tell something about composite materials.
New Words and Expressions

navy n WME, REA

horsepower n. By -

destroyer n. WAEM, BHKE
manipulate v ¥fE, BY, FAH, FH

yttrium  n. 42,

barium n. 8l

boiling point ¥ s

nitrogen n. %

problematic adj. FFIEEKY, FHEEEM
. Bell Labs Il /RELBZE

. poly (hexythiophene) n. O FEBEEWH}
. hole n. I, fl

. magnesium boride Fj{LEE

. closed-cycle Hi&1EH

. liquid helium W%

. coolant n. YA, BN

. resilience n. [E}F8 7, 4k, ¥KEH
. Josephson junction #)ZER TG

. self-assembly E3F, A

. flat display E#i B2

. printed circuit EJ i dg B%

. probe tip 4tk

. guesswork n. JF#, FHAE

. Earth-orbit P HiERHLE

. nanocomposite n. YINKE LY, SKE S
. opto-electronic JEHLH

27. countless adj. TE K, BARY

\OOO\IO\UIJBWN:—‘

[ I S T N I N T N e I R e i e
S’\gkwm»—o\ooo\xmm#uw»-o

Notes

(D In recent years, applications of high-temperature superconductors have moved beyond the

‘realm of laboratory sensors.
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EHFX: BFXK, RRERANWNACLER TERENHEE.

® Although low in operating temperature compared with today’s high-temperature supercon-
ductors, the magnesium boride compound can carry three times as much current, weight for weight,
because it is a lighter material, and it can be cooled by closed-cycle refrigeration instead of liquid
helium coolants.

2EFX. REGMESYHNTARESRENRBRE M LEK, AEERHERN
BOT, ENLERHRER3HHNER, BEER, FETURMARMEIHGIE RN, MAHK
ARHEH o '

weight for weight ZEM AR, “TEHBHFMEL T .

@ One area likely to progress rapidly over the next decade is that of molecular self-assembly to
inexpensively produce atomically precise materials and devices.

BEFEL: —AARERKR 10 FARBRRBHTERES T HHEK, EWUAEREHBE
RS RRES G
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R RIEBEHRD

BEEBRXNEE, N TRRBHAKFAEDBZERREREEATRMERERL. &7
KRB EREER, BEESEBMRER, BFEMNRERBENE WAL UARELRE
BRAERERNIEE, IREARENEIER), SRTER —BELANEERS,

1. HEXEHEREER

(1) BWEMRAREENSELH—BAK:

We aim to investigate the effect of high current density electropulsing on the corrosion resistance
of X70 pipeline steel.

This paper focuses on cutting performance for HSS twist drills with CrTiN coating.

The purpose of this paper is to investigate the effect of Er on the mechanical properties of Al-
Zn-Mg alloy.

(2) MEMBHARITEN—BAX:

The effect of Er on microstructures was studied by OM, RD, SEM and TEM.

XRD and TEM were used to study the structural evolution of the powder during ball milling.

The effect of sodium molybdate concentration on the surface morphology was analyzed by EDS,
SEM and XRD.

(3) MEMRERNG LM —BAX:

The results show that the addition of Er on Al-6Zn-2Mg alloy is capable of refining grains cbvi-
oﬁsly. .

The paper concludes that the corrosion resistance of the composite coating heat-treated at 500°C
is better than as deposited and Re-Ni-W-SiC composite coating heat-treated at 400°C.

2. BIHFEREBESIEHEER

—REFPREXE, FIFEXER, 3ISTPESHASCRE: IRnEH, BHAE
B, QFERGGEL, STANZ—RESRTHETHE, FEBERR; FEMRMT MM,
RN BERRE A RFE L

(1) BEESSRTRABRRZE, A however 5 but HiHF[ AR, Hn:

Several studies on the synthesis of TiB, have been reported, however the formation mechanism
of TiB, is not clear till now because of the insufficient analysis methods.

There are references on friction, wear and oxidation performance of the composite coating, but
the reports on corrosion resistance are few.

So it is hardly to utilize the advantages of the surface micro- or nano-crystallization on pack alu-
minizing.

(2) MEYHHERMARE, AAE ERMER A CHPIROEE Y.

The purpose of this paper is to study the effect of heat treatment on the structure and thermal
stability of the mechanically alloyed powder.

In addition, we will also discuss the reaction mechanism of the formation of TiB, via MA tech-

nique.
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Further studies are still necessary to develop a new processing technique.

The purpose of the paper was to provide feasible conditions of using and reduce the corrosion
rate of NiFe, 0, based cermets.

3. MREEBELBHEEER

BB EBERXRAN. BMEANERENAS, —REFUTZATEHHE:
ARLRUHHER; SWAFMIT/ENAR, BRI ARNRBEET —-LHBRRITA
EW '

(1) AEEMHRFEIHSELE:

The results indicated that increasing Zn content makes the grains of the as-deposited alloys re-
fines.

The following conclusions can be made from this study.

The results obtained are summarized as follows.

From the present study, the following conclusions can be established.

(2) BHERE, ATIH T SRR HB

There are several issues deserving further study.

However, a full explanation for link between the soft made theory in Raman spectra and ferroe-
lectric phase transition at microscopic level is still difficult and waits for a further exploration.

Any further investigation in this area must focus on larger additions of ternary elements.

A more extensive investigation of the Ti-Al-Ag system will be required to allow exact definition
of an optimum alloy compesition range.

From the study the following recommendation should be made.

|
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Appendixes

Appendix A Chemical Elements

&8 ERET X4 B BT X% E S
1 H & Hydrogenium Hydrogen
; 2 He = Helium Helium
3 Li - Lithum Lithium
4 Be 8 Beryllium Beryllium
5 B "] Borium Boron
6 C B Carbonium Carbon
7 N o Nitrogenium Nitrogen
8 0 = Oxygenium Oxygen
9 F E % Fluorum Fluorine
10 Ne oA Neonum Neon
11 Na -5} Natrium Sodium
12 Mg 3 Magnesium Magnesium
13 Al & Aluminium Aluminium
14 Si RE Silicium Silicon
15 P 3 Phosph;(;mm Phosphorus
i6 S " Sulphu Sulfur
17 Cl E Chlorum Chlorine
18 Ar = Argonum Argon
19 K ] Kalium Potassium
20 Ca 5 Caleium Calcium
21 Se & Scandium Scandium
22 Ti & Titanium Titanium
23 v #l Vanadium Vanadium
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(28)

FFrE TR PICERR RTH A
24 Cr % Chromium Chromium
25 Mn =4 Manganum Manganese
26 Fe & Ferrum Iron
27 Co & Cobaltum Cobalt
28 Ni L Niccolum Nickel
29 Cu | Cuprum Copper
30 Zn >4 Zincum Zinc
31 Ga -4 Gallium Gallium
32 Ge - Germanium Germanium
33 As B Arsenium Arsenic
34 Se . Selenium Selenium
35 Br | Bromium Bromine
36 Kr g Kryptomum Krypton
37 Rb & Rubidium Rubidium
38 Sr -} Strontium Strontium
39 Y LA Yttrium Yttrium
40 Zr -] Zirconium Zirconium
41 Nb 8 Niobium Niobium
42 Mo L) Molybdanium Molybdenum
43 Te & Technetium Technetium
44 Ru & Ruthenium Ruthenium
45 Rh & Rbodium Rhodium
46 Pd L.} Palladium Palladium
47 Ag L::} Argentum Silvgr
48 Cd -] Cadmium Cadmium
49 In M Inlium Indium
50 Sn 5 Stannum Tin
51 Sb & Stibium Antimony
52 Te i Tellurum Tellurium
53 1 B Iodium Todine
54 Xe i Xenonum Xenon
55 Cs & . Caesium Caesium




(8%)

BETFE RS PXER HTXE X
56 Ba an Baryum Barium
57 La o Lanthanum Lanthanum
58 Ce L Cerium Cerium
59 Pr % ‘ Praseodymium Praseodymium
60 Nd & Neodymium Neodymium
61 Pm -4 Promethium Promethium
62 Sm & Samarium Samarium
63 Eu =) Europinu Europium
64 Gd 4L Gadolinium Gadolinium

- 65 Th &k Terbium Terbium
66 Dy ] Dysprosium Dysprosium
67 Ho & Holmium Holmium
68 Er 218 Erbium Erbium
69 Tm & Thulium Thulium
70 Yb ¢ Yttexbium Ytterbium
71 Lu - Lrtetium Lutetium
72 Hf @ Hafnium Hafnium
73 Ta @ Tanatalum Tantalum
74 w ® Wolfram Tungsten
75 Re L2 3 Rhenium Rhenium
76 Oe -3 Osmium Osmium
77 Ir & Iridium Iridium
78 Pt Lz | Platinum Platinum
79 Au & Aurum Gold
80 Hg x Hydrargyrum Mercury
81 Tl & Thallium Thallium
82 Pb 4 Plumbum Lead
83 Bi & Bismuthum Bismuth
84 Po &b Polonium Polonium
85 At B Astatium Astatine
86 Rn E Radon Radon
87 Fr by Franium Francium
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(%)

SRS

FEFEH XEK T XE BXA
88 Ra 1 Radium Radium
89 Ae 4 Actinium Actinium
90 Th &t Thorium Thorium
91 Pa >3 Protactinium Protactinium
92 U 4 Uranium Uranium
93 Np & Neptunium Neptunium
94 Pu & Plutonivm Plutonium
95 Am L} Americium Americium
96 Cm & Curkelium Curium
97 Bk & Berkelium Berkelium
98 - Cf i Californium Californium
99 Es & Einsteinium Einsteinjum
100 Fm [ 4 Fermim Fermium
101 Md #1 Mendelevium Mendelevium
102 No &% Nobelium Nobelium
103 Lr & Lawrencium Lawrencium
104 Rf & Rud?orfordium Ruthorfordium
105 Db 4t Dubnium Dubnium
106 Sg & Seaborgium Seaborgium
107 "Bh L. Bohrium Bohrium
108 Hs i Hassium Hassium
109 Mt L5 3 Meitnerium Meitnerium
110 Ds & Darmstadtium Darmstadtium
1t Rg %® Roentgenium Roentgenium
112 Uub
113 Uut
114 Uuq
115 Uup
116 Uuh
117 Uus
118 Uuo




Appendix B Periodic Table of Elements

SEERE#IZ# (Periodic table of (chemical) clements)

S# Wi B SR REILE

21 #rl2z &k |23 |24 #B|25 & |26 #|27 45 |28 ®(20 #@
Sc T v Cr | Mn Fe | Co Ni Cu
44956 | 47.9 |50.0415|51,996 54038 | 55.84 58.9332| §8.60 | 6354
29 42(40 B |41 &R |42 40|43 8 [44 4T7(45 % |46 |47 IR
Y | 2Zr |[Nb | Mo | Tc | Ru | Rh | Pd | Ag
88.906 | 91.22 |92.9064| 9594 | 99  |101.07 [102.906|106 42 |107.868
71 48072 th|73 @ |74 |75 K (76 Wh|77 k|78 4|79 &
Lu Hf Ta w Re | Os Ir Pt Au
17496 | 1784 |180947 | 1838 |185.207| 1902 | 1922 |195.08 |196.957
1036 |10445 1054kt [106 5 107 & |108 42100 85 (110 8511158
tr | Rf | Db | 8sg | Bh | Hs | Mt | Ds | Rg
260 | (261) | (262) | (263) | (262) | (265} | (266} | (269) | (272)
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Appendix C The Metric, British and U. S. Systems

Classfications Name Abbr. Chinese Translation Equivalent Metric Value
mile ml. HE 1760vyd. 1. 609km
yard vd. gl 3. 0.914m

Length {£5) foot ft. %R 12in. 30. 48cm

inch in, o~} 2. 54cm
nautical mile WwH, E 10cable’ s 1. 853km (UK)
Nautical Measure length 1.852km( SI)
(RicHE) cable’ s length & 185.3m(UK)

185.2m(SI)

square mile sq. ml, Ry 640a. 2. 59km?

acre a. R 48403q. yd. 4047m?

Area ([#M) square yard sq. yd. iy 9sq. ft. 0. 836m>

square foot sq. ft. EHER 1445q. in. 929em?
square inch sq. in. ot 6. 451 cm’
ton tn. t. oy 20cwt.
UK long ton Kk 22401b. 1. 016 T( A 1)
Avoir- US short ton gl 20001b. 0. 907T( A m)
aupots bundredweight cwt. #H UK = 1121b. 50. 802kg
' US =1001b. 45, 35%kg
(%) pound b, B 160z. : 0. 454kg
ounce oz #E, ®W 164dr. 28.35g
Weight dram C dr =, B& 1.771g
pound Ib. t. B 1202, t. 0. 373kg
(X&) Troy ounce oz. t. &5 20dwt. 31. 103g
(&%) pennyweight dwt. kX3 24gx. 1.55g
grain gr. %, ® 64.8mg
pound ) lb. ap. - 120z. ap. 0.373kg
Apoth- ounce oz. ap. &8, ¥ 8dr. ap. 31.103g
ecaries dram dr. ap. =1 3scr. ap. 3.887¢
(#o) scruple ser. ap. W ) 20gr. 1. 296g
grain gr. &5, B 64. 8mg
bushel bu. ®AE 4pks. 36. 368L( UK)
35. 238L( US)
peck pk. (.5l 8qts. 9.092L( UK}
Dry 8. 809L(US)
Measure gallion® gal. e 4qts. 4.546L(UK)
(F&) quart qt. = 2pts. 1. 136L( UK)
1. 101L(US)
Capacity pint pt- S 06,5:58 II:(( I?SK))
Eaial gallion zal. me 4qts. 4. 546L(UK)
3. 785L(US)
Liquid quart qt. &1 2pts. 1.136L(UK)
Measure . 0.946L(US)
pint pt. R Agi. 0. 568L(UK)
{ A i) 0.473L(US)
gl gi. RE 0. 142L(UK)
0. 118L(US)
@ gallion 7 TR {7 vh (L T M.
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Appendix D  Glossary

A

a minimum of B{%

abrasion n. #f, B

abrasion resistance i BS ¥

abrasive adj. HEMEAN; n. BX, SN, BHEH
accentuation n. My, EiE

accessibility n. W Fetk, Wiktk, WA, WTEM, BAK
accomplish v. SER%, LB, HMERTh

accrue v. 3N, WK

acetic acid Z B

acrylamide n. THHEWERE

activation energy J%{LBE

active site  JHEMEA, TEEEPL

actuator n. BEHRF, EERE [NW], WTE, NBE
acyl chloride Bt

-additive n. FhOH

adhesives n. ¥§4 3

adjacent adj. 4RILH

adobe n. FEER, 1 IK

adoption n. Ry, RA; WH

advent n. B, BIF

aerodynamic adj. 2B

aerogel n. KW

aerospace n. Mz FIFHAITEE

affinity n. E/N, HUEXRER, HE ()

agar n. B, AR

agglomerate v. FLH, 8E®; n. KH, K¥k; adi. RIMW
aggravate ol. ﬁ%’ﬁﬁ, FE~E

aggregate n. Bit, KAK; odi REW, BEY; v KA, BE
aggressive adj. FEHREG, E3hHY, F340, FEIK, REEHN
aithag n. B2 %, 548 ’
albeit conj. R, Hif#

alchemy n. &R, BH

aldehyde n. B, Z.B%

algorithm n. ¥, BHEN
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align » HF, XFFF, Ef:

alignment n. HER B4R LA
aliphatic adj. JERFBEHY

alkaline adj. BEH, BEH

alkoxide n. BE¥dh

alkylbenzene n. fEEZE

allotropic adj. FEREM

alter ». WA, TH
alternating-copolymer A&#eiLE4y
alumina n. B+, BELT, EiLE
alumina silica REGRIL+EEA
aluminosilicate n. fSEERELL

aluminum n. £

amateur n. WREFE, WRZEAREK
ambient adj. FEW, SR

ambient temperature ¥ IEH
ambulatory adj. WATH), JEEEK
amenable adj. TIAK), M, FEH
amine n. B%

amorphous adj. TEFER, ELRK
amorphous polymer IEFZEBREY
amputate v. YIBx (F8, %)
analog ( =analogue) n. 1Y, LI, Ak
anecdotally adv. BREHL, XHH 4
angiogenesis n. MEFAER, MEHE
anhydride n. B

anionic polymerization FHEFE4
anisotropic adj. LR, B rFHEH
anode n. PHAR

anodic adj. FHIRMG

anorthite n. 5K FH

antibacterial n. P ; adi. TLE W
antibiotic n. HitkR; adi. AW
antiquity n. H0, &YW

antistatic adj. FLEFHE

apart from LB, FRe--.- Z5h
appearance n. #M¥R, ShER, HhFE
appliance n. 3% R, ¥R, BE
application temperature 3 F IR BF

b
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approach v FEiT, L, WL

approval n. 7Kk, W, EXAHE
aquaculture n. JKF=NL

aqueous adj. JKAY, EHKHE

aramid n. HFERBK, FYE

arbitrary adj. FEREK, EWH

arc n. WK, JMLE; AIK

arc welding H IR, NI

archeologist n. E i ¥FK

architecture n. KREH, (B&. BR) G, BH%, g5, g2t
armour n. ZZF, FH

aromatic adj. HEHEHK, EEHEN

aromatization n. F g4k

array n. HEF, HBA; » WF, HF)

artificial hip A THEE

artificial muscle A LA

asbestos n. G

aspect n. JiTH; JFfL, #AM; TR, BEE, #A
assay n. & v {kI&, Oth, BE

assert v. WS, K

asset n. 7=, M™; FHEMASY; KR, KL
associate with 5----- A, BER

atomistic adj. JRFiEH

atrophy n. 4%, FiB; v ER, 3IRBEH
attack o. I

attain ». LI, AP, B

attribute n. $EBE, JFPE

attrition  n. JHEE; WHHEE, B

augment o. A0, #&E, K

autoclave n. HEZLR, EHAH

auxiliary adj. $§BIMY; n. HEEIW, RE, MR
availability n. W FI#E, A, LH#E
average value HJ{E

aviation n. %, BT

axisymmetric adj. FHXTFRE)

B

backbone n. F3
ball mill BREEHL
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bandage n. ZHHF

bandwidth n. #H %%

bare wire Y84, BIBL, B

barium n. ({k) 81 (GTEKS Ba)

base material HEALE, B4, BEkLE
battery n. HiRb

batteryless adj. FCEHL MY

BCC &3 ¥ A (Body Centered Cubic)
be applied to FHATF, AT

be composed of Hj-+--+- 4

be resistant to BB3L, i

Bell Labs M/REWE

bell n. #, BhEY

bell kiln $hERE

bent n. ffija], FTHF

benzoyl peroxide 148 {k 7 FF Bt

beryllium n. {{k) 8 (FTEKS Be)
beverage n. X}

bezel n. FHE

bifunctionality n. XEHEEE

billboard n. JT4HE, HEHR

bimetsllic adj. W&/B MK

bimorph n. XIE®#H &K, WE

binde n. BS&H, Mi&H
biocompatibility =n. 4= %35 R ¥
biodegradable adj. ‘EYJREMRN, LEYIRBFEH
biofluidic adj. EYHBH, LWRELH
biomedical adj. ZEYEZEK

biomedical application 4= ¥y BE %= i
bioMEM 4 Y888 FHLEA ( biological Microelectromechanical)
biomimetics n. %

bioreaction n. 44k K

bismaleimide n. W DKWL

bladder n. ¥R, BRAE

blast furnace PR, B

blend with Y------JBF0

block copolymer {t% Bt3LEHy

blocking n. #3eik

blood clot i ¥k

iy
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blunt adj. REK, HEEAHN, $K; o B F4, BH
bobbin n. £R%H, AR

boiling point  #§ 5%

bonding n. #EE, &H, BE _

bone china HKRE (FHELSHREERN¥LEHERS)
bony tissue ‘FHLH

borderland . R HL, HEE

boride n. FH4LH

boron n. {{k) ® (TEMHFE B)

boundary n. R, B R

box n. FE&k, &, #; v - AEKD

Bragg grating A hr & Yt

braiding n. (BFK) BRREAH; WEY

brass n. HHl; W A; #HE; HERS

brewing n. ER#E

bridge decks HFIH

brittle adj. BB, BB

brittle waxes Ji5tH: 4t

broadcloth n. (F&. M. ZHAKW) HVH

bronze n. HH (FHHHWEL), FHHG; FHe; BHEANER,; FHEE
bumper n. (RKZELHK) BRI, Zrhi

bumpy adj. BN, AREM

buoy n. i3, Hite, HEME; o FFE, ¥H
buttress n. ¥ ; ». FHEe, B4

butylene terephthalate Xi7 —H BT —BEER

butyl-rubber T EIBRE, BT HRE

by contrast XfHENR, HZAHE, MHE#

by virtue of FEff.ee e AR, EF--

C

calcination n. BB, KEHE, BE>Y

calcine ». B A K, 1B, Kk

calendaring n. FEHE

candidate n. EFEY), RiEH

canopy n. (RITERLA) HiEEHE

capacitor n. HZERE; BHAE

carbide n. BALY, BALT, BE, BEAS
carbon black RBMHK, HmRE, KB

carbon monoxide  —$ 4L
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carbonitride n. FRE LY

carbonize ». HELHK, Wik, HEHwES
carboxyl n. I

cardiovascular stent 0> L4F X248

carried out SERR, 3LB; HEAT; AT, B
castable adj. BEUEM, FRM, WREM B
catalysis n. #E{L1ER

catalysts n. #E4L57, RHAFEE

catalytic adj. kN HY

cataract n. H N

cataractous adj. R

categorize . Hewoeo [T, oY

catheter n. %, BRE

cathode ray FHAR §T4%

cathodic adj. FHTRH), HBH

caul n. FRREE, KM

cavity n. H, T, B, B

cellulose n. FH&E

cellulose acetate BERREAFBEE

celsian n. S H ‘

cement n. KB, KIR; v &&, AKREK, HE
cementite n. BERK, BiLek

chain polymerization &K R4 RN

chaitlift n. (BREBWEEFRBEEZL, TH) FEHN, S5485%F
Chalocolithic adj. 4143

chamber n. %, FE], ik

combustion chamber BRBEE

chemical activity LI #:

chemical bond 4k %4t

chitin n. HEE

chromophore n. kR @H, Bk

circuit n. B, HE

circumferential adj. [B &K

circumvent v. WETEMIBE (FFY); Hik
cladding =». HE

classical adj. £88K), HHE, FEHK

clay n #+t, L

closed-cycle H&18F

CNC B li%{E# %) (Computerized Numerical Control) , HE #l ¥
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coalesce v. &3f

coarse adj. HK, HBER

coating n. %K, BRE, BEE
coaxial adj. [EIHHH

cobalt n. ({k) & (ZELFS Co)

coefficient of the thermal expansion BEFIIKAES, MBKES

coercivity n. ¥p@ih, Stk

coexist v ILFF

colloidal adj. BOIREY, KK

combination n. &

combine v. K&, &4, n BE&S, BSUEN
comb-like HEAR

combust v. A%E, JHFE

combustion n. #REE, (FHEREFEK) Ak
come out of m ...... ?'Cﬁz, Mhoeeees H:'l*
commercialized ot. R, FE L&

commingle v B&, B, &3¢

commit to AZf}, F{.----- #BA

commonplace adj. ¥3EK, FRK; n BRIAKE, FHNEY
compactibility ». ¥, REH, EEHE
compacting n. FE3E, FEHl, (n) E () 8
compared to 5. FH

compatibility n. FFEEHE

compatible adj. BILAFF