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PART [ INTRODUCTION TO MATERIALS

SCIENCE AND ENGINEERING

Unit 1 Materials Science and Engineering

Materials are properly more deep-seated in our culture than most of us realize. Trans-
portation, housing, clothing, communication, recreation and food production——virtually
every segment of our everyday lives is influenced 1o one degree or another by materials. His-
torically, the development and advancement of societies have been intimately tied 10 the
members’ abilities to produce and manipulate materials to fill their needs. In fact, early civ-
ilizations have been designated by the level of their materials development (i, ¢c. Stone Age,
Bronze Age).

The earliest humans has access to only a very limited number of materials, those that
occur naturally stone, wood, clay, skins, and so on, With time they discovered tech-
nigues for producing materials that had properties superior to those of the natural ones:
these new materials included pottery and various metals. Furthermore, it was discovered
that the properties of a material could be altered by heat treatments and by the addition of
other substances. At this point, materials utilization was totally a selection process, that
is, deciding from a given, rather limited set of materials the one that was best suited for an
application by virtue of its characteristic. It was not until relatively recent times that scien-
tists came to understand the relationships between the structural elements of materials and
their properties. This knowledge, acquired in the past §0 years or so, has empowered them
to fashion, to a large degree, the characteristics of materials. Thus, tens of thousands of
different materials have evolved with rather specialized characteristics that meet the necds of
our modern and complex society.

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

materials.

Materials Science and Engineering

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



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

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

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

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

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

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



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

Processing—Structure—~Properties—Performance

Why Study Materials Science and Engineering?

Why do we study materials? Many an applied scientists or engineers, whether mechani-
cal, civil, chemical, or electrical, will be exposed 10 a design problem involving materials
at one time or another. Examples might include a transmission gear, the superstructure for
a building, an oil refinery component, or an integrated circuit chip. Of course, materials
scientists and engineers are specialists who are totally involved in the investigation and design
of materials,

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

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

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

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

(Selected from Materials Science and Engineering . An Introduction,
by Wiliiam D Callister, 2002}

New Words and Expressions

pottery ['potari] n BRE

by virtue of &% (- H B, K&, T, BN
empower [im'paus] wt. ¥R, HEF; FER
empower sb. to do sth. $EEAREE



forerunner ['fonrane] n B (F)., 547, Bk

stepwise ['stepwaiz] «. B, 4By Bt

interdisciplinary [yinte'disiplineri] «. X ZEHH

metallurgy [me'tzlodsi] »n 1EEY

nebuious ['nebjules] o. B, ZERG. SN, EED
agglomerate [o'glomareit] n. KH, K#; a. BRE, BEMN
elaboration [ilaba'reifon] = HEWHEY, &8, BAE
electrical conductivity B 8%, BRE

dielectric constant -8 H ¥

thermal conductivity A5k, MG

heat capacity A%

refraction [ri'freekfon] n. f7&f

reflectivity [ iriflek'tivin] =», B &

ductility [dak'tiliti] = IR

corrosive [ko'rousiv] a. BRI, MIRED, B . RWY . RN
overriding [jauva'raidin] «. BEEM; BT—0H
prohibitive [pra‘hibitiv] a. 21L&, MEH M

judicious [d3w'difes] o, BIEE

criterion [krai'tisrian} n. (pl. criteria) ¥, BN, RE

Notes

(D It was not until relatively recent times that scientists came to understand the relationships
hetween the structural elements of materials and their properties. XE—4RA, BiA
i) . came to+ AR, FH “EF -, Tl Y, BEFN. HPIRE, B
FARTTREBNGMERSHEEZEAXER,

@ The notion of “property” deserves elaboration. deserve, W%, {H#; elaboration, #ER
Wik, ZEiFX: “property” —iAMETEB FHHAE.

(@ Many an applied scientist or engineer,. .., will at one time or another be exposed to a de-
sign problem involving materials. many a (an, ancther) +B ¥R, F£M., LK, —

NE—H, ;. many a person, PF# A. be exposed to, BB, mH, & F----- H
W, BEHEFL; FEHNAFEHXKTEME, - BRI HEIHEGE S RN
e B,

@ On only rare occasion does & material possess the maximum or ideal combination of pro-
perties, XBE—TEEBREG, KRR F: A material possesses the maximum or ideal
combination of properties on only rare uccasion, HIH B possess £ “HE” HEE.,

Exercises

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

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



(3) Give the important properties of solid materiais.

2. Translate the following into Chinese

materials science Stone Age

naked eye Bronze age

optical property integrated circuit
mechanical strength thermal conductivity

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

* Virtually all important properues of solid materials may be grouped into six different
categories: mechanical, eiectrical, thermal, magnetic, optical, and deteriorative,

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

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

3. Translate the following into English

LR It

FE a1 X

FEHE R B RS

BRI T R (B
Reading Material

Chemical Banding and Solid Materials

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

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

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

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



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

Covalent Bonding: Elements that fall along the boundary between metals and nonmet-
als, such as carbon and silicon, have atoms with four valence electrons and about equal
tendencies to donate and accept electrons. For this reason, they do not form strong ionic
bonds. Rather, stable electron structures are achieved by sharing valence electrons. For
example, two carbon atoms can each contribute an electron 10 a shared pair. This shared
pair of electrons constitutes the covalent bond,

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

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

It is helpful to imagine a metal crystal composed of positive ion cores, atoms without
their valence electron, about which the negative electrons circulate. On the average, all the
electrical charges are neutralized throughout the crystal and bonding arises because the nega-
tive electrons act like a glue between the pasitive ion cores. This construct is called the free
electron mode} of metallic bonding. Obviously, the bond strength increases as the ion cores
and electron “gas” becomes more tightly packed (until the inner electron orbits of the ions
begin 10 overlap)., This leads to a condition of lowest energy when the jon cores are as close
together as possible,



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

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

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

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

hexagonal tiles,

Materials

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

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

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

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

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



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

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

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

Polymers: The third category of solid materials includes al! the polymers, The constit-
uent atoms of classic polymers are usually carbon and are joined in 2 linear chairlike structure
by covalent bonds. The bonds within the chain require two of the valence electrons of each
atom, leaving the other two bonds available for adding a great variety of atoms {e. g. »hy-
drogen), molecules, functional groups, and so on.

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

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

(Selected from Materials Science and Engineering : An Introduction
by William D Cailister, 2302)



New Words and Expressions

ionic [ai'snik] a. BFH, BFER

covalent [kau'veilent] a. FEMAY, EMEN

metallic [mi'tzlik] a. £BH, €REHN

cation ['keetaion] n FHET

anion ['senaian! n. AT

electrostatic [Llektrau'staetik] . #SEAY, FHEEH
repulsion [ri'palfan] n. #EfR. BEF

arrangement [a'reindsmoant] n. HF

sodium i 'saudiam] = $A

fluoride ['flu(araid] n TWiLH

face-centered (cubic) «. WL (EH) B

close-packed a. BEHRHH

body-centered a. s H)

coordination [ kauoidi'neifon] =, i, BIfu{k

graphite ['greefait] »n HE

valence ['veilans]| ». (&8 #, (FEF) #

amorphous [a'modfas] 4. LEMRM, LTREH, BEKRE
silicate ['silikit] =, FEEi

phosphate [ ‘fosfeit] ». BER#L

thermoplastic ['6zmau'plestik | o. BB, » HiEHEE
tetrahedron [ 'tetra'hedran! n. EE1{HE

tungsten ['tapstan] . &

thermosetting [ Bormoau'setin] ao. ABEHH MHHEZHRTEIE, BRE
intertwine [jinta(:)'twain] » ({f) 24&/, () #is%

Notes

@ In the ionic bond, electron donor (metallic) atoms transfer one or more electrons to an
electron acceptor (nonmetallic) atom. electron donor (metallic) atoms, & F (k&)
BFHET (&R TF); electron acceptor {nonmetallic) atom, #% (KB) B 78
BT (EgREF). 25, £HFFEP, STHRTHET GRBEF) -1R%
THTEEGEZETHET GELBRET).

@ In ionic salids composed of many ions, the ions are arranged so that each cation i~ sur-
rounded by as many anions as possible to reduce the strong mutual repulsion of cations.
composed of, [-r-eee A ; as many anions as, AN BHHAE T —HEHHEET;
mutual repulsion. HEHF. BEEX. AHITEE FHRME FEE D, BFR T
AR EN EEFAEAERERONE T, L EAEFERRAMHEIER .

@ Obviously, the bond strength increases as the ion cores and electron *gas” becomes more

tightly packed. electron gas, W8 F 7 ; packed BRI RiEEWIH — A, AL “RE



ic

817, T X “close-packed” 1 “tightly packed” BHESHN “EEHHAHNY, 22F
X: BBR., (2K ﬁﬁ??ﬁﬁﬁﬁﬁ‘ﬁ%ﬁQEE%ﬁfﬁﬁﬁﬁE%ﬁﬁﬁ‘giﬁﬂﬂﬁﬁiEﬂﬂa

Crystal structures are often represented by repeating electrons or subdivisions of the crys-
tal called unit cells. crystal structure, &EEGH; unit cell, Bh s,



Unit 2 Classification of Materials

Basic Classifications and Engineering Materials

Solid materials have been conveniently grouped into three basic classifications: metals,
ceramics and polymers. This scheme is based primarily on chemical makeup and atomic
structure, and most materials fall into one distinct grouping or another, although there are
some intermediates, In addition, there are three other groups of important engineering ma-
terials: —composites, semiconductor, and biomaterials. Composites consist of combinations
of two or more different materials, whereas semiconductors are utilized because of their un-
usual electrical characteristics; biomaterials are implanted into the human body. A brief ex-
planation of the material types and representative characteristics is offered next.

Metals: Metallic materials are normally combinations of metallic elements. They have
large numbers of nonlocalized electronss that is, these electrons are not bound to particular
atoms., Many properties of metals are directly attributable to these electrons. Metals are ex-
tremely good conductors of electricity and heat, and are not transparent to visible light; a
polished metal surface has a lustrous appearance. Furthermore, metals are quite strong,
yet deformable, which accounts for their extensive use in structural applications.

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

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

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

Semiconductors: Semiconductors have electrical properties that are intermediate between
the electrical conductors and insulators. Furthermore, the electrical characteristics of these
materials are extremely sensitive to the presence of minute concentrations of impurity atoms,

which concentrations may be controlled over very small spatial regions. The semiconductors
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have made possible the advent of integrated circuitry that has totally revolutionized the elec-
tronics and computer industries over the past two decades.

Biomaterials. Biomaterials are employed in components implanted into the human body
for replacement of diseased or damaged body parts. These materials must not produce toxic
substances and must be compatible with body tissue (i, e. must not cause adverse biological
reactions). All of the above materials—metals, ceramics, polymers, composites and semi-
conductors—may be used as biomaterials. For example, some of the biomaterials such as
CF/C (carbon fibers/carbon) and CF/PS (polysulfone) are utilized in artificial hip replace-

ments,

Advanced Materials

Materials that are utilized in high-technology (or high-tech} applications are sometimes
termed advanced materials. By high technology we mean a device or product that operates or
functions using relatively intricate and sophisticated principles; examples include electronic
equipment (VCRs, CD players, etc.}, computers, fiberoptic systems, spacecrafr, air-
craft, and military rocketry. These advanced materials are typically either traditional mate-
rials whose properties have been enhanced or newly developed, high-performance materials,
Furthermore. they may be of all material types (e. g metals, ceramics, polymers), and

are normally relatively expensive.

Modern Materlals Needs

In spite of the tremendous progress that has been made in the discipline of materials sei-
ence and engineering within the past few years, there still remain technological challenges,
including the development of even more sophisticated and specialized materials, as wel} as
consideration of the environmental impact of materials production., Some comment is appro-
priate relative to these issues so as to round out this perspective.

Nuclear energy holds some promise, but the solutions to the many problems that re-
main will necessarily involve materials from fuels to containment structures and facilities for
the disposal of radicactive waste.

Significant quantities of energy are involved in transportation. Reducing the weight of
transportation vehicles (automobiles, aircraft, trains, ete.), as well as increasing engine
operating temperatures, will enhance fuel efficiency. New high strength, low-density
structural materials remain to be developed, as well as materials that have higher-tempera-
ture capabilities, for use in engine components.

Furthermore, there is a recognized need to find new, economical sources of energy,
and to use the present resources more efficiently. Materials will undoubtedly play a signifi-
cant role in these developments. For example, the direct conversion of solar energy into
electrical energy uses silicon materials. To ensure a viable technology, materials that are
highly efficient in this conversion process yet less costly must be developed,

Additionally, environmental quality depends on our ability to control air and water pol-
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lution. Pollution control techniques employ various materials. In addition, materials pro-
cessing and refinement methods need to be improved so that they produce less environmental
degradation, that is, less poliution and less despoilage of the landscape from mining of raw
materials, Also, in some materials manufacturing processes, toxic substances are pro-
duced, and the ecological impact of their disposal must be considered.

Many materials that we use are derived from resources that are nonrenewable, that is.
not capable of being regenerated. These include polymers, for which the prime raw material
is 0il, and some metals. These nonrenewable rescurces are gradually becoming depleted,
which necessitates ;: (1) the discovery of additional reserves, (2) the development of new
materials having comparable properties with less adverse environmental impact, and/or (3)
increased recycling efforts and the development of new recycling technologies, As a conse-
quence of economics of not only production but alse environmental tmpact and ecological fac-
tors, it is becoming increasingly important to consider the “cradle-to-grave” life cycle of ma-
terials relative to the overall manufacturing process.

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

New Words and Expressions

intermediate  [inte:'mirdjot] a. HEEY; n. WA, H@ES
ceramic [si'remik] » B, WS R

polymer ['polima] n. B&%W., RSk, RoME
composite ['kompazit] n. §&Y, ok, Hame
semiconductor [isemikon'dakte] n Gk, XSl H
biomaterial [ baisuma'tisrial] n. H K

implant [im'plant] ». M, A

oxide ['oksaid] » #{k4

aitride ['naitraid] ». EAb%y

carbide ['kabaid] n. Beibirp

brittle ['britl] a. MK, BEH

recycle [irif'saikl] »n & oz, (f§) B, BHRAH, Eig
transparent [treens'parant] a. FWR, DR, A B B9
lustrous  ['lastres] a. BHHEH, LER

impurity [im'pjueriti] » 25, BEW, Fik, L4
circuitry  ['sakitri] » B8, S5

despoil [dis'poil] we. ZFH, Hp

renewable [ri'nju(sbl] o, SIEHFH, THREH

Notes

(D This scheme is based primarily on chemical makeup and atomic structure, and most mate-

rials fall into one distinct grouping or another, although there are some intermediates.
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This scheme $§ F— R P BB 4r X F £ chemical makeup, LFHM () inter-
mediates, FEMKR SR TR PAOSEAT GETFREHHKZME.

@ These advanced materials are typically either traditional materials whose properties have
been enhanced or newly developed, high-performance materials, i+ & & 5 either. .,
or... MIFFIFE, HE whose properties have been enhanced #1{ffi traditional materials,
AJH newly developed B# 1 high-performance materials,

Exercises

1. Question for discussion
(1) Give the basic classifications of materials based on chemical makeup and atomic
structure,
(2) What are advanced materials? Please give some examples.
(3) What do you think about the environmental impact of materials production?
(4) What are renewable resources? Which types of materials are nonrenewable?

2. Translate the following intc Chinese

composite materials organic compound
advanced materials nuclear energy
transportation vehicles raw materials
nonrenewable resources recycling technology

® Metals are extremely good conductors of electricity and heat, and are not transparent
to visible light; a polished metal surface has a lustrous appearance.

* Ceramics are typically insulative to the passage of electricity and heat, and are more
resistant to high temperatures and harsh environments than metals and polymers.

* Materials processing and refinement methods need to be improved so that they pro-
duce less environmental degradation, that is, less pollution and less despoilage of
the landscape from mining of raw materials.

3. Translate the following inte English

THRMH ¥ivw
"L bR A 3
FEaRTE B

2 I ¥ T
g 4

‘Reading Material

How Does the Structure of Metals and Alloys Differ from
that of Ceramics or Polymers?

The three basic classes of engineering materials are | ) metals and therr alloys. i )
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man-made polymers and i } ceramic materials. Metals and cerarnics are quite distinet from
each other, but have morc in common with each other than with polymers,

Consider first the differences between metals and ceramics, Whereas metals have free
electrons, ceramics are ionically or covalently bonded compounds and the electrons are held
rigidly in well-defined positions. Consequently. with the exception of graphite, which has
an unusual structure that leaves some of the electrons mobile, ceramics tend to be good elec-
trical insulators, In many ceramics, the bonding is stronger than in metals and so ceramics
tend, for example, 10 have higher melting points then metals (although some very strongly
bonded metals, such as tungsten, have very high melting points).

An important feature that metals share in common with ionic compounds is that neither
of these forms tnolecules. In contrast. polymers are made up of distinet molecules (in poly-
mers, these molecules can be very large). This difference is significant in terms of the pro-
perties of metals or ceramics versus those of polymers. For example, suppose that you wan-
ted to melt a metal, a ceramic and a polymer. In the case of the metal, one must put in
enough energy (in the form of heat) to break strong bonds between metal atoms. In con-
trast, in many polymers, what are known as “thermoplastic” polymers, the bonds between
molecules ( “intermolecular bonds”) are very weak and all that need happen for melting to
occur is that the weak intermolecular bonds are broken. In such cases, there is no need 10
disassemble the molecules themselves to cause melting. Since only very weak intermolecular
bonds need be broken, thermoplastic polymers have much lower melting points than most
metals or ceramics.

In “thermosetting” polymers, the different molecules are cross-linked to each other.
For example, many adhesives harden by a curing process induced by heat, atmospheric ex-
posure and/or a hardening additive. During curing, cross-linking ocecurs and this causes a
gooey liquid to transform to a strong, rigid solid. Once cross-linking of the polymer chains
has occurred, melting would require breaking up of the relatively strong bonds within the
polymer chains. Consequently, thermosetting polymers have much higher melting points
than do thermoplastics and, if heated in air, thermosetting polymers usually burn before
they melt,

The polar bonding within polymer molecules { “intramolecular bonds™) is typically far
weaker than that of metals or ionic ceramics. This is a feature of the bonds involved in form-
ing polymers, rather than an intrinsic feature of covalent bonding. For example, diamond
is very strongly bonded by covalent bonds! This makes diamond very stiff and hard. Thus,
a cutting wheel coated with an abrasive grit made up of small (say 10 to 100um diameter)
diamond particles will readily cut glass, for example.

What about semiconductors? In an atom, the outer {valence) electrons normally sit in
the valence energy level (the “valence band”). These electrons are only free to move if suf-
ficient energy is given to them to move the electrons to a higher energy level (called the
“conduction band”). The difference in energy between the valence and conduction bands is

called the “band gap” and the larger the band gap the more difficult it will be to allow elec-
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trons to move, Electrons either have encugh energy to jump from the valence to the conduc-
tion band, in which case electrical conduction becomes possible, or they don’t, in which
case the material wili behave as an electrical insulator, Electrons can not sit somewhere in
between the valence and the conduction bands. In the case of a metal, there is no band gap
and the electrons are {ree to move and the metal conducts electricity, even at very low tem
peratures. In the case of a “typical” ceramic, say alumina for example, the band gap is very
large and so even if a large amount of energy is made available (for example by heatng the
ceramic) electrons can not jump from the valence to the conduction band. Hence, alumina
is a good electrical insulator even when hot and is widely used as such. The band gap for a
semiconductor is smaller than that for an insulator, but is not zero, as in the case of a met-
al. Consequently, semiconductors like silicon can be made to conduct electricity if sufficient
(e. g. thermal) energy is provided. Each electron carries a single negative charge, <o that
electrons promoted to the conduction band act as carriers of negative charges, while the
“holes” left in the valence band by electrons promoted to the conduction band effectively act
as if they had a positive charge (because a negative charge has been rernoved).

Left on their own, electrons tend to drop back from the conduction band inte the val
ence band, thus removing both a negative charge in the conduction band and an effective
positive charge in the valence band. Pure silicon (an “intrinsic” semiconductor) has exactly
the same number of conduction band electrons and valence band holes, since the promotion
of one electron from the valence band to the conduction band produces one hole in the valence
band. Thus, pure silicon is electrically neuiral overall, However, by chemically doping
silicon with elements that either donate electrons to the silicon or accept electrons from the
silicon, the balance between electrons and holes can be altered so that semiconductors can
act as if they conduct electricity by the flow of either negative ¢ “n-type”) or positive ( ¥p-
type”) charges. The transistors that form the basis of computer chips depend on putting n-
and p-type semiconductors next to each other.

If ionic compounds are usually insulators, how come adding salt to water increases the
conductivity of the water? Solid sodium chloride is an electrical insulator, because the band
gap is too large for electrons to serve as conductors of electrical charge. Therefore, solid
NaCl can not be an electronic conducter. Also, although the Na* and Cl™ ions arc charged,
these are not Iree to move, so that the ions themselves can not serve as ionic conducrors,
However, dissolving sodium chloride in water allows the charged Na* and Cl~ ions to move
freely. Likewise melting a metal salt {such as sodium chloride} can have the same efiect,
A materia] that allows conduction by the flow of jonic charges is referred to as an electrolyte.
In most ceramics, this requires melting of the ceramic, however there are some ceramjcs
{ “solid electrolytes™) that allow weak ionic conduction at high-temperatures in the solid-
state. Solid electrolytes form the basis of many sensors (for example the oxygen sensor in
the exhaust system of your car).

(Selected from Materials Science and Engineering . An Introduciion ,
by William D Callister, 2002)



New Words and Expressions

ionic [ai'onik] a. BHTH

covalent [kau'veilont] o HRFRTFMHY. H4H
adhesive [ad'hisiv] o HEMHOH). KE: ~. FHEHA
cure [kjus] = [k n @Efk; MI4bH
atmospheric [iatmas'ferik] a. KEH

gooey ['gui] o BHEH,: . BEHFY

abrasive [a'breisiv] »n. WHE#H; o THEN

grit [grit] = ¥®; o TE, #E----- LHPE
band [bend] n %8; ». 8%, Wat

donate ['douneit] w» ¥, BT, &F, "k
transistor [treen'sista] n. FES

sodium [ 'soudjom] n. 84

electrolyte [i'lektraulait] n. B8, BEE

Notes
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O An important feature that metals share in common with ionic compounds is that neither of

these forms molecules. share with, E-ro e E2XEEFY. SRE5ETLEGYWRAE

— P EEHE, BREENHBAERST.

@ The polar bonding within polymer molecules is far weaker than that of metals or ionic ce-

ramics. polar bonding, HRE#. BAES FHHORHEELE RS FRREHSH P E

BRE,



Unit 3 Structure-Property Relationships of Materials

Today’s materials can be classified as metals and alloys, as polymers or plastics, as ce-
ramics, Or as composites; composites, most of which are man-made, actually are combina-
tions of different materials. Applications of these materials depend on their properties;
therefore, we need to know what properties are required by the application and to be able to
relate those specifications to the material. For example, 2 ladder must withstand a design
load, the weight of a person using the ladder, However, the material property that can be
measured is strength, which is affected by the load and design dimension. Strength values
must therefore be applied to determine the ladder dimensions to ensure safe use. Therefore,

in general, the structures of metallic materials have effects on their properties.

Stress and Strain

In a “tensile test” a sample is gradually elongated to failure and the tensile force required
to elongate the sample is measured using a load cell throughout the test. The resuit is a plot
of tensile force versus elongation. The problem is that the load required to elongate the sam-
ple by a certain extent depends upon the dimensions of the sample. This would be a big
problem if, for example, mechanical property data were to be used to design a bridge, since
it is clearly impossible to test an entire bridge. Thus, what is clearly needed is to make the
data from the tensile test independent of the size of the sample. To achieve this end, we use
“stress” and “strain”,

The “true” stress (o) is defined as; e=F/A, where F={orce applied to the sample at
any given instant and A=current cross-sectional area of the sample.

The “true” strain (€) is defined as; e=In(/,/l,), where I, is the current gauge length
and {, the original gauge length of the sample.

True stress and true strain provide the most accurate description of what actually hap-
pens to the materia! during testing and so are widely used in materials science. For engineer-
ing design, however, there are two problems. Firstly, true stress requires knowledge of
the value of A throughout the test, whereas in real world applications the designer of struc-
tures chooses an initial cross sectional area (A,). Secondly true strain is not very easy to
visualize. Consequently for engineering applications an “engineering” stress (s) and strain
(e) are used in place of true stress and true strain:

s=F/A, and e={l,—1,)/},

Stress has a unit of Pa (i, e. N + m™?) and strain is dimensionless, The concept of a
stress is clearly closely related to that of pressure. Using the definitions of stress and strain
given above, the load versus elongation curve produced by the tensile test can be converted

into true stress-sttain or engineering stress-strain curves. Using these curves, it is now pos-
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sible 1o describe the mechanical properties of metals and alloys,

Stiffness, Strength, Ductility, Hardness and Toughness

In true and engineering stress-strain relationships for a “typical” metal, linear portion
of the stress-strain curves the material is deforming elastically at the initial, In other words.
if the load were removed the material will return to its initial, undeformed condition. In the
linear elastic region. the “stiffness” or “elastic modulus™ is the amount of stress required to
produce a given amount of strain. For a tensile test, stiffness is deseribed hy Young’s modu-
lus (EY, which is given by.

EF=o6/e or E=s/e

The greater the value of the stiffness, the more difficult it wili be to produce elastic de-
formation. Thus, for example, in selecting a material for the springs of a vehicle. stiffness
would be a key engineering design criterion.

On exceeding a certain stress, known as the “yield stress” or “yield strength” (g, or s, in
true and engineering stress respectively), the stress-strain curve ceases to be linear and the
material begins to undergo permanemt “plastic” deformation. In the plastic region of the
stress-strain curve, it is apparent that the stress required to continue plastic deformation is
higher than rhat required to make the material yield. This phenomenon is called “work hard-
ening” or “strain hardening”, In the true stress-strain curve, it can be seen that work hard-
ening actually continues right up until failure at the failure stress ¢;. In contrast the engi-
neering stress sirain curve shows a maximum stress, the “ultimate tensile stress” (UTS),
prior to final failure. During final failure, the sample starts to “neck” down to {ailure and
this is not accounted for when A,, rather than A, is used to calculate a stress. Nonethe-
less, for a design engineer, the UTS s a very useful datum and the UTS (rather than a;) is
normally used as the measure of the “tensile strength” of a material,

“Ductile” materials are those that can undergo plastic deformation and so the greater the
extent of plastic deformation, the higher the “ductility”. The engineering strain to failure is
a common measure of ductility. Note that if I. is measured after the sample has failed, then
the elastic portion of the sample’s elongation will be removed, since the applied load is re-
moved when the sample fails. Thus only plastic and not elastic deformation will contribute
to an l; measnred after failure,

The “hardness” of a material is a measure of the resistance to plastic deformation.
Hardness is measured by determining the depth or projected area of an indentation produced
by a standard indentor. The higher the hardness of the material, the shallower the indenta-
tion for a given load and the smaller the projected area. Hardness is an Important property in
many applications. Consider, as an example, a material intended to serve as the liner for a
bearing supporting a rotating shaft. Many bearing alloys consist of a hard phase in a soft
phase, The purpose of the hard phase is to resist abrasion as the shaft turns. The soft phase
serves both to bind the hard phase into place and allows wear debris to become embedded,

thus preventing the debris from damaging the shaft,
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The “toughness” of a material is a measure of how much energy can be absorbed by the
material before failure. Toughness is determined by subjecting the materia. to an impact
from a swinging hammer and measuring the amount of energy absorbed {from the swing, En-
ergy is absorbed by plastic deformation and hence ductile materials show a high toughness,
In contrast, brittle matt;rials can have a high strength, but have negligible taughness. For
example, it is preferable for the crumple zones in your car to absorb as much of an impact as
possible through extensive plastic deformation than to have your bones undergo brittle fail-
ure, Likewise, a concrete guard rail is good for protecting construction workers, because
the kinetic energy of an oncoming vehicle is ahsorbed by deformation of the vehicle, In con-
trast, a steel guard rail protects drivers because plastic deformation of this absorbs energy
efficiently in the event of an impact, but is not so good at protecting construction workers
because the vehicle is not brought to a sudden halt, So do what the signs say and slow down
for construction!

In addition to the properties discussed above, other mechanical properties are very im-
portant, These include resistance to “fatigue” failure due to cyclic loading and to thermally

assisted. time-dependent “creep” deformation and failure,

An Example of a Processing, Structure-Property Relationship

There are many possible examples of the relationship between processing, structure and
properties. However, the following example is chosen because it illustrates a number of the
features discussed in materials science.

Nickel-boron alloys form the basis of brazes used to join many nickel-base alloys. espe-
cially in aerospace. A eutectic forms between nickel and the nickel boride Ni;3 and so a nickel
boron braze can melt and flow without melting the nickel-base materials to be joined.
However, boron diffuses as an interstitial in nickel and can diffuse rapidly away into the
substrates. Dispersing the boron removes the liquid {which was only there because, by
forming an eutectic, horon depresses the melting-point of nickel) and this allows cOmMpo-
nents to operate at high temperatures without these melting in service.

A problem with using boron-containing brazes is that Ni; B is very brittle and this means
that these brazes can not be produced as a sheet by conventional means. such as rolling.
Thus, these types of brazes are often used as a powder which is inconvenient to handle and
oxide from the surface of the powder particles can reduce the strength of joints. As an alter-
native, a molten nickel-boron alloy can be sprayed onto the surface of a rapidly spinning cop-
per wheel, which carries heat away very efficiently. This process is called “melt-spinning”.
Given the very high ccoling rate, the liquid can not crystallize and a metallic glass is formed.
Thus, no borides are formed and the resulting foil is quite ductile and can easily be placed in-
te position in the joint. During heating to the bonding temperature, as soon as the tempera-
ture becomes hot enougb for diffusion to oceur, the metallic glass crystallizes. Crystallize-
tion takes place far below the equilibrium melting temperature and the resuit is lots and lots

of nucleation and very little growth so that a very fine grain size is produced, NisB ts precipi-
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tated during crystallization and this does make the {oil brittle. but this doesn’t matter at this
stage since the foil is abeout 10 be melted for the brazing operation,

(Selected from An Introduction to Metallic Materials, by William F. Gale. 2002)
New Words and Expressions

stress [stres| n. WA

strain  Tstrein] n W3

gauge |geid3s] n PRHER. HfE, B, B%; o #HE

datum ['deitem] =z ¥IE., ¥ H

indentor [in'denta] = FE&%, Kk, HAK

stiffness [ 'stifnis] ». WIE, F#

strength [ strens] ». B

ductility [ dak'tilii] = "R, 4

hardness ['haidnis] » HBHE., RE

toughness [(tafnis] »n $¥E., P&

shaft [Jaft] n 81, Y

debris ['debrii}] n. BWH, B#

swing [swing] w» BB, 35, 0%, &, o BT, @8, @5
crumple ['krampl] v F%, E%, T%H. B, BE&

kinetic [kai'netik] . (&) B8, shh (F) B

braze {breiz] <. @18; o RERFRHE

eutectic  [jutektik] o, BMFRY, ERMEE TR, LEM: o #5
spray [sprei] n. WE, Wik: o BE4F, WEEE

boride ['bowaid] = §iLY

nucleation [injukli'eifon] » BEME, REFR

Notes

(@ The “true” stress () is defined as; o=F/A, where F={orce applied to the sample at
any given instant and A= current cross-sectional area of the sample. HiRAF N, —ig
Ji where B in which Z| SEBMAT AR THARFTHTRE,

@ Consequently for engineering applications an “engineering” stress (s} and strain (¢) are
used in place of true stress and true strain. engineering stress and strain, I8y ES5N
A5 true stress and true strain, SERF AR ; ia place of, H 4L,

(D Stress has a unit of Pa (i.e. N *m °) and strain is dimensionless, BXFW, MWAKNAR
ik Pa (IN-m %), iWERLEHE.

@ In other words, if the load were removed the material will return to its initial, unde-
formed condition. its initial, undeformed condition, #5442 40F) 1R 2, BXF
X BATER, mBEKMENREEE, MRS E R E RS RRA,

® This phenomenon is called “work hardening” or “strain hardening”. work hardening, Hi

THA (SRBESGHAAERIS), MIH&, strain hardening, [ AF.
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Exercises

1. Question for discussion
(1) Explain the following notions; stress. strain, stiffness, strength, ductility. hardness
and toughness of materials.
(2) Please give an example 10 explain the relationship between structure and property of
materials.
{(3) What are the differences between engineering stress-strain curves and true stress-
strain curves?

2. Translate the following into Chinese

tensile test plastic deformation
load cell gauge length
cross-sectional area fatigue failure
elastic modulus yield strain

* Applications of these materials depend on their properties; therefore, we need to
know what properties are required by the application and to be able 1o relate those
specifications 1o the material,

® True stress and true strain provide the most accurate description of what actually
happens to the material during testing and so are widely used in materials science.

* “Ductile” materials are those that can undergo plastic deformation and so the greater
the extent of plastic deformation, the higher the “ductlity”.

3. Translate the {ollowing into English

o R A7- 1 7 i 4%
AEHH T

il i3 3
REEE HaE R
SR E Y &5

Reading Mategal

Fracture Mechanisms of Elastic and
Plastic Deformation for Materials

The science of “fracture mechanics” deals with how fracture occurs and how this can be
prevented. Prior to fracture mechanics, designers had little guidance and the results could
be most unfortunate. Two examples of this were the Liberty Ships and the Comet airliner.
The Liberty Ships were supply ships built in large numbers, for the US Navy, dunng
World War [[. There was a great need for transportation and so these ships had to be con-

structed very quickly. The traditional methed of riveting the hulls of ships is slow and so
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these ships used welded hulls (as is the standard today}. Unfortunately, at that time, lit-
tle was understood about either welding metallurgy or fracture mechanics and the Liberty
Ships had a bad habit of breaking in two. even in harbor! Likewise. the Comet led the way
into pressurized cabin, jet airliners, but several were lost in mysterious circumstances, On-
ly by testing whole aircraft to destruction was a problem with fatigue failure diagnosed. Re-
cent studies of the loss of the Titanic suggest that limited control of the microstruciure of the
hull may have exacerbated the damage done when this ship hit an iceberg. These kinds of
details might not make a Hollywood blockbuster, but had a big efiect on those with the mis-

fortune tc be a member of the crew or a passenger on the Titanic,

Elastic Deformation

Elastic deformatiocn involves stretching, rather than breaking, bonds between atoms,
Consequently, when the applied load is removed, the material can revert to its original un-
deformed condition, In contrast, plastic deformation involves the breaking of bonds and the
making of new bonds, and is therefore permanent, Elastic deformation is a “cohesive” prop-
erty that depends on the bonding of the material. Consequently, stiffness is not dependent
on the microstructure of the material. For example, ali steels have about the same elastic
modulus, In contrast, the yield and ultimate tensile strengths of metals and alloys are ex-
tremely sensitive to microstructure.

To understand the practical significance of this difference, consider building a scaffol-
ding tower from an aluminum alloy. The low density of aluminum makes aluminum scaffol-
ding light and so easy to erect and the high corrosion-resistance of aluminum alloys very use-
ful for outdoor applications. Unfortunately, pure aluminum has both a very low yield stress
and a low stiffness, By alloying and appropriate processing, the yield stress of aluminum
can be increased to the point where the scaffolding tower will not plastically deform during
normal use, In contrast, aluminum alloys suffer from the same low modulus as pure ainmi-
num and consequently an aluminum scaffolding tower sags alarmingly when somebody climbs
this,

A student working part-time in a bike shop mentioned that they considered aluminum hi-
cycle frames to be “stiffer” than steel {rames and wondered ahout the apparent contradiction
between this and the much lower stiffness of aluminum alloys than steels, Here the key
point is that the low depsity of aluminum allows the use of designs that employ stiff shapes.
Likewise, the “radiator” in modern cars is made from very thin gauge aluminum strip, but
this is fabricated into a honeycomb structure that is both stiff and very light. These are ex-
amples of how, with good mechanical design, even undesirable characteristics of materials
can be accommodated. Alternatively, another way of dealing with the low stiffness of alu-
minum alloys is to form a composite with an aluminum matrix reinforced with a stiff material
such as silicon carbide (8i(C).

However, designers don’t always make correct use of the stiffness of the materials they

build with, especially when a new and creative design is attempted. For example, the Mil-
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lennium Bridge across the River Thames in London uses a revolutionary new design, that
has been widely praised for its aesthetics, Unfortunately, when first opened, the bridge
tended to sway from side to side to an extent that proved very disconcerting for users of the
bridge. This was not really a safety problem (the motion was on a much smaller scale which
led to the failure of the famous Tacoma Narrows bridge in Washington State), but the Mil-

lennium Bridge was closed temporarily for dampers to be fitted,

The Rele of Dislecations in Plastic Deformation

The mechanism of plastic deformation involves sliding layers of atoms over each other.
This is a shearing process and occurs as close as possible to the plane of maximum shear
stress (which Is at 45 degrees to the tensile axis). Generally, the more closely packed to-
gether the atoms are, the easier the layers of atoms will be to slide. Hence, shearing takes
place in the close-packed plane and along the close packed direction that are nearest to the lo-
cation of maximum shear stress.

If every bond between layers of atoms had to be broken at once, then the stress required
would be more than that needed to cause fracture. In such a case, metals and alloys would
be completely brittle (i. e. metals would have mechanical properties like those of rock and
human beings would be stuck in the Stone Age!). Fortunately, defects called “dislocations”
exist in the structure of metal crystals. Dislocations are a localized imperfection in the align-
ment of the layers of atoms in the lattice. These can consist of a) lavers being twisted with
respect to each other (the result looks like a screw thread and so these are called *screw”
dislocations), b) an extra half plane of atoms (this is an “edge” dislocation} or ¢) a com-
bination of these twao,

Dislocations can serve as a means of producing the shearing involved in plastic deforma-
tion, The key point is that dislocations can be moved through the marerial with only local-
ized making and breaking of bonds and so reduce the yield stress to a manageable level, The
existence of dislocations alone does not guarantee ductility. Ceramic materials do have dislo-
cations. However, the crystallography of ceramics makes these immobile and so ceramics

are brittle,

Strain Hardening and Annealing

As was noted by scientists, metals and alloys undergo work hardening. This phenome-
non is associated with the formation of new dislocations, during plastic deformation. Some
dislocations are present, as random growth defects, in undeformed metals and alloys, Dur-
ing plastic deformation, however, many new dislocations are formed. The more dicloca-
tions that are trying to move at once, the greater the probability of dislocations becoming en-
tangled. The result is dislocation pile-ups that make further plastic deformation more diffi-
cult. Hence, the stress required to produce further deformation is increased and work hard-
ening occurs, Without work hardening, the yield and ultimate tensile stresses would be ex-

actly the same.



Unlike plastic deformation itself, strain hardening is reversible. By heating to a suffi-
ciently high temperature (an example of an “annealing” treatment) the dislocations are able
to re-orient themselves into networks, in a process called “recovery”. Further heating actu-
ally allows the growth of new grains with a low dislocation density. This is called “recrystal-
lization”. Both recovery and especially reerystallization remove dislocation pile-ups and
hence reduce the hardness of the material. The driving force is that, just as an interface
(basically a defect that covers an area) has an associated energy, so does a dislocation
(a line defect). Hence, removing dislocations (via a thermally activated process) reduces
the energy of the material.

If a material is cooled immediately after recrystallization, the new grains will be quite
small. With prolonged heating, grain growth will occur as big grains cannibalize their smal-
ler neighbors. Grain growth reduces the total grain boundary area and this process is driven
by the material’s desire to reduce its total interfacial energy. Grain size is very important in
plastic deformation, becauvse there is an inverse relationship {the Hall-Petch relationship)
between grain size (d) and yield stress,

8, =6, +k,(d"%)
where &, and 9, are constants. For a single crystal d is large and so g, =g,

The neat thing about a fine grain size is that not only does this make the material stromn-
ger, but this also enhances wughness (unlike other methods of strengthening that reduce
ductility}). The only time that a fine grain size is not desirable is for high-temperature serv-
ices because the presence of grain boundaries enhances creep.

Strain hardening is used to strengthen metallic materials (at the price of reduced ductili-
ty) by using forming treatments (e. g. rolling) at temperatures that are too low for Tecovery
to occur. These types of treatments is known as “cold working”. In contrast, materials
“hot worked” at high temperatures will recrystallize dynamically during working, so that
strain hardening is continuvally removed. Thus, hot work is used to reduce to manageable

levels the loads required to form large components.

Yield-Point Effects

In pure metals and many alloys, vielding is a gradual (“continuous”) process, as those
dislocations that are most favorably situated will move at a lower applied stress than others,

In steels, a distinctive sharp {“discontinuous”) yield point is produced. This is the re-
sult of the presence of interstitial carbon in the steel. Carbon is somewhat 100 large for the
interstitial sites in a-Fe. Hence, the dilation of the lattice produced by the tensile portion of
the strain field around a dislocation improves the fit of the carbon atoms into the lattice,
Thus, carbon tends to diffuse to dislocations forming what is known as an “atmosphere”,
Once an atmosphere forms, carbon is reluctant to be separated from the dislocation and this
increases the yield stress. A sharp yield point is produced when the applied stress becomes
high enough to unzip the dislacations from their carbon atmospheres.

If a steel is loaded beyond yield, and then immediately unloaded, gradual yielding will
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occur on the second loading cycle. The reason for the occurrence of gradual yielding is that
the first round of yielding scparated the dislocations from their atmospheres. In contrast, if
the steel is allowed to sit for a while between the first and second loading cycle, then discon-
tinuous yielding is cbserved on the second cycle. The return of this sharp yield point is
known as “strain aging” and is due to carbon atoms having time to diffuse back to the dislo-

cations and re-form the atmospheres,

Brittle Versus Ductile Failure

In brittle materials, final failure generally initiates at pre-existing defects such as cracks
(originating, for example, from fatigue), or notches. The cross-sectional area is lower in
the region with a crack than in uncracked regions. Hence, for a given applied load, the
stress is higher in regions with cracks than without. If the load is increased and/or the
cracks are made larger, then a point will be reached at which this stress can no longer be
borne and the material will cleave into two pieces, Cleavage cracks like this can move very
quickly (around the speed of sound) and cleavage failure provides little advanced warning.
Hence non-destructive examination to detect cracks that are close to the critical size is very
important in, for example, the aerospace industry, Cleavage failure involves pulling the
material apart and hence brittle cracks grow perpendicular to the tensile axis.

Face-centered cubic metals (FCC) and alloys are usually ductile at all temperatures. In
contrast, body-centered cubic (BCC) materials tend to become brittle at low temperatures.
The reason for this difference is that the atoms in FCC metals are closely packed, whereas
those in BCC metals are somewhat less close packed. Close packing makes the layers of at-
oms easier to slide over each other and hence makes plastic deformation easier. Also. mate-
rials that are normally ductile can be embrittled by contaminants; for example hydrogen
originating from moisture in the atmosphere can induce brittle failure of welds in otherwise
ductile steels, so it is vital for example to keep welding rods in a dry atmosphere.

In a ductile material, plastic deformation tends to blunt eracks and cleavage failure does
not occur. Instead, final failure is induced by the formation of microvoids after extensive
plastic deformation. These microvoids form usually due to decohesion between precipitates
(e. g, manganese sulfide, MnS8, in steels) and the matrix, or fracture of precipitates. As
deformation continues, the microvoids eventually coalesce and final failure oceurs. Since mi-
crovoid formation and coalescence is the result of plastic deformation, failure occars at m the
plane of maximum plastic deformation, This is the plane of maximum shear stress and is at
45 degrees to the tensile axis.

In addition, the microstructure of a material has a huge effect on plastic deformation,
involving a large number of different mechanisms.

(Selected from An Introduction to Metallic Materials, by William F. Gale, 2002)
New Words and Expressions

rivet ['rivit] n, 81§T; v. BFE
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Notes

(D The science of “fracture mechanics” deals with how fracture occurs and how this can be
prevented. fracture mechanics, WIRNZ., 2H5EF L. BIR WY TENRBH U B ER™
R FERDT LR,

@ In contrast, the yield and ultimate tensile strengths of metals and alloys are extremely
sensitive to microstructure. E B srengths BB HHB X, HBETHT Y vield 1 ulti-
mate tensile; be sensitive to, X P, BEEY. HE., ¢H 54458 R%EHA
WG AR B X B SR R .

@ A student working part-time in a bike shop mentioned that they considered aluminum bj-
cycle frames to be “stiffer” than stee! frames and wondered about the apparent contradic-
tion between this and the much lower stiffness of aluminum alloys than steels, BZH Y.,
—PEATERERRIENFARY, RIAISEETEERLHAEMRILETER, ©
BESWRHENOAEEMEE, HERENEIMEZ R Rt 22 E0%H B 1K
Tg.

@ If a material is cooled immediately after recrystallization, the new grains will be quite
small, With prolonged heating, grain growth will occur as big grains cannibalize their
smaller neighbors. recrystailization, B#EMER; grain, SN (ZRERHEER); big
grains cannibalize their smaller neighbors, & &7 7 o 41 69 8 /N S 8



Unit 4 Chemistry and Advanced Materials

Chemistry of Advanced Materials

Stone, bronze, jron: civilization has always been defined by Man's relationship with
materials. Nowadays, materials have hecome such an integral part of our society, that they
are often either underappreciated or even overlooked, But much of the technological progress
1s directly or indirectly dependent on the availability of advanced materials with improved
funcrions, It is often forgotten that there is much chemistry behind these investigations!

Being closely related to materials science, chemistry focuses on the atomic or molecular
level, and materials science deals with macroscopic properties, however both together pro-
vide a proper understanding of how chemical composition, structure, and bonding of materi-
als arc related to the particular properties, In the earlier days of civilization. especially in
the production of metals, chemistry was only used empirically for the processing of materi-
als, far from any understanding of the basic concepts, But many arising problems like pollu-
tion of the environment or the toxicity of different materials nowadays clearly reveal the need
of a better understanding of the basic chemistry, It is becoming widely recognized that no
new method for extracting or processing a material can be considered without good under-
standing of the real costs as well as its fate after its lifetime. A number of important aspects
have to be investigated for example whether the required properties can he achieved and
maintained during the use of a material. whether the material is compatible with other parts
of an assembly, whether a material can be easily recycled, whether a material causes envi-
ronmental problems, and whether a material can be produced economically. Taking the fact
into account that most of the processes during the life-cycle of a product are typically chemi-
cal reactions, it becomes obvious, that the solution of fundamental materials science prob-
lems is intimately interconnected with our knowledge in chemistry. Only a better under-
standing of the chemical concepts involved in materials life-cycle leads to substantial improve-
ments in materials technologies. The understanding of the nano-structure of materials will
be an essential part of such an enterprise. But the complexity and interdisciplinary nature of
material science and engineering requires effective cooperation between scientists and engi-

neers from various disciplines.

Solid State Chemistry and Nanochemistry

In general, research in solid state chemistry is concerned with investigations of synthe-
ses, structures and properties of solids, The most important motivation is 1o understand.,
to predict, and to design the properties of solids with respect to both, chemical composition
and their crystal and electronic structures. Of course, the first step 18 the synthesis of the

required material. Threc different categories of solid state synthesis can be distinguished de-
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pending on the motivation;,
| ) preparation of known compounds to investigate a specific property;

i 3 synthesis of unknown members in a structuraily related {family in order to extend

structure-property relations;

i ¥ synthesis of new classes of solids.

Thus, solid state chemistry is mainly concerned with the development of new synthesis
methods, new ways of identifying and characterizing materials and of describing their struc-
ture. In the last few years, the key direction of solid state chemistry lay in the search for
new strategies of tailor-making materials with desired and controllable properties. Although
there have been major advances in the synthesis of solid materials due to many new chemical
methods, we are still far away from a tailor-making of solid materials with specified struc-
tures/properties. Most of the discoveries of new solids still have been made by chance)
Therefore, rational design and synthesis of novel materials have remained important objec-
tives. The control over the composition is often possible, but still then there must be a way
of producing materials in any required micro- and nanoscopic shape or form. At the same
time. the characterization of materials is a critical ingredient 1o progress, because 1t pro-
vides guidance for further research efforts.

In the last few years, solid state chemists started to exploit a combination of covalent
and non-covalent interactions, i. e. they started to connect molecular chemistry. the chemis-
try of the covalent bond, with supramolecular chemistry, based on non-covalent. intermo-
lecular forces (electrostatic interactions, hydrogen honding, van der Waals forces). Mo-
lecular chemistry is concerned with uncovering and mastering the rules that govern the struc-
tures, properties, and transformations of molecular species, whereas the supratnolecular
chemistry is covering the structures and functions of organized entities of higher complexity
formed by association of two or more chemical species held together by intermolecular
forces, These polymolecular assemblies may lead to supramolecular devices. defined as
structurally organized and functionally integrated chemical systems built on supramolecular
architectures,

From molecular to supramolecular chemistry, nanochemistry is the pursuit of this de-
velopment of bottom-up synthesis of complex objects. The nanochemist’s future goal is 1o
built and organize nanoscale ohjects under mild and controlled conditions finally of one clus-
ter of atoms or even one atom at a time instead of manipulating the bulk, thus, providing a
reproducible method of preparing materials that are perfect in size and shape. Nowadays.
one would call this directed self-assembly. At present, nanochemistry is concerned with the
development of novel methods for the synthesis and characterization of chemical systemns
within the size range of about 1 nm to 100 nm,

The interest in nanoscale ohjects is due 10 the exhibition of novel electronic, optical,
magnetic, transport, photochemical, electrochemical, catalytic and mechanical behaviors,
depending on composition, size, and shape of the particles. The physical properties of nan-

oparticles neither correspond to those of the free atoms or molecules making up the particle
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nor to those of the bulk solids with identical chemical composition, It is astonishing. that
many relevant phenomena at nanoscale are caused by the tiny size of the organized structure
and by interactions at their predominant and complex interfaces. When the chemists are able
to gain control over size and shape of the particles, further enhancement of material proper-
ties and device functions will surely be possible. Fach change in hoth, composition or size
can lead to different physical and chemical properties, providing a large number of new ma-
terials, Interestingly, 11 is true that the products of nanochemistry exhihit new and useful
properties, but at the same time it is not necessarily a need for new starting materials, new
applications and properties are rather a result of tailoring matter and subsequently arranging
the components by means of chemical interactions, so, ideally, new properties can arise
from a combination of inexpensive and environmentally harmless compenents.

At present the field of nanochemistry includes { | ) nanoparticles, ¢ il ) nanocrystal-
line materials and (il } nancdevices, The most important aspect is still the development of
new strategies for the synthesis of nanomaterials, particularly soft chemical routes.

But the chemist not only has to be able to synthesize perfect, i. e. ,monodispersed and
shape-defined objects having nanometer dimensians, but also may have to position these ob-
jects in appropriately organized arrays. This may be tackled either by using lithograpbic
techniques or templating methods (molecular and supramolecular assembly processes, or
deposition inside the void spaces of nanoporous host materials), However. the templating
methods may become the most favorable in the far run towards directed self-assembly, All
this reflects the desire of the chemists to deliberately control, to design, the synthesis of a
particular solid-state structure.

(Selected from Synthesis and Characterization of Novel Micro-and Nanostructured
Material, by Markus Josen Niederberger, 2001)

New Words and Expressions

nano-structure [ 'neenau'straktfe] n. GG
covalent [kau'veilant] 4. H&FEFNE, HMH
supramolecular [ 'sjuprama'lekjule] ao. B2 F &Y
nanochemistry [ 'neenou'kemistri] ». #H{kLE
self-assembly ['self-a'sembli] =»n. B3
template [ 'templit] »n (=templet) #K
lithographic [ iliBa'greefik] o. EREBIBIA, FHERY

Notes

@ ... they started to conneet molecular chemistry, the chemistry of the covalent bond,
with supramolecular chemistry, based on non-covalent, intermolecular forces. 7 /4% #y
7& they started to connect.., with..., fBf1FF LB 5o g5 & —#, the chemis-
try of the covalent bond 2%} molecular chemistry (i8] R, based on non-covalent,
tntermolecular forces B3 supramolecular chemistry fI#% .
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(3 The most important aspect is still the development of new strategies for the synthesis of

nanomaterials, particularly soft chemical routes. soft chemical routes, W Hi#JM “H{L

e, SRR FRGMAXRMEESRMEFERBR.
Exercises

1. Question for discussion
(1) What are the relations between chemistry and materials?
(2) Explain solid state chemistry and nanochemistry.

2. Translate the following into Chinese

materials life cycle supramolecular chemistry
solid state chemistry nano-structure
nanocrystalline materials non-covalent intersction

* Being closely related ro materials science, chemistry foruses an the atomic or molec-
ular level, and materials science deals with macroscopic properties, however both
together provide a proper understanding of how chemical composition, structure,
and bonding of materials are related to the particular properties.

Molecular chemistry is concerned with uncovering and mastering the rules that gov-

ern the structures, properties, and transformations of molecular species, whereas

the supramolecular chemistry is covering the structures and functions of organized en-
tities of higher complexity formed by association of two or more chemical species held
together by intermolecular forees.

* At present the field of nanochemistry includes ( | ) nanoparticles, (i ) nanocrys-
talline materials and (i ) nanodevices. The most important aspect is still the de-
vaelopment of new strategies for the synthesis of nanomaterials, particularly soft
chemical routes.

3. Translate the following into English

T2 B AL 2%
T ip SFEH
4T B
98 A i

Reading Material

Chemistry and the Synthesis of Novel Materials

Introduction; Chemistry and Materials
All the solids around us, natural and man-made, are materials and the science of mate-
rials is the effort to understand the relationships between structure and properties so that

structures can be selected and constructed to have the properties desired. The properties in
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question are nearly always physical: chemical reactions, on or within solids, are the =ubject
matter of chemistry proper, though perhaps an exceprion could be made in the case of ionic
migration.

Chemistry has impacted on the science of materiais in two ways. First, it has brought
new methods to the synthesis of solids. Traditional methods of making ceramics. glasses.
and so on were optimized largely by empirical means, some going back hundreds or even
thousends of years; “heat it and beat it” is a phrase encapsulating the older ceramics indus-
try, for example. Recent study of the reaction mechanisms involved in forming solid phases
from precursors has made it possible 1o use much lower temperatures to make ceramics
which, with sol-gel processing, has revolutionized production of these materials. Similarly.
to deposit thin (not just in the semiconductor industry but in anti-abrasion surface hardening
and optical coating) decomposing organo-metallic molecules has proved a notable advance
over the “engineering” approach of flinging atoms at a cold surface in an ultra high vacuum.

The second way that chemistry has widened the perspectives of materials science will,
in the long run, certainly prove more influential even than the control of synthesis. It lies at
the core of the whole discipline of chemistry, and in enlarging the range of the possible by
synthesizing new lattices of atoms and molecules not previously found in the natural or man-
made worlds. Such lattices are much more complex than hitherto, providing unit cells bor-
dering on the mesoscopic, and give access to properties not previously observed, One aspect

of this novelty is the concept of self-assembly.

Long And Short Range Order

Solids can be classified by the degree of order in the structures through the concepr of a
correlation function, and can be defined by the average value of the product of two vectors,
representing the position or orientation of the contents of a given unit cell and the other the
corresponding arrangement at a given distance from the first. If the positions and orienta-
tions of the contents of the remote region map completely on to that of the reference cell the
average value of the vector product is unity, while if there is no correlation between them
the correlation function is zero. We can define both short and long range correlation func-
tions and classify solids by the length scale over which correlation exists. Thus amorphous
solids show correlation between atom positions over short range but not long., Glasses
(which may be formed by polyhedral Si(3, and PO, sharing vertices, or even by random
atomic distributions in metals) are isctropic on length scales much larger than interatomic.
However, other classes of solid may be disordered in more complicated ways. Liquid crys-
tals, for example, show long range structural correlation in one or two dimensions simulta-
neously with only short range correlation in the third. Solid polymers, too, having covalent
backbones. show anisotropic atom-atom correlations which lead to unusual dynamical
behavior.

Infinite correlation lengths in three dimensions characterize the crystailine state where.

the infinitely repeating units can be not only single atoms but also molecules. In a continu-
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ous lattice solid like Si0); or Al,(); no molecular units can be distinguished, hut a molecular
erystal like CO; or naphihalene dissolves or vaporizes into molecules rather than atoms., A
particularly interesting class of crystals, which have become more and more important in re-
cent years, combines the characteristics of continuous and molecular in the same lattice, for
example continuous layers interleaved by molecular units, as in the layer perovskite salts
(C,He ot NHi 3 MX,. A final category of solid is the “composite”, strictly speaking a two-
phase material in which exceptional mechanical properties are conferred hy small particles of
one kind of material within the matrix of another on a mesoscopic scale, that is, in the
range 10~100 nm. Thus we have metal-matrix or polymer-matrix compasites. [or instance

incorporating carbon fibers,

Simple and Composite Chemical Bonding

In real solids the classical paradigms of ionic, covalent, metallic and van der Waals
bonding are augmented by many other more interesting possibilities. There are a number of
cases where two distinct bonding modes coexist in the same crystal lattice. For instance in a
crystal of Gy intramolecular C—C bonds are certainly covalent but the interaction between
Ceu 1s of van der Waals type although at low temperature more specific interaction develops
hetween C—C double bonds on one Cg, and the C, rings on its neighbors. These differences
are relevant to the dynamics of the Cq, crystal: free rotation of the molecules at high temper-
ature is replaced by finite jumps at the temperature, inducing a series of structural phase
transitions,

When Cs, forms superconducting K, Ce, ionic interactions are added to the covalent and
van der Waals ones. More unusual are cases such as K;Pt(CN)Brq 4 » 2H,0O (commonly
called KCP) where metallic bonding in one dimension is combined with jonic bonding 1n di-
rections orthogonal to the chain of metal atoms. Even more peculiar are the superconducting
molecular charge transfer salts like (BEDT-TTF).X where BEDT-TTF is bisethylenedithio-
tetrathiafulvalene, a quasi-planar organo-sulfur molecule, and X is an inorganic anion such
as Iy, AuBr; , Cu(NCS);. The metallic character arises from overlap of frontier molecu-
lar orbitals on neighboring molecules which, however, are charged and so interact primarily

by Coulomb forces with the polyatomic anions.

Physical Properties and Their Combinations

The physical properties of solids are rarely the sum of properties attributable to the indi-
vidual components. For example, in a molecular superconductor the superconductivity of
one molecule is a nonsense—the property is a collective one, belonging to the aggregate.
Une could make the analogy with extrinsic and intrinsic thermodynamic properties, e. g.
temperature cannot be ascribed separately to each unit in a solid ensemble.

The properties of interest to chemists are often the ones studied in simple prototvpical
solids many years aga by the physicisis, though with the proviso that new properties or

combinations may arise that challenge the simple paradigms. Properties are redivided into
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those which arise from the cohesive forces binding the crystal and those classed as “electron-
ic”. Among the former are thermal propertics such as specific heat, and mechanical proper-
ties like compressibility. It might appear that hardness would also come into the same cate-
gory, but in practice it is rarely an intrinsic property, being determined more by isolated
and extended defects and dislocations, Chemists have not thought much about mechanical
properties, certainly not with a view to designing such properties into the structure. How-
ever, matching the observed compressibility (and its pressure dependence) is a sensitive
method of calibrating the interionic and intermolecular potentials used in the structure
simulatians.

Just as that many of the most interesting solids have more than one mode of chemical
bonding in their lattices, s0 many interesting properties arise not alene but by combining
physical phenomena., For example, thermally induced phase transformations combine with
differences in optical behavior in two phases to give the property of thermochromism,
Stress, too, influences other physical properties, leading to the technologically important
properties of ferroelectricity, ferroelasticity and magnetostriction, Likewise photon absorp-
tion gives rise to photochromism or photoconductivity, and even changes in magnetism,
though photomagneric effects are less well known, Finally electrical conductivity can he in-
fluenced by magnetic fields, most spectacularly in the so-called “giant magnetoresistance”
effects in La, Sri_, MnQO,.

The remainder of this survey exemplifies some of the points made above by considering
two special topics. One is the special features associated with the less well developed field of
molecular materials, and the other is the diverse materials that can exhibit a single property;

some examples are given from the field of superconductivity.

Molecular Solids: A New Horizon for Solid State Chemistry

The paradigms of physical behavior in the solid state are based on prototypes with sim-
ple crystal structures, containing only one to three atoms in the chemical unit eell, Such is
the variety of electronic structure accessible by permuting of 90 stable elements in the period-
ic table, that all the bonding types are already available even in this limited subset. Conduc-
tivity is a property that spans the largest number of orders of magnitude of any in the uni-
verse; 28 from the most conducting metal to the most insulating solid substance,

Given that so many fascinating and useful properties arise from continuous lattice solids,
you may ask why one should bother with these much more complex ones. Several convincing
answers can be given. First, they are prepared in quite different ways from conventional
metals and ceramics, at or close to room temperature, and usually from solution, Thus
they give the solid state chemist access to the wider world inhabited by the coordination, or-
ganometallic and organic chemists. The implication is that contemporary synthetic virtuosity
can be harnessed to the solid state,

A second obvious feature distinguishing molecular arrays is orientational order: either

whole molecules or their side chains, can change their relative orientation as a function of
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temperature, pressure, stress, applied fields and so on, bringing about phase transitions
that cause macroscopic changes in phy=ical properties. (ne has only to think of liquid crystal
displays to see the implications. Allied to orientation is the issue of anisotropy: low-

dimensional conductivity. and deposition of oriented thin films are examples.

Superconductivity: The Role of Chemistry

From its discovery in 1910 up to the 1980s, superconductivity was not of much interest
to chemnists, The materials concerned were firmly in the realm of the metallurgist and the
materials scientist, while the theory was couched in terms of wave vectors and phonons that
made it accessible only to physicists. Even the theoretica} prediction that one needed 10 max-
imize the electronic density of states at the Fermi surface and increase the electron-phonon
coupling was scarcely a recipe for action by a synthetic chemist. Since then, of course, su-
perconductivity has entered chemistry in a big way: an object iesson in materials chemistry.
For example, After the epoch making discovery of superconductivity in a phase mixture con-
taining L.a, Ba, Cu and O, many solid state physicists converged on the problem with the
result that many physical properties were measured on distinctly )] characterized samples.
Only with preparative solid state chemistry methods could single phase samples of
La;_ ,Ba,Culy_; and YBa,Cu; O, _,be prepared, so that the structures and properties could

be studied in a definitive way.

Conclusion

The foregoing discussion shows how closely chemistry has become woven into the sci-
ence of materials. The superconductors bear the same message. Similar examples could be
given from other classes of physical property, especiatly from the burgeoning category of
materials based on molecular building blocks. The conclusion is that “materials chemistry”
is now firmly of age,

(Selected from Pure Applied Chemisiry, by Peter Day, 2999)
New Words and Expression
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orthogonal [o'6ogenal] a. HHH., BEXH
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Notes

@ ... chemical reactions, on or within solids, are the subject matter of chemistry prop-
erv... Hiproper BEF B2 fnt, BER “H®”. “EHEXLH7; BEiAHd
chemistry proper 1§ “Hifb¥”., X I0: Beijing proper, {tEH (FEHELEHBR).

@ Solids can be classified by the degree of order in the structures through the concept of a
correlation function, and..., the degree of order in the structures, HEMERE. T
#J orientational order W|FEF 617 ¥+ correlation function. HE R,

® Liquid crystals, for example, show long range structural correlation in one or two di-
mensions simultaneously with only short range correlation in the third. 2%, P,
BRE-BR_FSERANKBLENEE, AnES =% RN ERYEEHEL,

@ ... fIree rotation of the molecules at high temperature is replaced by finite jumps as the
temperature is reduced, inducing a series of structural phase transitions. BEFT., W
HEENER, RRTATFHAHREEIERKT, SH—BF 3 EHEHNE Q.

& For example, in a molecular superconductor the superconductivity of one molecule is &

nonsense—— the property is a collective one, belonging to the aggregate, Aggregate, £
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. FOFERR., A THEREARRE-MHBOER, SHEEGHREBRT S
FHEAEHWE. &HFFX. #0N, EENMSTFERED, - TFHHESFEZEEEG
BRI RERNE. BTHERES

® Conductivity is a property that spans the largest number of orders of magnitude of any in

the universe. orders of magnitude, ¥ & : spans the largest number of orders of mag:

nitude, FrEEAIEBEB K.



Unit 5 Materials Research: Today and Future (Part [ )

The future of the business in polymeric materials is influenced to a large extent by three
factors: macro-trends in society, developments in science and technology and the outcome
of the present turmoil in the chemical industry. Looking at the future needs of the society,
1t 1s expected that an increasing pressure will be exerted in the next decades hy the society at
large on the chemical industry, to come to a higher level of sustainability. The development
of really sustainable products and processes will become more and more important, On the
other hand, the most striking development in materiai science and technology is an ever in-
creasing control on the molecular and the supramolecular level, up to the nano length scale.
The interest of polymer scientists has shifted from new monomers and their (co) polymers
towards functional and smart materials, resulting from the mimicking of the perfect control
of macromolecular structure and function as found in nature, It is expected that these deve-
lopments will provide the solutions for more sustainable products and processes. The third
factor is a thorough reshuffling of the activities in the chemical industry. The position of the
‘advanced materials’ in this redistribhution is not clear. It might even happen that a substan-
tial part of this business disappears from the chemical industry towards for instance the elec-
tromc industry,

Traditionally, industrial research tried to establish the link between three elements
(Fig. 1. 1}: the running business, the future needs of society and the developments in sci-

ence and technology,

Sustainability

Fig. 1.1 Driving forces for the business in polymeric materials

At this moment, changes happen in all three spheres, which are so fundamental that

industrial polymer research has to adapt in a dramatic way to 2 completely new situation,

The changing society

The evolution of our society can be illustrated with a series of S-curves, reflecting life
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cycles of eras (Fig. 1. 2). After having lived in an agricuitural society for ages, we turned
into an industrial society at the end of the 18 th century., A couple of centuries later, after
the second world war, we again entered a new era, triggered by the development of comput-
ers. Now, after just some decades, we are at the point to make a new jump into an era,
characterized by an almost unlimited access to knowledge and information via the worldwide
web, but also characterized by down scaling and miniaturization, thanks to smart materials
and functional materials. This will be the outcome of the integration of the natural and the
synthetic approach to materials, the integration of Biotechnology and advanced Material Sci-

ence. R. W. Oliver labeled it “the Bicterials age”.

Bicterials Age

B

E

2

E E [nfermation Age

,3 >

5

E § [ndustrial Age

% ASgrrian Age o

© | 6000BC A 1760 1950 2000

Fig. 1.2 Technology waves create economic eras

Major changes in society are almost always brought about by technological revolutions.
In this respect, I remember Sir George Porter stating that James Watt had liberated more
slaves from slavery than any politician ever did, just by inventing the steam engine. In fact,
by his invention, James Watt initiated the industrial era.

Which are the major technologies that lie at the basis of the present transformation?

In a study performed by the Study Centre for Technology Trends in the Netherlands,
but also in many other studies, it was concluded that. at this turn of the centuries, -hree
major waves of technology are affecting society; the silicon technology, the biotechnology
and the nanotechnology. Silicon technology took off in the fifties and in fact brought about
the former jump, One can say that it changed the world completely in 30 years, It is expec-
ted to level off now and even declines because further developments will be taken over partly

by a new technology: nanotechnology (Fig. 1. 3).

impacton society

1950 1970 1990 200 2030 2050

Fig. 1.3 Waves of technology affecting society
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In the mean time, another technology developed: biotechnology, Started in the 19707 s,
it is now in its fast growing phase, The next wave is the nanotechnology, only in its embry-
onie phase at this moment. It is the combination or the integration of the latter two technol-
ogy waves that will bring about the next change,

It is hard to predict what the needs of this changing society will be, But, as far as ma-
terials are concerned, one can foresee that functional or smart materials for *communication

hardware’ and materials for medical applications will certainly boom.

Changes in science and technology

The integration of bictechnology and nanotechnology can best be illustrated by a picture
that I borrowed from Jean-Marie Lehn. T have taken the liberty to adapt it slightly. In the
last chapter of his book on ‘Supramolecular Chemisiry’, Jean-Marie Lehn compares *natu-
ral’ and ‘synthetic’ compounds in a very nice picture in which he puts ‘controlled complexi-
ty” against ‘diversity’ and puts forward that nature reached a tremeadous level of vontrol
and camplexity with a limited number of chemical systems. In synthetic chemistry on the
contrary, we can synthesize an unlimited number of monomers, building blocks and back-

bones but, until recently, with very limited control and complexity (Fig. 1.4),

controlled r
cotnplexity

biclogy
bictechnology

melecular nanotechnology

synthetic chemistry

diversity
Fig. 1.4 Natural and synthetic chemistry

In recent years progress has been made in two ways. The diversity in molecules synthe-
sized by living organisms is increased by biotechnology. On the other hand a substantial
jump has been made in synthetic chemistry towards more control and complexity, the so-
called molecular nanotechnology or nanochemistry.

J. M. Lehn drew an arrow in the diagram and said that progress would be made in that

direction. This means that continuous mutual interaction between the two fields——biotech-
nology and molecular nanotechnology——could offer countless opportunities for new con-
cepts,

Time & technology

Looking at the developments in science and technology, it is clear that the fields of “life
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sciences’ and ‘materials sciences’ are growing closer and closer together. For instance, it is

striking that nature succeeds, despite the limited number of building blocks, in getting ade-

quate structural properties anyway. Nature is able to do so by complete control on the mo-

lecular level (molecular weight, mclecular weight distribution, seguence. tacticity), by

ordering on the nano-level and by perfect macroscopic design, In this respect we can learn a

lot

from nature, as well for structural applications of synthetic materials, as for functional

applications or a combination of the two.

(Selected from Industrial research, which way to go, hy Joseph Put, 2002)

New Words and Expressions

miniaturization [miniatferai'zeifon] n. /NE{L

synthetic [ sin'Oetik] a. SHRE, AR

biotechnology [ baioutek'nolodzi] n. 4£%ER, ST %
nanotechnology [ inenoutek'naladzi] = #¥FA
sequence [ 'sikwans] =z (T FHE#H

tacticity [teek'tissti] » WHBRF

life

cycle H@fEM, ERASH

down scaling /DB
smart material 5 BEM ¥}
functional material ZhBE#f &

supramolecular chemistry 84y F{b%
molecular weight 47
molecular weight distribution 4 F B4

(D

(2}

(3)

(4>

Exercises

List the tree major waves of technology that had significant influence on our society.
Do the following statements agree with the views of the writer in the above passage?
Write,
YES if the statement agrees with the writer
NO if the statement contradicts the writer.
Polymer scientists are devoting themselves to the synthesis of new monomers and their
(co) polymers.,
In recent years, the diversity in molecules synthesized by living organisms is increased
by biotechnology.
Thanks to the efforts of chemists, we can now perfectly control the macromolecular
structure and function of polymers,

The fields of ‘life science’ and * material sciences’ are growing closer and closer,
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Reading Material

Material Research: Today and Future (Part [[)

Nanotechnolegy, a Breakthrough Field

‘Meolecular nanotechnology” is still considered by many people as a buzz word and a
hype. In fact it is simply the logical next step in the development of synthetic chemistry, in
this way closing the gap with biology.

Several phenomena in the scientific environment gave birth to this important new direc-
tion. On the one hand there was the development of the new microscopies. which made it
possible to determine and characterize structures on the nano length scale. On the other
hand, there was the synthesis of completely new architectures with carbon compounds:
fullerenes, nanotubes and all kinds of dendritic and hyperbranched structures.

A lot of effort is given at the moment to the large scale synthesis of fullerenes and nano-
tubes. Applications of these molecules in nano-electronics look very promising. Also the
dendrimers, elthough they didn’t reach a commercial breakthrough vet, formed a milestone
in synthetic chemistry for several reasons.

With the dendrimers, scientists were able for the first time to obtain synthetic macro-
molecules with a well-defined structure. Furthermore, a completely new molecular architec-
ture and a really multifunctional macromolecule with a high density. of functions on the out-
side was built up. A process for large scale synthesis of dendrimers was developed by DSM.

Embroidering further on this theme and combining it with non-covalent supramolecular
interactions, enormously improved synthetic skills were realized together with an increasing
understanding of hierarchical organization in soft matter. This combination led to the con-
trolled synthesis of complex molecular and supramolecular systems, in this way mimicking
nature. This creates new possibilities that were simply not there before. As Jean-Marie
Lehn said: ‘The novel features that appear at a higher level of complexity do not and even
cannot conceptually exist at the level below’.

Concerted research efforts are needed to realize the potential of nanotechnology as a key
technology for the 21st century, surpassing solid-state technology and biotechnology. The
increasing control over the arrangement of atoms will create new possibilities for manufactur-
ing in all areas, including sustainable as well as military products. Many materials, elec-
tronics and medical applications will enter the market within 20 years. Fancier products such
as self-cleaning textiles can be expected to appear in the mid term. In the long term, nano-
technology might even modify the concept of life, invoking ethical objections resembling
those against biotechnology. The question is which industry will he able to pick up these
new developments. Is the chemical industry and more precisely, the polymer industry ready

to go into smart materials and functional materials?
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The Changing Chemical Industry
At this moment, a thorough reshuflling of the chemical industry is taking place, This

implies more than just mergers or fusions. It is a complete regrouping of chemical activities
by splitting up, exchanging parts of businesses, merging etc, 1t looks as if the structure of
the chemical industry is at the end of a life cycle and & jump 10 a new S-curve, with a com-

pletely new structure, is going on (Fig. 1.5),

Leaders in
chosen fialds

vision

Eroadly integrated
companies

exrapolation

Fig. 1.5 The structure of the chemical industry seems to be at the end of g life cycle

At the beginning of an S-curve, one can predict what will happen by extrapolating. At
the end of a life cycle one needs vision, as things are changing into something completely new.

The chemical industry seems to move from broadly integrated companies that cover al-
most the entire field from crackers up to pharmaceuticals, towards leaders in chosen fields,

The position of ‘advanced materials’, and especially “smart’ and ‘functional’ materials
in this whole rearrangement of the industry is not clear. Producers of advanced materials for
the automotive industry, the electric and electronic industry, the medical devices industry,
etc. are “solution providers’ and in this way they do not fit within the mindset of the pro-
ducers of bulk polymers. Do they fit within a company {ocussed on life science products?
Some people do not see any synergy. Others are convinced that there is a lot of SYNeIgy in
the technologies and even in the market approach.

We are convinced that a lot of synergy is possible between the two important knowledge
fields: material sciences and life sciences. Companies that master both fields might have a
competitive advantage, We think we are only at the beginning of a completely new develop-
ment in the field of synthetic materials. A bright future is waiting for this new polymer and
material science, combining principles out of biology and out of synthetic chemistry,

However, it remains 0 be seen whether this will be reflected in the reshuffling of the
mentioned spin-off companies. At this moment the chemical industry and the materials in-
dustry seem not to be able to pick up the new developments in nanoscience. Electronic in-
dustries are a lot more active in that field. Chemical industry focuses largely on biotechnolo-

gy and life sciences.

A New Approach in Industrial Research

As the environment of industrial research is changing so drastically. this activity itself
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has to change dramatically, to adapt to the new situation. The essence of this change is a
much more pronounced external focus. This external orientation is necessary with respect to
the knowledge infrastructure as well as with respect to the partners in the business chain and
even with respect to the competitors.

The new concepts in the materials field that are discovered at universities and research
institutes are scarcely picked up by the polymeric materials industry, because these develop-
ments are too far away from their focus field or too far away from commercialisation, Fur-
thermore, application development has to be done by an industry that is familiar with the
end market, so co-operation is necessary with a partner situated further down the business
column, like electronic industry, medical materials industry ete. ...

Often these new developments are picked up by small ‘start-up’ companies with an in-
tense focus on that one concept that they want to bring to commercialisation and making use
of venture capital. Many larger chemical companies react to this new phenomenon with “cor-
porate venturing’. This is in fact a way of company innovation with an external focus, mak-
ing maximum use of the possibilities outside the company,

These companies start to invest in venture capital funds or start to act with venture cap-
ital themselves. They take direct or indirect participations in these start-up companies,
Contrary to the ‘normal’ venture capital funds, their selection is not only based on financial
criteria but is highly influenced by strategic and technological arguments. If the start-up per-
forms well, sconer or later the company will spin it in before it goes public. An increased
entrepreneurial spirit at universities and research institutes is needed for this approach.

Parallel to this, new developments that arise within a company are treated in an analo-
gous way and can grow into a separate business unit, or can be spun out if the fit with the
strategy turns out to be unsatisfactory. This is also value creation for the parent company,
Correct and early valuation of knowledge and of technology is crucial in these approaches.

It is clear that a new kind of industrial research is needed to support these activities,
with a focus on searching and evaluating external activities,

(Selected from Industrial research, which way to go, by Joseph Put, 2002)
New Words and Expressions

dendritic [den'dritik] a. W IRE

reshuffle [ri'[afl] vz, »n. EFHEMN, EH, 4
merger ['madze] » &3, HHF

extrapolate [eks'traepoleit] ». Wy, 4Pt
pharmaceutical [ famma'sjuctikl] . #2580 B¥H
synergy |'sinad3i] n. &7, thh. hREH
infrastructure ['infraistraktfs] n MBHZEH
entrepreneurial [ iontrapra'narisl] o. I EKH
fullerene [Mjulariin] » E¥E

nanotube [in@nau'tjub] n. HIKE



hyperbranched a. ¥l
dendrimer n. RERBE
non-covalent «. JEHATEEH

mindset [ 'maindiset] n#n BEEMIMH
venture capital n. FE#RE

Notes

*Molecular nanotechnology” is still considered by many people as a buzz word and =

hype. buzz Word: SR —HESigXMLHX, WEXBEEWRARXEE, TEHFEE
HE8ERG T AMIEEN S hype: W/, REFLRBRNITEERE,
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PART II METALLIC MATERIALS AND ALLOYS

Unit 6 An Introduction to Metallic Materials

What is a Metal?

The key feature that distinguishes metals from non-metals is their bonding. Metallic
materials have free electrons. In the case of pure metals, the outermost layer of electrons is
not bound to any given atom, instead these electrons are free to roam from atom to atom.
Thus, the structure of metallic material can be thought of a consisting of positive centers
{or ions) sitting in a “gas” of free-electrons.

The existence of this free electron gas has a number of profound consequences for the
properties of metailic materials. For example, one of the most important {eatures of metal-
lic materials is that freely moving electrons can conduct electricity and so metallic materials
tend to be good electrical conductors. Some metals more closely resemble the idealized pic-
ture of free electrons than others, Consequently, some metals are better conductors of elec-
tricity than others; for example, copper is a more efficient electrical conductor than tin.

Electrical conductivity is such an important characteristic of metals that conductivity is
sometimes used 1o distinguish metals from non-metals. The problem with using conductivity
to distinguish metals from non-metals is that this approach is somewhat arbitrary. For ex-
ample, graphite is a form of carbon which has quite a high electrical conductivity, but the
bonding of carbon atoms in graphite is very different from that of atoms in & metal. There-
fore, it would be quite misleading to describe graphite as a metal. Note; the way in which
atoms are arranged in a structure is just as important as the nature of the atoms themselves in
determining the extent of electrical conductivity. Both diamond and graphite are made up of
pure carbon, but diamond is a very good electrical insulator, rather than an electrical con-

ductor like graphite.

What is an Alloy?

An alloy consists of a mixture of a pure metal and one or more other elements. Often,
these other elements will be metals, For example, hrass is an alloy of copper and zin¢, In
other cases, ametal will be alloyed with a non-metal, The most important example of alloy-
ing involving addition of a non-metal would be (plain-carbon) steels, which consist of iron
alloyed with carbon,

Alloys are usually less malleable and ductile than pure metals and the tend to have lower
melting points. They do, however, have other properties which make them more useful

than pure metals. An alloy is made by melting the different metals in the alloy together,
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The amounts of each metal are usually quite important.

Solid Solntions and Intermetallic Compounds

In many cases, metals are quite soluble in other metals. For example, solid copper and
solid nickel are fully soluble in each other, This type of perfeet solid solubility is a side effect
of having free electrons. Since the electrons are free to move, the exact number of valence
electrons possessed by any given atom shouldn”t matter. Thus a metal should be able to dis-
solve another metal and produce a “solid-solution” in which one metal serves as the solvent
and the other as the solute, although in a case like copper and nickel where these are mutu-
ally soluble at all compositions the terms solvent and solute can be a little misleading.

In practice, however, not all metals are soluble in other metals, Thus, instead of a
solid-solution a new phase, an “intermetallic compound”, with a structure different from
that of any of its constituent metals can be produced. For example, nickel will dissolve
some aluminum, so that at low aluminum contents a solid solution is produced. However,
if larger amounts of aluminum are added, tben a series of intermetallic compounds (for ex-
ample Ni; Al and NiAl) are produced. Some of these compounds (called “line compounds™)
have a very well defined composition (for example Ni; Al invariably has almost exactly three
nickel atoms for each aluminum atom), In contrast, other compounds have quite 2 wide
range of composition (for example “NiAl” covers quite a wide range of nickel to aluminum
ratios and there isn’t necessarily exactly one nickel atom for every aluminum atom).

The formation of intermetallic compounds seerms strange, given the comment above
about above free electrons promoting solid-solubility. However, there are three types of cir-
cumstances in which intermetallic compounds form, instead of solid-solutions (these are
called the “Hume-Rothery rules”). The first of these circumstances is when the size differ-
ence between the solvent and solute atoms is such that these do not fit very well together
(the result is a “size factor” compound). Consequently only a limited amount of the solute
can be dissolved in the solvent. The second circumstance is when there is a large difference
in electronegativity between the solvent and a solute, in which case the result is more like
ionic than metallic bonding. The final circumstance is related to certain ratios of the number
of valence elecirons to the number of atoms in a structure (the result is an “electron” com-
pound). This is a consequence of some metallic systems only approximating the free electron
mode] of metallic bonding.

Given that many of the compounds formed in alloys are size factor or electron com-
pounds, these do not follow the rules of valency. In other words, whereas the chemical for-
mula of an ionic compound, like NaCl or AL O, can be predicted easily from the compound’s
position in the periodic table, this is not the case for many intermetallic compounds. Thus,
knowing from their position in the periodic table that Na wants to form Na* ions and chlorine
wants to form C1” ions explains why an ionic compound with a formula NaCl is observed. In
contrast, this doesn’t explain why a carbide with a formula Cry; Cs is formed in stainfess

steels. The precipitation of Cry, Gy is a big problem when stainless steels are welded. Cry g
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forms in the “heat affected zone” around the weld (this region is heated but not melted dur-
ing welding)., The formation of this chromium-rich phase pulls chromium out of solution in
the surrounding iron. This, in turn, prevents the formation of a protective layer of Cr,(J;
on the surface of the stainless steel and so the stainless steel is no longer stainless, but in-
stead suffers from catastropkic localized corrasion.

Consider a different example. NiAl is an electron compound which forms due to having
a “magic” 1. 5 valence electrons per atom (this magic number isn’t really magic, butis a re-
sults of devistions from the free electron model). There is one nickel atom and ene alumi-
num atom in NiAl and the valency of nickel is two and that of aluminum is three. Given that
(2+3)/2=2.5 this doesn’t seem like 1. 5 valence eiectrons per atom. However, as a tran-
sition metal, nickel is able to act as if it does not have a valency by “hiding” electrons in the
empty states in the shells below the outer sheil. Thus, effectively, there are (0+3)/2=
1. 5 valence electrons per atom in NiAl

Even in cases where intermetallic formation does not occur, there may not be perfect
solid-solubility. If two metals have different crystal structures then at some intermediate
composition there will have to be a change from the crystal structure of one metal to that of
the other, In such a case the result would be, on gradually changing the composition of an
alloy from pure metal A (forming the a-phase) to pure metal B (forming the §-phase) ;

* single-phase ¢ solid-solution;

* two-phase mixture of a solid-solution and # solid-solution s

* single-phase # solid-solution.

{Selected from An Introduction to Metallic Materials, by William F. Gale, 2002)

New Words and Expressions

roam (reum] o @¥, WA, W& . B, BE, 48
graphite ['greefait] n. B8

malleable ['melisbl] a. HIERMEH, TR

ductile ['daktail] o« BERMN, BHSH. THMH
soluble ['soljubl] a. BI¥EH. WHRM

chromium ['kraumjem? n. &

transition [treen'sizen] = H#, KT, ¥

shell [fel] n 3, #p%

Exercises

1. Question for discusston
(1) What is a metal? What is an alloy? What are the differences between their proper-
ties?
(2} Give examples to explain solid solution and intermetalljc compound,
2. Translate the following into Chinese

the outmost layer of electrons free electron gas
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electrical conductivity plain-carbon steel

solid solution intermetallic compound

* In the case of pure metals, the outermost layer of electrons is not bound to any given
atom, instead these electrons are free to roam from atom to atom.

* Alloys are usually less malleable and ductile than pure metals and the tend to have
lower melting points.

* The formation of intermetallic compounds seems strange, given the comment above
about above free electrons promoting solid-solubility,

* If two metals have different crystal structures then at some intermediate composition
there will have to be a change from the crystal structure of one metal to that of the
other.

3. Translate the {ollowing into English

B R AEH

295 pivk 5P

o8l B

HEER EREEEag
Rééﬂihg Material

Structures of Metals and Alloys

What is a Phase?

The word “phase” has different meanings in different sciences and even in different as-
pects of materials science. In the present paper, a phase is used to indicate a state of matter
with a distinct structure and hence properties. ['he most familiar phases are solid, liquid,
vapor (gas) and plasma. However, within the solid-state for example, there can be a
number of different solid phases within a system. For example an heating between room-
temperature and its melting-point, pure iron goes through three different phases, These
phase are known as a-Fe (*ferrite”), ¥-Fe (“austenite”) and 8 Fe (“delta-ferrite”). Each
of these phases has its own distinetive structure and properties, although all three are made

up of iron atoms.

Crystal Structures

A phase has a distinct structure. What might this involve? Consider for example the a-
and #-phases in pure iron. In both of these phases, the iron atoms are the same, but are ar-
ranged in a different pattern. In each case, the pattern (or “lattice”) is made up of a re-
peating unit {the “unit cell”). Although in both e- and S-iron the unit cell is a cube, the
length of the sides of the cube {the “lattice parameter”, a,) is different and the atoms are

arranged differently within the cube, In both cases. iron atoms sit at the corners of the
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cube. However, ina-Fe there is also an iron atom at the center of the cube, Consequently,
this erystal structure is referred to as the “body-centered cubic” {BCC) structure. In the
case of a-Fe, iron atoms are present at the centers of each of the faces of the cube and the re-
sulting structure is known as “face centered cubic” (FCC).

Thus far, the examples given have been for pure metals. What about selid-solutions
and intermetallic compounds? The nature of solid-solutions depends on the size of the solute
atoms, relative to that of the solvent, When the solute atoms are much smaller than those
of the solvent, carbon in a- or ¥-Fe for example, the solute will sit in such empty spaces
{ “interstices”) as are available between the solvent atoms. This is called an “interstitial solid
solution”. The interstitial sites are smaller in a- than in 7-Fe and so carbon {its better into »-
Fe than into a-Fe, Consequently, the carbon solubility in ¥-Fe is {ar larger than in ea-Fe.
Thus, on transforming a steel from ¥-Fe to a-Fe carbon is precipitated out from the iron in
the form of a carbide Fe,C (known as “cementite”). Controlling this process is one of the
metallurgist’s most important tools.

When the solute atom is fairly similar in size ta that of the solvent, for example chromi-
um dissolved in either & or 7-Fe iron, then solute atoms will substitute for some of the sol-
vent atoms and the result is called a “substitutional solid-solution”. It is important that in
both substitutional and interstitial solid-solutions the sites occupied by specific atoms are
random, consequently adding the solute does not change the crystal structure, In contrast,
in an intermetallic compound, such as NiAl, the different atoms sit on specific sites. NiAl,
for example, is a cubic structure in which nickel atoms sit at the cube corners and aluminum
at the body center. Since each cube corner side is shared by eight unit cells and each hody
center site is entirely within a unit cell, this produces;

¢ 8 corner sites/8 unit cells sharing each site=1 nickel atom per unit cell

*+ 1 body center site/1 unit cell containing the site=1 aluminum atom per unit cefl
This gives a nickel atom to aluminum atom ratio of 1 ¢ 1 and hence a chemical formula of
NiAL

This structure is nothing like that of either a substitutional solid sclution of aluminum in
nickel. which is FCC, or of nickel in aluminum, which is also FCC, although with & differ-
ent lattice parameter. [t might seem tempting at first sight to describe the structure of NiAl
as BCC. However, this is not the case, since the nickel and aluminum atoms have their
own distinctive sites, Try covering up either the nickel or the aluminum atoms and it will be
apparent that the structure is simply a cube and this is an example of what is known as a
“simple cubic” or “primitive cubic” structure,

Not all unit cells are cubic. For example, the unit cell of the carbide Fe;C is in the
shape of a cuboid with three sides of different lengths (a, & and ¢) and is an example of an
“orthorhombic™ structure. The structure of a-Fe can become distorted in steels subjected to
special treatments, such that instead of a BCC structure {which is cubic with three sides of
length a,) a “body centered tetragonal” structure in which two of the sides have length a and

one side has a length ¢ with ¢>>u is produced.
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The science of crystal structures and the methods by which they are determined experi-

mentally makes up the subject of “crystallography”.

Crystalline and Amorphons Metals

In a material that is *crystalline” a long range structure exists in which atoms are ar-
ranged into unit cells and the unit cells repeat in a regular pattern, forming a lattice. If the
lattice extends right out to the edges of a piece of material, the result is a large “single crys-
tal”. The most familiar example of this would be a gemstone. such as a diamond, Howev-
er, the nickel-base alloy turbine blades used in aero gas-turbine engines (what are popularly
known as jet engines) can also be produced as single crystals. To produce a solid single
crystal from a liquid requires that the lattice forms in a uniform fashion. In most cases,
however, solidification begins from multiple sites, each of which can produce a different ori-
entation. The result is a *polyerystalline” material consisting of many small crystals (also
known as “grains”) each of which has the same lattice, but with a misorientation from grain
to grain,

In three dimensions, the grains in a polyerystal are usually found to be polygonal. The
interfaces between the grains (“grain boundaries™} have an associated energy, just as do
other interfaces (for example the cuter surface of a liquid or a solid). For any given type of
interface, there will be a certain interfacial energy per unit area of interface. Hence, since
matter tries to adopt the lowest energy condition possible, there is a driving force to mini-
mize the total interfacial area, as this reduces the total interfacial energy of the sample.
Spherical grains would give the lowest surface area to volume ratio, but packing spheres to-
gether can not completely fill space (in other words & sample that solidified by forming
spheres would inevitably leave some liquid behind). Hence, the grains do the ncxt best
thing and grow as polygons, which have almost as low a surface area to volume ratio as
spheres, but unlike spheres can stack together to fill space.

If a material is cooled very rapidly from the liquid state there is not enough time for the
material to arrange the solid into a lattice, Instead, a random “amorphous” arrangement is
produced and the result is a non-crystalline material. The best known amorphous material is
window glass and hence amorphous materials are often referred to as glasses. Metals are
usually able to crystallize even at very high cooling rates, but under extreme conditions me-
tallic glasses can be produced in some alloys, Note; metallic glasses are not transparent.
Nonetheless, the lack of a long range structure in metallic glasses does produce some unusu-
al properties and these are employed in specialist applications, For example, Fe-Si-B metal-
lic-glass alloys are used as magnetically soft-iron for high performance transformer cores,
since the lack of long range structure prevents the processes that lead to the production of a
permanent “hard” magnet.

Perhaps the most important current application of amorphous metals is in read-write
compact discs (CD-RW). All compact discs (CDs) depend on changing the extent to which

the disc reflects light from a laser to store information {e. g. music or computer data). Con-
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ventional CDs control reflection using small pits that are produced mechanically in a factory
and so standard CDs are read-only. In contrast, recordable CDs (CD-R) discs contain a dye
layer within the dise, This dye undergoes a color change when heated. CD-R discs store in-
formation by using a laser to heat a small region of the CD, producing a localized color
change that, in turn, modifies the reflectivity of the disc. Hence the term “burning a CD”.
CD-R discs are very cheap to produce, but suffer from the disadvantage that the color change
is permanent, so that the disc is write-once-read-many (WORM). Thus, a single mistake
when burning the CD and the result is only fit for use as a coaster. CD-RW discs work in a
different fashion. Within the disc i{s a metallic layer. When this is heated iocally by a laser,
at a fairly high power, a small region of the metallic layer melts. The rest of the disc makes
an efficient heat sink and so the small molten region cools extremely quickly and is unable to
crystailize. The resulting amorphous regicon reflects light differently from its erystalline sur-
roundings and so can do the same job as the pits in a conventional CD or the dye in 2 CD-R.
The key difference is that, if the amorphous region is reheated, but with a lower laser pow-
er than before, the amorphous region becomes hot enough 1o allow crystallization to take
place, but not so hot that the region re-melts. This erases the original information, making
the CD-RW disc re-writable.

If one visits a store selling fancy glassware, one will see the phrase “crystal glassware”,
This is a contradiction in terms, as any given phase is either erystalline or glassy., Thus a
material can be crystalline (most metals), glassy (many polymers), or a mixture of sepa-
rate crystalline and glassy phases (some polymers and the class of materials called “glass ce-
ramics”),

The structure of an amorphous material is more like that of a very viscous liquid than a
solid. Indeed, if one visits a very old building (say a stately home in Europe) one can see
clearly that, over the course of hundreds of years, window glass will flow at room tempera-
ture!

{Selected from An Introduction to Metallic Materials, by William F. Gale, 2002)

New Words and Expressions

phase [feiz] =n. #

plasma ['plezma] » BEFE, EBFR

precipitate [pri'sipiteit] n JIEW; ve. HIIE, HiL. B4
ferrite ['ferait] n. (IE) #%BREL, (f) &

austenite [ 'ostonait] n. &, BICE, IRESE

lattice ['letis] = T

interstitial [iinta{?) 'stifal] 4. ZSPHAY, Rigkpy, B2 BRR) . B4R Y
cuboid {'kjuboid] . KK, Y HIEM, ZWFH, THH
orthorhombic [ o@'rombik] a. FEX&HAY, &5 RN
tetragonal [te'tregoni] o, FHEHN, OHFEM
crystallography [ ikrista'lografi | n. #5532, SBfk%
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turbine ['tatbin, 'tabain] n» B%

blade [bleid] » ZJ. K

polygonal [po'ligenl] o, EHEEMN. BHEH

gemstone [ d3emistaun] n FH

spherical ['sferikal] a. BRI, BRIBH

amorphous [o'moidas] a. REFEHN, THEH, THED
transparent [treens'perant] a. ZFHM

pit [pit] = Hi,

coaster [ 'kausta] n #MF, 87

viscous ['viskas] a. FYEM, BEFE. KER
interfacial [iinta()'feifal] o. FEH, FREH, &EH

Notes

(@ Although in both a- and S-iron the unit cell is a cube, the length of the sides of the cube
(the “lattice parameter”, a,) is different and the atoms are arranged differently within
the cube, unit cell, BH7 5 M8; the length of the side, #1§K; lattice parameter, gyl
B. 2HBX: REE aFe, BFe PEMBIMBRLF K, HIFEBAE (BESHK
ao) FAME. IHEHNREF RN EFER.

@ The result is a “polycrystalline” material consisting of many small crystals (also known
as “grains”) each of which has the same lattice, but with a misorientation {rom grain to
grain. £HR: KBAREER —MELHE, BHESHBETS/MRE (BE “5
WY HB, B 0RBRGHEANRK, BRESGKZEEEFEEER Fi.

@ If a material is cooled very rapidly from the liquid state there is not enough time for the
material to arrange the solid into a lattice. Instead, a random “amorphous” arrangement
is produced and the result is a non-crystalline material. amorphous, BEMHK ., EEE
iy, BEABN; non-crystalline, IEMFA, KLERY, LB, NR-FHNNBES
TREDA, AN B A 2 5 B P o 48 0 R B 5 R R s 5 P 7 2 B 1
KEmHF, REREBRIERAFHE EEERLFEHE.

@ The structure of an amorphous material is more like that of a very viscous liquid than a
solid. that f{ifl, f{ structure, BHF L. BREHMWENTRIE LB R IE GG
W, S ERK SN LT,

@ Indeed, if one visits a very old building (say a stately home in Europe) one can see clear-
ly that, over the course of hundreds of years, window glass will flow at room tempera-
ture! stately, MK, BHFX . LHFE, WRGEEEW MR ELMBER, KHG
BRMOETE, RUHERED, SHTLEFUE, §P TORBESR T84S
.



Unit 7 Applying Powder Metallurgy
to Gear Manufacturing

Powder Metallurgy (PM) is a well-established manufacturing process which has under-
gone substantial growth in recent vears in terms of allowable loads, This is due to the use of
detailed stress analysis which can define the hest process parameters, the availability of
highly compressed powders, and the accurate design of compacting equipment,

PM gears have several advantages:

* Economy in production of medinum-to-large batches.

¢ The ability to obtain complex shapes which could be very difficult or even impossible

to produce by machining.

*  The ability to combine functions and eliminate assemblies,

# Self-lubrication properties.

* Very good surface finish.

It is possible to produce helical, bevel, internal and external gears. Conseguently,
materials scrap losses are eliminated. Internal and frontal configurations are formed simulta-
neously with the gear profile. Thereby eliminating subsequent machining operations, Slots.
grooves, blind holes. and recesses of varied depths are also obtzinable. The PM process
provides close dimensional tolerances, minimal machining, good surface finish, and excel-

lent part-to-part reproducibility,

Powder Metalinrgy Technology

Powder metallurgy encompasses a wide range of processing techniques applicable to net
and near-net shape components manufacturing. It is a well-established technology, especial-
ly in the power transmission field and specifically in the antomotive industry.

The PM process uses powder as a raw material which, in the case of gears, is primarily
an atomized iron-based powder. This type of metal powder provides the highest density pos-
sible. The metal particles are compacted in dies using mechanical or hydraulic presses.
These dies have the desired part reproduced in the negative. During the compacting process,
the metal particles are brought into contact with one another and plastically deformed along
the joints.

After pressing, the parts are put into special furnaces with protective atmosphere at
temperatures between 1100°C and 1300°C. This phase, called sintering, causes diffusion of
the alloy elements present in the powder and solid aggregation among the particles of the
compacted part occurs. During the maximum temperature phase, new crystallites form and
grow at the contact points. The edges of the original metal pariicles disappear. After sinter-

ing, there may be additional processes such as sizing, a second sintering, and/or heat
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treatment to improve the mechanical characteristics of the produect.

By means of tight process control of variables involved in the PM process. limited di-
mensional tolerance can be obtained. Powder metallurgy technology offers a series of distinet
advantages when compared with other traditional technologies.

*  FEconomic advantage due to the low costs of process.

* The possibility of manufacturing parts with complex forms without additional ma-

chine work.

* The PM manufacturing process can be considered condensed when compared 1o ma-

chining a similar part that requires multiple operations.

* (Good process capability and surface finishes without additional operations.

* PM is a continuously developing technology with a large potential for significant im-

provements in product performance,

Gears and Powder Metallurgy

The full advantages of PM gears can only be realized by combining knowledge of the sin-
tering process with gear designing and manufacturing. The best performances of a I’M gear
can be only achieved with cooperation between the gear designer and PM specialist. This co-
operation overcomes the limiting factors of the PM process and incorporates as many differ-
ent gear functions in only one part. For example, axial projections usually can be formed
using powder metallurgy, but the permissible size depends on whether the powder will flow
into the die recesses. Tooling with thin sections or sharp inside corners should be avoided.
PM limits the number of multiple axial projections that can be formed. Undercuts and cross
holes cannot be molded and, therefore, must be machined after sintering.

A.PM shop must have both compacting and sintering equipment as well as the conven-
tional hobbing and milling machines. The PM department should be equipped with a series
of mechanical and hydraulic presses, ranging from 45 to 500 tons, sintering furnaces and
heat treatment furnaces, and induction-hardening machines.

Besides the advantages already mentioned, PM gears have other advantages. The wear
resistance of PM gears is higher than that of machined steels in the absence of external lubri-
cation, Since oil is impregnated into the piece in a vacuurm vessel after sintering or heat treat-
ment, the porosity of the sintered gear acts as reservoir for the oil. This oil protects against
corrosion and provides self-lubrication during operation, The vibrations of PM gears are
dampened when compared with steels. The PM material’s porosity absorbs vibrations, re-
sulting in decreased noise of the running gear.

(Selected from Appliance Engineer, by Pierluigi Zingale, Cianni
Bonetti and Andrea Navazio, 1999)

New Words and Expressions

batches {betfis] n. —KE=G, #1&
assembly [a'sembli] n. HE, ¥8, £4. &Y
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lubrication [ljubri'keifon] n, 1H#E

helical ['helikal] o. HBER. BIERH

bevel ['beval]l a. #%. s, MHH

scrap |skrep] »n BHE, &K, E&H

slot [slot] n. %%, #

groove [gruv] =z 13, (M, S0 4

encompass [in'kampoas] v WH. ##\, (¥h) &%
atomize ['mtomaiz] ut. {FFLL, BME, HH
hydraulic [hai'drollik] a. KA, WA
metallurgy [me'teladsi] n & (F)

sintering [ 'sintarin] n, fE4E

hobbing [‘hobin] = Tl (41, #)

absence ['sbsans] =»n. 84 (&, ), 8F., FEE
impregnate ['impregneit] v. A, K, B

recess |[ri'ses] n» MO
Notes

{D This is due to the use of detailed stress analysis which can define the best process parame-
ters, the availability of highly compressed powders, and the accurate design of compac-
ting equipment. X BERNFATALBEN TSRO FHGLE I aHHER, RARES
RS R R AR S OB T

@ The ability to combine functions and eliminate assemblies. BB L HABE 1L FH
: i

3 near-net shape, ¥R,

@ power transmission field, ZfZE{FH L.

(3 The PM process provides close dimensional tolerances, minimal machining, gcood surface
finish, and excellent part-to-part reproducibility,. 3 XK IS S HEBE AR AP AL EZR T,
BLHEMYT, N RGHERAMERO THAS .

® This phase, called sintering, causes diffusion of the alloy elements present in the powder

and solid aggregation among the particles of the compacted part occurs, 3%~ 01 4555 B9 By

BERAPHSLSEATH, FREEPHERNTE>= L RE,
Exercises

1. Reading comprehension
(1) What are the advantages of powder metallurgy method for gear component manufac-
ture?
(2) Please describe the fabrication process for gears using powder metallurgy.
2. Translate the foliowing into Chinese
compacting equipment Taw material

mechanical characteristics product performance
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heat treatment furnace self-lubrication

¢ The PM process uses powder as a raw material which, in the case of gears, 1s prima-
rily an atomized iron-based powder. This type of metal powder provides the highest
density possible. The metal particles are compacted in dies using mechanical or hy-
draulic presses. These dies have the desired part reproduced in the negative. During
the compacting process, the metal particles are brought into contact with one anoth-
er and plastically deformed along the joints,

¢ PM limits the number of multiple axial projections that can be formed. Undercuts
and cross holes cannot be molded and, therefore, must be machined after sintering.

3. Translate the following into English
B J1 5147 mTa%
i ¥

Powder Metallurgy Innovations

To gear makers today, the phrase calls up images of low power applications in non-criti-
cal systems. As powder metal technology advances, as the materials increase in density and
strength, such opinions are changing. It is an ongoing, evolutionary process and one that
will continue for some time. According to Donald G. White, the executive director of the
Metal Powder Industries Federation, in his State-of-theP/M Industry——1999 report,
“The P/M world is changing rapidly and P/M needs to be recognized as a world-class

process——national, continental and even human barriers and prejudices must be elimina-

ted——-we must join forces as a world process unified in approach and goals. ”
According to Todd Olson, marketing manager for Burgess-Norton Manufacturing Co. ,
this kind of unification is already happening. “Overall, the powder metal industry is moving
toward consolidation. Historically, the industry has been very fragmented. However. the
late 1990s have witnessed a wave of mergers and acquisitions, which is allowing major powder
metal players to optimize economics of scale and provide customers with a full rage of prod-
ucts and services. ” o
There is a greater use of powder metal in gear manufacturing, on both the tooling side
and the workpiece side, today than ever before. In fact, a number of gear applications won
awards in the 1993 P/M Design Competition. Major automakers are increasing the amount
of powder metal they use in their transmissions and engines, and many of these gears are be-
ing made with new high-speed steel atloy cutting tools, Part of the credit for this goes to
new alloys being developed, while the rest goes to the new powder metal processing meth-
ods, which are designed to increase the material density to improve its mechanical qualities.

According to Philip Drupp, president of P/M Drupp Technologies, Inc. . this drive to-
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ward heavier density in powder metal parts is of great immportance to the powder metal indus-
try because, as he sald, “They’ve done all that can be reasonahly achieved with varying
chemistry and heat treatment, and higher density is pretty much al] that is left. ”

According to Krupp, “Current P/M gear capabilities are very good in regard to shape
complexity and tolerances, but fall short an high strength and hardness, For that. higher
densities will be needed. ” This need for higher densities has led to the development of pro-
cessing methods that promise near-fully dense powder metal products. Near-fully dense
means that the part has less than 1% residual porosity. These processes alse use different
compacting methods, enhanced sintering techniques and work primarily with high alloy ma-
terials. Four of the most promising processes are powder forging, isostatic pressing, metal
injection molding and spray forming.

Powder Forging. This method begins with the creation of a “green compact” (a work-
piece that has been pressed into shape at room temperature) called a “preform. ” The pre-
form is then sintered as usval, producing a near-net shape workpiece, This workpiece is
then placed in the forge and restruck until the fina! density is reached. Powder forging is
currently used in the mass production of powder metal steel parts with wrought steel proper-
ties, These parts are primarily used by the automotive industry and include gears, transmis-
sion parts and engine parts,

Isostatic Pressing. This method is primarily used to produce powder metal parts to
near-net sizes and shapes of varying complexity., The biggest difference between isostatic
pressing and other methods of compaction is that isostatic pressing is performed in a pressur-
ized fluid. The powder mass is contained in a flexible, sealed container, which provides a
pressure differential between the powder and the pressurizing fluid.

There are two types of isostatic pressing-hot and cold. Hot isostatic pressing 1s carried
out using an inert gaseous atmosphere, usually argon or helium, contained within the pres-
sure vessel. Usually, both the pressurized atmosphere and the part to be pressed are heated
by a furnace within the vessel.

The powder being processed is hermetically vacuum-sealed within a shaped mold that
will deform plastically at high temperatures. The powder metal is then simultaneously
pressed and sintered within the heated vessel. Common pressure levels reach 15000 psi
(pounds per square inch) at temperatures as high as 2300°F. The mold is then removed from
the finished near-net shaped part by chemical leaching, machining or some other mechanical
method. Hot isostatic pressing allows densities in the 7. 2~7. 4 g/cm? rage. While this is a
notable improvement over the results of other methods, it is still not dense enough for many
gear applications.

According to Krupp, “The tolerances are roughly equivalent to those of investment
casting, It is suitable for more complex shapes that have the economic room for finishing op-
erations to bring dimensions into line, ”

Cold isostatic pressing is carried out at room temperature and uses a liguid pressure rme-

dium rather than a gas. The pressures in this method often reach 6000 psi. Packed into
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complex shaped rubber or elastomeric molds. the powder metal achieves a higher and more
uniform density than could be obtained from regular vold die compaction, The resulting
green perform is then sintered.

Metal Injection Molding. This method allows for the mass production of complex pow-
der metal parts, Here, fine metal powders are mixed with thermoplasticsy waxes o1 other
ingredients, which serve as binding materials. The resulting feedstock is then fed into a
conventional injection molding machine. Once the green preform is made, most of the bind-
ing material is removed either thermally or chemically, or by some combination of the two.
The precise method is based on the binding material being used. The part is then sintered at
temperatures that normally exceed 2300°F, eliminating the remaining binding material.
This process offers final retative densities in excess of 96% with interconnected porosity be-
ing less than 0. 2%, A wide variety of alioys can be processed with this method including al-
loy and stainless steel. soft magnetic allays and tungsten carbide.

3pray Forming. This is not a process used to create a single workpiece. Rather, its is
used to create billets, tubes and sheet/plate that are then used to make other products. The
spray forming process consists of sequential stages of liquid metal atomization and droplet
consolidation at deposition rates from 0. 5 10 50 pounds per second. This produces a near-net
shaped product that is close to full density with a fine, even grain structure and mechanical
properties that meet or exceed those of ingot processed alloys.

(Selected from Gear Technology . September/October, by Charles M. Cooper, .599)

New Words and Expressions

prejudice ['prediudis] ». K. HH

fragment ['fregmsnt] a. BEH; o () BBRA, 4%
merger [ 'modza] n G, BS

acquisition [ekwi'zifon] n. K8, &Ik, ¥, 590
hardness ['hadnis] = & (HI> @, $¥

forging ['fodzin] n B

preform  ['pri'fom] n, & w. WHI4E, T

wrought [ront] a. 8 CHD 8, T8S0. BHWY
inert [i'nant] a. MM, FHEEN., T
hermetically [ha'metikali] od. BEHE, SEH
leaching ['litlin] » BH, BH

investment [in'vestmant] = #¥, A, GHE, B (EE Wi
elastomeric [ ilesto'merik] a. BAERY

feedstock ['fidstok] = [EH

billet ['bilit] =n, &

ingot ['ingat] n. (&) Hr. P&

spray forming W g

relative densities BN FE
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green compact 3, REBEREHHE
Notes

{D There is a greater use of powder metal in gear manufacturing, on both the tooling side
and the workpiece side. today than ever before. ¥iX SR EHREMH EE RO TR
MER, SRETEHNIMNERES.

@ high-speed steel alloy cutting tools, FREITH S S,

(¥ This drive toward heavier density in powder metal parts is of great importance to the pow-
der metal industry. ERHEH AR LRI HNEREFELABNS AMB RGBT LR
HE.

@ interconnected porosity, Hi@SFLE.

® cold isastatic pressing, BAZHE.

@ metal injection molding, £ RIS R A,



Unit 8 Metal-Matrix Composites: Challenges
and Opportunities

Scope and Definitions

A metal-matrix composite (MMC) combines inte a single material a metallic base with
a reinforcing constituent, which is usually non-metallic and is commonly a ceramic. By defi-
nition, MMCs are produced by means of processes other than conventional metal alloying,
I.ike their polymer-matrix counterparts, these composites are often produced by combining
two pre-existing constituents (e, g. a metal and a ceramic fibre). Processes commonly used
include powder metallurgy, diffusion honding, liquid phase sintering, squeeze-infiltration
and stir-casting. Alternatively, the typically high reactivity of metals at processing temper-
atures can be expioited to form the reinforcement and/or the matrix in site ., i. e. by chemical
reaction within a precursor of the compasite,

There are several reasons why MMCs have generated considerable interest within the
materials community for nearly 30 years.

(1) The “composite” approach te metallurgical processing is the only pathway for the
production of entire classes of metallic materials. Only in this way can aluminium, copper,
or magnesium be combined with significant volume fractions of carbide, oxide or nitride pha-
ses because, unlike iron, the solubility of carbon, nitrogen or oxygen in the molten metal is
(with the exception of Q in Cu) far too low.

(2) The approach {acilitates significant alterations in the physical properties of metallic
materials. Composites offer scope for exceeding the specific elastic modulus value of about
26 J + kg ', which is exhibited by all the main engineering metals. Composites also offer
the only path-way for producing materials with tailored physical property combinations; an
example is that of low thermal expansivity combined with high thermal conductivity, a com-
bination of importance for electronic packaging.

(3) MMCs offer significant improvements over their polymer matrix counterparts with
regard to several properties, including tolerance of high temperature, transverse strength.,
chemical inertness, hardness and wear resistance, while significantly outperforming ceramic
matrix composites in terms of toughness and ductility.

{4) Exceptional properties can be obtained in some cases. An example is that of 3M’s
Nextel-reinforced aluminium composites, which exhibit along the f[ibre direction a tensile
strength of 1.5 GPa. a compressive strength of 3 GPa and a transverse strength above 200
MPFa, in a material of density only slightly above 3 g « em™".

MMCs come in several distinct classes, generally defined with reference to the shape of

their reinforcement.

Particle-reinforced metals (PRMs) coniain approximately equiaxed reinforcements,
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with an aspect less than about 5. These are generally ceramic (SiC, Al (J;, etc. ). PRMs
commonly contain below 25 vol. %4 ceramic reinforcement when used for structural applica-
tions, but can have as much as 80 vol. ¥ ceramic when used for electronic packaging. In
general, PRMs are at least approximately isotropic, They are produced using both solid
state (powder metallurgy) and liquid metal techniques (stir casting. infiltration). Their
mechanical properties, while often inferior to those of fibre-reinforced metals, are more or
less isotropic and often represent, at moderate cost, significant improvements over those of
corresponding unreinforced metals,

Short fibre- and whisker-reinforced metals These contain reinforcements with an aspect
ratio of greater than 5, but are not continuous. These composites are commonly produced
hy squeeze infiltration. They often form part of a locally reinforced component, generally
produced to net or near-net shape. Their use in automotive engines is now well established.

Continuous fibre-reinforced metals contain continuous fibres (of alumina, SiC. car-
bon. etc.) with a diameter below about 20pm. The fibres can either be parallel, or pre-
woven before production of the composite; this is generally achieved by squeeze infiltration.

Monofilament-reinforced metals contain fibres that are relatively large in diameter (typi-
cally around 100pm), available as individual elements. Due to their thickness, the bending
flexibility of monofilaments is low, which limits the range of shapes that can be produced.
Monofilament-reinforced metals can be produced by solid state processes requiring diffusion
bonding; they are commonly based on titanium alloy matrices, which are well-suited 1o such
techniques,

Interpenetrating phase composites are ones in which the metal is reinforced with a three
dimensionally percolating phase, for example ceramic foam.

Liguid phase sintered metallic materials, include the cemented carbides, in which car-

bide particles are bonded together by a metal such as cobalt, and the tungsten heavy alloys.

State of the Art

MMCs have been extensively studied. SiC monofilament-reinforced titanium has been
the subject of many investigations, as have aluminium alloys containing up to 25 vol, % SiCC
and Al,O; particles. These materials have been produced by industry (including Alecan,
Textron, Alcoa, AMC, BP. and 3M) in relatively large quantities, such that thev have
been made available for testing at research laboratories and universities. Their novelty, and
their interesting mechanical behavior (at both micro- and microscopic levels), have led to
many publications, exploring many features of their microstructure, deformation, and frac-
ture behavior, Many mechanisms responsible for their mechanical characteristics are now
well understood, including the roles of damage development, internal stresses, reinforce-
ment clustering, interfacial bond strength and the effects of the presence of the reinforce-
ment on aging of the matrix. However, much work remains to be done before required
property combinations can be systematically achieved via micro-structural design.

The processing of MMCs has also generated much interest. Many publications have ap-



6 (ri

peared over the past decades on this subject. Commonly, such studies have presented novel
composite materials or processes, without advancing the underlying science concerning the
transport phenomena involved or their relationship with micro-structural leatures of the
product, For example the rate of solid state consolidation of a mixture of two different pow-
ders is not yet predictable, nor is the rate of liquid phase sintering of metal honded carhides.

With regard to industrial applications, MMCs now have a proven track record as sue-
cessful “high-tech” materials in a range of applications, bringing significant benefits (in
terms of energy savings, or component lifetime) and having documented engineering viabili-
ty. These often relate to niche applications, where achievable property combinations (e. g.
high specific stiffness and weldability; high thermal conductivity and low thermal expan-
sion, or high wear resistance and low weight and high thermal conductivity) are attractive
for the component concerned. Many such niches, ranging from diesel engine pistons 1o au-
tomotive engine cylinder liners, are of considerable industrial significance. Barriers to their
wider exploitation include price (which is, of course, inter-related with global and specific
usage levels), shortage of property data and design guidelines and {perceived) limitations

to their ductility and toughness.

Challenges and Opportunities

Several challenges must be overcome in order 10 enhance the engineering usage of
MMCs. Research efforts required to overcome these challenges span the spectrum from bas-
ic, fundamentals-oriented research, 1o more applied engineering projects.

(1) There is a need to advance our understanding of processing fundamentals., particu-
larly concerning established processes such as squeeze infiltration, liquid phase sintering,
and powder metallurgy. Progress in this area is required, both to drive innovation and to
enable quantitative process simulation, optimization, and control. In particular, progress
in this area is critical for controlling internal defects—an important goal with these materi-
als, given that they are more brittle than unreinforced metals,

(2} Property improvements must be sought, particularly in ductility and toughness.
Systematic investigations are required of the fundamental links between microstructure and
properties. Much work to date has focused on only a few comimercial or near-commercial ma-
terials, which have been characterized in detail, but do not provide full insight into hasic
microstructure-property relations, such as the link between particle size or spatial distribu-
tion and mechanical properties.

(3) There is clearly scope for improvements in the properties of reinforcements. Sub-
stantial advances in fibres for MMCs have been achieved at the 3M company: in terms of
strength, for example, the performance of alumina fibre-reinforced aluminium has doabled
over the past decade. Recent work has also shown that significant differences exist between
ceramic particles that can be used as reinforcements for aluminium. Research on the econom-

ical production of high strength, low-cost, ceramics for the reinforcement of metals would
be very timely,
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(4) Animportant issue concerns secondary processing. Operations such as welding and
machining, and also the definition of recycling strategies, are challenging when applied to
MMCs, Research in this area is critical for certain applications and for the life-cycle engi-
neering of these materials.

(5) Much work to date has focused on aluminium matrix composites, but copper,
magnesium, and iron-based matrix composites do offer promise in specific applications.
These include electronic applications for copper-matrix composites, and chemical processing
environments for steel matrix composites. These systems deserve exploration, again with
emphasis on fundamentals, rather than the development of this or that specific composite,

These windows of opportunity in research are ones which, in large part, call for part-
nerships between different laboratories and researchers. For instance, a capability for con-
trolled processing of these materials is needed for the generation of samples and microstruc-
tures that can be used in the exploration of microstructure-property relations. Unlike unre-
inforced alloys, in which the micro-structure can be varied using conventional and well-
established deformation and heat-treatment processes, the processing of MMCs requires spe-
cialized equipment and know-how. The establishment of a European centre of excellence in
MMC research, able to cover the entire spectrum from processing to performance, and pro-
viding a hub for such a coordinated effort, would be highly opportune.

(Selected from Materials Synthesis and Processing, by A. Mortensen and
T. W. Clyne, 2002)

New Words and Expressions

matrix ['meitriks] n B, B

composite ['kompozit] . SR, BEM; n SR, EOME
polymer ['polime] n. WAk, B4, BoHs
diffusion [di'fjuzan] n. ¥#

sinter ['sinta] n S, S5, R v fEg
squeeze [skwiz] v &, [E&, &

infiltration [iinfil'treifon] ». B&, BA, BEY

carbide ['kabaid] ». BIL¥H, Blb$E

oxide [‘oksaid] n. ik

facilitate [fo'siliteit] we. BIAH, E@EFAH, %3, ¢ 3
elastic modulus  BHEEY, MIEH 4, Mpi Ay
tailored ['teilod] ao. BWRBER, K. HBEY
packaging ['pekidzin] = @3, @R, @B
transverse strength {SRE, W EE T

inertness [i'natnis] n REER, WHES

ductility [dak'tiliti] = Bk, T8, WM

tensile ['tensail] a. WHIH, AHEL, AR, B8
equiaxed ['thwiekst] o, B FEAMH, £ 2 il SE o £ AR Y
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isotropic [iaiseu'tropik] a. ZHHH, HmEITEM

flexibility [fleksa'biliti] n. W, ER P, #ahtE. 81
monofilament [ ymona'filamant] =, B (BK) 2, QL () #
titanium [ tai'teinjsm| n. &

percolate ['potkaleit] n. METZHK, B v

cement [si'ment] n KB, HAH: o BA, AARE, RE; . &E
underlie [,ands'lai] @, ¥ F 2T, BA---BZER
consolidation [kansoli'deifon] n HE, &3

track [treek] n. B3, #®%; o fAgETiT, BE, @it
niche [nitf] n /EE., EREHUAL, Bg

diesel ['dizzal] n. 4EMAL, WA

piston [ 'pistan] n. FEHE

cylinder ['silinda] n». B4, Bk, K, HE

liner [‘laina] n # &, KL

cylinder liner ¥ELFEH, #1E

optimization [optimai'zeifon] n. B{E{k. BEL

simulation [isimju'leifan] #n {FE, #H{l, HEHEE

spatial [ 'speifal] a 2Z3[E&)

substantial [sob'stenfal] «. TEHK, LA, HXLH, £I0
welding [weldin] n» $RER, FiiEg

hub [habl » &, KA, $L; n FEELE, MEHL

Notes

(D Like their polymer-matrix counterparts, these composites are of{ten produced by combin-
ing two pre-existing constituents (e, g. a metal and a ceramic fibre). counterparts, Xf Jif
RIABEE Y, M AbTS composites; these composites 3§ metal-matrix composites,

@ Only in this way can aluminum, copper, or magnesiumn be combined with significant vol-
ume fractions of. ... HRE— TG, 3 in this way, Ll Only 73k 8AF, HBs)
EMRT FEZA, EB 30K can, AT R T EiE sluminum, copper, or magne-
sinm Z Hi .

Exercises

1. Question for discussion
(1) What are metal-matrix compasites? According to the shape of their reinforcement,
which classes can MMCs be divided into?
(2) Please state the advancement of MMC researches.
(3) In study MMCs, which challenges do research efforts require to overcome?
2. Transiate the following inta Chinese

metal-matrix composite metallurgical processing

chemical inertness wear resistance
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particle-reinforced metals powder metallurgy

Their mechanical properties, while often inferior to those of fibre-reinforced metals,
are more or less isotrapic and often represent, at moderate cost, significant improve-
ments over those of corresponding unreinforced metals,

Many mechanisms responsible for their mechanical characteristics are now well un-
derstood, inciuding the roles of damage development, internal stresses, reinforce-
ment clustering, interfacial bond strength and the effects of the presence of the rein-
forcement on aging of the matrix,

Much work to date has focused on only a few commercial or near-commercial materi-
als, which have bheen characterized in detai}, but do not provide full insight into bas-
ic microstructure-property relations, such as the link between particle size or spatial
distribution and mechanical properties,

Unlike unreinforced alloys, in which the micro-structure can be varied using conven-
tionat and well-established deformation and heat-treatment processes. the processing

of MMCs requires specialized equipment and know-how.

3. Translate the following intoc English

HEBE HETH

WEBRE sa AN R A & R

B E PR N 5R R 4 R HEBEHESHHR

WOAHES B & E e Fr SR 4 MR T A K

Reading Material
Materials Science in Space

Introduction

Materials science in space is a small but challenging sector in the field of materials sci-

ence. The environment of reduced gravity existing in space puts fundamental research in the
field of materials processing within our reach, Under microgravity, the buoyancy convection
in a melt is significantly reduced and sedimentation effects are suppressed. This enables the
investigation of crystallization and solidification mechanisms with no interference from con-

vective heat and mass transport in the liquid.

In this way, the reduced gravity level existing in space provides an important tool for

science.

fundamental research projects in materials science. Performing demanding experiments in a

microgravity environment can therefore be regarded as a revolutionary approach in materials

State of the Art

Materials science cxperiments have been carried out in space for more than two decades,
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Solidification or crystallization processes are sensitive to melt flow or sedimentation effects.

This implies that the experiments nced at least some minutes of low gravity and therefore can

only be carried out during sounding rocket flights, during space shuttle missions or at a

space station. As a consequence, opportunities for materials science in space are very few

and far between. Each experiment needs years of intensive preparation and can be regarded

as a ‘single shot” experiment with a high risk of failure. In this sense, the kind of ongoing

experimental programme. familiar in materials science on earth, does not exist for tnaterials

science in space.

Nevertheless, previcus microgravity experiments have shown a series of important sci-

entific results. In the following some relevant examples are mentioned,

In relation to mierostructure formation during columnar alloy growth no comprehen-
sive and systematic study exists and the data available is only limited. Using a bina-
ry transparent alloy acting as a model substance for non-faceting solidification,
earth experiments show deformed interfaces and do not allow guantitative pattern
evaluation. In contrast, the space growth sample shows an undisturbed and rather
regular hexagonal pattern with fewer defects. Directional dendritic solidification
under conditions of purely diffusive heat and mass transport conditions in space
show significanily regular patterns consisting of larger dendrites in the space experi-
ments,

First experiments in of equiaxed growth confirm an environment free of sedimenta-
tion. The resulting grain structure is much more regular than on earth and will pro-
vide a starting point for a better understanding of grain growth mechanisms. Sedi-
mentation-free solidification is also important in the case of peritectic systems which
exist for many multicomponent alloys. Solid peritectic phases grow in the melt and
behave like in situ particles, The diffusive growth condirions obtaining in space al-
low undisturbed observation of such technically important phenomena,

The principal objective in relation to crystal gtowth of semiconductor materials is to
study the origin of chemical heterogeneities, both on the macroscopic and micro-
scopic level. Space experiments using InSb and doped Ge in Bridgman-type facilities
show almost striation-free crystals and therefore much better homogeneity, For
crystal growth without contact to the wall the floating-zone technique is used.
Space experiments using Si show that surface tension-driven Marangoni convection
also impacts in a microgravitational environment and restricts achievable homogenei-
ty. On the other hand, using compound semiconductors, such as GaAs or GaSbh,
crystals in sizes not attzinable on earth have been processed.

Containerless processing in space allows determination of the thermophysical prop-
erties of the melt, e. g viscosity, thermal conductivity, diffusivity, surface ten-
sion or enthalpy. In particular for glass-forming or highly reactive alloys, these

space experiments provide unique data for thermodynamic modelling.
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Expected Breakthroughs and Future Visions

Materials science in space is expected to make a crucial contribution both to the funda-
mental understanding of materials processes and in enhancing materials properties. Sophisti-
cated experiments in a microgravity environment allow crystal growth or alloy solidification
under purely diffusive heat and mass transpoert conditions, In additicn, containerless sample
processing available in space allows the measurement of properties of the melt such as visco-
sity, thermal conductivity, diffusivity or surface tension. This is why convection-free or
containerless processing of this kind provides a unique datahase for enhancing the accuracy of
nurnerical models of microstructure formation.

Fundamental investigations of this kind may result in the enhancement of industrial
products. At present, thereis a rather large gap between simplified scientific experiments
and complex technical processes. To improve the transfer of knowledge, closer interaction
between science and industry is absolutely necessary, This means greater transparency in
scientific results for industry, as well as specification of specific problems as an input for sci-
entific research using microgravity,

Two essential boundary conditions make the achievement of such a breakthrough within
the next decade a realistic possibility, Firstly, within the next few vears the International
Space Station 185 will be providing a platform for carry out ongoing experiments in micro-
gravity. BSecondly, future activities in space will be joint experiments by groups of scientists
from different countries defining a common scientific programme. Within the scope of this
Microgravity Applications Promotion (MAP) programme of ESA, industrial partners are
directly involved in order to define materials science research in space. In this sense, the

concept of “learning for earth in space” can be realized.

Research Potential and Priorities

Research potential for materials science in space can be identified in areas in which buoy-
ancy effects in the melt and sedimentation effects on earth play an important role, Space ex-
periments allow a diffusive growth condition. Three main topics can be defined as follows.

(a) Solidification of metallic alloys During directional solidification processes on
earth, convection in the melt significantly impacts the growth structure of the solid-ligwd in-
terface. In the case of metallic alloys, the main future goal is reliable determination of fun-
damental relationships at microscopic scales, The strategy is based on a joint approach using
well-defined space experiments and theoretical and numerical modelling. Progress is mainly
required in two topics: (1) In columnar growth, our understanding of the formation of non-
planar solid-liquid interface patterns is nowhere near complete. In particular, understanding
the stability and dynamics of dendritic or mushy interface structures, impacted by melt flow
and freckle formations, is essentially important to most industrial casting processes. Beach-
mark experiments in microgravity allow much more ordered cellular or dendritic morpholo-
gies as a basis for a better fundamental understanding. (2) Equiaxed growth often occurs in

casting processes. The development of equiaxed grains in the undercooled melt can be stud-
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ied extremely well through space experiments without superposed settlement of nuclei. In
particular, lightweight metallic alloys, as applied in the automative industry, should be
used for future well-defined benchmark experiments. The results obtained in such experi-
ments will provide a database for numerical modeling and will be an aid in improving techni-
cal processes.

(b) Solidification of semiconductor materials In the case of semiconductor crystal
growth in space the main objective is to understand the role of the basic transport mecha-
nisms in the melt, i e. buoyancy and Marangoni convection. This is the prerequisite to pro-
ducing larger-sized crystals with a greater degree of homogeneity and fewer defects than on
earth. Key topics in the field ol crystal growih may be wall-free growth from the melt
(CdTe and compounds of Si and Ge), growth from the vapour phase (Hgl,), and research
into chemical segregation in highly concentrated alloys.

(¢) Determination of thermophysical properties Most technically relevant materials
consist of more than two components. During solidification, a very broad range of different
phases may occur, either enhancing or drastically deteriorating the properties of the materi-
als. Understanding and predicting the structure of multi-component alloys demands determi-
nation of thermophysical properties and knowledge as to how stable or metastable phases are
formed. Space experiments using a containerless processing technique may be able to meas-
ure relevant thermophysical data such as viscosity, thermal conductivity, diffusivity or sur-
face tension in a highly accurate way. This data is necessary input to enhancing numerical
modeling of industrially relevant solidification processes.

To sum up, in the above-mentioned topics, materials science in space is expected to be
of great benefit in the future, both by achieving better fundamental understanding of solidi-
fication processes and by enhancing casting technologies.

(Selected from Materials: Science and Application, by P. R.
Sahm and G. Zimmermann, 2002)

New Words and Expressions

dendritic [ den'dritik] a. ®RE R

equiaxed ['tkwimkst] a. HHFEKH, HS% AR

peritectic [iperi'tektik] «. WK, HEH

heterogeneity [ hetsrsudzi'niiiti] ». EH-—#; B, BF, REWS
striation  [strai'eifon] n. £&JE, Karik

diffusivity [difju'siviti] = $ 886, o ¥R

enthalpy [en'8elpi] n %, #§

buoyancy ['bolansi] . =, BF, B

benchmark ['bentimak] » HX

Notes

(L As a conseguence, opportunities for materials science in space are very few and lar be-



70

tween. few and far between £EE Fk, EEE “BAHBL”. “MAFEL”,

(@ At present, thereis a rather large gap between simplified scientific experiments and com-
plex technical processes, gap, ZE. ZFF L. HE, ENEHBELRETRAKNITY
ARZEHEEERYKHER,

@ Understanding and predicting the structure of multi-component alloys demands determina-
tion of thermophysical properties and knowledge as to how stable or metastable phases are
formed, thermophysical property, H¥B¥FHE (HE); metastable phase, T #., de-
mands B TRE, —I R determination, H— 4 & knowledge.



PART llI CERAMICS

Unit 9 Introduction to Ceramics ([ )

Definition

The word ceramic, derives its name f{rom the Greek kerames. meaning “pottery”,
which in turn is derived from an older Sanskrit root, meaning “to burn”., The Greeks used
the term to mean “burnt stuff” or “burned earth”. Thus the word was used to refer to a
product obtained through the action of fire upon earthy materials.

Ceramics make vp one of three large classes of solid materials, The other material clas-
ses include metals and polymers. The combination of two or more of these materials togeth-
er to produce a new material whose properties would not be attainable by conventional means
is called a composite. Examples of composites include steel reinforced concrete, steel helted
tyres, glass or carbon fibre-reinforced plastics (so called fibre-glass resins) used for boats,
tennis rackets., skis, and racing bikes.

Ceramics can be defined as inorganic, non-metallic materials that are typically produced
using clays and other minerals from the earth or chemically processed powders. Ceramics are
typically crystalline in nature and are compounds formed hetween metallic and non-metallie
elements such as aluminium and oxygen (alumina, ALQ:), silicon and nitrogen Csilicon ni-
tride, Si;N,) and silicon and carbon (silicon carbide, SiC). Glass is often considered a
subset of ceramics. Glass is somewhat different from ceramics in that it is amorphous, or
has no long range crystalline order,

Most people, when they hear the werd ceramics, think of art, dinnerware, pottery,
tiles, brick and toilets. The above mentioned products are commonly referred 1o as tradi-
tional or silicate-based ceramics. While these traditional products have been, and continue
to be, important to society, & new class of ceramics has emerged that most people are un-
aware of. These advanced or technical ceramics are being used for applications such as space
shuttle tile, engine components, artificial bones and teeth, computers and other electronic

components, and cutting tools, just to name a few.

History and Impact on Society

Archaeologists have uncovered man-made ceramics that date back to at least 24000
BC. These ceramics were found in what was formerly 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 clay-like material. After forming. the ceramics

were fired a1 temperatures between 500~800°C in domed and horseshoe shaped kilns partial-
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Iy 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 5,000 BC. These vessels
were most likely used to hold and store grain and other foods. Ancient glass manufacture is
thought to be closely related 1o pottery making, which flourished in Upper Egypt about
8,000 BC, While firing pottery, the presence of calcium oxide (CaQ) contsining sand com-
bined with soda and the overheating of the pottery kiln may have resulted in a coloured glaze
on the ceramic pot. Tt is thought that it was not until 1,500 BC thar glass was produced in-
dependently of ceramics and fashioned into separate items.

Since these ancient times, the technology and applications of ceramics (inciuding glass)
has steadily increased. We often take for granted the major role that ceramics have played in
the progress of humankind. Let us lock at a few examples of the importance of ceramics in
our lives, Modern iron and steel and non-ferrous metal production would not be possible
without the use of sophisticated refractory materials that are used to line high temperature
furnaces, troughs and ladles, Metals make automobiles, machinery, planes, buildings,
and thousands of other useful things possible. Refractory ceramics are enabling materials for
other industries as well. The chemical, petroleum, energy conversion, glass and other ce-
ramic industries all rely on refractory materials,

Much of the construction industry depends on the use of ceramic materials. This in-
cludes brick, cement, tile, and glass. Cement is used to make concrete which in turn is
used for roadways, dams, buildings, and bridges. Uses of glass in the construction indus-
try include various types of windows, glass block, and fibres for use in insulation., ceiling
panels and rocfing tiles. Brick is used for homes and commercial buildings because of its
strength, durability, and beauty. Brick is the only building product that will not burn,
melt, dent, peel, warp, rot. rust or be eaten by termites. Tile is used in applications
such as flooring, walls, countertops, and fireplaces. Tile is also a very durable and hygi-
enic construction product that adds beauty to any application.

An important invention that changed the lives of millions of people was the incandescent
light bulb, This important invention by Thomas Edison in 1879 would not be possible with-
out the use of glass. Glass’s properties of hardness, transparency, and its ability to with-
stand high temperatures and hold a vacuum at the same time made the light bulb a reality.
The evolution of lighting technology since this time has been characterized by the invention
of increasingly brighter and more efficient light sources. By the middle of twentieth century,
methods of lighting seemed well established——with filament and fluorescent lamps for inte-
riors, neon lamps for exterior advertising and signs, and sodium discharge lamps for
streets. Since this time, light-emitting diode (LED) technology has been developed with
applications in watches, instrument panel indicators, telecommunications (optical fibre net-
works), data storage (CD technology), and document production (laser printers).

The electronic industry would not exist without ceramics. Ceramics can be excellent in-

sulators, semiconductors, superconductors, and magnets. It”s hard to imagine not having
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mobile phones, computers, television, and other consumer electronic products, Ceramic
spark plugs, which are electrical insulators, have had a large impact on society. They were
first invented in 1860 to ignite fuel for internal combustion engines and are still being used
for this purpose today. Applications include automobiles, boat engines, lawnmowers, and
the like. High voltage insulators make it possible to safely carry electricity to houses and
businesses,

The optical fibres have provided a technological breakthrough in the area of telecommu-
nications. Information that was once carried electrically through hundreds of copper wires is
now being carried through high-quality transparent silica (glass) fibres., Using this tech-
nology has increased the speed and volume of information that can be carried by orders of
magnitude over that which is possible using copper cable. The reliability of the transmitted
information is also greatly improved with fibre optic fibres. In addition to these benefits,
the negative effects of copper mining on the environment are reduced with the use of silica fi-
bres,

Ceramics play an important role in addressing various environmental needs. Ceramics
help decrease pollution, capture toxic materials and encapsulate nuclear waste. Today’s
catalytic converters in vehicles are made of cellular ceramics and help convert noxious hydro-
carbons and carbon monoxide gases into non-toxic carbon dioxide and water. Advanced ce-
ramic components are starting to be used in diese! and automotive engines. Ceramics’ light
weight and high-temperature and wear resistant properties, results in more efficient combus-
tion and significant fuel savings.

Reusable, lightweight ceramic tile make NASA’s space shuttle program possible,
These thermal barrier tile protect the astronauts and the shuttle’s aluminium frame from the
extreme temperatures (up to approximately 1600°C} encountered upon re-entry into the
earth’s atmosphere.

(Selected from Journal o f the American Ceramic Society, by Greg Geiger, 1999}
New Words and Expressions

pottery ['poteri] n. FRER

sanskrit ['senskrit] a. ¥EH

racket ['rmkit] n. ¥

alumina [&'Yumins]l n. ik

tile [tail] »n BH., B8

archacologist [aki'oladzist] n. EHZR
figurine ['figurin] n», /NEEMR

glaze [gleiz] =». Fh¥l, BHE

refractory [ri'frektori] a., n. HIHH, WAHH
cement [si'ment] » KiE. ESH

incandescent [inken'desnt] o, BMEXH. ABK
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fluorescent [flua'resnt] a. IEIF

dicde ['daisud] » —iRE

encapsulate [in'keepsjuleit] oz, B ARHE, K%
hygienic [hai'd3imik] «. D4M

neon ['nipn] n &

noxious ['nokfas] a. BHEM

trough  [trof] = H#WKO

ladle ['leidl] n. KK

termite ['townait] n BH

silicon nitride WAL
Notes

(D The word ceramic, derives its name from the Greek keramas, meaning “pottery”™, which
in turn is derived from an older Sanskrit root, meaning “to burn”. PFEX T E 2 BB
) keramos 1§ 3RKS, BER “HH", M keromos BT RANBEARTFHELENRFT. ER
2 R,

@ earthy materials, &+ ¥,

@ steel reinforced concrete, HENES T .

@ steel belted tyres, 28 H5.

® silicate-based, &ML M.

® non-ferrous metal, KA SR,

@ light-emitting diode, R REF.

@ ceramic spark plugs, MEAXIEE.

Exercises

1. Reading comprehensions
(1) What kinds of materials are generally classified as ceramics?
(2) Please give the basic properties of ceramic materials.
(3) Please give some application examples of ceramic materials,
2. Translate the following into Chinese
amorphous materials refractory materials
electrical insulator sitica fibre
thermal barrier tile
* (Ceramics can be delined as inorganic, non-metallic materials that are typically pro-
duced using clays and other minerals from the earth or chemically processed powders,
Ceramics are typically crystalline in nature and are compounds formed between metal-
lic and non-metallic elements such as aluminium and oxygen (alumina, ALQ,), sili-
con and nitrogen {silicon nitride, $i,N,) and silicon and carbon (silicon carbide,
SiC), Glass is often considered a subset of ceramics. Glass is somewhat different

than ceramics in that it is amorphous, or has no long range crystalline order.
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e (eramics play an important role in addressing various environmental needs. Ceramics
help decrease pollution. capture toxic materials and encapsulate nuclear waste,

3. Translate the following into English

B £ 4 EsHME
E3E kg =¥V
i3

Reaﬁing Material

Introduction to Ceramics ([[)

Advanced Ceramics

Advanced ceramics, also known as engineering or technical ceramics, refer to materials
which exhibit superior mechanical properties, corrosion/oxidation resistance. and thermal.
electrical, optical or magnetic properties, Advanced ceramics are generally broken down in-
to the following segments.

¢  structural ceramics;

* electrical and electronic ceramics;

* ceramics CO&tings;

¢ chemical processing & environmental ceramics,

Structural ceramics include applications such as industrial wear parts, bioceramics,
cutting tools, and engine components. Electronic ceramics, which has the largest share of
the advanced ceramic market includes capacitors, insulators, substrates, integrated circuits
packages, piezoelectrics, magnets and superconductors, Ceramic coatings find application
in engine components, cutting tools, and industrial wear parts. The applications under
chemical processing and environmental ceramics include filters, membranes, catalysts, and
catalyst supports,

The beginning of the advanced ceramics era has been said to have started approximately
50 years ago with the expanding use of chemically prepared powders. For example, the Ba-
yer process for the production of alumina powders initially grew from spark pilug production.
While these powders would be considered relatively low grade by today’s standards, they
were more pure and offered more control over the composition, microstructure, and crystal
structure over minerals-based ceramics.

Today, the market for advanced ceramics is large and growing as they continue to re-
place more traditional materials in many applications while providing the only material solu-
tion in other applications. In many cases, ceramics are used with other materials to make up
only part of an overall system, This is especially true in the electronics field.

The future success of both the traditional advanced ceramic markets and developing non-

traditional U, S, markets depends on factors such as increasing the quality and reliability of
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the finished products, improving the cost/benefit ratio of ceramic components, increasing
applied research and development, increased supply of domestic, high-guality raw materi-
als, and overcoming designer and end-user reluctance to use ceramics.

Improvements are occurting however, in areas such as powder processing, shape form-
mng, non-destructive evaluation, machining, standardization and the development of a mate-
rials property database. In order to reduce manufacturing expenses, researchers are looking
toward innovative, “near-net-shape” forming methods such as gelcasting, freezecasting, in-
jection moulding, and rapid prototyping. These methods will reduce machining cost, which
can be as much as 50% of the total manufacturing cost.

NASA Lewis Research Centre and the two leading aircraft engine manufacturers. Gen-
eral Electric Aircraft Engines (GE) and Pratt & Whitney (P& W), are developing the
technology for an environmentally safe propulsion system for a High Speed Civil Transport
(HSCT). This type of supersonic airliner would transport more than 300 passengers in a
three-class arrangement over 5,000 nautical miles at Mach 2.4 cruise, Because of its high
speed, a trip from Los Angeles to Tokyo, for example, would take just over 4 hours in-

stead of 10 hours on subsonic aeroplanes.

What the Futore May Hold for Advanced Ceramics

Imagine a car that has a fuel efficiency of 80 mpg (miles per gallon), a range of 500 mi-
les, emits no pollutants, and runs on many different fuels such as gasoline, diesel or alco-
hol. Chrysler Corp. hopes to have a family car with this technology available by 2010, and
the cost will be the same as that of a standard petrol-engined car, This type of vehicle is
made possible by fuel cell technology. Fuel cells work like batteries, but are better because
they won’t run down. These fuels cell wouid not be possible however if not for the use of
ceramic materials,

Another interesting area of research is the so called “smart” ceramics. These ceramic
systems provide the necessary [ife functions of sensing, actuating, control, and intelli-
gence. Some examples of smart systems include: medical systems that treat diabetes with
blood sugar sensors and water purification systems that sense and remove noxious pollu-
tants; and houses that have electrochromic windows that control the flow of heat and light in
response to weather changes and human activity. A major ski manufacturer now offers a
“smart” ski that makes use of ceramies piezoelectric properties, When skiing at high speeds,
skis tend to vibrate, lessening the contact area between the ski edge and snow surface. This
results in reduced stability and control and decreases the skiers speed. The piezoceramic em-
bedded in the ski converts the unwanted vibrations into electrical energy, thus keeping the
skis on the snow,

Ceramic, or high-temperature superconductors are now being developed for commercial
applications and appear to be a sure het to enter more commercial markets over the next few
years. Electric wires made from these materials carry electricity with little or no resistance

losses. In the utility power industry, these wires can be used to produce super efficient
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coils, magnets, conductors, and machines and power components. The use of high tem-
perature superconductors in these applications could save billions of dollars in energy costs
and help the environment at the same time.

Circuits using high-temperature superconducting materials could boost the processing
speed of computers, reduce resistance losses in motor controllers, and enhance the ability of
magnetic resonance imaging (MRI) scanners and other non-destructive examination devices
to sense minute changes in magnetic {ields. Even the processes of getting to work and trave-
ling between major cities could be changed by high-temperature superconductors. Research
is being conducted to use this material for magnetic levitation (maglev) trains. These trains
would travel efficiently at high speeds by floating on a frictionless magnetic cushion. Proto-
type maglev trains already operate in Japan and Germany and researchers are now looking for
a new generation of ceramic superconducting magnets for this application,

Another growth area for advanced ceramics is in the medical field. Surgeons are already
using bioceramic materials for repair and replacement of human hips, knees, shouiders,
fingers, eyes and wrists. Ceramics are also being used to replace diseased heart valves.
Dentists are using ceramics for tooth replacement impiants and for brackets for braces.

(Selected from Journal of the American Ceramic Society, by Greg Geiger, 199%)
New Words and Expressions

bioceramics [ibaisusi'remiks] » R
piezoelectrics [ pai'izzaui'lektriks] » JEH &

nautical ['notikal] e, HSEM. MBS, ¥ EH, A1 1
combustor [ksm'basta] n. Bi§TE| g MRiE%

cathode |['ke@oud] n. FA#

cermet ['samet] », S£EHE, THESE

actuate ['mktjueit] o FaEF, {248

diabetes [idaid'bictiiz] n. HEREH, EFRE
supercenductor [ isjuipsken'dakts] n BH (H) {k
magnetic [meg'netik] o BB, FREHEM, HWE Hpy
levitation [levi'teifon] n. BRER, FESH

maglev [maglev] n & a. BUBTFEKE (HD
bracket ['hrekit] 2. #HEW, T

brace [breis] n ¥H, BT, WAERE#

structural ceramics 5%

yttrium oxide 2 {b4k

zitconium dioxide S 44%

Notes

@ magnetic properties, B2%#E8E.
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@ integrated circuits packages, 8RB EI%,

@ ceramic coating, BRI,

@ near-net-shape, ¥R,

& rapid prototyping, fRERE (FEH) .

@ high-temperature superconductors, & R#5 ik,



Unit 10 Advanced Ceramics on the Battlefield

The recent use of NATO military force in the former Federal Republic of Yugoslavia has
once again focused the world’s attention on the advanced and awesome technology that is ar-
raved on the modern battlefield—— one of the most severe and hostile environments on
earth. Given the combinations of properties available with advanced ceramics, it is not sur-

prising that there are many unique military applications for these materials.

Ceramic Armor

Protection of personnel and critical equipment against hostile fire is a high priority for
modern military forces. The high hardness exhibited by many advanced ceramics enables
them to shatter hard. armor piercing projectiles. When a hard projectile hits a ceramic tar-
get, the energy transferred from the projectile to the ceramic induces an elastic shock wave,
which reflects from the back face of the ceratic, travels back across the ceramic and reenters
the projectile as an elastic tensile wave that shatters the projectile. As the ceramic is defea-
ting the projectile, itis undergoing fracture itself. To contain the residual fragments and ki-
netic energy of the projectile and ceramic rubble, a backup layer of polymer is used to
strengthen the structure, This configuration is known as composite ceramic armor,

During the Vietnam conflict it became necessary to protect helicopter crews from armor
piercing small arms fire, At the time it was demonstrated that boron carbide-faced composite
armor could provide such protection at about half the weight of steel armor. Rapid scale-up
and fielding of boron carbide composite seats and chest plates for aircrews saved many lives
during that conflict. Since then, boron carbide composite armor has been considerably im-
proved with more efficient backup materials such as Kevlar or Spectra. These composites re-
main the most weight-efficient armor versus small arms fire, and virtually all Western com-
bat helicopters use it for seats and critical component protection. In cases where weight can
he traded for reduced cost, silicon carbide or alumina-faced armors have also been used.
Modular ceramic armor, which can be rapidly installed and removed as missions change,
was used to protect C-17 aircraft flying relief missions into Bosnia in the mid-50s. It has also

been used to protect light vehicles in peacekeeping operations.

Missile Guidance

Radar is widely used to identify and acquire targets. When most of us think of radar an-
tennas, we think of the rotating dishes seen at airports, The radar beam is “steered” by the
rotation of the dish. An alternative method is to use stationary, flat phased array radar
transmitters where the radar beam can be steered electronically, which is much faster. Mili-

tary radar systems such as the Patriot ground-based or Aegis sea-based radars use the latter.
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A phase shifter in each element of the array is used to “steer” the beam. In early versions of
the Patriot system, each unit contained aver 5000 ceramic phase shifter elements, which
were polycrystalline ceramics of a garnet composition. Development of phase shifters tends
to favor ferroelectrics, often with compositions in the barium strontium titanate family of
materials.

When the ground-based radar identifies an aircraft as hostile, & surface-to-air missile is
launched. At some point in the missile’s flight, its onboard radar homes in and guides the
missile to the target. The radome is at the front of the missile through which radar is trans-
mitted and received. Radomes for ground-launched supersonic missiles not only have to
maintain outstanding *transparency” for radar transmission, this transparency must be
maintained as the radome heats up. Mecreover, ground-launched missiles often have to fly
through clouds. This means that the radome must be thermal shock resistant, as a very hot
radome entering the cloud will be sprayed with water at 0°C.

If the missile survives the thermal shock it must then deal with rain erosion. When we
walk through a spring shower we think of rain as benign. However, rain drops become like
machine gun bullets at supersonic speeds. This can completely destroy many materials, and
will certainly degrade the radar transparency properties of most. Thus, a successful radome
material must possess thermal shock and rain erosion resistance in addition to low dielectric
loss and preferably a low dielectric constant, Slip cast fused silica has demonstrated this
combination of properties and is the radome material on the Patriot missile. Future surface-

to-air missile may use silicon nitride-based materials for enhanced performance.

Many missile are infrared (IR) guided they home in on the IR signal generated by
the target itself. Thus, IR domes must be transparent in one or more portions of the IR
spectra, so that the incoming thermal signal can be analyzed by detectors mounted hehind
the dome. A frequently used wavelength range is 3 to 5 microns. Many current IR dome
materials operate in this range, for example MgF, and sapphire. The excellent abrasion re-
sistance and strength of sapphire have made it a leading candidate dome material for several
next-generation missile systems. AION, which shares most mechanical and many physical
properties with sapphire, is a polycrystalline ceramic that is more easily shape formed than
sapphire. It is also likely to be used in future IR dome applications. Thin polyerystalline di-
amond domes have been demonstrated, and may be used for future IR dome applications,
The above are just several of many military applications of ceramics. Others include so-
nar, IR countermeasure devices, and thermal barrier coatings on jet engine blades. The
proven success of advanced ceramic components on the battlefield should encourage ceramic
developers and design engineers in their quest to address ever more challenging peacetime ap-

plications,
(Selected from Ceramic Industry 149, by R. Nathan Katz, 1999)

Words and Expressions

awesome ['osam] a. 4 AMER
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armor [ 'axma] n. ZEH

projectile ['prodgziktail] = $#SHE. H#H

rubble ['rabl] »n ®BH

versus | 'vemas] prep. EX, HeeWHE

patriot [ 'petriat] »n. BEE

garnet ['gonit] = GHA

radome ['reidoum] »n. FEXLER

erosion [i'rauzan] n. BER. Wi

benign [bi'nain] & AHEEN., BAK, BEK
dielectric [daii'lektrik] «. RFBRH; n M. TEHH
infrared [linfra'red] a. ZIHERAEY

sapphire ['sefaio] # BEH

abrasion [2'breizen] = ¥{h, BR

quest [kwest] = » BX, FK, #HFE

hostile environments & X} 3 5F

advanced ceramics RRMEE, SLHLERMEE

Notes

(D To contain the residual fragments and kinetic energy of the projectile and ceramic rubble,
a backup layer of polymer is used to strengthen the structure. & 7 S5 1k BB H KM
R SE, AXPEHFNT —FAXSOHIEHMERE.

(@ armor piercing small arms fire, /HRIFRH k1 GR#E),

@ elastic shock wave, BHEME ¥,

@ An alternative method is to use stationary, flat phased array radar transmitters where the
radar beam can be steered electronically, which is much faster. FH&—fF T REE A
iy FRMBEREEE RIS, AR R AE T E SR E A,

@ ground-launched missiles, Bl S8,

® Thus, a successful radome material must possess thermal shock and rain erosion resist-
ance in addition to low dielectric loss and preferably a low dielectric constant. XE-—3k,
BRUXELREMHBETRAEREYIARENTETEN, TLAREHARENTTK
Wt

@ Kevlar and Spectra, WA BA M,

® AION, aluminum oxynitride, ¥ EkEE.

Exercises

1. Reading comprehension

{1) How does the ceramic armor works?

(2) What are the hasic property requirements for the materials used as radome?
2, Translate the following into Chinese

advanced technology weight-efficient armor
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modular ceramic armor polycrystalline ceramics
ferroelectrics dielectric loss
abrasion resistance thermal harrier coating

¢« In cases where weight can be traded for reduced cost, silicon carbide or alumina-faced
armors have also been used. Modular ceramic armor, which can be rapidly installed
and removed as missions change. was used to protect C-17 aircraft flying relief mis-
stons into Bosnia in the mid-90s, It has also been used to protect light vehicles in
peacekeeping operations,

¢ This means that the radome must be thermal shock resistant, as a very hot radome
entering the cloud will be spraved with water at 07,

3. Translate the following into English

Bk it

AT & 8 AL EE

Hopd o[akiE o
Reading Material

Advance Ceramics to Continue Growth into the Millennium

Advanced ceramics in the U. 8. have been growing steadily in the 1990s, despite the
fact that the cuts in the U. S, military programs affected some of the anticipated demand in
this decade, Electronic ceramics still constitutes a major segment with a mature market, and
some of its segments are still growing very strongly. Further growth is predicted for ICs,
capacitors, piezoelectric ceramics and ceramic magnetic materials. The new high tempera-
ture ceramic superconductor alse offers a very high future potential market, Electronic ce-
ramics growth is likely to continue until the early part of the next century.

The demand for ceramic coatings for military engines has declined in the 19%0s, However,
wear-resistant and other industrial applications have picked up, enabling overall market growth.
Due to the new regulations for emissions from automobiles and hot industrial gases, ceramic auto-
motive catalyst supports and ceramic filters are being increasingly used 1o reduce pollutants. These,
along with ceramie membranes, are growing rapidly. In the structural ceramic area, cutting tools,
wear-resistant parts and bioceramics have been growing,

Business Communications Co. , Inc. recently updated the various advanced ceramic
market segments and applications in each segment in a report, High Tech Ceramics Review
"98. According to this study, advanced ceramics are expected to continue their growth into
the next century, Electronic ceramics will not only continue to hold the largest share of the
market, but will also lead in the growth rate, Structural ceramics will be a elose second in
the growth rate. The total value of the U. 8. advanced ceramic components market for 1598
is estimated to be $ 7. 4 billion. This will increase to $10. 9 billion by 2003, with an annu-
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al average growth rate of 7. 9%.

In terms of market share, electronics constituted 65. 2% of the market in 1998. With
increased use ol ICs and capacitors in computers and telecommunication applications, the
electronic market share will increase to 67, 7% by the year 2003,

While structural ceramics will slightly increase market share, ceramic coatings and ce-
ramics used for chemical processing applications will decrease their share by the vear 2003.
Ceramics used in environment-related applications are expected to grow at a rate above the
overall growth rate of advanced ceramics.

Although there are technical and economic issues 1o be resolved, structural ceramies are
being increasingly commercialized. The U, S. advanced structural ceramics market is expec-
ted to grow from $ 425 million in 1998 to $ 640 million in 2003. Structural ceramics will
have the second largest average annual growth rate (8.5%) in the next five years. just be-
hind electronic ceramics,

Mature markets for advanced ceramics in the electronics industry include insulators,
substrates, capacitors, integrated circuit packages, magnetic ferrites and piezoelectric ce-
ramics. The new revolutionary electronic ceramic materials are high superconductor ceram-
ics, consisting of mixed oxides containing rare earth oxides and copper oxides. The total
U.S. consumption of electronic ceramic compenents in 1998 was estimated at § 4. 878 billion,
The market will further increase to $7. 414 billion by the year 2003. The average annual
growth rate for electronic ceramics is estimated to he 8. 7% from 1998 to the year 2003,

Although the high-performance ceramic coating market was estimated to have high
growth rate in the 1990s. the market showed less growth because of the decline in the mili-
tary aircraft engine market. However, many new industrial applications have compensated
for that decline. Another recently completed study from BCC, titled High Performance
Ceramic Coatings, provides new market numbers.

Business Communications Co. , Inc. has estimated the 1998 high-performance ceramic
coating service market to be $757 million. This includes thermal spray, CVD and PVD,
This market is expected to grow 6. 9% annually to reach $ 1. 056 billion by the year 2003.

The market segments grouped under chemical processing and environmental-related ap-
plications are ceramic membranes, filters, catalysts and catalyst supports. Of all the large
commercial ceramic market segments, ceramic membranes have the largest growth rate- —

as much as 1524 from 1998 to 2003. Ceramic catalysts and catalyst supports constitute the

largest market segment outside electronic ceramics over $1 billion.

The combined chemical processing and environmental-related ceramics market ie esti-
mated at $ 1,42 billion in 1998, This will increase to $ 1. 84 billion by the year 2003, with
an average annual growth rate of 5. 3%4.

(Selected from Ceramic Industry 149, by Thomas Abraham, 1999)
New Words and Expressions

piezoelectric [ pai'izoui'lektrik] o, EHAY
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bioceramics [,baiausi'remiks] ». EHF%
magnetic [meeg'netik] «. BETER, MK
emission Li'mifan] = & (B, #8) &, #%&., £
catalyst [ 'ketalist] 2. HE{LH

membrane ['membrein] =#. () B
capacitor [ka'pmesita]l n. HE
substrate ['sabstreit] n. #EF ., #f&H
ferrite ['ferait] = ®E&

spray [spreil = WE. BF, WK
electronic ceramics H %

magnetic ferrites B H K

Notes

(D ceramic magnetic materials, BB E,

@ catalyst supports, fE{ERIEE,

® However, wear-resistant and other industrial applications have picked up, enabling over-
all market growth, %% AW, ABERAXATEFEONHACEME, HAHES
MHBILEHMEEL.

(@ The new revolutionary electronic ceramic materials are high superconductor ceramics,
consisting of mixed oxides containing rare earth oxides and copper oxides, B#%F Y. F
FHAFEMEMNATHRENRERRESME. RIS ERINFHELYHILHEA
L H B A

& High-Performance Ceramic Coatings, B{EGERZERE.

® integrated circuit packages, R B W,



Unit 11 Ceramic Processing Methods

Present methods of manufacturing ceramic green bodies of a complicated shape on an in-
dustrial level include dry-pressing with subsequent machining, slip casting, pressure cast-
ing, and injection molding. Tape casting is used to produce thin sheets, mainly for the elec-
tronics industry. All these forming methods start with a suspension where the ceramic parti-
cles (powders, whiskers, etc.) are mixed with a liquid or a polymer melt, proper disper-
sants and possibly further additives such as binders, plasticizers, and antifoaming agents so
that a well-dispersed, nonagglomerated ceramic slurry can be made.

With the growing awareness of the detrimental effects of different types of heterogenei-
ties on the materials properties of mainly structural ceramics, a concept called colloidal pro-
cessing has been introduced as a usefuf approach for flaw minimization. Examples of colloi-
dal processing include removal of large, hard agglomerates in the starting powder through
sedimentation or filtration of well-dispersed suspensions and the development of designed,
ordered mixtures of several components through the manipulation of the interparticle forces,
These concepts apply to most conventicnal processing methods, and they also can be used
for the development of new processing techniques.

Dry pressing and cold isostatic pressing {(CIPing) are probably the most important
forming techniques for industrial production of ceramic materials. Green bodies are formed
by pressing granules in a die. The free-flowing granules are formed from a suspension using
a granulation technique, e, g. ,spray drying or freeze granulating, Pressing is an established
forming technique that has existed for decades and has been used for many applications, ran-
ging from dinnerware to insulators and spark plugs. However, there are developments in
the field involving high-pressure CIPing and cyclic CIPing that can praduce green bodies of
higher density. The major advantage of dry pressing is productivity; modem presses can
produce as many as 20 parts per minute. This makes pressing the method of choice for most
industrial ceramic operations despite the problems associated with density gradients, inho-
mogeneous microstructures, and the need to machine complex-shaped objects,

All the drain-casting techniques e. g. ,slip casting, pressure casting, and centrifugal casting
invalve a solid-liquid separation process to form a dense green body. The liquid flow is driven by ei-
ther an external pressure gradient (slip casting, pressure casting) or a body force in a centrifugal
force field {centrifugal casting). Slip casting is a low-pressure filtration method where capillary
suction provides the driving force (on the order of 0. 1~0. 2 MPa) for liguid removal and formation
of a cast layer at a mold surface, Slip casting is generally a slow process, because the casting rate
decreases parabolically with thickness of the cast layer. Pressure casting which is an established

forming technique in fabrication of traditional clay-based ceramic materials, such as pottery and san-

itary porcelain and pressure filtration are modifications of slip casting that have been developed
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ta accelerate the consolidation stage and to obtain a higher green density. In these methods, an ex-
ternal pressure (<4 MPa) substanually higher than the capillary suction pressure is applied to the
ceramic suspension,

The traditional drain-casting methods are plagued by some genetic preblems. The liquid
flow affects the suspension micrastracture and tends to orient nonspherical constituents,
such as whiskers. The stress gradient may also lead to nonuniform densities of the green
body and cause mass segregation because of differences in particle size and density.

Undrained, or constant volume, forming methods, such as injection molding, have
the potential to avoid the aforementioned prohlems. TInjection molding is capable of produ-
cing parts of complex shape with high precision at relatively high production rates. This
commonly used forming technique is based on mixing of the ceramic powder with a binder
system (usually 2 mixture of polymers) to create a viscous feedstock and forming the part
by injecting the powder/binder mixture into an impermeable mold, where the binder is solid-
ified, usually by a temperature gradient. Injection molding has proved to he an excellent
forming technique {or smaller objects although there are potential problems related to the die-
filling process. Abrasive wear of screw-driven injectors for high-pressure injection molding
can also lead to metallic inclusions and poor reliability.

The major problem confronting injection molding is the removal of the binder. Binder
burnout must proceed at a slow rate (taking up to several days) to avoid problems with
slumping and crack formation. The polymer remaval time increases drastically when the size
of the green body increases, making it difficult, if not impossible, to produce parts with
thick cross sections. New systems with catalytic degradation of the polymer have been de-
veloped that have the potential to reduce many of the problems stated above through depoly-
merization and sublimation of the monomer at low temperatures. Using this caralytic degra-
dation approach, the problems associated with the thermal expansion of the polymer, capil-
lary forces, and particle migration due to liquid flow can be avoided. However, because of
the high cost of the polymers used, this approach has found limited use.

The drying process has a major influence on green microstructure and production rate.
Drying is a critical operation, which has to bhe controlled to avoid cracking and warping. Dr-
ying is a coupled heat-and mass-transier problem for which mathematical represcntations
have been available for years, The desired end in ceramic part production is fast drying;
however, fast drying causes cracks. Tape-casting studies have shown that decreasing drying
rates results in increasing green densities, and binder additives strongly affect stress histo-
ry. Cracking is inhibited by strengthening the solids network, increasing pore size, and re-
ducing capillary pressure. During drying, transport of evaporating dispersing media can
cause binder and small particle migration to the surface, This can lead to additional problems
during burnout and sintering. These problems can be minimized or avoided when the binder
content is low or the dispersing media is sublimated.

(Selected from Journal of the American Ceramic Society
by W. M. Sigmund, N. S. Bell and L. Bergstrém, 2000)
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New Words and Expressions

whisker ['hwiska] = 70, &A%

aggzlomerate [a'glomereit] w. () B, @E. AR o K, K, BE
suspension [ses'penfon] n B

dispersant [di'spasant] n. SHECH

heterogeneity [ 'hetoraudzi’niit] = AEME, 8%, #E. FRER
granule ['graenjacl] n»o /> (B, 8D N

plug (plag] » . ®&, #Hk

pottery ['patari] n. HE#E

sanitary ['senitori] a. (FFHE) DHEH, FiEH, REHR

viscous [ 'viskes] o. B (., #) X

capillary [ka'pilari] ».: a. BHEHE (M)

abrasive [o'breisiv] = ; a. (B}) B, EEH. BEEHN, BHRAY
slump [slampl n.; w. HiB, ¥#3h, HiE, &T

degradation [degra'deifon]) = K. TH. B

sublimation [ sabli'meifan] ». #4, e, aifk

slip casting ¥ HEA

pressure casting 7R R

centrifugal casting B0 R

injection molding B

Notes

@ drain casting, EHEEETAMEXRBHE—EHEE, B RTLHAKEHEHREMRR
Wy, TERTERN,. EAFREHA.

@ All these forming methods start with a suspension where the ceramic particles (powders.,
whiskers, etc. ) are mixed with a liquid or a polymer melt, proper dispersant, and pos-
sibly further additives such as binders, plasticizers, and antifoaming agents so that a
well-dispersed, nonagglomerated ceramic slurry can be made, %Y. THEXEHE
HMEMNRHEBRTRFEA. BEFRRN BE, &) HKRBLHREY, 2BALE
REmEARmMA M. FHEN. YAoK, ZNAHBESRESsBRYE,. BHARNRE,

@ Slip casting is a low-pressure filtration method where capillary suction provides the driv-
ing force (on the order of 0. 1 ~0. 2 MPa) for liquid removal and formation of a cast layer
at a mold surface, £HBY . ERHEHRE - MEEDEOTE., EXPI8ED,. B0
B W0 7 HE R A B A R R AT R B R R R — N LR

Exercises

1. Reading comprehension
(1) Describe the process of making a suspension for slip casting.

{2} What the awareness should be addressed during drying process?
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(3} What are the drawbacks of drying pressing?
(4) How could be the green structure improved by isostatic pressing?
2. Translate the following into Chinese

detrimental effects volloidal processing

isostatic pressing spray drying

s The traditional drain-casting methods are plagued by some genetic problems. The
liquid flow affects the suspension microstructure and tends to orient nonspherical
constituents, such as whiskers. The stress gradient may also lead to nonuniform
densities of the green body and cause mass segregation becaunse of differences in parti-
cle size and density,

¢ During drying. transport of evaporating dispersing media can cause binder and small
particle migration to the surface,

3. Translate the following into English

My e Ak 4 THEE
Py A {4 B
Fr ik Ry

Readfﬁé Material

Novel Ceramic Processing Method——Direct Casting

During the past decade, an increasing number of novel near-net-shape-forming tech-
niques have been presented to the ceramic community, One class of these new methods, the
direct-casting methods, uses some of the inherent properties of dense suspensions to trans-
form a {luid suspension to a stiff gel. The general concept is to retain the homogeneous state
of the dense slurry during the green-body formation step. By minimizing the disturbance to
the slurry during gelation, introduction of larger heterogeneities can be avoided and density
gradients minimized. The physical or chemical processes responsible for the formation of a
solid green body may vary, but all methods require a well-dispersed suspension with (very)
high solids loading of reasonably low viscosity to facilitate the mold-filling process. Hence,
maximizing the solids loading by tailoring the range and magnitude of the interparticle repul-
sion and optimizing the particle-size distribution become very important issues.

To ensure high reliability and reproducibility of sintered parts, the dense slurries must
be homogeneous with respect to the ceramic particles and organic processing additives, Gra-
dients of any type should be avoided. Hence, a thorough mixing or milling step is common
to the preparation of the starting slurries. The slurries also have to be deaired to avoid de-
fects caused by trapped air bubbles. Heterogeneities (hard agglomerates, organic inclu-
gions) are commonly removed by filtration before casting,

The underlying mechanisms for most of the direct-casting methods are related to the for-
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mation of either physical or chemical bonds between either the particles or some species in
the dispersion. The division between physical and chemical gels is somewhat arbitrary, dif-
fering mainly in the strength of the green body; chemical gels are substantially stronger than
physical gels. Physical particle gels rely on the formation of a physical bond between the
particles in dense suspensions. This is mainly achieved by manipulating the interparticle
forces to become attractive. In electrostatically stabilized slurries, this can be achieved by
changing pH or increasing salt content, whereas sterically stabilized systems can be floccula-
ted by changing the solvency of the adsorbed polymer layers. At high solids loading, parti
cle gels can develop a sufficient strength to support their own weight and, thus, be handled
without shape distortion. However, because no permanent bonds between the particles are
formed, particles can rearrange because of thermal fluctuations or gravity. Hence, a physi-
cal particle gel. sometimes referred to as a transient gel, may undergo a slow densification
with time.

The formation of strong gels is commonly accompanied by the formation of permanent
chemical bonds between either the particles or some species in the dispersion. Typical exam-
ples are the {formation of a percolating polymer network by polymerizing a monomer in the
slurry and the gelation of dissolved polymers. We also include methods that use a phase
transition of the continucus media, e. g. .freezing of water, in this category.

The direct-casting methods are organized according to fundamental physical and chemical
principles of their dispersing mechanism and gelling reaction. Some of the direct-casting
methods use more than one physical or chemical principle for dispersion and gelling. These
are categorized according to the dominating principles, and, where necessary, the specific
chemistry and physics are discussed with each method. First, we describe processes that
manipulate interparticle potentials and create physical gels via a percolating network of parti-
cles. Second, we describe percolating networks formed by additives in the dispersing media
using physical or chemical processes

A concentrated AL O, suspension can be transformed from a dispersed, fluid state into a
flocculated, rigid state by either changing pH toward the isoelectric point {or pzc) or by in-
creasing the salt content to compress the electric double layer. Such changes can be induced
by adding acid, base, or salt. However, there is a large risk that the simultaneous mixing
and gelation may result in large inhomogeneities in the dense suspension. A better approach
is to use a reaction that produces the desired pH or salt change in situ. Examples of such re-
actions are thermally activated decomposition of urea which change the pH from acidic to-
ward neutral by slowly forming NH; at 60~ 80C. Hydrolysis of esters or lactones yields
carboxylic acids, thus changing pH from alkaline toward neutral. An increase in salt con-
centration also can be achieved by the decomposition of urea. It has been found that floccula-
ting a suspension by the addition of salt allows the particle network to deform plastically.
This claylike behavior is attributed to an additional short-range repulsive force coming from
chemically grafted molecules or strongly adsorbed ions on the particle surface, Depending on

the thickness and density of the steric layers as well as the number of particle-particle con-
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tacts, a yield stress can be achieved that is large enough to retain the shape of a molded

body. These claylike saturated bodies deform under applied pressures greater than the yield

stress. Claylike forming allows complex shaping without the concern of density gradients

and eliminates the problem of stress-induced cracking due to the release of forming pres-
sures,

(Selected from Journal of the American Ceramic Society,

by W. M. Sigmund, N, 8. Bell and 1., Bergstrém, 2000)

New Werds and Expressions

gel [dzel] n BEHE, BRI

homogeneous [homa'dzinjes] «. [ (B, Hi, #, #) 8, —HEWN
slurry ['slori] = # (B, ¥ ¥, BE&

gelation [dai'leifon] n. BF (8, B %5, BBk

arbitrary [‘wbitrari] a. £ () &Y, TR, B

sterically ['sterikoli] ad. Z5f6] (F) Mb

flocculate [flokju'leit] =« HEE. HIE

potential [pa'tenfal] a. ¥WFEM, ATEEMY, WM » WHE, BT
urea ['jusria] n. BRE

ester ['esta] = By

graft [gra:dft] n, o B, B8, (&) 845, B

yield [Gild] o n P, %4, #6E, =&, B9, fizk, B85
direct-casting HEEMAE

Interparticle repulsion B [EIHEE F 7

Isoelectric point 258 &

Notes

(@ Hence, maximizing the solids loading by tailoring the range and magnitude of the inter-
particle repulsion and optimizing the particle-size distribution become very impartant is-
sues. ZHEFEN, B3k, % EE KRB R E L 8% WK 8048 T HEF h MR 4k
WO A /DRI R BARTEAN AL SR,

@ In electrostatically stabilized sturries, this can be achieved by changing pH or increasing
salt content, whereas sterically stabilized systems can be flocculated by changing the sol-
vency of the adsorbed polymer layers. B E X, MM EHMRBRENEE, EET
MW A pH AR & MK BB, W0 S EGRBE ORI, ST%N RSN
HRETUECREE,

@ This claylike behavior is attributed to an additional short-range repulsive force coming
from chemically grafted molecules or strongly adsorbed ions on the particle surface. & ¥
FEXC 0 R OFE R TR NORY 78 1 4L 1 4 40 T SR ok BRI B
B 0 B 5 I



Unit 12 Advanced Ceramic Materials.
Basic Research Viewpoint (1)

Since production and engineering of materials and components are increasingly knowl-
edge-based. the technology itself reveals gaps in the basic understanding of materials. Such
gaps limit the degree to which materials technology can be competitive with other technolo-
gies. Therefore, the continued pursuit of additional knowledge will always be necessary.
Some technological trends are impertant to follow as present and future directions of basic
and applied research. The most significant of these are;

* Increasing materials complexity because of increased functionality

¢ Integration of different materials into multifunctional components;

*  Minjaturization of devices;

¢ Exploitation of nanosized effects;

¢ Theoretical treatment and modeling of materials and components development.

In addition to these trends, present environmental regulations and awareness and the
recycling of materials will affect the use of materials and require less expensive production
processes.

Traditional materials-oriented research is now complemented by more interdisciplinary
and method-linking works. The research activities extend from the structures at the atomic
and molecular level to macroscopic features of components and devices. One fundarmental ar-
ea of research to pursue is the development of a unified description of deformation and frac-
ture in order to design microstructures for improved mechanical reliability of ceramic parts.
This would decrease the material’s susceptibility to environmental stresses and facilitate in-
tegration of ceramics into whole engineered system. In addition, as these tasks become
more and more interdisciplinary, advances in ceramic materials will benefit increasingly from
closer cooperation among materials scientist, physicists, chemists, engineers, and espe-

cially, biologist.

Needs for Future Basic Research

Following technological trends, the needs for future basic research in the field of ceram-
ics can be divided into four major areas. (a) materials and materials properties research in
order to widen the area’s scope and match its needs for future applications. (b} research 1o
increase the knowledge of economical and ecological production processes for maternals,
components, and devices. (¢} miniaturization and integration. (d) medeling and numeri-
cal simulation, which would complement or even act as a substitute for present areas of ex-
perimental work, thus not only directing research to defined questions, but also reducing

practical work and time periods typically combined with product development., The identified
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four areas of future basic research will be discussed in the {ollowing.

{Ceramics now cover an extensive area of functionality, Hardly any other class of materi-
als offers such a variety of properties useful for applications, Promising technical develop-
ments emerge from the discovery of new compounds, and new materials with specific func-
tions have recently appeared on the horizon. These materials include high temperature su-
perconductors, single erystal piezoelectrics, high-frequency dielectrics. Detailed basic re-
search in solid state chemistry and solid state physics will continue to widen the scope of ma-
terials, resulting in the optimization of existing materials’ functionalities and the likely en-
hancement of ceramics with new physical behaviours, Since both result in complex materi-
als, there will be a continuous need for the comprehensive evaluation of the underlying mate-
rials. Therefore, extended investigations of physical. chemical, and mechanical properties
will be necessary in order to evaluate the potential of the materials for practicel applications,

In the ares of ceramic materials, ferroelectric ceramics are technically the most impor-
tant, They are known for their unique properties, such as high dielectric permittivity as
well as high piezoelectric constants, and are used in multilayer capacitors or as microwave
devices within wireless communication systems. Besides that, they will very likely play a
key role in the future of information technology as a basis for low-cost, low power energy
consumption, high density storage, and fast readout of information. Most of the inorganic
materials for linear and nonlinear optics are also ferroelectric. Infrared absorption and elec-
tro-optical modulation are optimized in ferroelectrics because of their strong linear and non-
linear polarizabilities. However, the increasing power and speed of today’s lasers has a
large effect an the crystalline quality and defect content of ferroelectrics. This is even more
crucial in the case of integrated devices for which optical density, electric fields, thermal
gradients, and mechanical stresses are increased by the limited size of wave guides.

Presently, piezoelectric ceramics certainly show the broadest range of individual applica-
tions, including sonar, ultrasonic cleaners, buzzers, accelerometers, hydrophones. piezo-
transformers, ultra-precision positioners, and many other sensors requiring a wide field of
interdisciplinary research for further evaluation.

Magnetoresistive materials, which change their electrical resistivity upon application of
magnetic fields, have also received attention for magnetic reading heads, Ceramics, such as
doped rare-earth manganites exhibit extremely high values for this effect, even superior to
that of giant magnetoresistant metals presently in use.

lon conduction also provides great technological benefits. It is a basis for energy and in-
formation technology systems such as hatteries, fuel cells, chemical sensors, and chemical
filters providing efficient and cleaner energy transformation, chemical control, and enviran-
mental protection. Apart from the functional aspect, the application of these materials re-
quires the simultaneous fulfillment of many properties. These include thermal, chemical,
mechanical, and electrical stabilities, Examples of the devices are stable proton conductors,
interfacially controlled ionic conductors, and chemical sensors for acid/base active gases.

In the field of high-temperature superconductivity, important progress has been



93

achieved over the last few years regarding both energy applications as well as electronics,

l.arge-sized demonstration prototypes of superconducting cables, transformers have been
fabricated and successfully tested.

{Selected from European White Book on Fundamental Research in Materials Science ,

by F. Aldinger, J. F. Baumard, 2000)

New Words and Expressions

macroscopic [ mekrou'skopik] o RET LK, ERE
susceptibility [sosepti'biliti_ =, B4, B2, &HF: BILEYN
biclogist {bai'sladsist] n 4£H%ER

ecological [ eko'lodzikal] a. HAB%¥M, HOEE2N
complement ['komplimant] . %, A%

ferroelectric [fersui'lektrik] »n. WK o R
permittivity [pami'tiviti] » @B %, RER
polarizability [pauloraiza'biliti] » #A¥E, ®ILHE
magnetoresistive [ mag'nitau'rizistiv] . B (B MY
manganite ['mengenait] n KEF; TiEELL
piezatransformers [ pai'l:zouitrens'forma] n, FEE 82 M5 H 08

Notes

@O multifunctional components, E3hBEEHE .

@ environmental regulations, ¥FHzEE .,

@ the material’s susceptibility to environmental stresses, £ % B & 1 .

@ to widen the area’s scope, ¥ BRXITHRATE.

® a unified description of deformation and fracture, METAFNNNE —RE.
® modeling and numerical simulation, B8 B8,

@ bigh-frequency dielectrics, m8ifrda¥t.

@ electro-optical modulation, W B % Bl %

@ the comprehensive evaluation of the underlying materials, Ty o p SR EeFa Rt ¥
O fuel cells, MMM,

@ ultra-precision positioners, BINEEER,

Exercises

1. Reading comprehension
(1) What areas should be addressed for future researches on ceramic materials?
{2) Why should we continue to carry out basic research on ceramic materials?

(3) Please give some application examples of piezaelectric ceramic materials and the ben-
efits we get from the advancement of ceramic materials,

2. Translate the {ollowing into Chinese

solid state physics ferroelectric ceramics



94

dielectric permittivity linear and nonlinear polarizabilities

tnechanical stresses thermal stability

¢ Magnetoresistive materials, which change their electrical resistivity upon application
of magnetic fields, have also received attention for magnetic reading heads. Ceram-
ics, such as doped rare-earth manganites exhibit extremely high values for this
effect, even superior to that of giant magnetcresistant metals presently in use.

* In the field of high-temperature superconductivity, important progress has been
achieved over the last few years regarding both energy applications as well as electronics,
Large-sized demonstration prototypes of superconducting cables, transformers have
been fabricated and successfully tested.

3. Translate the following into English

R B
BT St -
BB 2 e
B %

Reading Material

Advanced Ceramic Materials: Basic Research Viewpoint ([ )

Processing and microstructure design

Ceramic are synthesized into glasses, polycrystals, single crystals, and many forms
dictated by their use, including fine powders, fibres, thin films, thick films, costings.,
monoliths, and composites. Polyerystalline components are conventionally produced by
powder synthesis and forming processes followed sintering at high temperature. The per-
formances of ceramic materials are determined not only by the structure and composition.
but also by defects (such as pores), second phases {which can be deliberately added to fa-
cilitate processing) . and interfaces, Thus, one of the primary limitations of current ceramic
processing technologies is that they are an art as well as a science, This situation is changing
progressively. For instance, in order to meet the requirements of miniaturization and inte-
gration, these techniques have to be supplemented by deposition techniques, such as physi-
cal vapor deposition (PVD), pulsed-laser deposition (PLD), chemical solution deposition
(USD). and chemical vapor deposition (CVD). During these processes, the materials are
synthesized on a microscopic scale without powder processing as an intermediate step, usual-
ly at temperatures much below the typical sintering temperature of bulk materials. Not only
can ceramic materials of small dimensions be deposited, but their ceramic compositions and
structures can also be designed much more flexibly. The understanding and mastering of
phenomena at the microscopic and, more importantly, at the nanoscopic scales clearly need

further basic research. A specific example can be found in thin films of ferroelectrics, where
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dielectric properties are dominated by interfacial effects rather than by the bulk capacitance,

A great challenge is the architecture of ceramic materials in atomic dimensions, not only
in thin films but also in thick films and bulk materials. The ceramic materials will open up
novei classes of materials with properties still unknown with respect to conventionally pro-
cessed materials. One possibility for research is the thermally induced transformation of pre-
ceramic compounds by solid state thermolysis. By tailoring the composition and molecular
structure of precursors by means of advanced chemical syntheses, and by controlling ther-
molysis, the composition, structure, and microstructure of ceramic materials can be de-
signed. The characteristics of precursor thermolysis, and the relative ease with which vari-
ous geometries can be processed at the preceramic stage using standard polymer processing
techniques, makes them highly applicable for the production of fibre reinforced composites.
oxidation-resistant coatings, wear-resistant materials, and many others.

Another growing field of research with an attractive technical potential is the production
of materials inspired by biomineralization. Oxidic depositions from aqueous solutions on or-
ganically modified surfaces, for example, provide a synthesis route for ceramics at ambient
conditions. Such template-induced and self-assembled materials using biomimetic techniques
provides low cost routes to get new metastable materials that possess original microstruc-
tures as layered polymer-ceramic composites and cannot be obtained by conventional high-
temperature routes, Therefore, the investigation of interactions between organic and inor-
ganic phases, as well as nucleation and growth phenomena, is a promising area of basic re-
search,

Nevertheless, conventional processes will continue 1o offer breakthroughs., A deeper
understanding of the surface chemistry of powders will lead to a better contro} of the interac-
tion hetween particles during colloidal powder processing, thus providing a means for con-
trolling powder consolidation and defect-free microstructure, New methods for net-shape
forming based on the control of interparticle forces in dense suspensions of powders have
been proposed recently. There is no doubt that possibilities offered hy surface chemistry are
far from being fully exploited, especially in the case of non-oxide ceramics. The chailenge
for future years is the development of processing technique for the production of finer pow-
ders, which could lead to new applications resulting from different green-state architectures.

Direct and indirect cost savings by process-cost reductions and product improvements,
respectively, are necessary in the field of advanced properties of ceramics, Cost savings are
typically achieved by a better understanding of the fundamentals of the underlying processes.
Savings could also be obtained hy new types of low-cost processes, component design chan-
ges or simplifications hy using proper joining techniques, or product-development time re-
ductions. In essence, processing science remains a priority, but in the case of ceramics, it

now extends far beyond the simple processing of powders.

Modeling and numerical simulation

Modeling and simulating have been used for a long time in the development and improve-
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ment of materials. Fundamental theories exist for many physical phenomena (e. g. elastic-
ity, plasticity, fracture, thermodynamies, electricity, magnetism), all of which improved
enormously the understanding of materials, There have been developed a variety of chemical
continuum concepts and macroscopic finite element methods to simulate the behavior of ma-
terials and compounds. Both areas have created much progress in materials science and tech-
nology. However, in order 1o achieve a real breakthrough in designing new materials and
tailoring their properties, there is a need to bridge both areas. The most desirable hreak-
through would be to outline the structural and functional performance of a material directly
from its elemental composition, structure, and morphology.

{Selected from European White Book on Fundamental Research in Materials Science ,

by F. Aldinger, J. F. Baumard. 2000)
New Words and Expressions

monolith ['monsulié] ». WH

miniaturization [minjatfarai'zeifon] n. /ME4E

supplement ['sapliment] » %%, ¥}FE. HR. #¥7; ». HE
dominate ['domineit] v, TR, H{EH

thermolysis [@a'molisis] »n. #H (4 & (fER): W (FERD
geometry [dzi'omitri] n. JLE%E

mimetic [mi'metik] a. BFR, FHEHGH

metastable [meta'steibl] <. EEH

magnetism ['maegnitizem] = B, A, B5lH, @%¥
powder synthesis ¥4 R,

biomineralization *%#¥F . SHEFTEH

Notes

(D nanoscopic scales, #KR T,

@ pulsed-laser deposition, IR,

3 the composition and molecular structure of precursor, RFIK{EM LS H4FF4EH .
@ biomimetic techniques, *$EH{HEHER.

® defect-free microstructure, THEIRGHIEE MR .

® green-state architectures, 4 LW,
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PT IV POLYMERS

Unit 13 Polymer Synthesis

Polymers are a large class of materials consisting of many small molecules (called mono-
mers) that can be linked together to {orm long chains, thus they are known as macromole-
cules. The picture at the top of the page is a short section of such a chain. A typical poly-
mer may include tens of thousands of monomers. Because of their large size, polymers are
classified as macromolecules.

Humans have taken advantage of the versatility of polymers for centuries in the form of
oils, tars, resins, and gums. However, it was not until the industrial revolution that the
modern polymer industry began to develop. In the late 1830s, Charles Goodyear succeeded
in producing a useful form of natural rubber through a process known as “vulcanization. ”
Some 40 years later, Celluloid (a hard plastic formed from nitrocellulose) was successfully
commercialized. Despite these advances, progress in polymer science was slow until the
1930s, when materials such as vinyl, neoprene, polystyrene, and nylon were developed.
The introduction of these revolutionary materials began an explosion in polymer research that
is still going on today,

Unmatched in the diversity of their properties, polymers such as cotton. wool, rub-
ber, Teflon (tm), and all plastics are used in nearly every industry. Natural and synthetic
polymers can be produced with a wide range of stiffness, strength, heat resistance, densi-
ty, and even price. With continued research into the science and applications of polymers.
they are playing an ever increasing role in society. The following sections provide an intro-
duction to the science of macromolecules.

The study of polymer science begins with understanding the methods in which these ma-
terials are synthesized. Polymer synthesis is a complex procedure and can take place in a va-
riety of ways. Addition polymerization describes the method where monomers are added ane

by one to an active site on the growing chain.

Addition Polymerization

The most common type of addition polymerization is free radical polymerization. A free
radical is simply a molecule with an unpaired electron. The tendency for this free radical to
gain an additional electron in order to form a pair makes it highly reactive so that it breaks
the bond on another molecule by stealing an electron, leaving that molecule with an unpaired
election (which is another free radical). Free radicals are often created by the division of a

molecule (known as an initiator) into two fragments along a single bond. The following di-
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agram shows the formation of a radical from its initiator, in this case benzoyl peroxide.

O (") (tf)
[
7 C‘_O_O_Cﬂ . zrf\r,—cmo-
“ /! L N .
Brezk Bond Here Free Radical

{ Active Center)

The stability of a radical refers to the molecule’ s tendency to react with other com-
pounds. An unstable radical will readily combine with many different molecules. However a
stable radical will not easily interact with other chernical substances. The stability of free
radicals can vary widely depending on the properties of the molecule. The active center is the
location of the unpaired electron on the radical because this is where the reaction takes place.
In free radical polymerization, the radical attacks one monomer, and the electron migrates
to another part of the molecule, This newly formed radical artacks another monomer and the
process is repeated. Thus the active center moves down the chain as the polymerization oc-
curs,

There are three significant reactions that take place in addition polymerization: initia-
tion (hirth), propagation (growth), and termination (death). These separate steps are

explained below.

Initiation Reaction

The first step in producing polymers by free radical polymerization is initiation. This
step begins when an initiator decomposes into free radicals in the presence of monomers.
The instahility of carbon-carbon double bonds in the moromer makes them susceptible to re-
action with the unpaired electrons in the radical. In this reaction, the active center of the
radical “grabs” one of the electrons from the double bond of the monomer, leaving an un-
paired electron to appear as a new active center at the end of the chain. Addition can ocour at
either end of the monomer,

In a rypical synthesis, between §0% and 100% of the free radicals undergo an initiation
reaction with a monomer. The remaining radicals may join with each other or with an impu-
rity instead of with a monomer. “Self destruction” of free radicals is a major hindrance to the

initiation reaction. By controlling the monomer to radical ratio, this problem can be re-

duced,

Propagation Reaction

After a synthesis reaction has been initiated, the propagation reaction takes over. In
the propagation stage, the process of electron transfer and conseqguent motion of the active
center down the chain proceeds. In this diagram, (chain) refers to a chain of connected
monomers, and X refers to a substituent group (a molecular fragment) specific to the
monomer. For example, if X were a methyl group, the monomer would be propylene and

the polymer, polypropylene.
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H H H H H

(Chain)—Cf-L(!: .+ \C=C: —— ¢chain) -CH,C—CH,C + -~
X H X X X
In free radical polymerization, the entire propagation reaction usually takes place within
a fraction of a second. Thousands of monomers are added to the chain within this time. The

entire process stops when the termination reaction occurs,

Termination Reaction

In theory, the propagation reaction could continue until the supply of monomers is ex-
hausted. However, this outcome is very unlikely, Most often the growth of a polymer
chain is halted by the termination reaction, Termination typically occurs in two ways: com-
bination and disproportionation,

Combination occurs when the polymer’s growth is stopped by free electrons [rom two
growing chains that join and form a single chain. The following diagram depicts combina-
tion, with the symbol (R) representing the rest of the chain.

H H H H

| | |
(R)-—CHg(li = l|:CH2 -{R) — (R)—CH,C -CCH,—(R)

X X X X
Disproportionation halts the propagation reaction when a free radical strips a hydrogen
atom from an active chain. A carbon-carhon double bond takes the place of the missing hy-
drogen, Termination by disproportionation is shown in the diagram.
H H H H

| | i |
(R)—CH2(|3- + -T:CHE—cm — (R)—CH:.C—F « C=CH—(R)

| |
X X X X

Disproportionation can also occur when the radical reacts with an impurity. This is why

it is 0 important that polymerization be carried out under very clean conditions.

Living Polymerization

There exists a type of addition polymerization that does not undergo & termination reaction,
This so-called “living polymerization” continues until the menomer supply has been exhausted,
When this happens, the free radicals become less active due to interactions with solvent molecules,
If more monomers are added to the solution, the polymerization will resume.

Uniform molecular weights (low polydispersity) are characteristic of living polymeriza-
tion. Because the supply of monomers is controlled, the chain length can he manipulated to
serve the needs of a specific application. This assumes that the initiator is 100% efficient.

(Selected from Polymers and Liguid Crystals, by, Case
Western Reserve University PLC Team, 1998

New Words and Expressions

polymer ['polims] n E4&



100

monomer ['monama] n. BK

macromolecule [ immkra'moalikjul] n. EXSGF. &9F
vulcanization [valkenai'zeifan] » MKMW, Bk
nitrocellulose [naitra'seljslous] n. WL %%

vinyl ['vainil] n. ZH¥E. Z B

neoprene [ 'nimprin] n. MTHE

polystyrene [poli'stairin] »n B%Z 8

celluloid ['seljulsid] = HEEHE

initiation [inifi'eifan] n. Bi%

propagation ['propa'geifen] n. H{c

termination ['tami'neifen] n. &b

initiator [i'nifieita] n. Bl &

methyl ['me8il] » HE

propylene ['praupalin] » HE

polypropylene [poli'praupilin] n. BFH

combination [ ,kombi'neifen] =»n {84 (&)
disproportionation [disprapafa'neifon] n. US4k (8 4F)
polydispersity [ipolidis'poisati] ». 484 BA4E L8
addition polymerization MBRE A

free radical B #

unpaired electron I F

benzoyl peroxide #f 4 1t % F Bt

active center {E¥EDLL

substituent group B

living polymerization {E#¥4
Notes

The tendency for this free radical to gain an additional electron in order to form a pair
makes it highly reactive so that it breaks the bond on another molecule by stealing an electron,
leaving that molecule with an unpaired electron {which is another free radical). X A--IH
EHM so that FIFHERRBMAIERNESH . THOEERSE. the tendency makes
it highly reactive. Z2%i¥3. ARAEBIN B — e F LA B T X4 000 13 (578 5 25 1
Bk, ARERLSA—TETAEES 4 NG, BERINHETF (51 =
A,

Exercises

1. Complete the notes below with one or two words.

@) are a large class of materials consisting of many small molecules that can be

linked together to form long chains.
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{2) Natural and synthetic polymers can be produced with a wide range of .

s » , and even price,
(3) A is simply a molecule with an unpaired electron.
(4) The is the location of the unpaired electron on the radical because this is

where the reaction takes place.
2. Answer the following questions according to the text
(1) Give a brief explanation to the 3 main steps of addition poiymerization.
(2) What is the difference between the two ways of termination: combination and dis-

proportionation?
Reading Material

Chemistry Basics

Molecuies may be represented in two dimensions by a structural diagram.,

H H Cl Br
~ 7 NS
C=C C
e ~ RN
H H F |
Ethylene Bromo-Chloro- Fluoro-lodo- Methane

While this representation allows for the derivation of the three dimensional structure of
the left molecule, the right molecule requires further description.

Molecules may be represented in three dimensions by a ball and stick configuration like
this. This allows examination of the molecule’s configuration, in this case an sp3 hybri-
dized central carbon with 4 different atoms attached.

Another method used to describe atoms and their bonding is through the location of the
electrons in their outermost shell. Because there is no exact location of where the electron
may be found, probability distributions (commonly called orbitals) based on quantum me-
chanical calculations are sketched showing where the electron is most likely to be found, A
few of these representations are presented here to illustrate this approach. The first three

types of orbitals for individual atoms are,

s P P
The p and 4 orbitals actually change according to how many electrons are in the outer

shell. A full p orbital is customarily indicated as shown below:
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When two or more atoms are bounded to form a molecule, the orbitals from each atom
may be combined into hybrid atomic orbitals, which are useful in describing molecular struc-
tural properties such as geomeiry, A {ew examples are illustrated below. The hybrid sp
combination yields the linear geometry of C(}),; sp® describes the trigonal planar geometry of

BF,; and the sp® combination fits the familiar tetrahedral geometry of CH,.

> 9 :

sp s sp’

Hybrid atomic orbitals are also useful in describing double bond formation. We illus-
trate this for the case of ethylene, which will be used in the polymer synthesis section as an
example of free radical formation in connection with addition polymerization. After the sp’
orbitals with the hydrogen are occupied, two electrons in carbon 2s states interact to form a
sigma bond along the C—C centerline and the single electron remaining in each of the unhy-
bridized 2p orbitals interact to form a pi bond (a “combined” p orbital appearance). For a

more cornplete discussion of these topics see any recent college chemistry text,

Chiratity

The ability of carbon 1o form four bonds allows for the possibility of two configurations
using the same molecular formula. Particularly, a configuration about the central carben
and ite mirror image is possible, The mirror image is not superimposible upon the onginal
configuration; thus it represents a new form of the molecule.

Such molecules are said to be chiral, and the central atom known as the chiral center.
One of the configurations about the chiral center is designated S and the other R. The pzir of
molecule configurations due to chirality are known as enantiomers, Enantiomers have identi-
cal chemical properties except towards optically active reagents, and identical physical pro-
perties except for the direction of rotation of the plane of polarized light. A tnixture of equal
amounts of both enantiomers is known as a racemic mixture and is not optically active. It is
possible for a2 molecule to comain two chiral centers and thus four possible configurations

may result. This may result in chiral molecules which are not mirror images of each other.
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Such molecules are known as diastereomers, and have similar chemical properties but may

have vastly different physical properties,

Geometrie Isomers

cis trans

I Il

Examination of the two molecules above reveals they share the same molecular formula
(BrCHCHBr) as well as the location of the double bond. Thus they are isomers; both re-
present 2-ethylene but their physical properties differ. The difference between the two iso-
mers is hinted by their two dimensional representation but becomes more clear when the ex-
amined in three dimensions.

The difference lies in the way the atoms are oriented in space. They are not mirror ima-
ges of each other, and thus they are termed diastereomers, However, because the rotation
about the carbon carbon double bond is hindered (since it would break the pi bond), they
are classified as geometric isomers. The two configurations are named by inserting the prefix
“cis”(Latin: on this side) for [ and “trans”(Latin: across} for [[ which indicate the loca-
tion of the bromo groups each on the same or opposite sides of the molecule. Thus, the

proper name for [ 1s cis-1,2-dibromo-ethene and [ trans-1,2-dibromo-ethene,

Nomenclature

Naming large molecules can be a complex task. The TUPAC Nomenclature Committee
has established conventions that eliminate confusion. In gencral, a polymer with an unspe-
cified number of monomers is named by adding the prefix “poly” to the constitutional repeat-

ing unit (CRU). Otherwise, the Greek prefix corresponding 10 the number of monomers is
added to the name of the CRU.

Number Prefix Number Prefix
1 Meth 7 Hept
2 Eth 8 Oct
3 Prop 9 Non
4 But 10 Dec
5 Pent 11 Undec
6 Hex

The name of the CRU is formed by naming each of the subunits, If a polymer contains
only one subunit, the prefix “poly” is added to the name of the subunit. For example, if a

polymer is formed from a combination of ethylene monomers, its name would be polyethy-
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lene. Polymers containing more than one subunit are named based on the largest subunits,
and are set off from the prefix “poly” with parentheses.

The naming of the subunits is the most difficult part. The subunits are named by the
main constituent of the subunit with smaller molecules added on as prefixes. The best way
to demonstrate this nomenclature is to use examples. For example, the monomer;

- -OCHCH.—
:

would be called oxy (1-fluoroethylene). To start, we see that there is an oxygen atom atta-
ched to a larger subunit. Therefore, the name will have the prefix oxy-. The rest of the
monomer can be seen to be an ethylene melecule with a fluorine atom attached. Since the
fluorine atom is attached to the first carbon atom, the name of this part of the monomer is
I-fluoroethylene. Thus the name of the complete monomer is oxy (l-fluoroethylene), and
the name of the polymer formed from this monomer would be poly [oxy (2-fluvroethyl-
ene) |.

For monomers with branched chains, the monomer is named for the longest continuous
chain, For example:

CH;
CH,‘q_(l:H"""CH_CHg__CHH
i

The molecule above is named for pentane, since the longest continuous chain s five car-
bons long. However, there are also two extra methyl groups attached to the 2nd and 3rd
carbons in the chain. Therefore, this monomer is called 2, 3 dimethylpentene, and the
name of the polymer formed from these monomers is called poly (2,3 dimethylpentane), It
may be tempting to label this 3,4 dimethylpentane, but convention mandates that you use
the name with the smallest numbers possible,

(Selected from Polymers and Liquid Crystals, by, Case Western
Reserve University PLC Team, 1998)

New Words and Expressions

ethylene ['eBalin] n Z4

derivation [ deri'veifon] n. RjtEM
configuration [kanifigju'reifon] ». HWH
hybridize ['haibridaiz] = (f) Zei
trigonal ['trigenl] 4. =N, =/KEHN
planar ['pleina] a. FHH, —HH
tetrahedral [tetra'hedral] o, ME&{Y
chirality ['tfirsliti] ». FREMFRH; FHER
isomer ['aissma] n». FE

cis- AR,

trans- R,
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nomenclature [ 'nsumankleit/a] n. &, TITE, A&
methane ['mefein] » B, X
superimposible . &G

enantiomer [i'nentiouma] n. XtER (G &
diastereomer [ date'stierioums ] #n. JEXTERBHEIE
bromo- WAL

chloro- #EA

fluoro- AL

iodo-  BARAY

oxy- #M, FHH

structural diagram &5H[E

quantum mechanical calculations BT H¥HE
hybrid atomic orbital %t JRF %5t iH

Notes

While this representation allows for the derivation of the three dimensional siructure of
the left molecule, the right molecule requires further description. K& —4 ) while 8| 5%
BHSHLEERIBNAG, A[EE “RE”, “BR",



Unit 14 Polymer Structure

Although the fundamental property of bulk polymers is the degree of polymerization,
the physical structure of the chain is also an important factor that determines the macroscopic
properties,

The terms configuration and conformation are used to describe the geometric structure
of 4 polymer and are often confused. Configuration refers to the order that is determined by
chemical bonds. The configuration of a polymer cannot be altered unless chemical bonds are
broken and reformed. Conformation refers to order that arises from the rotation of molecules

about the single bonds. These two structures are studied below.

Configuration

The two types of polymer configurations are cis and trans, These structures can not he
changed by physical means (e. g. rotation). The ris configuration arises when substituent
groups are on the same side of a carbon-carbon double bond. Trans refers to the substituents

on opposite sides of the double bond.

N Ve ~
—H;:C CH,— H CH,-—
el trans
Stereoregularity is the term used to describe the eonfiguration of polymer chains. Three
distinet structures can be obtained. Tsotactic is an arrangement where all substituents are on
the same side of the polymer chain. A syndiotactic polymer chain is composed of alternating
groups and atactic is & random combination of the groups. The following diagram shows two

of the three sterecisomers of polymer chain.

J w
Isotactic Syndiotactic

Conformation
If two atoms are joined by a single bond then rotation about that bond s possible since,
unlike a double bord. it does not require breaking the hond.

The ability of an atom to rotate this way relative to the atoms which it joins is known as
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an adjustment of the torsional angle. If the two atoms have other atoms or groups attached
to them then configurations which vary in torsional angle are known as conformations., Since
different conformations represent varying distances between the atoms or groups rotating
ahout the bond, and these distances determine the amount and type of interaction between
adjacent atoms or groups, different conformation may represent different putential energies
of the melecule, There several possible generalized conformations: Anti (Trans), Eclipsed
(Cis), and Gauche {4 or —),

Other Chain Structures
The geometric arrangement of the bonds is not the only way the structure of a polymer
can vary, A hranched polymer is formed when there are “side chains” atiached to a main

chain, A simple example of a branched polymer is shown in the following diagram.

There are, however, many ways a branched polymer can be arranged. One of these
types is called “star-branching”. Star branching results when a polymerization starts with a
single monomer and has branches radially outward from this point. Polymers with a high de-
gree of branching are called dendrimers. Often in these molecules, branches themselves
have branches. This tends to give the molecule an overall spherical shape in three dimen-
sions,

A separate kind of chain structure arises when more that one type of monomer is in-
volved in the synthesis reaction. These polymers that incorporate more than one kind of
monomer into their chain are called copolymers. There are three important types of copoly-
mers, A random copolymer contains a random arrangement of the multiple monomers, A
block copolymer contains blocks of monomers of the same type. Finally, a graft copolymer
centains a rnain chain polymer consisting of one type of monomer with branches made up of

other monomers. The following diagram displays the different types of copolymers.

Block Copolymer Graft Copolymer Random Copolymer
An example of a common copolymer is Nylor Nylon is an alternating copolymer with 2
monomers, a b carbon diacid and a 6 carbon diamine, The following picture shows one mon-

omer of the diacid combined with one monomer of the diamine.
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Cross-Linking

In addition to the bonds which hold monomers together in a polymer chain, many poly-
mers form bonds between neighboring chains, These bonds can be formed directly between
the neighboring chains, or two chains may bond to a third common molecule. Though not
as strong or rigid as the bonds within the chain, these cross-links have an important effect
on the polymer. Polymers with a high enough degree of cross-linking have “memory. ” When
the polymer is stretched, the cross-links prevent the individual chains from sliding past each
other. The chains may straighten out, but once the stress is removed they return to their
original position and the object returns to its original shape.

One example of cross-linking is vulcanization. In vulcanization, a series of cross-links
are introduced into an elastomer to give it strength. This technique is commonly used to

strengthen rubber,

Classes of Polymers

Polymer science is a broad field that includes many types of materials which incorporate
long chain structure of many repeat units as discussed above. The two major polymer classes
are described here.

Elastomers, or rubbery materials, have a loose cross-linked structure. This type of
chain structure causes elastomers to possess memory, Typically, about 1 in 100 molecules
are cross-linked on average, When the average number of cross-links rises to about 1 in 30
the material becomes more rigid and brittle. Natural and synthetic rubbers are both common
examples of elastomers. Plastics are polymers which, under appropriate conditions of tem-
perature and pressure, can be molded or shaped (such as biowing to form a film). In con-
trast to elastomers, plastics have a greater stiffness and lack reversible elasticity, All plas-
tics are polymers but not all polymers are plastics, Cellulose is an example of a polymeric
material which must be substantially modified before processing with the usual methods vsed
for plastics. Some plastics, such as nylon and cellulose acetate, are formed into fibers
{which are regarded by some as a separate class of polymers in spite of a considerable overlap
with plastics). As we shall see in the section on liquid crystals, some of the main chain pol-
ymer ligquid crystals also are the constituents of important fibers. Every day plastics such as
polyethylene and poly (vinyl chloride) have replaced traditional materials like paper and
copper {or a wide variety of applications. The section on Polymer Applications will go into
greater detail about the special properties of the many types of polymers.

(Selected {from Polymers and Liguid Crystals, by Case Western Reserve
University PLC Team, 1998)



New Words and Expressions

configuration [kenfigju'reifen] n. I
conformation [konfa'meifon] ». W
stereoregularity [ stisrioireg ju'leriti] ». SEWHEHE
isotactic [ jaisou'tektik] = 26w #
syndiotactic [,sindiev'teektik] n, [&[EFH#
atactic [eci'tektik] n. FCHLSF R
sterecisomer [ stiartau’aisama] 5. LISk
gauche [gouf] a. JEXTFRH

dendrimer M FE R B {K

diacid [dai'esid] ». —#

diamine ['daiamimn, dai'seminn] . TR
crosslink ['krosligk] n. #5HE

elastomer [i'lestoma] n. M¥:iE; BRI
plastic ['plestik] n. ¥

torsional angle % &

potential energies Hh

branched polymer F{LE2%
star-branching B¥ ¥k

random copolymer JC#3E %

block copolymer #REILE

graft copolymer Rt &

Exercises

1. Explain the difference and similarity between Configuration and Conformation.,
2. Give a brief explanation to the following terms and concepts,
a. isotactic polymer b. syndiotactic polymer

c. random copolymer d. block copolymer

e. graft copolymer

3. Complete the notes below with words taken from the text above,
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(N results when a polymerization starts with a single monomer and has branches

radially outward from this point. Polymers with a high degree of branching are

called . Often in these molecules, branches themselves have branches. This
tends to give the molecule an overall shape in three dimensions.
(2} » ot rubbery materials, have a loose cross-linked structure. are poly-

mers which, under appropriate conditions of temperature and pressure, can be

molded or shaped. In contrast to the former, the later group has a greater

and lack reversible
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Reading Material

Polymer Morphology

Molecular shape and the way molecules are arranged in a solid are important factors in
determining the properties ol polymers. From polymers that ¢rumble to the touch to those
used in bullet proof vests, the molecular structure, conformation and orieniation of the poly
~ mers can have a major effect on the macroscopic properties of the material. The general
concept of self-assembly enters into the organization of molecules on the micro and macro-
scopic scale as they aggregate into more ordered structures. Crystailization, discussed be-
low, 1s an example of the self-assembly process as is the orientational organization of liquid

crystals to be discussed later.

Crystallinity

We need to distinguish here, between crystalline and amorphous materials and then
show how these forms coexist in polymers. Consider a comparison between glass, an amor-
phous material, and ice which is crysialline. Despite their common appearance as hard,
clear material, capable of being melted, a difference is apparent when viewed between

crossed polarizers, as illustrated below,

The highly ordered crystalline structure of ice changes the apparent praperties of the po-
larized light, and the ice appears bright. Glass and water, lacking that highly ordered
structure, both appear dark.

The amorphous morphology of glass leads to very different properties from crystalline
solids, This is illustrated in the heating process where the application of heat to glass turns
it from a brittle solid-like material at room temperature to & viscous liquid. In contrast, the
application of heat to ice turns it from solid to ligquid. Crystalline melting leads to striking
changes in optical properties during the melting process when chserved through crossed po-
larizers. Note that the entire process occurs over a very narrow temperature range.

The reasons for the differing behaviors lie mainly in the structure of the solids. Crystal-

line materials have their molecules arranged in repeating patterns. Table salt has one of the
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simplest atomic structures with its component atoms, Na” and Cl~, arranged in alternating
rows and the structure of a small cube, Salt, sugar, ice and most metals are crystalline ma-
terials. As such, they all tend to have highly ordered and regular structures. Amorphous
materials, by contrast, have their molecules arranged randomly and in long chains which
twist and curve around one-another, making large regions of highly structured morphology
unlikely,

The morphology of most polymers is semi-crystalline, That is, they form mixtures of
small crystals and amorphous material and melt over a range of temperature instead of at a
single melting point. The crystalline material shaws 2 high degree of order formed by foiding
and stacking of the polymer chains. The amorphous or glass-like structure shows no long

range order, and the chains are tangled as iljustrated below.

d

Crystalline Amaorphous

There are some polymers that are completely amorphous, but most are a combination
with the tangled and disordered regions surrounding the crystalline areas. Such a combina-

tion is shown in the following diagram.

. :

An amorphous solid is formed when the chains have little orientation throughout the
bulk polymer. The glass transition temperature is the point at which the polymer hardens
into an amorphous solid, This term is used because the amorphous solid has properties simi-
lar to glass.

In the crystallization process, it has been observed that relatively short chains organize
themselves into crystalline structures more readily than longer molecules. Therefore. the
degree of polymerization (DP) is an important factor in determining the crystallinity of a
polymer. Polymers with a high DP have difficulty organizing into layers because they tend to
become tangled.

The cooling rate also influences the amount of crystallinity, Slow coaling provides time

for greater amounts of crystallization to occur, Fast rates, on the other hand, such as rapid
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quenches, yield highly amorphous materials. For a more complete discussion. see the sec-
tion on thermal properties. Subsequent annealing (heating and holding at an appropriate
temperature below the crystalline melting point, followed by slow cooling) will produce a
significant increase in crystallinity in most polymers, as well as relieving stresses,

Low molecular weight polymers (short chains) are generally weaker in strength. Al-
though they are crystalline, only weak van der Waais forces hold the lattice together, This
allows the crystalline layers to slip past one another causing a break in the material. High
DP (amorphous) polymers, however, have greater strength because the molecules become
tangled between layers. For uses and examples of high and low DP polymers, see the sec-
tion on Polymer Applications. In the case of fibers, stretching to 3 or more times their orig-
inal length when in a semi-crystalline state produces increased chain alignment, crystallinity
and strength, '

In most polymers, the combination of crystalline and amorphous structures forms a ma-
terial with advantageous properties of strength and stiffness.

Also influencing the polymer morphology is the size and shape of the monomer’s sub-
stituent groups. If the monomers are large and irregular, it is difficult for the pelymer
chains to arrange themselves in an ordered manner, resulting in 2 more amorphous solid.
Likewise, smaller monomers, and monomers that have a very regular structure (e, g. rod-
like) will form more crystalline polymers,

(Selected from Polymers and Liguid Crvstals, by Case Western
Reserve University PLC Team, 1998)

New Words and Expressions

orientation [ 'wrien'teifon] » EH. W
macroscopic [ 'makrau'skopik] a. EWA, BBTLH
erystallization [ kristalai'zeifon] n. fft, &5
crystalline {'kristalain] o SHEN., ERHEH
amorphous [a'mofes] a. TEER

polarizer ['paulsraiza] ». B, BRE
annealing [o'nidin] = Bk

seli-assembly H#¥

semi-crystalline B RH

glass transition temperature (T,) WML TRE
degree of polymerization (DP) ¥4



Unit 15 Polymer Liquid Crystals

Introduction

Polymer liquid crystals (PLCs) are a class of materials that combine the properties of
polymers with those of liquid crystals, These “*hybrids” show the same mescphases charac-
teristic of ordinary liquid crystals, vet retain many of the useful and versatiie properties of
polyters,

In order for normally flexible polymers to display liquid crystal characteristics, rod-like
or disk-like elements (called mesogens) must be incorporated into their chains. The place-
ment of the mesogens plays a large role in determining the type of PLC that is formed.
Main-chain polymer liquid crystals ar MC-PLCs are formed when the mescgens are them-
selves part of the main chain of a polymer. Conversely, side chain polymer liquid crystals or

SC-PLCs are formed when the mesogens are connected as side chains to the polymer hy a
flexible “bridge” (called the spacer. )

MC-PLE = =~ VRN AN RS/ TN .

scm.Cs--m-- --:I:":I‘::I:-

mm Mesogen
- Polymer

Other factors influencing the mesomorphic behavior of polymers include the presence of
long flexible spacers, a low molecular weight, and regular alternation of rigid and {lexible
units along the main chain.

The following sections will go into greater detail about the structure, phases, and ap-

plications of polymer liquid crystals,

Main Chain Polymer Liquid Crystals

Main chain polymer liquid crystals are formed when rigid elements are incorporated into
the hackbone of normally flexible polymers. These stiff regions along the chain allow the
polymer to orient in a manner similar to ordinary liquid crystals, and thus display liquid
crystal characteristics. There are two distinct groups of MC-PLCs, differentiated by the
manner in which the stiff regions are formed.

The first group of main chain polymer liquid crystals is characterized by stiff, rod-iike

monomers, These monomers are typically made up of several aromatic rings which provide
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.

the necessary size. The following diagram shows an example of this kind of MC-PLC.

PHNA poly [hydroxynapthoic acid]

The second and more prevalent group of main chain polymer liquid crystals is different
hecause it incorporates a mesogen directly into the chain. The mesogen acts just like the stiff
areas in the first group. Generally, the mesogenic units are made up of two or more aromat-
ic rings which provide the necessary restriction on movement that allow the polymer to dis-
play liquid crystal properties. The stiffness necessary for liquid crystallinity results from re-
strictions on rotation caused by steric hindrance and resonance. Another characteristic of the
mesogen is its axial ratio, The axial ratio is defined to be the length of the molecule divided
by the diameter (zx=1./d). Experimental results have concluded that these molecules must
be at least three times long as they are wide. Otherwise, the molecules are not rod-like
enough to display the characteristics of liquid crystals,

This group is different {from the first in that the mesogens are separated or “decoupled”
by a flexible bridge called a spacer. Decoupling of the mesogens provides for independent
movement of the molecules which facilitates proper alignment. The foliowing is a diagram of
this type of main chain polymer liquid crystal. Natice the flexible spacer ( methylene

groups) and the stiff mesogen (aromatic ring and double bonds).

L]
—O—(CH)—0—C— H—C—

PET poly [ p-phenyleneterephthalate’]

Temperatare Range Problems

It is difficult to create polymer liquid crystals that show mesagenic behavior over tem-
perature ranges which are convenient to work with. In fact, many times the temperature of
the liquid erystalline behavior is actually above the point where the polymer begins to decom-
pose. This problem can be avoided in one or more of the following ways.

The first method of lowering polymer melting temperatures involves the arrangement of
the monomers in the chain. If the molecules are put together in random orientation (head-
to-tail, head-to-head, etc. ), interactions between successive chains are minimized. This

allows for a lower melting temperature.

Another method to bring the temperature down to a useful range involves copolymeriza-

tion. 1f a random copolymer can be created, the regularity of the chains is greatly reduced.
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This will help to minimize the interactions between the chains by breaking up the symmetry,
which in turn will lower polymer melting temperature. The following picture shows how the

irregularity of polymer substituents can lead to decreased interactions.

Finally, defects can be introduced into the chain strucrure which lower the polymer
melting temperature. This method creates 120 degree “kinks” in the chain which disrupt the
ability for neighboring polymers to line up. Unfortunately, this also decreases the effective

persistence length so0 too many kinks can destroy any liquid crystal behavior.

Side Chain Polymer Liguid Crystals

It has been demonstrated that main chain polymer liquid crystals often cannot show me-
sogenic behavior over a wide temperature range (see Main Chain Polymer Liquid Crystals).
Side chain polymer liquid crystals, however, are able to expand this scale, These materials

are formed when mesogenic units are attached 10 the polymer as side chains.

Sade-Chain PL.C

NN

Side chain polymer liquid crystals have three major structural components: the back-

bone, the spacer, and the mesogen, The versatility of SC-PLCs arises because these struc-

tures can be varied in a number of ways.

The Backbone

The backbone of a side chain polymer liquid crystal is the element that the side chains
are attached to. The structure of the hackbone can be very important in determining if the
polymer shows liquid crystal behavior. Polymers with rigid backbones typically have high
glass transition temperatures, and thus liquid crystal behavior is often difficult to observe,

In order to lower this temperature, the polymer backbone can be made more flexible,

The Mesogen

Perhaps the most important part of a side chain polymer lignid crystal is the mesogen.
It is the alignment of these groups that causes the liquid crystal behavior, Usually, the me-
sogen is made up of e rigid core of two or morc aromatic rings joined together by a functional
group. The following diagram is a typical repeating unit in a side chain pelymer liquid crys-

tal. Notice the spacer of methylene units and the mesogen of aromatic rings.
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The Spacer

Like their main chain counterparts, mesogens attached as side groups on the backbone
of side chain polymer liquid crystals are able to orient because the spacer allows for independ-
ent movement. Notice in the following diagram that even though the polymer may be in a
tangled conformation, orientation of the mesogens is still possible because of the decoupling

action of the spacer.

The structure of the spacer is an important determining factor in side chain polymer lig-
uid ¢rystals. Generally, the spacer consists of two to four methylene (CH,) groups atta-
ched together in a line. Accordingly, the spacer length has a profound effect on the temper-
ature and type of phase transitions. Usually, the glass transition temperature decreases
with increasing spacer length. Short spacers tend to lead to nematic phases, while longer
spacers lead to smectic phases.

(Selected from Polymers and Liguid Crystals, by Case Western
Reserve University PLC Team, 1598)

New Words and Expressions

mesophase ['messufeiz] » PEAHE, EH
mesogen B Bt

spacer ['speisa] n. (CGEHEH) RS
mesomorphic {mesa'mafik] «. R
aromatic [iersu'meetik] «. FEHEHH
resonance | 'ressnens]| n. iR, WE
methylene ['mebilin] » FEHXE

kink [kigk] » 4155, &3

steric hindrance =5 Ja] {if BH

nematic phases [ #)

smectic phases i §h+H

Exercises

l. Complete the notes blow with words tzaken from the text above.
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(1) Generally, the mesogenic units are made up of two ar more which provide
the necessary on movement that allow the polymer to display liguid crystal
properties, The necessary for liquid crystallinity results from restrictions on
rotaticn caused by and . Another characteristic of the mesogen is its

(2) Perhaps the most important part of a side chain polymer liquid erystal is the
Itisthe  of these groups that causes the liquid crystial behavior.
2. Put the following into Chinese:
(1) main-chain polymer liquid crystals (2) side-chain polymer liguid erystal
(3) glass transition temperature

3. List at least two methods of lowering polymer melting temperature,
Reading Material

PLCs’ Phases and Their Applications

Polymer liquid crystals form the same mesophases as ordinary liquid crystals, Under-

standing the ways in which the molecules line up is important in understanding their proper-

ties,
Side chain polymer liquid crystals show a tendency to separate the backbone from the

mesogenic side groups. This is achieved in the smectic phase where the mesogenic groups

and backbone chains form individual layers.

vevvvey

Many side chain polymer liquid crystals form what is known as the “double comb” con-

i
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figuration, This structure is formed when side chains point away from the backbone in an al-
ternating fashion. The double comb configuration allows the polymers to form layers charac-
teristic of the smectic phase,

Atactic polymers in addition to copolymers cannot form this structure because the side

chains are connected to the backbone in random directions,

Applications of Polymer Liquid Crystals

Polymer liquid crystals will most certainly become more important as research into this
field progresses. Applications for these materials range from the production of high-strength
materials to their use in optical devices. The following is an introduction to some of these

applications.

High-Strength Fibers

An application of polymer liquid crystals that has heen successfully developed for indus-
try is the area of high strength fibers. Kevlar, which is used to make such things as helmets
and bullet-proof vests. is just one example of the use of polymer liquid crystals in applica-
tions calling for strong, light weight materials,

Ordinary polymers have never been able to demonstrate the stiffness necessary to com-
pete against traditional materials like steel. It has been ohserved that polymers with long
straight chains are significantly stronger than their tangled counterparts. Main chain ligquid
crystal polymers are well-suited 10 ordering processes. For example, the polymer can be
oriented in the desired liquid crystal phase and then quenched to create a highly ordered,
strong solid. As these technologies continue to develop, an increasing variety of new mate-

rials with strong and light-weight properties will become available,

Optical Applications

The use of polymer liquid crystals in the display industry is an exciting area of research,
At this time, PLC’s demonstrate relatively slow “response times” to electric fields. That
is, when a field is applied, the molecules take a long time to align along it. This is not a
good praperty for use in displays where the screen must be able to change rapidly from one
view to another, Researchers are working to overcome this problem because the manipula-
tion of polymers is often much easier than traditional liquid crystals.

In applications for which response time is not a factor (or in the future, after response
times have improved), a twisted nematic polymer liquid crystal cell can be used to make en-
ergy efficient displays. A laser is used to selectively melt portions of the display into the li-
quid crystal phase. The orientation of the cell is then chosen by applying a field across it,
Just as 1n an ordinary twisted nematic liquid crystal cell. When the polymer cools down and
hardens into a glass, the mesogens wilt be locked in that configuration and the field can be

turned off,

Side chain polymer liquid erystals exhibit good properties for applications in optically
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nonlinear devices inciuding optical waveguides and electro-optic modulators in poled polymer-

ic slab waveguides. More devices are expected to be fabricated from PL.Cs in the futurc: op-

tically-addressed spatial light modulators, tunable notch filters, optical amplifiers. and la-

ser beam deflectors. The properties of ferroelectric chiral smectic C phases make this materi-
al useful for films with applications in nonlinear optics.

(Selected from Polymers and Liguid Crystals, by Case Western

Reserve University PILC Team. 1998}

New Words and Expressions

counterpart ['kauntapait] ». XMW, BEHI
quench [kwent[] v ¥, Bk
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Unit 16 Applications of Polymers

Macromolecular science has had a major impact on the way we live. It is difficult to find
an aspect of our lives that is not affected by polymers. Just 5C years ago, materials we now
take for granted were non-existent. With further advances in the understanding of polymers.
and with new applications being researched, there is no reason to believe that the revelution
will stop any time soon.

This section presents some common applications of the polymer classes introduced in the
section on Polymer Structure. These are by no means all of the applications, but a cross sec-

tion of the ways polymers are used in industry.

Elastomers

Rubber is the most important of all elastomers. Natural rubber is a polymer whose re-
peating unit is jsoprene. This material, obtained
from the bark of the rubber tree, has been used
by humans for many centuries. [t was not until
1823, however, that rubber became the valuable
material we know today. In that year, Charles

Goodyear succeeded in “vulecanizing” natural rub-

ber by heating it with sulfur. In this process, sul-
fur chain fragments attack the polymer chains and
lead to cross-linking. The term vulcanization is often used now to describe the cross-linking
of all elastomers.

Much of the rubber used in the United States today is a synthetic variety called styrene-
butadiene rubber (SBR). Initial attempts to produce synthetic rubber revolved around iso-
prene because of its presence in natural rubber. Researchers eventually found success using
butadiene and styrene with sodium metal as the initiator. This rubber was called Buna-S——
“Bu” from butadiene, “na” from the symbol for sodium, and “S” from styrene, During
World War I . hundreds of thousands of tons of synthetic rubber were produced in govern-
ment controfled factories. After the war, private industry took over and changed the name to
styrene-butadiene rubber. Today, the United States consumes on the order of a million tons

of SBR each year. Natural and other synthetic rubber materials are quite important.

Plastics
Americans consume approximately 60 billion pounds of plastics each year. The two main
types of plastics are thermoplastics and thermosets. Thermoplastics soften on heating and

harden on cooling while thermoset, on heating., flow and cross-link to form rigid material
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which does not soften on future heating. Thermoplastics account for the majority of commer-
cial usage.

Among the most important and versatile of the hundreds of commercial plastics is poly-
ethylene. Polyethylene is used in a wide variety of applications because, based on its strue-
ture, it can be produced in many different forms. The first type to be commaercially exploited
was called low density polyethylene (LDPE} or branched polyethylene. This polymer is cha-
racterized by a large degree of branching, forcing the molecules to be packed rather ioosely
forming a low density material. LDPE is soft and pliable and has applications ranging from
plastic bags, containers, textiles, and electrical insulation, to coatings for packaging materials.

Another form of polyethylene differing from LDPE only in structure is high density po-
lyethylene (HDPE) or linear polyethylene. This form demonstrates little or no branching,
enabling the molecules to be tightly packed. HDPE is much more rigid than branched poly-
ethylene and is used in applications where rigidity is important. Major uses of HDPE are plas-
tic tubing, bottles, and hottle caps.

Other forms of this material include high and ultra-high molecular weight polyethy-
lenes. HMW and UHMW, as they are known. These are used in applications where extreme-

ly tough and resilient materials are needed.

Fibers

Fibers represent a very important application of polymeric materials, including many
examples from the categories of plastics and elastomers.

Natural fibers such as cotton, wool, and silk have been used by humans for many cen-
turies. In 1885, artificial silk was patented and launched the modern fiber industry. Man-
made fibers include materials such as nylon, polyester, rayon, and acrylie. The combination
of strength, weight, and durability have made these materials very important in modern industry.

Generally speaking, fibers are at least 100 times longer than they are wide. Typical na-
tural and artificial fibers can have axial ratios (ratio of length 1o diamerer) of 3000 or more.

Synthetic polymers have been developed that possess desirable characteristics, such as a
high softening point to allow for ironing, high tensile strength, adequate stiffness, and de-
sirable fabric qualities, These polymers are then formed into fibers with various characteristics.

Nylon (a generic term for polyamides) was developed in the 1930’ s and used for para-
chutes in World War [ This synthetic fiber, known for its strength, elasticity, toughness,
and resistance to abrasion, has commercial applications including clothing and carpet-
ing. Nylon has special properties which distinguish it from other materials. One such property
is the elasticity. Nylon is very elastic, however after clastic limit has been exceeded the ma-
terial will not return to its original shape, Like other synthetic fibers, Nylon has a large zlec-
trical resistance. This is the cause for the build-up of static charges in some articles of cloth-
ing and carpets.

From textiles to bullet-proof vests, fihers have become very important in modern

life. As the technology of fiber processing expands, new generations of strong and light
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weight materials will be produced.

Processing Polymers
Once a polymer with the right properties is produced, it must be manipulated into some useful

shape or object. Various methods are used in industry to do this. Injection molding and extrusion are

widely used to process plastics while spinning is the process used to produce fibers.

Injection Molding

One of the most widely used {orms of plastic processing is injection molding. Basically,
a plastic is heated above its glass transition temperature {enough sc that it will flow) and
then is forced under high pressure to {ill the contents of a mold. The molten plastic in usually
“sgueezed” into the mold by a ram or a reciprocating screw. The plastic is allowed to ccol and
is then removed from the mold in its fina! form. The advantage of injection molding is speed;

this process can be performed many times each second.

Extrusion
Extrusion is similar to injection molding except that the plastic is forced through a die
rather than into a mold. However, the disadvantage of extrusion is that the objects made

must have the same cross-sectional shape. Plastic tubing and hose is produced in this manner.

Spinning
The process of producing fibers is called spinning. There are three main types of spin-
ning: melt, dry, and wet. Melt spinning is used for polymers that can be melted easily. Dry
spinning invoives dissolving the polymer into a solution that can be evaporated. Wet spinning
is used when the solvent cannot be evaporated and must be removed by chemical means. All
types of spinning use the same principle, so it is convenient to just describe just one. In melt
spinning, a mass of polymer is heated until it will flow. The moiten polymer is pumped to
the face of a metal disk containing many small holes, calied the spinneret. Tiny streams of
polymer that emerge {rom these holes (called filaments) are wound together as they solidify,
forming a long fiber. Speeds of up to 2500 feet/minute can be employed in spinning.
Following the spinning process, as noted in the section on Polymer Morphology. fibers
are stretched substantially-from 3 to 8 or more times their original length to produce in-
creased chain alignment and enhanced crystallinity in order to yield improved strength.
(Selected from Polymers and Liguid Crystals, by Case
Western Reserve University PLC Team, 1998}

New Words and Expressions

isoprene [ 'aisepritn] n BIR_H
sulfur ['salfa] n BH%
styrene [ 'stairin] a 328
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butadiene [ bjusta’daiin] = T ik

thermoplastic  [Baman'pleestik] o HMHER; » REHEE
thermoset [ Oarmauset| a. AEE; . IMEHEHE

linear ['linia] «. Z2R¥EM. HEH

ironing [ 'aianin] = ¥E

extrusion [eks'truan] n FHd, EH

spinning ['spinin] n. 5%, W

ram [rem] n 88, KEPIEE

filament ['filomont] n. 2%, ME

styrene-butadiene rubber T ER K

low density polyethylene {EBEERZ &

high density polyethylene BHEERZE

ultra-high molecular weight polyethylene BB TREZ &
axial ratios P HE (KBRH)

tensile strength $Fr IR E

synthetic fiber &M%

injection molding HEER, FIE

reciprocating screw 8 X BT

Exercises

1. Compare the differcnces among elastomers, plastics, and fibers in terms of properties
and performances.
2. List the most widely used processing methods for polymers.

3. Give the full names and Chinese translations for the following acronyms.

(1) SBR (2) LDPE (3> HDPE
(4) HMW (5) UHMW
4. Fill in the blanks with words “thermoplastics” and “thermosets” .

The two main types of plastics are and . soften on heating
and harden on cooling while . on heating, flow and cross-link to form rigid materi-
al which does not soften on future heating. _account for the majority of commercial
usage.

Reading Material

Thermal Properties of Polymers

Polymer Glass Transition
In the study of pelymers and their applications, it is important to understand the con-

cept of the glass transition temperature, T,. As the temperature of a polymer drops below
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T,. it behaves in an increasingly brittle manner. As the temperature rises abhove the Ty, the
palymer becomes more rubber-like. Thus, knowledge of T, is essential in the selection of
materials for various applications. In general, values of T, well below room temperature de-
fine the domain of elastomers and values above room temperature define rigid, structural
polymers.

This behavior can be understood in terms of the structure of glassy materials which are
formed typically by substances containing long chains, networks of linked atoms or those
that possess a complex molecular structure. Normally such materials have a high viscosity in
the liquid state. When rapid cooling occurs to a temperature at which the crystalline state is
expected to be the more stable, molecular movement is too sluggish or the geometry too
awkward to take up a crystalline conformation. Therefore the random arrangement character-
istic of the liquid persists down to temperatures at which the viscosity is so high that the ma-
terial is considered to be solid. The term glassy has come 10 be synonymous with a persistent
non-equilibrium state. In fact, a path to the state of lowest energy might not be available.

To become more quantitative about
the characterization of the liquid-glass

Liquid,,. (2) transitton phenomenon and T,, we note

(D that in cooling an amorphous material
from the liquid state, there is no abrupt

change in volume such as occurs in the

(lassy State

Specific Volume

case of cooling of a crystalline material

through its freezing point, T;. Instead, at

Crystalline State "
i the glass transition temperature. T,,

Termperanire T, T, there is a change in slope of the curve of

specific volume vs. temperature, moving
from a low value in the glassy state to a higher value in the rubbery state over a range of
temperatures. This comparison between a crystalline material ) and an amorphous material
@ is illustrated in the figure below. Note that the intersections of the two straight line seg-
ments of curve @ defines the quantity T,.

The specific volume measurements shown here, made on an amorphous polymer @),
are carried out in a dilatometer at a slow heating rate. In this apparatus, a sample is placed in
a glass bulb and a confining liquid, usually mercury, is introduced into the bulb so that the
liquid surrounds the sample and extends partway up a narrow bore glass capillary tube, A
capillary tube is used so that relatively small changes in polymer volume caused by changing
the temperature produce easily measured changes in the height of the mercury in the capillary.

The determination of T, for amorphous materials, including polymers as mentioned
above, by dilatometric methods (as well as by other methods) are found to he rate depend-
ent. This is schematically illustrated in the figure below, again representing an amorphous
polymer, where the higher value, T, 4 is obtained with a substantially higher cooling rate
than for T, .
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We can understand this rate dependence

in terms of intermolecular relaxation proc-

Liquid @

esses. Since a glass is not an equilibrium

. L Rubbery
phase, its properties will exhibit a time de- State

pendence, or physical aging. The primary

Gilassy

portion of the relaxation behavior governing Srate

Specific Volume

the glass transition in polymers can be related

1

i

. ]

to their tangled chain structure where cooper- E
)

]

1

ative molecular moetion is required for internal

readjustments. At temperatures well ahove Temperature Iy I,
T,+ 10 to 50 repeat units of the polymer backbone are relatively free to move in cooperative
thermal motion to provide conformational rearrangement of the backbone. Below' T, the
motion of these individual chains segments becomes frozen with only small scale molecular
motion remaining, involving individual or small groups of atoms. Thus a rapid cooling rate
or “quench” takes rubbery material into glassy hehavior at higher temperatures (higher T,).
While the dilatometer method is the more precise method of determining the glass tran-
sition tempersature, it 1s a rather tedious experimental procedure and measurements of T, are
often made in a differential scanning czlorimeter (IDSC). In this instrument, the heat flow in-
10 or out of a small (10~~20 mg) sample is measured as the sample is subjected to a pro-
grammed linear temperature change. This will be discussed in the next section. There are oth-
er methods of measurement such as density, dielectric constant and elastic modulus which

are treated in texts on polymers. These methods are, of course, also rate dependent.

T, and Mechanical Properties

Another important property of polymers, also strongly dependent on their tempera-
tures, is their response to the application of a force, as indicated by two main types of he-
havior: elastic and plastic. Elastic materials wil! return to their original shape once the force
is removed. Plastic materials will not regain their shape. In plastic materials, flow is cccur-
ring, much like a highly viscous liguid. Most materials demonstrate a combination of elastic
and plastic behavior, showing plastic hehavior after the elastic limit has been exceeded.

Glass is ane of the few completely elastic materials while it is below its T,. It will remain
elastic until it reaches its breaking point. The T, of glass occurs between 510 and 560 degrees
C. meaning that it will always be a brittle solid at room temperature. In comparison, polyvi-
nyl chloride (PVC) has a T, of 83 degrees C, making it good, for example, for cold water
pipess but unsuitable for hot water. PVC also will always be a brittle solid at room tempera-
ture.

Adding 2 small amount of plasticizer to PVC can lower the T, to —40°C. This addition
renders the PVC a soft, [lexible material at room temperature, ideal for applications such as
garden hoses. A plasticized PVC hose can, however, become stiff and brittle in winter. In

this cese, as in any other, the relation of the T, to the ambient temperature is what deter-
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mines the choice of a given material in a particular application.

A striking example of the rate dependence of these viscoelastic properties is furnished by
Silly Putty. Slowly pulling on two parts of the Silly Putty stretches it apart uniil it very slow-
ly separates. Placing the Silly Putty on a table and hitting it with 2 hammer will shatter it.

Slowly Delormed Rapidly Deformed

The above images are representative of the behavior of a material above and below its
glass transition temperature. The image on the (left) is Silly Putty that has been slowly
stretched. The image on the (right) is Silly Putty which has been hit with a hamrmer. The
speed of the hammer raised the rate of the application of the force and in turn raised the
T,. This caused the Silly Putty to react as if it were below its Ty and to shatter. Even though
both reactions took place at the same ambient temperature, one reaction appeared to be
ahove the effective T, and the other appeared to be below.

Our focus has been on amorphous polymers in the preceding discussion but we have
hardly touched on their mechanical properties. A further complication arises in dealing with
general polymers from their semi-crystalline morphology in which amorphous regions and
crystailine regions are intermingled. This gives rise to a mixed behavior depending on the per-
cent crystallinity and on their temperature, relative to T, of the amorphous regions. You are
referrcd to texts on polymer science fur basic discussion of these topic but the inhomogeneity
of the material and its characteristics presents interesting analytical challenges.

(Selected from Polymers and Liguid Crystals. by Case
Western Reserve University PLC Team., 19%8)

New Words and Expressions

intersection [inta'sekfon] n FX &
dilatometer [dailo'tomita] n. BB
capillary [ke'pilsri] » EHE; o EMEWRE
quench [kwent[] o &n ¥k

plasticizer ['plestisaiza] = H¥EAH)

ambient [‘mmbiont] o FEBKY

viscoelastic [ viskaui'lestik] a. B MM
(Glass Transition BHLHE S

non-equilibrium state 3F I i A%

specific volume H &

differential scanning calorimeter (DSC) 713 #5 Mk {Y



Unit 17 Polymeric Composite Materials

Introduction

Principal advantage of composite materials resides in the possibility of combining physi-
cal properties of the constituents to obtain new structural or functional properties. Compos-
ite materials appeared very early in human technology, the “structural” properties of straw
were combined with a clay matrix to produce the first construction material and, more re-
cently., steel reinforcement opened the way to the ferroconcrete that is the last century domi-
nant material in civil engineering. As a matter of fact, the modern development of polymeric
materials and high modulus fibres (carbon, aramidic) introduced a new generation of com-
posites. The most relevant benefit has been the possibility of energetically convenient manu-
facturing associated with the low weight features. Due to the possibility of designing proper-
ties, composite materials have been widely used, in the recent past, when stiffness/
weight, strength/weight, ability to mailor structural performances and thermal expansion,
corrosion resistance and fatigue resistance are required, Polymeric composites were mainly
developed for aerospace applications where the reduction of the weight was the prineipad oh-
Jective, irrespective of the cost. The scientific efforts in this field were therefore [ocused to
the comprehension and optimization of the structural performances of these materials, Struc-
tural composite materials have also been used in other fields such as automotive, naval trans-
portation and civil engineering but the high cost still limits their applications. A continuous
task has been making composite components economically attractive. The effort to produce
economic attractive composite components has resulted in several innovative manufacturing

techuiques currently being used in the composite industry,

State of the Art

Nowadays, technology is devoted to the development of new materials able to satisfy
specific requirements in terms of both structural and functional performances., The need of
exploring new markets in the field of polymeric composites has recently driven the research in
Europe towards the development of new products and technologies. In particular, activities
on thermoplastic based composites and on composites based on natural occurring materials
{environmentally friendly, biodegradable systems) have been of relevant interest in many
Furopean countries,

Since the beginning of the 1990s, U, S. and Japan have recognized the need of expan-

ding composite applications, In the field of materials, Japan put more emphasis than U. S,
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on thermoplastic and high temperature resins, Moreover, due to the large extent of the tex-
tile industry in Japan. textile preforming is significantly more advanced than in U. 8, and
this could lead to the development of cost-efficient automated computer-controlled looms for
complex textile shapes. In contrast to the U. 5. approach of developing computational
models to better understand manufacturing processes, Japanese manufacturing science ap-
pears to reside in experienced workers who develop understanding of the process over long
period of time. However, Japanese process and product development methods are based on
concurrent engineering methodology, which i1s based on the integration of product and
process design.

Biomedical is another important field where composites are applied. Materials, able to
simulate the complex structura! properties of the natural tissues, which are composite in na-
ture, have been developed but there are still few applications. This is due to the delay in the
technology transfer from different areas (composite industry and biomedical) and to the lack
of cross-disciplinary strategies. In this field, U. S. maintain a leadership role but major
centres exist in EU and Japan. Japan recognized the necessity of establishing a “National In-
stitute for Advanced Interdisciplinary Research” which is devoted to research on subjects
combining elements from various fields that cannot be adequately treated within the bounds
of traditional divisions of science. Among other topics, soft and hard tissue engineering are
considered of relevant interests, Tissue engineering activities are growing, as well and
strong R&D programmes are present in EU and Japan, even though U. S. have a leader-
ship role in the field.

Trends

The main trends in the structural composite field are related to the reduction of the cost
which cannot only be related to the improvement in the manufacturing technology, but needs
an integration between design, material, process, tooling, quality assurance, manufactur-
ing. Moreover, the high-tech industry, such as telecommunication, where specific func-
tional properties are the principal requirements, will take advantages by the eommposite ap-
proach in the next future. The control of the filler size, shape and surface chemical nature
has a fundamental role in the development of materials that can be utilized 1o develop de-
vices, sensors and actuators based on the tailoring of functional properties such as optical,
chemical and physical, magneto-elastic etc, Finally, a future technological challenge will be
the development of a new class of smart composite materials whose elasto-dynamic response
can be adapted in real time in order to significantly enhance the performance of structural and
mechanical systems under a diverse range of operating conditions.

Over the long period term, U. 8. and japan believe that advances in the materials area
would prompt new breakthroughs in the area of composites. Infact, the current emphasis is
on “fourth-generation” materials, i. e. those that are designed by controlling the behavior

of atoms and elecirons, and which provide carefully tailored functional gradients.
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Expectation and Needs for the Next 10 Years

The composite materials market is expected to expand in areas where costs are today a
strong limitation. The improvement of the mature manufacturing technologies will henefit
from integrated approach where product and process requirements are set at design level.
The expected reduction of manufacturing costs of the structural composites will expand ap-
plications of such materials to large-scale markets such as civil and goods. Among the para-
mount needs are large-scale sponsored demonstration project; large scale and long-duration
tests programmes; development and support of product certification and specification proto-
cols. In particular, it is demanding to expand basic and applied research in the fields of ma-
terials systems for homes, more durable materials to replace aging pipelines and transmis-
sion systems, enhanced safety systems for lighter automobiles made from composites, as
well as research into even more rapid manufacturing processes, improvements in material
handling and storage, and better, more durable and ever more benign resins,

Significant breakthroughs are expected in new composite materials especially in those
applications, such as electronic, optic and biomedicai, where functionality is the most rele-
vant technical need. Relevant development will be expected in the area of nanophase material
synthesis and nanocomposite manufacturing technology. However, further optimization
studies are required to implement large-scale production,

Particular emphasis should be devoted to the R&D of composite materials ahle to re-
spond to dynamic variation of the operative conditions. Smart materials will provide the
nervous systems, the brains and the muscles for the existing advanced materials and struc-
ture that, at the moment, are a mere skeleton compared with the anatomy forecasted in a
near future. Applications are expected in fields of sensors, actuators, and biomedical.

The quality of human life would be greatly improved by the availability of artificial pros-
theses (bone, muscles, cartilage, and soft tissues) and organs able to restore, repair or re-
place structural and functional performances of the natural tissues. The composite structure
of the natural systems with its intrinsic complexity needs to be reproduced. Tissue Engi-
neering is one of the major focuses of biotechnological research today, with the expectation
that this type of biohybrid technology will ultimately transform the practice of restorative
clinics. The approach combines the principles of biology, material science and engineering
to culture ceils, also heterogeneous groups of cells, using polymeric biodegradable scaffolds
as delivery vehicles for cell transplantation to obtain complex three-dimensional cellular con-
structs. Composite tnaterials should be properly designed to provide anisotropic and/or ac-
tive scaffolds able to control the cell growth in the reconstruction of complex natural struc-
tures,

The expected development of the aforementioned fields needs a serious interdisciplinary
approach, As already recognized hy U. S. and Japan, significant advancement in the next
10 years in the field of a) functional and structural composites through nanotechnologies, b)
smart materials and ¢) composite for hiomedical applications requires cross-disciplinary strat-

egies that should be addressed by combining various sclentific disciplines, The available huge
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amount of human and economic resources, spread al! over Europe, should be better coordi-
nated by the creation of new interdisciplinary Eurcpean research centers that could face the

world scientific and technological challenge in these strategic fields,

Conclusions

Research activities, aimed to expand the applications in composite industry. must he
addressed to improve manufacturing composite technology, through a better integration of
product and process design; ta develop new constituent materials with betier performances
and/or for the tailoring of structural and functional properties for special applications and for
the development of new processes and new manufacturing technologies.

Expected breakthroughs are related to the development of multi-component materials
with anisotropic and non-linear properties, able to impart unique structural and functional
properties. Applications include smart systems, able to recognize and to adapt to external
stimuli, as well as anisotropic and active composite systems 1o be used as scaffold for tissue
engineering and other biomedical applications.

(Selected from Materiuls Synthesis and Processing
by M. Giordano, 5. lannace and L. Nicolais. 2002)

New Words and Expressions

ferroconcrete ['fersu'kopkriit] n WHEEL, WEKE
energetically [ ena'dzetikali] ad. %M, ik

fatigue resistance WHEHH, HFEFRE

textile ['tekstail] n. 258 5; a. HEK

loom [lum] » #WEHL, A o B, 87

integration [iinti'greifon] n &4

cross-disciplinary ». & X%

filler [file] n ¥HE. #hE, BHY, HH, 2 A9
magneto-elastic a. B MM

elasto-dynamies n. B{EEhH¥

paramount [‘paremaunt] o B ABEEH

protocol ['preutakol] n. BlESIRHE

benign [bi'nain] a. (B BHEH, (58) Bifd, C¥H, X
implement ['impliment] ». TR, $#88; w. §#, TH: ». HfF
skeleton ['skelitn] = (Eh#h2) B, B%, #Ky

anatomy [a'naetami] n. FW, EE

prosthesis ['pros@isis] n. (pl. -ses) BER, FEHA; By, BE
biohybrid [ baisu'haibrid] n ¥R, BEY

scaffold ['skefald] » BIFEL

heterogeneous [‘'hetoreu'dzimjas] o. FRFAMY, BEK
anisotropic [enaisa'tropik] a. BTHBMHM
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non-linear 4. AEZRMEH
Notes

(D Tn particular, activities on thermoplastic based composites and on composites bhased on
natural occurring materials {environmentally friendly, bicdegradable systems) have been
of relevant interest in many European countries. &, A& A] activities on J5 H H # -5
A1 on BY3EIE, — & thermoplastic based composites, 5 — 4~ & composites based
on natural ogeurring materials,

@ Moreover, the high-tech industry, such as telecommunication, where specific functional
properties are the principal requirements, will take advantages by the composite approach

in the next future. Z#) ¥ where specific functional properties are the principal require-
ments BB M E 3 the high-tech industry, 41T HKi8iE B will take advantages by. ..,

Exercises

1. Question for dizcussion

(1) What are polymeric compasite materials?

(2) What limits the applications of the structural composite materials?

(3> According to the passage, what should we do to expand the applications in compos-
ite industry?

2, Translate the following into Chinese

polymeric composites steel reinforcement
civi] enhineering cost-efficient automated computer-controlled looms
corrosion resistance smart matetials

® Composite materials appeared very early in human technology, the “structural”
propertics of straw were combined with a clay matrix to produce the first construction mate-
rial and, more recently, steel reinforcement opened the way to the ferroconcrete that :s the
last century dominant material in civil engineering.

* The main trends in the structural composite field are related to the reduction of the
cost which cannot only be related to the improvement in the manufacturing technology. but
needs an integration between design, material. process, tooling, quality assurance, manu-
facturing.

* Significant breakthroughs are expected in new composite materials especially in those
applications, such as electronic, optic and biomedical, where functionality is the most rele-
vant technical need.

3. Translate the following into English

48R H 5 YT R R
4k L L iR
WAL 30 2 EERE

FELEH T (4700 I 35 38 B
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Reading Material

Ceramic Matrix Composites

Introduction

Ceramic matrix composites (CMCs) have been developed to overcome the intrinsic brit-
tleness and lack of reliability of monolithic ceramics, with a view 1o introduce ceramics in
structural parts used in severe environments, such as rocket and jet engines, gas turbines
for power plants, heat shields for space vehicles, fusion reactor first wall, aircraft brakes,
heat treatment furnaces, etc. It is generally admitted that the use of CMCs in advanced en-
gines will allow an increase of the temperature at which the engine can be operated and even-
tually the elimination of the cooling fluids, both resulting in an increase of yield, Further.
the use of light CMCs in place of heavy superalloys is expected to yield significant weight
saving, Although CMCs are promising thermostructural materials, their applications are
still limited by the lack of suitable reinforcements, processing difficulties, sound material

data bases, lifetime and cost.

Ceramic Matrix Composite Spectrum

A given ceramic matrix can be reinforced with either discontinuous reinforcements,
such as particles, whiskers or chopped fibres, or with continucus fibres. In the first case,
the enhancement of the mechanical properties, in terms of failure strength and toughness, 1is
relatively limited but it can be significant enough for specific zpplications, a well known ex-
ample being the use of ceramies reinforced with short fibres in the field of the cutting tools
{8iC./Si; N,composites). Among the discontinuous reinforcements, whiskers are by far the
most attractive in terms of mechanical properties. Unfortunately, their use raises important
health problems both during processing and in servire. Conversely, continuous reinforce-
ments, such as fibre yarns, are much more efficient, from a mechanical stand-point, but
they are more expensive and more difficult to wse in a ceramic matrix in terms of material de-
sign and processing.

There is a wide spectrum of CMCs depending on the chemical composition of the matrix
and reinforcement. Non-oxide CMCs are by far those which have been the most studied.
Such a choice could appear surprising since the atmosphere in service is often oxidizing. That
choice could be explained as fallows. The most performant fibres, in terms of stiffness.,
failure strength, refractoriness and density are non-oxide fibres, i, e. carbon and silicon
carbide fibres. Further, carbon fibres are extensively used in volume production of polymer-
matrix composites. As a result, they are much cheaper than all the other fibres (glass fibres
excepted). Second, in order to avoid compatibility problems, which are crucial oxide fibres
are preferably embedded in non-oxide matrices. Hence, the first non-oxide CMCs have been

carbon/carbon {C/C) composites. They have been initially designed and produced for use in
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rocket engines and re-entry beat shields, i. e. under extremely severe service conditions
but short lifetimes, In a second step, C/SiC and SiC/SiC compasites were developed in or-
der to increase the oxidation resistance of the materials and hence their lifetimes in oxidizing
atmospheres, Silicon nitride was also used as matrix although it is less stable at high tem-
peratures than silicon carbide.

Oxide-CMCs would obviously be the best choice, from a thermodynamic standpoint, for
long term applications in oxidizing atmospheres. Unfortunately, oxide fibres, although
they are refractory, tend to undergo grain growth at high temperatures, (which resultsina
fibre strength degradation) and exhibit a poor creep resistance. Further, they display much
higher densities than say carbon fibres {4 g/cm’for alumina versus 2 for carbon). Attempts
have been tnade to improve the high temperature properties of oxide fibres with limited suc-
cess, Despite these disadvantages, Al (0;/ALQ; and derived CMCs have been, and are

still, extensively studied.

State of the Art in CMC Processing

CMCs can be produced according to either gas phase routes or liquid phase routes, each
of them having advantages and drawbacks.

In gas phase routes, i. e. the so-called chemical vapor infiltration (CVI1) processes,
the reinforcements (usually as a multidirectional preform) is densified by the matrix deposi-
ted from a gaseous precursor, e. g. a hydrocarbon for carbon or a mixture of methyltrichio-
rosilane and hydrogen for silicon carbide. It is now well established that a fibre coating, re-
ferred to as the interphase, has 1o be deposited on the fibre prior to the infiltration of the
matrix in order to control the fibre-matrix (FM) bonding and the mechanical hehavior of the
composite. Pyrocarbon (PyC). boron nitride or (PyC-SiC), and (BN-Py(C), multilayers,
with an overall thickness ranging from about 0.1 gm to about 1 pm, displaying & layered
crystal structure (PyC, BN) or a layered microstructure (multilayers), are the most com-
mon interphase materials in non-oxide CMCs. The main role of the interphase is to deflect
the microcracks which form in the matrix under loading and hence to protect the fibre form
notch effect (mechanical fuse function).

There are several versions of the CVI-process, The most commonly studied and used
version is i1sothermal/isobaric CVI (or I -CVI), It is a relatively slow process since mass
transfer in the preform is mainly by diffusion and it yields some residual porosity and density
gradient. Conversely, I-CVIis a clean and flexible process (it can be used to densify sim-
ultaneously a large number of preforms, eventually of different shapes). For these reasons.,
it is the preferred process at the plant level. It is well suited to the fabrication of relatively
thin parts,

In order to increase the densification rate and hence to reduce the processing times,
temperature or/and pressure gradients can be applied to the preform. In temperature gradi-
ent CVI (TG-CVD), or forced CVI (F-CVD), the processing time can be reduced by one or-

der of magnitude with respect to 1-CVL A similar processing time lowering has also been
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reported for the film-boiling (or calefaction) process, in which the heated fibre preform is
directly immersed in a liquid matrix precursor,

Firally, pressure pulsed-CVI (P-CVI) has heen recently presented as a way (0 engi-
neer. at the micrometre (or even nanometre} scale, either the interphase or the matrix.
Based on this technique, multilayered self-healing inter-phases and matrices ( combining
crack arrester layers and glass former layers) have been designed and produced, through a
proper selection of chemical composition of the layers,

In the liquid phase routes, the fibres first coated with an interphase (e, g. by I-CVD
are embedded in a liquid pre-cursor of the matrix. In the reactive melt infiltration (RMD
processes, a fibre preform is impregnated by capillary forces with a liguid which reacts either
with a solid phase used to consolidate the fibre preform (SiC-Si matrices formed through lig-
uid silicon infiltration of a carbon-consolidated preform) or with the atmosphere ( Al, O,-Al
matrices formed through liquid aluminium infiltration and chemical reaction with an oxidizing
atmosphere). Among other advantages, the RMI-processes are fast and can be applied to
thick preforms. They also yield materials of low residual porosities and high thermal con-
ductivities.

In the polymer impregnation and pyrolysis (PIP) processes, the fibres are embedded in
a polymeric precursor of the matrix, such as a thermosetting resin or a pitch for carbon or a
polycarbosilane for SiC, and the green composite is then pyrolyzed. Such processes are rela-
tively flexible since the composition of the precursor can be tailored. Conversely, a shrink-
ing of the matrix accurs during the pyrolysis step owing to the evolution of gaseous species,
As a result, several PIP-sequences have to be applied in order to achieve a low enough resid-
ual porosity, which is time and labour consuming. Shrinkage can be limited by loading the
liquid precursor with suitable fine powder, i. e. by using a slurry. Finally, the residual
porosity can also significantly be reduced through a hot pressing step, an alternative that
supposes that the matrix displays enough plasticity not to damage the fibres. This liguid im-
pregnation/hot pressing technique is well suited to the fabrication of glass-ceramic matrix

composites.

Expected Breakthroughs and Futere Visions

The future of CMCs is directly depending on progress that would be achieved in the
availability of higher performance constituents (fibres, interphases and tailored matrices) as
well as in processing cost reduction.

As far as the reinforcements are concerned, two main breakthroughs are expected ; (i)
the availability of a low cost non-oxide fibre that could be used up to about 1500°C and (i)
the development of a refractory oxide {ibre resistant to grain growth and creep. Oxygen-free
quasi-stoichiometric SiC fibres display much better high temperature properties than their
5i-C-O counterparts fabricated from poly-carbosilane according to the Yajima’s route. Howev-
er, they are too costly (with respect to carbon fibres and CMC volume production) and their

failure strain is too low. Amorphous Si-B-C-N fibres, presented as creep resistant at high
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temperature, are still at a development stage. Although alumina-based binary oxide fibres.,
e. g. mullite/alumina or alumina/YAG fibres, represent a significant progress in terms of
creep resisiance with respect to pure e-alumina fibres, further improvement is still necessary
to match the high temperature properties of non-oxide fibres. Finally, nanotubes, with
their outstanding mechanical properties, may raise problems similar to those previously en-
countered with whiskers. The spectrum of suitable interphase materials that could be used
in a realistic manner in CMCs remains extremely narrow, In non-oxide CMCs, there is pres-
ently no alternative to the carbon-based interphases. Boron nitride is obvicusly the only po-
tential candidate. However, its sensitivity to moisture when poorly erystallized and its low
bonding to SiC-based fibres are subjects of concern. Soclving these two problems will be an
interesting breakthrough., The search for new interphase materials, displaying a better oxi-
dation resistance than carbon and boron nitride and which could be easily deposited in situ in
multidirectional fibre preforms, should he strongly encouraged.

The recent discovery of the self-healing multilayered matrices has been an important
breakthrough since it permits the use of non-oxide CMCs in oxidizing atmospheres, The
concept should obviously be further developed in terms of material selection,

Finally, the processing cost of CMCs should be reduced (although the main contribu-
tion to the total cost of a given part is presently, e. g in a SiC/SiC composite, that of the
reinforcement, as previously mentioned), Gas phase route processes with a significant re-
duction of the everall densification time, liquid phase route processes with a limited number
of PIP-sequences (through the use of appropriate precursors), both being compatible with

CMC volume production, would obviously be significant breakthroughs.

Future Directions of Research

The interest of CMCs as thermostructural ceramics is now well established but their vol-
ume production at the plant level is still a challenge, which requires an important effort of
research at the level of the European Union. Possible directions of research are,

(1) Development of low cost ceramic fibres (both non-oxide and oxide fibers) that could
be used up to about 1500°C (the EU has presently no long term action that could be com-
pared to what is done in Japan and U. 8, ).

(2) Development of one or two CMC(s), e.g. a SiC-based and an alumina-based com-
posites, including that of an interphase material and a low cost processing technique, guided
by one or two potential application (s).

{3) Development of sound data bases on CMCs and their constituents (including that of
suitable standard tests and modelling).

(4) Development of the durability of CMCs, including that of suitable internal and ex-
ternal oxidation protection (for non-oxide CMCs), lifetime prediction, residual mechanical
and thermal properties characterization and modelling,

(Selected from Materials Synthesis and Processing, by R. Naslain, 2002)
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New Words and Expressions

intrinsic  [in‘trinsik] . () BEH, AEL, R
brittleness ['britlnis] n. fE{E

monolithic [;monau'lioik] »n. B HHLBE, Hibh 88508 p&
turbine [ 'tabin, 'tobain] n. iRER

fusion ['fjumen] =» k. H®., BE. B

fluid [fluid] = HsHHE, RE: o HIHKE

whisker ['hwiska] ». g%, #RBES

failure strength  PEIRIRE

cutting ['katin] n Y18, A&, 1T

cutting tool JIE. 1M T H

Yarn Dan] n £, 4ek, G4y

stiffness ['stifnis] »n 'R, BE

refractoriness [ ri'frektorinis] n. WKE

preferably ['preforabli] «. EiEHEE ., FAIREKY

embed [im'bed] =z ¥EA, @A, FW, tA; g8
creep resistance i T4

notch [not/] » O, MO. @90

isobaric [iaisou'beerik] o, HER, ZRENH

isothermal [Jaisau'8amal] o ZEY) . ZHERN: . THE
residual [ri'zidjus] «. FHEE, HEBH

porosity [po'rositi] n B, FMHE, HLEE
fabrication [febri'keilon] = #$I{E. WK, HliE
preform ['prii'form]) v, WERER: »n EN TR, WH5,. FHES
capillary [ka'pileri] = E£HE;: o. BN, THEHG
thermosetting resin P4 [B #£ 8 i

pitch [pit]] » %, ®Wh, B8

slurry ['slert] = ®¥, ¥

amorphous [o'mofes] «. AETERY. THAH), EREHN
binary ['bainari] . —gE{FM, ZILH)

crystallize ['kristalaiz]l . 5

Notes

(D Further, carbon fibres are extensively used in volume production of polymer-matrix com-
posites. further, FEHE “BE” b “EHFLH”, “Exmp”, “HH7. “MA". B
HBHNIEF L, EE further 5 farther FJXF), farther 2F 7 “TWHM”, “HEWHR";
volume production, KB4,

@ Oxide-CMCs would obviously be the best choice, from a thermodynamic standpoint. for

long term applications in oxidizing atmospheres. from a thermodynamic standpoint, M 34
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NEMULKE. BHERL RUP, REMNERFAKEHBESPEMEA, A
PAFHMEEE. FEY- BMEAE GHATRERFARE,

D Tt is a relatively slow process since mass transfer in the preform is mainly by diffusion and
il yields some residual porosity and density gradient. AP H TP it B FE FA g CVI
process; mass transfer, ¥EEHR (H— YRR GEE P FE): residual porosity,
FIRILBUE s density gradient, FEHE, BHF L. EIEMAYR, AREMT AR
PHOEMERTIEEBITVBRFEHRLAYN, WHZEARSTE A SHREMEF
B



Unit 18 Composites Turn Green (Part [ )

Ecological concern has recently resulted in a renewed interest in natural materials, and
issues such as recyvclability and environmental safety have become increasingly important for
the introduction of new materials and products. Environmental legislation as well as con-
sumer pressure are ali increasing the pressure on manufacturers of materials and end-prod-
ucts to consider the environmental impact of their products at all stages of their life cycle,
including ultimate disposal, viz. & from ‘cradle-to-grave’ approach. As such ‘eco-design’
has become a philosophy that is applied to more and more materials and products. These en-
vironmental issues in combination with their low cost have recently generated considerable
interest in wood fibres and plant fibres like flax, hemp and kenaf as fillers for polymer com-
posites. Besides the use of renewable resources for the development of ‘green composites”,
also completely recyclable all-polymer compasites are being developed for the avtomotive and
construction industry. This and the following unit aim to provide a short review on develop-

ments in the area of eco-composites and their applications,

Wood Fibre Plastics

While the high-performance composite industry is still hoping to cash in on promising
opportunities that are out on the horizon but never seem to be within reach, the natural fibre
composite business continues to show strong growth. In the year 2000 it saw a staggering
growth of some 50, which is fairly close to predictions made in Kline’s study *The Out-
look for Natural-Fiber Composites’, which predicts an annual growth rate for natural fibre
composites of some 60% over the years 2000~2005, The major part of this growth comes
however from wood fibre composites for building applications such as outdoor decking,
fences, window and door frames (Fig. 5.1), whereas only a minor part comes from natural
fibre composites based on ligno-—cellulose fibres such as flax and hemp. Decking products
dominate the market and at this moment some 8% of all decking materials, worth 300 mil-
lion dollars, are made from wood fibre composites and the figure is still increasing rapidly.
The World production of wood fibre plastic decking has doubled annually since 1996 and de-
spite higher initial cost prices, it has been very successful because of its low life-cycle and
maintenance costs and environmental concern with pressure treated lumber,

The majority of these wood fibre plastics are currently produced by North American
comparnies like Trex, US Plastic Lumber and AERT. Their success has triggered a number
of companies outside the US to start developments in this area. One of them, EIN Engi-
neering in Japan, has developed composites from waste wood and recycled plastics and dem-
onstrated the potential for use of these composites in out-door applications. EIN Engineering

is Investigating in co-operation with the Japan Public Highway Corporation the potential of
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the materials for sound-absorbing panels and crash barriers, Also the European Industry is
showing increasing interest in wood fibre composites, Tech-Wood International of the Neth
erlands are developing construction elements for the building industry such as window and
door frames, siding, decking and other sheet materials. Tech-Wood® contains 70% pine-
wood fibres and 30% compatibilized polypropylene (PP). Their products will be used to
huild 50 000 hurricane-proof houses over the next five years in the Caribbean. The houses
consist of six different wood plastic profiles including windows and complete roof profiles,
Manufacturing of the profiles will be carried out by the Puerto Rican firm Industrias Vassallo
under license from Tech-Wood, which will supply profiles for the first 1000 buildings while
the Vassallo plant is being installed. Another example of & European innovation in this area
is Fasal®, being a development from the Inter-University Research Institute for Agricultural
Biotechnology (IFAY, Austria. Fasal® contains around 60% of wood fibres and is aimed to
replace wood in interior or short life preducts while having the advantage of polymer shaping

methaods.

Fig. 5.1 Compesite lumber made from recovered wood and recycled plastic combines

& wood tone appearance with the processability and dursbility of plastics

(Selected from Composites turn green, hy Queen Mary, 2002 )
New Words and Expressions

flax “fleks] n TFEH

hemp [hemp] =n. B, KB, §4

kenaf [ko'neef] n. PEBE. ¥R (KHBE) 98
panel ['penl] =». Bk, XEH
polypropylene [poli'proupiliin] » RPF&H
hurricane ['hariken] n. WK, 2K, BHA@E
recyclability B{§3F 68 5

ligno-cellulose AREL %%

compatibilized FEAR
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Notes

(D) Environmental legislation as well as consumer pressure are all increasing the pressiire on
manufacturers of materials and end-products to consider the environmental impact of their
products at all stages of their life cycle, including ultimate disposal, viz. a from ‘cradle-
to-grave’ approach. viz. R TiE “B, ®ME” WEE. #F namely, cradle-to-grave,
ARERNEN, XEEBT-AOE®ERN.

(@) While the high-performance composite industry is still hoping to cash in on promising op-
portunities that are out on the horizon but never seem to be within reach, the natural fi-
bre composite business continues to show strong growth. X B while 5| F & —T5Hi#
S8k ERFEMNE, cashin, BHBREL, BHF L. REGHETZ I T LNARE
MA—BHARMMSPERIE (MXENLLBTRAETAR R, TARAHEZSH
Bk F A E 2 HmFHEK.,

Exercises
1. Put the following inte Chinese:
(1} eco-design (2) green composites
(3} recyclable all-polymer composites {4) sound-absorbing panels
(5) hurricane-proof houses {6) crash barriers

(7) life cycle
2. Compete the notes blow with words taken from the text above.

concern has recently resulted in a renewed interest in natural materials, and is-

sues such as and have become increasingly important for the introduction
of new materials and products. Environmental as well as consumer pressure are all
increasing the pressure on ol materials and end-products to consider the

impact of their products at all stages of their » including ultimate disposal, viz. a

from “cradle-to-grave’ approach.
‘Reading Material

Natural Fibre Composites

Where wood flour or waste wood is mainly used as a cost-cutting alternative to mineral
fillers in commodity plastics like polyethylene (PE) and PP resin or for the upgrading of
post-consumer recycled plastics, plant fibres like flax, hemp and kenaf are currently being

evaluated as environmentally friendly and low-cost alternatives for glass fibres in engineering

composites,

Plant fibres have a number of advantages over glass fibres. They are;
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* renewable

* zbundant

*  cheap

* lightweight

* hiodegradable

* nen-abrasive to processing equipment

¢  ((); neutral (when burned}

* can be incinerated with energy recovery

* show less concern with safety and health {no skin irritations)

¢ exhibit good mechanieal properties

* as well as good acoustic and thermal insulating properties,

The combination of interesting mechanical and physical properties (see Tab. 5.1) to-
gether with their environmentally friendly character has triggered various activities in the
area of ‘green composites’, and many European universities and institutes have started ac-
tivities in this area through various ‘eco-driven” R&D programmes, Especially the European
automotive industry is trying to make every component recyclable and is looking seriously in-
to the possibility of using natural fibres reinforced thermoplastics as a way to serve the envi-
ronment and at the same time save weight and cost. In 2005 the EU Directive on end-of-life
vehicles (ELVs) states that vehicles need to be homologated to 95% recovery of which 85 %
by reuse or recycling and 10)4 by energy recovery or thermal recycling, In a large research
programme Daimler-Chrysler has evaluated flax and hemp fibres as potential candidates to re-
place glass fibres in engineering composites and has develaped a number of automotive prod-
ucts based on NMT, being a natural fibre counterpart of glass-mat-reinforced thermoplastics
(GMT),

Tab. £.1 Mechanical properties of glass and flax fibres

Density in Tensile sirength in Modulus in Specific strength in Specific modulus in
@/ m? GPa GPa GPa/(g+*m~*) GPa/{g+m %}
Glass 2.9 2.4 0 0.9 28
Flax 1.5 0 6~1.5 50 f4~1.0 30

Natural fibres have a strong potential in the automotive industry as flax and hemp is
40 %4 lighter than glass fibres. Up to now most of the use of natural fibres in automotive ap-
plications has been limited to interior components. Recently, researcher at the Daimler-
Chrysler research centre in Ulm have developed however a number of natural fibre reinforced
exterior parts, Products include not only prototype parts such as underbody panels for the
A-Class, but also a flax-fibre-reinforced polyester engine and transmission cover with im-
proved sound insulation for the new Travego travel coach. This part, which is manufac-
tured by resin transfer moulding (RTM), is an important innovation since it is the first ex-
terior component made from natural fibre composites on a commercial vehicle and must be
able to withstand extreme environmental conditions such as wetness and chipping.

Also other car manufacturers are actively looking into natural fibre composites and cur-
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rently some 25 000 tons of natural fibres are used in the European automotive industry. Au-
di for example have developed interior door trim panels made from polyurethane (PUR) rein-
forced with mixed flax/sisal non-woven mats for their new A2, Ford’s materiais engineering
department in Cologne has done considerable development work in the area of injection moul-
dable flax/PP grades for radiator grilles. front ends and engine shields for the new Ford Fo-
cus, Parts can be up to 30% lighter than current glass fibre reinforced parts. Also Fiat is
active in the area and has developed gaskets, seat parts, dashboards and handles produced
by gas-assisted injection meculding.

Despite the ecological advantages of natural fibres over glass fibres, natural fibres also
possess a number of disadvantages, Natural fibres can easily compete with glass fibres in
terms of stiffness. However, the tensile strength, compressive strength and especially im-
pact strength of natural fibre composites are relatively low compared to glass fibre compo-
sites. Up 1o now most research has focused on the interfacial bond strength with the poly-
mer matrix to improve the properties of natural fibre composites, These interface modifica-
tions often follow schemes similar to the ones used in the past for glass {ibre, However, un-
like isotropic glass fibres, natural fibres like most biological materials exhibit a highly aniso-
tropic hierarchical composite-like structure (Fig. 5.2}, Tailoring of interfaces within this
hierarchical structure may turn out te be more important for bridging the (toughness) gap

with glass fibre systems than tailoring of the interface with the polymer matrix,
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Fig. 5.2 Micrograph of the cross-section of a {lax stem, clearly showing the bast fibres bundles,
On the right a schematic representation the hivvarchical microstructure of flax plant

(after ATO-DLO, Wageningen, Netherlands)

Natural fibres like flax consist of cellulose microfibrils with diameters in the order of a
couple of nanometers, which form together the actual {ibre cells of 10~20 microns in diame-
ter, These cells are bonded together by an organic matrix, forming fibre bundles with a di-
ameter of around 50 ~ 100 microns. Depending on the effectiveness of the fibre opening
process one can go further down in microstructure, hence removing weak spots in the com-
posite-like structure and obtaining reinforcing elements of higher strength. Unfortunately,

despite various attempts to separate the fibre cells from the fibre bundles, maost of today’s
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fibres used in composite application are fibre bundles. These fibre bundles have a relatively
low strength of around 600~700 MPa. The actual fibre cell is however much stronger Cup
to 1500 MPa) and could on a weight basis compete with glass fibres. Even higher strengths
are foreseen when microfibrils could be used as reinforcing elements in nanocomposites. To
fully exploit the intrinsic potential of natural fibres, future developments in materials op-
timisation should therefore focus on new or improved fibre opening processes, which at the
same time can raise it from a level of craftsmanship to an industrial scale.

An interesting development in the area of cellulose based nanocomposites was reported
by researchers from Daicel Chemical Industries (Japan) and Virginia Tech. By reacting
wood pulp fibres in a solvent medium that does not fully penetrate the fibres and subsequent
hot-pressing the partially modified wood pulp at elevated temperature, a semi-transparent
polymer sheet is formed. By hot-pressing these partially modified pulp fibres the cellulose
ester surfaces of the modified microfibrils fuse to form a continuous material, which consists
of a mixture of ceflulose and cellulose ester in which each component has a dimension of sev-
eral nanometers,

Another area of concern relates to the. poor moisture resistance (rotting} and dimension-
al stability {swelling) of natural fibres, which can lead to debonding and mictrocracking in
the composite. The moisture resistance of natural fibres can, however, be improved
through fibre treatments like acetylation and a novel upgrading process recently developed by
Ceres Fibres in the Netherlands, The availability of fibre processes for improved moisture
resistance like the Duralin® developed by Ceres Fibres may remove one of the restrictions for
the successful application of plant fibres in some high-quality engineering applications. On
the other hand, in the case of a well-wetted fibre in combination with a hydrophobic poiymer
like PP, the matrix has the perfect ability to protect the hydrophilic natural fibre because of
its strong hydrophobic and apolar character. Hence, moisture uptake will be relatively low
and may turn out not to be such a problem,

A potentially more serious threat for natural fibre composites is related to processing,
Natural fibres tend to degrade near the processing temperature of most thermoplastics. Even
in the case of PP processing can be tricky, not to mention the problems in case of other engi-
neering polymers., Natural fibres tend 1o give off an unpleasant odour when processed at
high ternperatures, which can give probiemns in processing facilities or in some case even dur-
ing use of the final part. Thermal degradation during processing not only limits the number
of polymers that can serve as a matrix system but gives especially concern with respect 10 re-
processing, Although one may get away with the narrow processing window for natural fibre
composites in a singic step process, it may give problems in the case of reprocessing and me-
chanical recycling. '

At this moment natural fibres are pushed because of their ‘green’ image, mainly be-
cause they are renewable and can be incinerated at the end of the materials lifetime. Howe-
ver, the recycling issue may be key in answering the question; How green are natural fibres

actually? In most cases, from an eco-performance point-of-view, mechanical recycling is fa-
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voured over thermal recycling and landfill. Hence, problems related to thermal degradation
during recycling and reprocessing may significantly lower the eco-performance of natural fi-
bre compasites, This is especially the case with a well recyclable polymer like PP, where
the addition of natural libres will strongly affect the recyclabiiity and hence the eco-perform-

ance of the resulting composite material.  On the other hand, the upgrading of recycled plas-

which are close 1o the end of their lifetime with natural fibres or waste wood is

tics
clearly an environmentally sound option because of the clear advantages with respect to end-
of-lifetime disposal by incineration. Therefore, whenever mechanical recycling should be fa-
voured it remains to be seen if natural {fibres in combination with virgin plastics are the best
alternative,

In fact, to date the few life cycle assessment {[.CA) studies that have heen performed
on natural fibre composites show that the advantage of natural fibres over glass fibres, at
least for automotive applications, are mainly related to their low welght rather than their
‘natural’ origin. However at this moment the ‘green’ image of natural fibres comes mainly
from the fact that they are ‘natural’ rather than from clear benefits shown in LCA studies.
LCA is therefare going to be essential in the ero-performance evaluation of natural fibre com-
posite materials and products and identifying the truly ‘green’ character of these materials.
Although natural fibres may not have clear advantages in case of mechanical recycling they do
have clear advantages over glass fibres in case of thermal reeycling.

(Selected from Composites turn green, by Queen Mary, 2002)
New Words and Expressions

renewable [ri'njushl] a. T EFHK, TEEMK

biodegradable [ baisudi'greidabl] a. 4= #IFTRESTHREY, af 4 iR
incinerate [in'sinoreit| v %, ¥

acoustic {a'kuwstik] . IWHM, HEH

homologate [ha'molageit] ». &ik. W#E

reinforced [rinn'fosd] . MRALHY, HEEH

prototype [ 'proutetaip] n.

wetness [ 'wetnis] n. 2

chipping [“tfipip] » HWH, B%

polyurethane [poli'juraBein] »n. XA

sisal ['saisl] n. $IBE, 76D RKEE

isotropic [aisau'tropik] n. & EHE

anisotropic [ senjaisau'tropik] n. FEFREH

abrasive [a'breisiv] n. BES, BE{R, TFEE4fR

hierarchical [ haia'rakikl] n. 4H4EK, HEH

intrinsic  [in'trinsik] o, XK. BEHH

cellulose ['seljulsus” n. #HH{E

microcrack ['maikraukreek] » MBL, BEHP; v. (F) FESAR



acetylation [aseti'leifon] ZMit: Z.BifbtEH
apolar [ei'poula] = JAEMRMERS; EHRH
thermoplastic  [@a:mou'plestik] = MR, BBHEHH
matrix [ 'meitriks] n FE&, EE

tandfill ['lendfil] = (#HE) LR E
microfibrils [ imaikreu'faibril] n. B#F4E, ##F#2
debond v, WH, BHEHS

specific strength H.EE, BEEH

specific modulus LB

glass mat WEHEFHEiR . FERH

resin transfer moulding (RTM)  {MigE HEY
interfacial bond strength REE &

Thermal degradation #4 BE M}

life cycle assessment (LCA) 4 &y 1€
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Unit 19 Composites Turn Green (Part [[)

Single Polymer Composites

As an alternative to natural {ibre composites the development of single polymer compos-
ites based on high-strength polymer fibres in a similar polymer matrix might be a more prom-
ising approach towards future eco-composites. Because of recyclability, nowadays there is a
major trend to focus on simple, monocomponent systems rather than on complex polymer
blends and alloys. Polypropylene is apparently the major polymetic construction material of
the future in view of its impressive growth figures of the past years. However, PP as such
has to be reinforced to meet the high demands on stiffness and strength in engineering appli-
cations. Unfortunately, in view of recyclability, the addition of any filler, including natu-
ral fihres, will cause environmental problems as it is in conflict with the basic idea behind
mono-material products. Following such ‘eco-design’ concepts, an obvious reinforcing ele-
ment for PP would therefore be the use of high strength PP fibres.

Research teams at Leeds University and Eindhoven University of Technology and Queen
Mary, University of London are independently working on preparation routes for these so-
called *all-PP’ composites, being single polymer composites based on a PP matrix reinforced
with oriented PP fibres, Such self-reinforced composites have specific economic and ecologi-
cal advantages since, upon recycling, a PP resin is obtained which can be re-used to make
again all-PP composites, or alternatively, be used for other PP-based applications. Essen-
tial for this concept is that the PP fibre and matrix is optimised in terms of structure. pro-
cessability and performance. An important challenge of the research project is to find viable
routes to ‘impregnate’ PP fibres with a PP matrix, both having the same chemical struc-
ture and hence melting temperature.

An interesting processing method for single polymer composites was developed at the
University of Leeds (UK). They introduced a so-called hot-compaction process for manufac-
turing of composites based on polymer fibres. Here, the skin of the fibres is partially mel-
ted in & hot-press and compacted to a sheet, This leads to an architecture of remained fibre
cores surrounded by a matrix of molten and recrystallised polymer skin parts of the ariginal
fibre. A clear advantage of this processing method is that there is no actual impregnation
step, Instead the fibres are ‘welded’ together. This processing route, which yields com-
up to 90%

pylene fibres and is now being commercialised by BP under the trade name Curv®. It exhib-

posites with very high fibre volume fractions has been applied to polypro-
its interesting properties such as lightweight and high impact resistance. Current applica-
tions being considered range from interior trim to underbody shields in the automotive indus-
try, sporting goods such as ice hockey gear and loudspeaker cones.

A disadvantage of the Curv® process is however the rather narrow temperature window
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and the relatively unsatisfactory mechanical properties. Recently a research program seeking
for routes for the preparation of high-modulus all-PP composites with an enlarged processing
window called ‘PURE’ was initiated by Eindhoven University of Technology. Together
with Queen Mary, University of London and four Dutch industrial partners (Lankhorst In-
dutech, BW Industrial, Polynorm Plastics and DSM) they are developing all-PP compoe-
sites, which on a weight basis can out-perform glass-fibre-reinforced PP. The technology

developed is based on co-exirusion technology for high-performance PP tapes. The co-extru-

ded tapes consist of a highly oriented high strength & high modulus:——core and a copol-
ymmer skin ta weld the tapes together in a subsequent compacticn process using hot-press or
continuous belt-press technology. Because of the ductile character of the oriented P fibres
the composites developed so far have outstanding properties in terms of stiffness. strength
and toughness. Advantages of ‘PURE’ over Curv® technology are mainly in manufacturing
and the result of a larger processing window. A wide variety of manufacturing technologies
are possible, including thermoforming techniques like matched-die forming, rubber and vac-
aum forming of pre-consolidated sheets and filament winding. Pre-consolidated sheets in
combination with PP foam or PP honeycomb can also be used as skins to form single polymer

sandwich panels (Fig. 5. 3). If necessary they could even come in green. . .

T e
Fig. 5.3 The PURE project involves the development of high strength co-extruded PP
tape which can be woven into fabrics and hot-pressed into sheets. These sheets can
be shaped into products using thermoforming technology. Combined with PP

honeycamb core they can be used 10 make all-PP sandwich panels

(Selected from Composites turn green, by Queen Mary, 2002)
New Words and Expressions

oriented ['orientid] <. BREK. SmiHE
thermoforme ['6amoudom] #MERE
pultrude $L¥F
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Fibreboard = A4

hot-compaction process MEPTZ

hot-press #

processing window il T -

Exercises

Complete the notes below with words taken from the text ahove

(1) Because of reeyclability, nowadays there is a major trend to focus on simple,

systems rather than on complex polymer and

{2) In view of recyclability, the addition of any , including natural {ibres,
will cause environmental problems as it is in conflict with the basic idea behind _
products.

(3) These so-called ‘all-PP’ composites, being single polymer composites, are based
on a PP reinforced with oriented PP

(4) A disadvantage of the ‘all-PP? composites is the rather narrow and the

relatively unsatisfactory properties.
Reading Material

True Biocomposites

Since car manufacturers are aiming to make every part either recyclable or biodegrada-
ble, there still seems to be some scope for biocomposites based on biodegradable polymers
and natural fibres. Such biodegradable composites may, from a ‘cradle-to-grave’ point-of-
view, have some advantages over traditional composites for applications where biodegrad-
ability is functional, recycling problem-atic or when there is a clear consumer demand. Bio-
composites have been developed by a number of laboratories using a wide range of biodegra-
dable plastics like cellulose esters, polyhydroxybutyrates (PHB), polyesteramides (BAK),
poly (lactic acid) (PLA) and starch derivatives and blends. The German Aerospace Center
(Deutsches Zentrum fiir Luft- und Raumfahrt e. V., DLR) in Braunschweig has evaluated
over the years many of these bioplastics for the manufacturing of biodegradable composites.
DLR started as early as 1989 with an extensive research programme on composites from re-
newable resources. Prototype products have been developed in co-operation with industrial
partners and include office chairs, panelling elements. pultruded support beams and safety
helmets. However, because of economic reasons, until now only few of these prototype
products have been commercialised.

An interesting development in the area of biocomposites comes from the ACRES (af-
fordable composites from renewable resources} group at the University of Delaware, They

developed in co-operation with John Deere Company a fibre-reinforced plastic hay baler door
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based on soyhean oil resin using RTM technigues. The idea of using soybean oil resin is far
from new, since Henry Ford made already in 1938 his first fibre reinforced car body panel
using a plastic matrix derived from soybean products. The Delaware material involves chemi-
cally modifying soybean oil, a commodity that’s 50% cheaper than pelvester and vinyl ester
resing. The chemistry of the product can be ‘tailored’ to provide the properties needed for
processing and performance. Although the resins are generally not biodegradable. special
formulations could easily be made to biodegrade under certain conditions. Currently the use
of natural fibres for the development of *true’ biocomposites is evaluated,

Using similar technology Ashland Specialty Chemicals {Ohio, US), a division of Ash-
land Inc. , have recently introduced a new resin system, called ENVIREZ® 5000 soybean
and corn resin. In contrast t¢ the Delaware resin, the ENVIREZ® 5000 resin contains only
25% renewable-source content for the making of polyester resin. The new resin system 15 to
be used in sheet-molding-compound (SMC) for the trans-portation, agricultural and con-
struction market. For the transportation market, it can be formulated into Class A body-
panel applications. Ashland has granted John Deere exclusive rights to use ENVIREZ® 5000
for their products until mid-March 2002. Reginning with the 2002 model year, all John
Deere combines will have exterior body panels made from a soy-based plastic composite ¢alled
Harvest Form®,

Other examples of biocomposites can be found in the panel board industry, which shows
a growing interest in non-wood resources like cheap natural fibre residues as well as the use
of new formaldehyde free adhesives and binders such as natural resins. Phenix Biocompos-
ites in the US, for example, is using a soy-based resin in their Environ® biocomposite,
whereas the Biocomposites Centre at the University of Wales have developed a novel resin
based on cashew nutshell resin as a formaldehyde free binder for use in fibreboard panels.

(Selected from Composites turn green, by Queen Mary, 2002)
New Words and Expressions

biocomposite =, LPWE S HH

derivative [di'rivativ] a. THEE; n. LD
formaldehyde [fo:'maeldshaid] n. HREE
adhesives [ad'hisiv] » BEW: BEHE
binder ['bainds] ». FHEEM., BEH
cashew ['kefu:] »n ERK, EE
nutshell ['natfel] n BHZE
polyhydroxybutyrate (PHB) BEE T
polyesteramide (BAK)  REtikAs

poly (lactic acid) (PLA) ¥ 3L

cellulose ester & #E KB

soybean oil resin T MW Bl



PART VI NANOMATERIALS

Unit 20 Nanostructured Materials ——
Categories of Nanostructured Materials

One of the very basic results of the physics and chemistry of solids is the insight that
most properties of solids depend on the microstructure, i. e. the chemical composition, the
arrangement of the aroms (the atomic structure) and the size of a solid in one, two or three
dimensions, In other words, if one changes one or several of these parameters, the proper-
ties of a solid vary. The most well known example of the correlation between the atomic
structure and the preperties of a bulk material is probably the spectacular variation in the
hardness of carbon when it transforms from diamond to graphite. Comparable variations
have been noted if the atomic structure of a solid deviates far from equilibrium or if its size is
reduced to a few interatomic spacings in one, two or three dimensions. An example of the
latter case is the change in color of CdS erystals if their size is reduced to a few nanometers.

The synthesis of materials and/or devices with new properties by means of the con-
trolled manipulation of their microstructure on the atomic level has hecome an emerging in-
terdisciplinary field based on solid state physics, chemistry, biology and materials science.
The materials and/or devices involved may be divided into the following three categories,

The first category comprises materials and/or devices with reduced dimensions and/or
dimensionality in the form of (isolated, substrate-supported or embedded) nanometer-sized
particles, thin wires or thin films, CVD, PVD, inert gas condensation, various aerosol
techniques, precipitation from the vapor, from supersaturated liquids or solids (both crys-
talline and amorphous) appear to be the iechniques most frequently used to generate this
type of microstructure. Well-known examples of technological applications of materials the
properties of which depend on this type of microstructure are catalysts and semiconductor de-
vices utilizing single or muitilayer quantum well structures.

The second category comprises materials and/or devices in which the nanometer-sized
microstructure is limited to a thin (nanometer-sized) surface region of a bulk material.
PVD, CVD, ion implantation and laser beam treatments are the most widely applied proce-
dures to modify the chemical composition and/or atomic structure of solid surfaces on a nanop-
meter scale. Surfaces with enhanced corrosion resistance, hardness, wear resistance or pro-
tective coatings (e. g. by diamond) are examples taken from taday’s technology in which
the properties of a thin surface layer are improved by means of creating a nanometer-sized mi-

crostructure in a thin surface region. An important subgroup of this category is materials



with structured surface region on a nanometer scale by “Writing” a nanometer-sized structur-
al pattern on the free surlace. For example, patterns in the form of an array of nanometer-
sized islands connected by thin (nanometer scale) wires, Patterns of this type may be syn-
thesized by lithography, by means of local probes (e. g. the tip of a tunneling microscope,
near-field methods, focused electron or ion beams) and/or surface precipitation processes.
Processes and devices of this sort are expected to play a key role in the production of the next
generation of electronic devices such as highly integrated circuits, single electron tran-
sistors, quantum computers, etc,

We shall focus attention on the third category of bulk solids with a nanometer-seale mi-
crastructure. In fact, we shall focus on bulk solids in which the chemical composition, the
atomic arrangement and/or the size of the building blocks (e, g. crystallites or atomic/mo-
lecular groups) forming the solid vary on a length scale of 2 few nanometers throughout the
bulk,

Two classes of such solids may be distinguished. In the first class, the atomic structure
and/or the chemical composition vary in space continuously throughout the solid on an atom-
ic scale. Glasses, gels, supersaturated solid solutions or implanted materials are examples
of this type. In many cases these types of solids are produced by gquenching a high-tempera-
ture {equilibrium) structure, e. g. a melt or a solid solution to low temperatures at which
the structure is far away from equilibrium.

In the last two decades a second class of materials with a nanometer-sized microstructure
has been synthesized and studied. These materials are assembled of nanometer-sized building
blocks mostly crystallites. These building blocks may differ in their atomic structure, their
crystallographic orientation and/or their chemical composition, 1f the building blocks are
crystallites, incoherent nr coherent interfaces may be formed between them, depending on
the atomic structure, the crystallographic orientation and/or the chemical composition of ad-
jacent crystallites. In other words, materials assembied of nanometer-sized building blocks
are microstructurally heterogeneous consisting of the building blocks (e. g. crystailites)
and the regions between adjacent building blocks (e, g. grain boundaries). It is this inher-
ently heterogeneous structure on a nanometer-scale that is crucial for many of their properties
and distinguishes them from glasses, gels, etc. that are micrastructurally homogeneous.
Materials with a nanometer-sized microstructure are called “Nanostructured Materials”
(NsM) or synonymously, nanophase materials, nanocrystalline materials or supramolecu-
lar solids, In this paper we shall focus on these “Nanostructured Materials” and use this
term exclusively.

The synthesis, characterization and processing of such NsM are part of an emerging and
rapidly growing field referred to as nanotechnology. R&D in this field emphasizes scientific
discoveries in generation of materials with controlled microstructural characteristics, re-
search on their processing into bulk materials with engineered properties and technological
functions, and introduction of new device concepts and manufacturing methods,

(Selected from Acta Materials, by H. Gleiter, 20003
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New Words and Expressions
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Notes

(U interatomic spacings., JE-THEEE.

@ CVD, chemical vapor deposition, {3 MHITE.

& PVD, physical vapor deposition, ¥ S HILH.

@ quanturn well structures, BFFHEH) .,

& tunneling microscope, il 5.

® building blocks, ¥R G,

@ supersaturated solid solutions, 138 F1E P,
incoherent or coherent interfaces, A ELER FEHNREA.

Exercises

1. Reading comprehension
(1) What factors can affect the materials microstructures?
(2) Please give your own definition about nanostructured materials.
(3) How are the nanostructured materials classified?

2. Translate the following into Chinese

laser beam treatment bulk material
corrosion resistance protective coating
supersaturated solid solution crystallographic orientation

heterogeneous structure
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» Two classes of such solids may be distinguished. In the first class, the atomic struc-
ture and/or the chemical composition vary in space continuously throughout the solid
on an atomic scale. Glasses, gels, supersaturated solid solutions or implanted mate-
rials are examples of this type. In many cases these types of solids are produced by
quenching a high-temperature (equilibrium) structure, e. g a melt or a solid solu-
tion to low temperatures at which the structure is far away from equilibrium,

¢ R&D in this [ield emphasizes scientific discoveries in generation of materials with
contralled microstructural characteristics, research on their processing into bulk ma-
terials with engineered properties and technological functions, and introduction of
new device concepts and manufacturing methods.

3. Translate the following into English

e a1k R ik
o 4 Uide it &
FRL L B

Reading Matertal

Nanostructured Materials ——
Factors Controlling the Properties of Nanostructured
Materials

As the properties of solids depend on size, atomic structure and chemical composition,
NsM exhibit new properties due to one or several of the following effects.

1. Size effects. Size effects result if the characteristic size of the building blocks of the
microstructure (e. g. the crystallite size) is reduced to the point where critical length scales
of physical phenomena become comparable with the characteristic size of the building blocks
of the microstructure. If the thickness of the layers of a superlattice is comparable with the
wavelength of the electrons at the Fermi edge, discrete energy levels for electrons and holes
are formed in the quantum wells,

2, Change of the dimensionality of the system. If a NsM consists of thin needle-shaped
or flat, two-dimensional crystallites, only two or one dimension of the building blocks be-
comes comparable with the length scale of a physical phenomenon. In other words, in these
cases the NsM becomes a two- or one-dimensional system with respect to this phenomenon.

3. Changes of the atomic structure. Changes in the atomic structure result if a high den-
sity of incoherent interfaces or other lattice defects such as dislocations, vacancies, ete, is
incorporated. The cores of lattice defects represent a constrained state of salid matter diffe-
ring structurally from (unconstrained) crystals and/or glasses. As a consequence, a solid

containing a high density of delect cores differs structurally from a defect-free solid with the
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same (average) chemical composition. The misfit between adjacent crystallites changes the
atomic structure (e, g. the average atomic density, the nearest-neighbor coordination,
etc. ) in the boundary regions relative to the perfect crystal. At high defect densities the
volume fraction of defect cores becomes comparable with the volume fraction of the crystal-
line regions. In fact, this is the case if the crystal diameter becomes comparable with the
thickness of the interfaces, 1. e, for crystal sizes on the order of one or a few nanometers as
15 the case in NsM.

4. Alloying of components (e, g. elements) that are immiscible in the solid and/or the
molten state. The following cases of this type of immiscible components in NsM may be dis-
tinguished: solute atoms with little solubility in the lattice of the crystallites frequently seg-
regate to the boundary cores (e. g. the free energy of the system in several alloys is re-
duced if large solute atoms segregate to the boundary core). The second case of nanostruc-
tured alloys results if the crystallites of a NsM have different chemical compositions, Even if
the constituents are immiscible in the crystalline and/or molten state (e. g Fe and Ag).
the formation of solid solutions in the boundary regions of the NsM has been noticed. Final-
ly, it may be pointed out that NsM are by no means limited to polycrystalline materials con-
sisting of this type, In semicrystalline polymers, nanometer-sized microstructures are
formed that consist of crystalline and non-crystalline regions differing in molecular structure
and/ or chemical composition. NsM synthesized by supramalecular chemistry result if differ-
ent types of molecular building blocks are self-assembled into a large variety of one-, 1wo-or
three-dimensional arrays,

The remarkable potential the field of NsM offers in the form of bulk materials, compos-
ites or coating materials 1o optoelectronic engineering, magnetic recording technologies, mi-
cro-manufactaring, bicengineering, etc. is recognized by industry, Large-scale programs,
institutes and research networks have been initiated recently on these and other topics in the
United States, Japan, EC, China and other countries. In order to keep this article within
the length required. it will be limited to considering the microstructure of equilibrium and
non-equilibrivm NsM. In other words, nanostructured devices, carbon-based nanostruc-
tures {e. g nanotubes), high surface area (nanometer-sized) materials, suspensions of
nanometer-sized crystals, thin films and materials with nanostructured surface regions will
not be discussed.

(Selected from Acta Materials, by H. Gleiter, 2000)
New Words and Expressions
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semicrystalline [ semi'kristslain} o ¥ FEH

supramolecular  ['sjupremoa'lekjule] «. B FH. BHIFESFHBRH
optoelectronic [ optavilek'tronik] «. YEE T
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size effecrs RSP NE

needle-shaped $t#t

Notes

O building blocks, ¥ HEIT,

@ Fermi edge, ¥ARRERNZ [EixWIARIE].
@ discrete energy levels, BE% .

@ quantum wells, 8F¥H [FEHEARE],
{® incoherent interfaces, FEERE.

® the nearest-neighbor coordination, Ao {y ¥,
@ micro-manufacturing, ABHH .



Unit 21 Nanostructured Materials —
Recent Scientific Advances

Synthesis and processing of nanostructures will employ a diverse array of material
types——organic, inorganic, and biological——well beyond examples already realized.
The driving forces will be creativity, applications, opportunities, and economics in broad
areas of science, medicine, and technology, Increasing emphasis will be placed on synthesis
and assembly at a very high degree of precision, achieved through innovative pracessing.
The result will be control of the size, shape, structure, morphology, and connectivity of
molecules, nano-objects, nanostructured materials and devices. Integration of top-down
physical assembly concepts with bottom-up chetnical and biological assembly concepts may be
required to create fully functional nanostructures that are operational at mesoscopic scales.
The combination of new nanoscale building biocks and new paradigms in assembly strategies
will provide nanostructured materials and devices with new, unprecedented capabilities lim-

ited only by cur imagination.

Synthesis of Individual Building Blocks

Polymeric materials, dendrimers, and block copolymers. The last decade has seen
tremendous advances in the preparation of organic building blocks of considerable complexi-
ty. The discovery of a new topology for polymers, dendrimers, has led to an exciting new
class of nanoscale component, with interesting optical and mechanical properties, Precise
nanoscale architectures ranging between 10 nm and 100 nm have been successfully synthe-
sized. These constructions involve the reaction of an excess of dendrimer shell reagent with a
reactive dendrimer core reagent. The new compositions are referred to as tecto (dendrimer)
core-shell molecutes. These molecules have demonstrated potential as unique nanoscale reac-
tors, intermediates for new coatings/controlled delivery, compatibilizers, and bwlding
blocks for higher order nanoscale constructions, There have also been steady advances in en-
gineering new phases using block copolymers; the recent development of tri-component
block copolymer is noteworthy in this regard.

Nanocrystals. There has been significant progress made in the preparation of nanoerys-
tals in recent years. Many common materials, such as metals, semiconductors, and mag-
nets, can be prepared as nanocrystals, using colloidal chemistry techniques, The concepts
of ligand exchange and surface derivatization have been well developed, and these methods
permit nanocrystals with narrow size distribution (typically 5% ~15% variation in diameter)
to be isolated and then used further as chemical reagents. This field has been aided greatly

by improved understanding of size-dependent scaling laws, which have emerged from funda-



157

mental studies in chemical physics and condensed matter physics. The fact that a simple
property like light emission depends so strongly upon size in semiconductors has greatly facil-
itated the development of reliable preparations. The same size dependence has also led to a
wide range of applications in unexpected areas, such as in biclogical tagging.

Nanotubes and rods. The exciting discovery of the fullerenes was followed closely by
the discovery of nanotubes of carbon. Nanotubes show tremendous promise as building
blocks for new materials. Because ol their topology. nanotubes have no dangling bonds,
and so despite being very small, they do not exhibit “surface effects, ” As a consequence,
individual nanotubes exhibit nearly ideal electrical, optical, and mechanical properties.
Nanorods are also under extensive development and investigation,

Nanoparticle structures. Controlled particle formation is an important synthetic route
to nanoscale building blocks relevant to many technologies from ceramics to pharmaceuticals.
Some interesting new nanoparticle structures are composed of chain-like arrays of nanoparti-
cles of relatively low coordination number, There are two main types; agglomerates {or ag-
gregates) and aerogels, In particular, these structures can be characterized by their mor-
phology ({for example, coordination number) and the energies of the bonds that hold the pri-

mary (individual) particles together.

Processing of Nanostructures

Assembly. The development of self-assembly methodology, which is the archetypal
hio-inspired synthesis route, has greatly expanded the methods of construction of nanostruc-
tures. In the design of complex materials such as electrical devices, we currently rely on our
ability to create designed patterns lithographically. New ways of bonding, assembly, and
linking macromolecules and nano-objects have been developed that are based on interactions
that are both more complex and individually weaker (e, g., steric, electrostatic, hydro-
phobic, and hydrogen bonding) than the classical electronic bond. Multiple bonding inter-
actions are often needed to stabilize complex nanostructures. In the last decade, nanoscale
objects such as nanoparticles or nanocrystals have been assembled into periodic arrays, or
supercrystals. Such arrays exhibit novel optical and electrical characteristics. Several pro-
posals have been put forward for how to pattern nanoccrystals and nanotubes using biological
molecules,

Templated growth of mesoporous materials., In the last decade, tremendous advances
have occurred in the preparation of mesopaorous inorganic solids. The initial work showed
that it is possible to use organic surfactant molecules to prepare a complex pattern. That
patiern can serve as the template for the formation of an inorganic phase. This has led to
many exciting discoveries in chemical synthesis and to immediate practical advances in cataly-
sis. Nanoporous media science (the control of void space) has advanced in some very im-
portant ways. For example, new scaffolds and matrices for tissue repair and engineering
have been realized, and a large range of tailored porous catalysts and membranes, such as

Mobil’s MCM-41, have achieved commercial success. In another example, Nylon-6 nano-
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composite with enly two volume percent clay nanoparticles has a heat deformation tempera-
ture of 150°C, as opposed te 60°C for traditional Nylon-6.

Direct structuring. The ability to direct the assembly and organization of materials with
nanomanipulation and nanolithography. based, for example, on scanning microprobe tech-
niques, has achieved directed assembly and structuring of materials at the molecular level.
New methodologies in this area include 3-D printing and various forms of soft lithography.

{Selected from Nanotechnology Research Directions . IWGN Workshop Report, edited by M.

C. Roco, 5. Williams, P. Alivisatos, Kluwer Academic Publishers, February 2000)

New Words and Expressions
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Exercises

Reading comprehension

(1) What kinds of materials could be fabricated through nano-technology?

(2} Please describe the synthesis method for nanostructured materials using template.

Translate the following into Chinese

mesoscopic scales considerable complexity

compatibilizer chemical reagent

agglomerates (or aggregates) and aerogels the archetypal bio-inspired synthesis route

porous catalysts and membranes scanning microprobe techniques

* Increasing emphasis will be placed on synthesis and assembly at a very high degree of
precision, achieved through innovative processing. The result will be control of the
size, shape, structure, morphology. and connectivity of molecules, nano-objects,
nanostructured materials and devices, Integration of top-down physical assembly
concepts with bottom-up chemical and biological assembly concepts may be required
to create fully functional nanostructures that are operationa! at mesascopic scales.

® The ability to direct the assembly and organization of materials with nanomanipula-
tion and nanolithography, based, for example, on scanning microprobe techniques,
has achieved directed assembly and structuring of materials at the molecular level.

Translate the following into English

BB S e BERShE
L Hic 22 R
A fir ¥

Recent Technological Advances

One key to advanced technology emerging over the past decade has been nanomaterials,

The aggressive advance of smart materials, solid state devices, and biomimetic technologies

and the concurrent push towards miniaturization are meking the understanding and develop-

ment of materials on the nanometer level critical and are encouraging the design of nanoscale

structure and functionality into materials systems. The focus on nanostructuring of materi-

als systems has been further sharpened by the need to develop materials having novel and/or

enhanced properties without resorting to new synthetic chemistries with the associated envi-

ronmental and cost issues. Enhancements in mechanical performance, wear resistance, in-

tegrity under thermal stress, flammability, and transport properties have all been linked to

nanostructure in rnaterials systems within the past five years, demonstrating that the tech-

nology has reached a level of maturity where it is ripe for exploitation in systems demanding

both high performance and reliability.
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A very important technological advance in recent years has been in the area of large
scale, reliable production of uniform, nano-sized particles. This has been particularly im-
portant in the high-performance ceramic materials and the pharmaceutical areas, where ma-
terials properties, through defect control, drug delivery, and control of uptake, have been
favorably influenced by nanoparticle production. Aerogels are normally fabricated by con-
densed phase (sol-gel) methods, even though the final product is a gas/solid system. Re-
cently, aerogel-like structures have been {abricated directly by gas-phase processes without
passing thraugh the sol-gel state. This could lead to less expensive fabrication processes,
use of a wider range of materials in aerogel fabrication, and excellent control of multilayer
deposition processes, with applications in magnetic and optical devices. Soft lithography
and nanoimprinting have been developed and identified as low-cost patterning approaches.,
with several new applications on the horizon. Nanostructured zeolite catalysts can be tailor-
ed to perform oxidation reactions more efficiently than enzymes. While not strictly speaking
a nanotechnology, the tremendous advances in organic electronics, such as organic light-
emitting diodes, must be noted, since that field is highly likely to benefit from advances in
organic nanoscale synthesis in the future,

New nanostructured materials have the potential to significantly reduce production costs
and the time of parts assembly, for example, in the automotive, consumer appliance, tool-
ing, and container indusiries. The potential of significant reductions in weight due to these
new materials as they are applied in the transportation industries will have great impact on
energy consumption and the environment. Understanding nanoparticle formation is paying
dividends in dealing with environmental issues such as atmospheric particulate formation as
well,

Many fundamental phenomena in energy science, such as electron transfer and exciton
diffusion, occur on the nanometer length scale. Thus, the ability to arrange matter, i.e, ,
to inexpensively pattern and to develop effective nanostructuring processes, will be a vital
asset in designing next-generation electronic devices, photovoltaics, and batteries.

Size and cost reduction due to advances in the design and manufacture of healthcare-
related diagnostic systems has the potential to empower individuals to diagnose and treat dis-
eases in their own homes, decentralizing the healthcare system.

Sensors based on nanotechnology will revolutionize healthcare (e, g. 1+ via remote pa-
tient monitoring), climate control, detection of toxic substances (for environment, de-
fense, and healthcare applications), and energy consumption in homes, consumer appli-
ances, and power tools.

The ability to assemble and interconnect nanoparticles and molecules at nanometer di-
mensions will enable the development of new types of nanoelectronic circuitry and nanome-
chanical machinery,

(Selected from Nanotechnology Research Directions: IWGN Workshop Report, edited by
M. C. Roco, 8. Williams, P. Alivisatos, Kluwer Academic Publishers, February 2000}
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Unit 22 Nanostructured Materials ——Applications

Nanostructure science and technology (nanotechnology) is fundamentally changing the

way that materials and the structures made from them will be manufactured in the future,

Qur increasing ability to synthesize and assemble nanoscale building blocks with precisely

controlled sizes and chemistries into consolidated nanostructures and nanocomposites with

unigue properties and functionalities likely will lead to revolutionary changes in industry,

A number of major scientific and technological advances in the area of consolidated nano-

structures have occurred in the past decade, and many more are expected. Such advances,

some of which are listed below, have already led to commercial scale-up of some nanostruc-

tured materials and also to products incorporating them,

Production of layered nanostructures with control of thickness at the atomic level
and the subsequently developed ability to engineer the resisto-magnetic-field re-
sponse by varying nanoscale architecture to make useful devices for magnetic record-
ing.

Development of processes to net-shape-form nanophase ceramics and ceramic-based
composites into finished parts while maintaining ultrafine grain size and nanoscale
properties when desired,

Discovery and development of unigue nanostructured hard and soft magnetic materi-
als for a variety of applications, including information technology hardware,
Development of nanocscale hard materials for improved cutting-tool performance with
superior wear resistance and {racture toughness,

Development of direct methods for fabricating nanostructured coatings yielding ex-
ceptional electrical, chemical, thermal, mechanical, and environmental protection
of the coated parts,

Creation of a wide range of nanocomposites, such as nanoparticle- or nanotube-filled
polymers, with enhanced or fundamentally new and controllable engineering per-
formance, including significantly increased strength and reduced flammability,
Development of biclogical templating for the directed growth and patterning of
nanostructures {or biomedical and electronic applications.

Engineering of scaled-up and economical industrial processes for production of nan-

opowders and nanostructured bulk materials in the multi-tonnage range.

In order to move nanostructure science and technology forward effectively during the

next five to ten years, there are a number of significant issues that must be considered.,

Nanostructured systems will be manufactured primarily from the bottom up using
nanoscale building blocks and not from the top down as in conventional manufactur-
ing methods,
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Up-front costs may be higher, but net commercial savings will result from more ef-
ficient design and processing, use ol only neccessary material, and decreased and
less deleterious effluent,

New scale-up methods will be required, along with novel scenarios for processing
and handling of materials and parts.

Statistically driven process controls with real time diagnostics and precise reliability
standards will also be needed.

Realistic multiscale theoretical modeling of nanostructuring and the properties and
functionalities of the resulting nanostructures and systems will be important to their
ultimate success.

Understanding of the structure and properties of surfaces and interfaces and how to
control these in a variety of nanostructure assembly strategies will need to be signifi-

cantly increased.

Many new applications in the area of consolidated nanostructures will become available when

these issues are faced and the appropriate barriers surmounted. Some examples follow.

Ultrahigh-strength, tough structural materials;

Novel soft and hard ferromagnets;

Ductile and strong cements;

High-brightness displays based on nanctubes;

Bio-inspired medical prostheses;

Self-assembled arrays of biomolecular single-electron devices;

Drugs from consclidated nanoparticles.

Several additional opportunities can be suggested that will lead to a wide range of useful

developments,

High-pressure sintering of nanophase oxide ceramics should be extended to difficult-
to-sinter non-oxide ceramics for a variety of industrial applications, including high-
efficiency automotive parts,

Magnetic nanocomposites with 5-10-{fold increases in magnetocaloric effects should
be used to develop magnetic refrigerators that operate at room temperature.

A unigque new class of nanostructured permanent magnets with higher saturation
magnetization values than are presently available should be developed for many in

formation technology applications,

Textiles and plasties filled with dispersed nanoparticles should be created that will
enhance the materials’ mechanical performances while reducing their flammability.

Lithium-ion batteries composed of nanodispersed ceramics in polymer matrices
should be developed for the next generation of lightweight rechargeable batteries for

cellular telephones, laptop computers, and transportable CD players and radios.

(Selected from Nanotechnology Research Directions: IWGN Workshop Report, edited by
M. C. Roco, 5. Williams, P. Alivisatos, Kluwer Academic Publishers, February 2000)
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New Words and Expressions

consolidate [kon'solideit] a. B

ultrafine  [ialire'fain] o, B

toughness ['tafnis] & B8HH, BEHHH

flammability [flema'biliti] =n. %, BI#4¥

biomedical [ /baisu'mediksl] «. FYEEMR

deleterious [deli'tiorias] «. HEW, EFN

effluent ['efluont] o. R HHE, BEE: o B8, HEXE, 5K
scenario [ si'nawriou] n RAR

surmount [ se'maunt] vt M. H#EE, BB, F£---WLE
prostheses ['pros@isis] n. ABHRE

magnetocaloric  [meg'nittovks'lorik] a. B (8B 1

Notes

O consolidated nanostructures. JE RIS RPN 554,
@ the resisto-magnetic-field response, B M.

@ cutting-tool performance, W T EAHEEE.

@ biological templating, 4 P .

® from the bottom up. H/NMEK,

less deleterious effluent, WE EHHEM .

@ tough structural materials, RH BRI HHE,
5-10-fold, HBI- M.

Exercises

1. Reading comprehension

{1} Please list some commercialized nanostructured materials or their applications.

(2} What are the science and technological issues that should be addressed for the ad-
vancement of nanostructured materials?

2. Translate the following into Chinese

net-shape-form nanophase ceramic superior wear resistanc
scaled-up up-front costs
bio-inspired medical prostheses difficult-to-sinter

biomolecular single-electron devices

* Nanostructure science and technology (nanotechnology) is fundamentally changing
the way that materials and the structures made from them will be manufactured in the
future, Our increasing ability to synthesize and assemble nanoscale building blocks
with precisely controlled sizes and chemistries into consolidated nanostructures and
nanocomposites with unique properties and functionalities likely will lead to revolu-

tionary changes in industry,
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s Lithium-ion batteries composed of nanodispersed ceramics in polymer matrices should
be developed for the next generation of lightweight rechargeable batteries for cellular
telephones, laptop computers, and transportabie CD players and radios.

3. Translate the following into Englsih

ERKEW MEREESHH
Wt F2 g B
4 PR 2=
Reading Material
Nanostructured Materials—— Carbon Materials

The carbon-based materials of interest from a molecular self-assembly point of view in-
clude fullerenes and their relatives, including metal-coated fullerenes, carbon nanotubes,
carbon nanoparticles, and porous carbons. Since 1590 with the discovery of techniques to
produce soluble carbon in a bottle, research on and with carbon materials has skyrocketed.
Not only can the molecular forms of carbon (the fullerenes and their derivatives) he synthe-
sized, characterized, and studied for applications, but many other new carbon materials
such as multi- and single-walled carbon nanotubes can now be produced in macroscopic quan-
tities.

A broad variety -of carbon nanotube structures whose properties are now being examined
bath theoretically and experimentally. A rich literature on these new carbon materials now
exists, This report will only attempt to highlight a few important recent examples in the ar-
ea of high surface area materials, Of particular interest for future catalytic applications is the
recent report that not only can Ci, be coated with metal atorns, but that the metal coating
can consist of a precise number of metal atoms. For examnple, CgLi, and Cy Cay, have been
identified mass spectroscopically. Cs, has been coated with a variety of different metals, in-
cluding Li, Ca, Sr, Ba, V, Ta and other transition metals. Interestingly, addition of
more than 3 Ta atoms to Cy, breaks the Gy, cage. Replacement of one carbon atom in Cs, by
a transition metal atom such as Co or Ir is being studied for possible catalytic applications.
The future technological challenge will be to discover techniques to fabricate large quantities
of such materials, so that such catalyst materials can be put in a hottle and not just in molec-
ular beams,

Carbon nanotubes have the interesting property that they are predicted to be either semi-
conducting or conducting (metallic), depending on the chirality and diameter of the nano-
tube. Such materials are being studied as conductive additives to plastics and for use in elec-
trochemical applications where the uniformity of the nanotube diameter and length is not
overly critical. Another approach is to use the carbon nanotube as a template for a nanotube

of an inorganic oxide. Hollow nanotubes of zirconia and yttria-stablilized zirconia have been
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prepared by coating treated carbon nanotubes with a zirconium compound and then burning
out the carbon template. Finally, large scale production of single-walled nanotubes has re-
cently been demonstrated, so one may anticipate a strong upsurge in the characterization and
potential nsage of single-walled carbon nanctubes in the future,

Porous carbons are of interest as molecular sieve materials, both as sorbants and as
membranes for filtration. One of the major research objectives is to develop materials or
structures with exceedingly high storage capacity per unit volume and weight for gases such
as Hy or CH.. H, or CH, could become an economic source of combustion fuel or a means to
power fuel cells for ultralow-emission vehicles or for electric power generation. Microporcus
hollow carbon fibers have exhibited high permeance and high selectivity as hydrogen selective
membranes, and development is now underway to scale up these membranes to commercial
levels, Carbon fiber materials produced via catalytic decomposition of hydrocarbon vapors
have also recently been reported to exhibit exceptionally high hydrogen adsorption capacity.
More mundane uses of nanotubes are as nanometer reinforcing rods in polymers or even in
concrete, Incorporation of conducting carbon nanotubes in construction materials such as
concrete or structural plastics opens opportunities for real time monitoring of material integ-
rity and quality,

Several research groups around the world have succeeded in fabricating electrical swit-
ches such as the field-effect transistor irom single-walled carbon nanotubes. A single-walled
carbon nanotube 1.6 nm in diameter could be manipulated into place using an atomic force
microscope. Once placed on the metal contacts, the semiconducting tube behaved like the
channel in a field-effect transistor, turning on or off depending on the applied gate voltage,
Nanotubes hold great promise as electronic elements for a variety of different nanostructures.
Researchers are just beginning to understand how they conduct electricity and how to piace
them into appropriate device structures. It is interesting to note that both the atomic force
microscope used to fabricate this structure and the carbon nanotubes that form the eritical el-
ement were developed only in the past decade,

(Selected from Nanotechnology Research Directions, IWGN Workshop Report, edited by
M. €. Roco, S, Williams, P. Alivisatos, Kluwer Academic Publishers, February 2000)

New Words and Expressions

derivative [di'rivativ] a. S|HA), BHH, n. WAMNEY, EER
spectroscopically [spektras'kopikoli] ad. FFNHFE, FAIHZE
cage [keids) » %, #, (%) B%

chirality ['tfiraliti] =, FfF, F#

upsurge ['apisad3] n B

sorbent [sotbant] n. WERH#

permeance ['pamisns] n Bi%, &

mundane ['mandein] a. tHRK, HEHN, FALE



Notes

@ macroscopic quantities, XNHCE .

@ mass spectroscopically, FHi%Ea¥r.

® electrochemical applications, HLILFENH.
@ molecular sieve materials, 43T ¥ .
(& catalytic decomposition, 1L,

@) field-effect transistor, Ep¥i RE&E .

(D atomic force microscope, JRT /1 B,
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Unit 23 The Future of Nanostructure
Science and Technology

Nanostructure science and technology is clearly a very broad and interdisciplinary area of
research and development activity worldwide, It has been growing explosively in the past
few years, since the realization that creating new materials and devices from nanoscale build-
ing hlocks could access new and improved propecties and functionalities. While many aspects
of the field existed well before nanostructure science and technology became a definable enti-
ty during the past decade, it has really only become a coherent field of endeavor through the
confluence of three crucial technological streams:

(1) new and improved control of the size and manipulation of nanoscale building hlocks;

{2} new and improved characterization (e. g. . spatial resolution, chemical sensitivity)
of materials at the nanoscale;

(3 new and improved understanding of the relationships between nanostructure and
properties and how these can be engineered,

These developments have allowed for an accelerating rate of information transfer zcross
disciplinary boundaries, with the realization that nanosiructure scientists can and should
borrow insights and techniques across disciplines. and for an increased access to common en-
abling taols and technologies. We are now at the threshold of a revolution in the ways in
which materials and products are created. How this revolution will develop, and how great
will be the opportunities that nanostructuring can yield in the future, will depend upon the
ways in which a number of challenges are met.

Among the challenges facing nanostructure scientists and engineers in order for rapid
progress to continue in this field are the necessary advances that must be made in several ena-
bling technologies. We need to increase the capabilities in material characterization, be it in
visualization or analytical chemistry, at ever finer size scales, We also need to be able to
manipulate matter at finer and finer size scales, and we must eventually use computational
approaches in directing this, Experiment simply cannot do it alone; theory and modeling are
essential. Fortunately, this is an area in which the sizes of the building blocks and their as-
semblics are small enough that it is possible, with the ever increasing capabilities of compu-
tational sciences, to start doing very serious controlled modeling experiments to guide re-
searchers in the nanostructuring of matter, Hence, multiscale modeling, across atomic,
mesoscopic, and macroscopic length scales, of nanostructuring and the resuiting hierarchi-
cal structures and material properties is an absolute necessity as we attempt in the coming
decades to utilize the tremendous potential of nanostructure science and technology.

Another challenge is to {ully understand the critical roles that surfaces and interfaces
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play in nanomaterials, owing to the very high specific surface areas of nanoparticles and the
large areas of interfaces in the assembled nanophase forms. We necd to know in detail not
only the structures of these interfaces, but also their local chemistries and the effects of seg-
regation and interaction between the nanoscale building blocks and their surrcundings. We
also need to learn more about the control parameters of nanostructure size and size distribu-
tion, composition, and assembly. For some applications of these building blocks, there are
very stringent conditions on these pzrameters; in other applications considerably less so.
We must therefore understand the relationships between the limits of this stringency and the
desired material or device properties if efficient utilization of nanostructuring is to be
achieved.

Since nanostructures are often inherently unstable owing to their small constituent sizes
and high chemical activity, a further challenge is to increase the thermal, chemical, and
structural stability of these materials and the devices made therelrom, in the various temper
atures and chemistries of the environments in which the nanostructures are asked to func-
tion, A nanostructure that is only a nanostructure at the beginning of a process is not of
much use unless the process is over in a very short time or unless the process itself is the ac
tual nanostructure advantage. So, stability is a real concern in many applications. Re-
searchers must determine whether natural stability or metastability is sufficient or if we must
additionally stabilize against the changes that we cannot afford. Fortunately, it appears that
many nanostructures possess either a deeply metastable structure or they can be readily sta-
bilized or passivated using rather traditional strategies.

Reproducibility and scalability of nanoparticle synthesis and consolidation processes in
nanostructuring are paramount for successful utilization of nanostructure research and devel-
opment, What is accomplished in the laboratory must eventually benefit the society that
pays the bills for the research, or the field will simply die. Also, significant enhancements
in statistically driven process controls are required if we are to be able to effectively commer-
cialize and utilize the nanostructuring of matter. New thinking is needed, not only about the
materials, not only ahout the processing and assembly of these materials, but also about the
manufacture of products from these materials and the economic impact of dealing with efflu-
ents, Given the commercial promise of net-shape forming of nanoscale ceramics, for exarm-
ple, the viability of such nanostructure production and utilization depends upon the total in-
tegrated costs of precursors or raw materials, synthesis of the building blocks, manufactur-
ing of parts from those building blocks, and finally, disposition of the effluents. Higher
than normal up-front costs for the nanoparticles or building blocks may be affordable if the
processing steps save more than that. It is the total integrated costs, along with societal
needs, that will determine commereial viability

Education is also of tremendous importance to the future of the field of nanostructure
science and technology, The creation of a new breed of researchers working across tradition-
al disciplines and thinking “outside the box” is an absolute necessity for the field of nano-

structure science and technology 1o truly reach fruition and to impact society with full force,
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The education of this new breed of researchers, who will either themselves work across dis-
ciplines or know how to work with others across disciplinary lines in the interfaces between
disciplines, is necessary 10 make this happen in the future. People will need to start think-
ing in truly unconventional ways. if we are to take full advantage of this excitingly new and
revolutionary field,

It appears that nanostructure science and technology at present resembles anly the tip of
a pyramid that has recently been uncovered from the sands of ignorance, As the new and ex-
panding research community of nanostructure scholars worldwide digs away at these sands
and uncovers more and more of the exciting field of nanostructure science and technology,
we will eventually learn how truly important the field will have become and how great its im-
pact will be on society, From our present vantage point, this future looks very exciting,

(Selected from Nanestructure Science and Technology, by Richard W. Siegel, 1999)
New Words and Expressions

Nanostructure ['nensu'straktje] » XK

definable [di'fainabl] a. O¢ %K

coherent [kou'hisrant] o, BSE—EH, —HM. EBH
confluence ['konflusns] » L&

visualization [ vizjuslai'zeifon] = HEEBERLR. HHEHER
metastability [imetosta'biliti] n WEfE, BERF

scalability [ iskeilo'biliti} = o B4

effluent ['efluant] a. BHM, HHM: n FE®, HAZ, 5k
vantage ['vantidz] » %, HHES

Notes

It appears that nanostructure science and technology at present resembles only the tip of
a pyramid that has recently been uncovered from the sands of ignorance. #EZ7E £ LPRE
BEGWEES . #R T K HE E M ARG BT IR R R 2 R R R BRI R s Y
P . ZEARBRI LK EL. H# nanostructure science and technology M 5% 3 8 75
DRP G FENELR, MEFHFEAEMNMARTROT R, ANMSEL TEZSNGE
EHANHSWERES. FHRUHERS ARS.

Exercises

1. Question for discussion
(1) What is nanostructure science and technology?
(2} Please describe the recent development of nanostructure science and technology.
(3} Which challenges do nanostructure scientists and engineers face in the future?
2. Translate the following into Chinese
nanostructure science and technology building block

material characterization integrated cost
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hierarchical structure nanoparticle synthesis

* Nanostructure science and technology is clearly a very broad and interdisciplinary area
of rescarch and development activity worldwide, It has been growing explasively 1n
the past few years, since the realization that creating new materials and devices from
ranoscale building blocks could access new and improved properties and functional-
ities,

* Hence, multiscale modeling, across atomic. mesoscopic, and macroscopic length
scales, of nanostructuring and the resulting hierarchical structures and material
properties is an absolute necessity as we attempt in the coming decades to utilize the
tremendous potential of nanostructure science and technology.

* Reproducibility and scalability of nanoparticle synthesis and consolidation processes
in nanostructuring are paramount for successful utilization of nanostructure research
and development.

® It appears that nanostructure science and technology at present resembles only the tip
of a pyramid that has recently been uncovered from the sands of ignorance.

3. Translate the following into English

WKLEH il
R 7R K BB MR
R R 5K

Reading Material

Synthesis of Nanocrystalline Materials

Nanocrystalline materials have high potential for use in structural and device applica-
tions in which enhanced mechanical and physical characteristics are required. At present, a
number of “far from equilibrium processes™ including mechanical alloying, severe plastic
deformation, mechanochermical processing and supercritical fluid processing have been uti-

lized to synthesize nanocrystalline materials,

Production of Nanocrystalline and Submicrocrystalline Structures

Two approaches have been used to produce nanocrystalline and submicrocrystalline
structures {grain size < 100nm) or submicrocrystalline (grain size <C lpm) structures,
One approach is production of amorphous or nznocrystalline powders by mechanical alloying
(MA), a high-energy-input process in which heavy working of powder particles results in
intimate alloying by repeated deformation, fracturing and welding. Once amorphous or
nanocrystalline phases are synthesized, reliable methods are needed 1o consolidate these ma-
terials. The interest lies in producing a nanocrystalline structure in the compacted material

from the amorphous or nanocrystalline powders by compaction under controlled conditions.
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Hot isostatic pressing ( HIP”ing) has effectively been used for compaction of a number of
fully dense nanocrystalline titanium aluminide based alloys and composites. A decrease in
the HIP'ing temperature led to a decrease in the final grain size.

Another approach for grain refinement is multi-directional isothermal forging with a
forging temperature decreasing from higher to lower. High formability at higher tempera-
ture has been shown to be due to extensive dynamic recrystallization (DRX). The grain re-
finement in a whole part results in further improvement in the formability of an alloy. This
makes possible subsequent working at lower temperatures which, in turn, leads to further
microstructure refinement. This approach allows production of submicron-sized grains in
large-scale billets. The initial micrestructure and chemical composition affect much the easi-

ness of production and homogeneity of the fine-grained structure,

Grain Growth

The main problem of a nanocrystalline structure is its instahility at high temperatures.
Because of the large excess free energy. significant grain growth has been observed in sever-
al nanocrystalline materials. On the other hand, stabilization of the nanocrystalline grain
structure was observed in many materials after continuous annealing. For example, the
TisSi; phase has the closest coefficient of thermal expansion to that of TiAl, which, togeth-
er with its high stiffness and strength, makes Ti;Si; an attractive potential reinforcing phase
in TiAL Considerable grain growth occurred during the initial stages of annealing of the
HIP’s samples, with a tendency to reach a saturation stage where grains grew very slowly.
After annealing for 500 hours at 850°C and 975°C, for example, the average grain size in Ti-
47A1-3Cr was 170nm and 415 nm, respectively. The same tendency for grain growth was
observed in the nanocrystaliine Ti-48Al-2Nb-2Cr alloy, and Ti-47Al-3Cr/Ti;Si; composite.

Superpiasticity (SP)

Materials such as Titanium aluminides with submicrocrystalline and nanocrystalline
structures showed a high elongation to rupture (above 200%) and high strain rate sensitivity
{m>0.3), features characteristics of superplastic SP behavior, at temperatures 700 ~
900°C, that is 200~400°C lower than that for the alloys with micron-sized grains. The acti-
vation energy for SP flow of titanium aluminides with grain size << 1um was determined to be
180~195 k] /mol, suggesting that grain boundary diffusion was the rate controlling mecha-

nism.

Nanocrystalline Aluminum-Iron Atloys

Aluminum-iron alloys are attractive for applications at temperatures beyond those nor-
mally associated with aluminum alloy use. Alloying aluminum with iron increases the high
temperature strength due to a dispersion of second-phase particles. Unfortunately, the equi-
librium solubility of iron in the aluminum lattice is very low and even at high temperatures it

does not exceed 0. 03 ’6, and these alloys cannot be dispersion-strengthened with the use of
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conventional solid state heat treatments., The strengthening effect can be enhanced by in-
creasing the solid solubility of iron in the aluminum matrix by “far-from-equilibrium” tech-
nigues such as rapid solidification, mechanical alloying or severe plastic deformation. Severe
plastic deformation can refine the microstructure of metals and alloys into the nanometer-
sized range and lead to formation of metastable phases, including supersaturated solid solu-
tions. These novel constitutional and microstructural effects can enhance physical and me-
chanical properties. Severe plastic deformation was used te extend the iron solubility in alu-

minum and to produce a nanocrystalline dispersion-sirengthened structure after aging.

Synthesis by Mechanochemical Process
The mechanochemical process (MCP) is broadly the use of mechanical ENErgy [0 CAUSE
reactions, which normally require elevated temperatures, to oceur at ambient temperatures
by MCP including titanium aluminides, and titanium carbides,
Titanium aluminide The basis for the synthesis of titanium-a]uminum alloys is the co-re-
duction reaction:
6TiCL, + ZAICl; + 7CaH, + 8Mg —=2Ti, Al (H) + 7CaCl, + 8MgCl, (13
induced by mechanical milling. The reaction product after leaching is Ti; Al(CH) with the hy-
drogen appearing to occupy interstitial sites in the Tiy Al structure. The reaction shown
above differs from conventional reduction processes in which metallic elements are used for
reduction reactions. The use of CaH; as a reducing agent in the present case results in the
formation of Ti; AICH) which is more passive 1o oxidation than Ti; Al
Titanium Carbide Nanocrystalline TiC has been synthesized by the displacement reaction
TiCly+ 2CaC; —TiC + 2CaCl, + 3C (2)
The reaction has also been modified to avoid the liberation of free carbon, by the addition
of Mg,
ZTiCl, + CaC; + 3Mg —2TiC + CaCl, + 3MgCl, {3}
The Ti produced by reduction of TiCl, with Mg, and the C generated by the reaction be-
tween TiCl, and CaC, combine to form Ti(. Experiments involving stoichiometric amounts
of reactants produced nanocrystalline TiC. This was very encouraging, as an incomplete re-
action would have resulted in unreacted TiCl, or sub-chlorides. For exampie, reduction re-
actions which are normally carried out at temperatures close to 1000°C can be achieved at am-
bient temperatures through MCP. Normally, the reaction products formed by mechano-
chemical processing are ultrafine powders with a wide distribution of particle size ranging
from few nanometers to one micron. A number of metals, alloys and inorganic compounds
have been prepared in ultrafine (nanometer sized particles) form of transmission electron mi-

crascopy (TEM) examination showed a wide distribution of TiC: particles in the size range of
10~-200 nm.

Synthesis by Supercritical Fluid Processing

Supercritical fluid processing for the synthesis of metals and metal oxides is a recent ad-
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dition to the list of modern processing technigues. Recent work has demonstrated the feasi-
bility of coating metal and oxide films on silicon substrates. This process involves the disso-
lution of organic compounds containing the metal ions in supercritical {luid and reducing or
oxidizing the compound 10 generate an ultrafine metal or oxide. Any substance at a tempera-
ture above its critical temperature, T., and pressure ahove its critical pressure, P., is de-
fined as a supereritical fluid (SF). The critical temperature is the highest temperature at
which a gas can be converted to a liquid by increasing the pressure. The critical pressure is
the highest pressure at which a liquid can be converted 1o a gas by an increase in tempera-
ture. In the supercritical region, the dense fluid has many useful characteristics, Diffusivi-
ties are typically an order of magnitude higher than the corresponding liquid; viscosities are
usually many times lower than those of ordinary liquids, providing appreciable penetrating
powder into a solid matrix resulting in an efficient extraction. These factors along with low
surface tension allow supercritical fluids to have mass transport characteristics of a gas while
retaining liquid-like solvating strengths, To carry out reduction or oxidation reactions. CO,
has been found to be an ideal supercritical fluid, because it is nontoxic, non-reactive, and
inexpensive. In addition, CO, can be kept in the supercritical fluid state at a temperature as
low as 31. 1°C. Ease of dissolution of organometallic compounds in the supercritica! fluid fa-
cilitate chemical reactions in reducing or oxidizing environment at low temperatures, resul-
ting in the nucleation and growth of ultrafine solids.

An example of metal particles produced by hydrogen reduction of copper hexafiuoro-
acetylacetone, Cu(HFA), in supercritical carbon dioxide are the copper particles, This
fluorinated copper compound has high solubility in the supercritical carhon dioxide and can be
reduced to copper metal according to the following reaction.

CulCF—-C—CH=C—CF:): + H, — Cu + 2 CF;, -C -CH, —C—C(F,
In the presence of hydrogen gas at elevated temperatures, Cu(HFA), can be reduced to cop-
per metal in supercritical fluid carbon dioxide. Because of the high solubility of HFA in su-
perctitical carbon dioxide, it will remain in the fluid phase while copper atoms displaced by
hydrogen condense on the substrate at 250°C.
{Selected from Synthesis of Nanocrystalline Materials——An ODverview , by F. H.
(Sam) Froes, 0. N. Senkov and E. G. Baburgj, 2001)

New Words and Expressions

supercritical [ sjupa'kritikal] «. HHEFEK

billet ['bilit] = (£R#) KB, #§F

homogeneity [ homaudze'niziti] »n. FM, B, S5, H—
anneal [o'nil] =x Bk, Wk, B

elongation [iilap'geifan] n. K

rupture  ['raptfol v BR., BIF, 9V, - B, §HD
ambient ['embisnt] o JEEE; n EE RN

interstitial  [iinta(:)'stifol] o, ZSBRAY: 7E298% 5
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stoichiometric constant W E ¥ ¥

ultrafine  ['altro'fain] o WAMAH, EXMEN. HEEMG, KEH
micron ['maikron] = %

substrate [ 'sabstreit] n. {=substratum) F &k, g

viscosity [ vis'kositi] n. BiRF, Bt

diffusivity [ difjw'siviti] = #8fEH, P8R

fluorinate ['flu()orineit] v HEBELES, 7£ (KK WA EZE

Notes

@ At present, a number of “far from equilibriumn processes” including mechanical alloying,
severe plastic deformation, mechanochemical processing and supercritical Huid processing
have been utilized to synthesize nanocrystalline meterials. “far from equilibrium proces-
ses”, MEEMH; supercritical fluid, AB a7 #4E; mechanochemical processing, #l
MACF AL E ; nanocrystalline materials, #5558 4% .

@ The initial microstructure and chemical composition affect much the easiness of production
and homogeneity of the fine-grained structure. fine-grained, MPK, S5Z2HREHNE
course-grained CHBIA), BEFX. WHMEWHLERS FERWMESHY IS
AP S B R,

@ Unfortunately, the equilibrium solubility of iron in the aluminum lattice is very low and
even at high temperatures it does not exceed 0. 03 %, and these alloys cannot be disper-
sion-strengthened with the use of conventional solid state heat treatments. B#iFY., A
R, BESHBTHFRERERE, PEERBFTRTET 0.03%; LHARK
SRR, TEASETEED S BEERL.

@ Normally, the reaction products formed by mechanochemical processing are ultrafine
powders with a wide distribution of particle size ranging from few nanometers to one mi-
cron. ultrafine, WHM/MK, EHMME. BEHF L. —H. hoLMRLEERE RN
RO R EARGRE, RERA/DAEREOSRE, LGRS 1 k.

@ Supercritical fluid processing for the synthesis of metals and metal oxides is a recent addi-
tion to the list of modern processing techniques. A recent addition to the list of modern
processing techniques, H R # & supercritical fluid processing X— & “BRiEENIH
RMTHEAFIRS". BEEL. BHOEMELDERGBERFENTEA R B E
R EMmITHEAR.



PART VT BIOMATERIALS

Unit 24 Biomaterials Introduction

As we enter the 21st century, the field of biomaterials is becoming one of the most in-
tellectually exciting areas of materials science and engineering. Even though activity in this
field is not new, there is currently fresh energy in this subject brought about by the remark-
able advances in molecular and cell biology of the past two decades. Early activities in this
field (40 or 50 years ago) dealt with the selection and characterization of well-established
synthetic materials to fabricate implants for use in medicine and as restorative materials in
dentistry, Materials well established in technology and not originally developed as biomate-
rials were being used for human repair. For example, bone implants used by orthopedic sur-
geons were being fabricated from low-corrosion steels and other alloys or from ultrahigh-den-
sity polyethylene. Methacrylate polymers were being tested and used as bone cemenis and
dental restoratives, and polyethylene terephthalate fibers were being woven into fabrics that
could function as artificial blood vessels. During the early period of this field, cellulose-
based membranes were being introduced in kidney dialysis machines, Therefore, hiomateri-
als research was mostly centered on in vitro testing of these materials under conditions that
simulated the biological environment (e. g. ., corrosion, fatigue, creep, wear). Extensive
histological work ensued following the implantation of these materials into experimental ani-
mals in order to understand the biological response elicited by materials in various tissues,
with scant research done to explore the use of alternative materials for similar applications.
Therefore, the field focused on the application of materials science principles to materials in
biomedical use, With only very few exceptions, biomaterials were synthetic and intended to
be permanent implants that substituted for siructure and/or function in diseased or trauma-
tized tissues. Biomaterials research was mostly in the hands of engineers, physical scien-
tists, pathologists, and clinicians who brought their skills to these new applications of tech-
nological materials.

The main objective in biomaterials research has become the design of materials that can
interact specifically with the biological environment for a given purpose. This includes the
so-called tissue regeneration approach; Biomaterials sre considered as temporary “anchoring
scaffolds” to which specific types of cells can colonize and use to elaborate three-dimensional
tissues. The objective is to help biology regenerate the missing or dysfunctional body parts
by providing a biodegradable substrate. Another more recent objective is 10 use materials as
vehicles to deliver large and small molecules to specific tissues in order to restore normal

physiclogical function. A good example in this genomic era is the use of biomaterials to g



177

liver genes to cells to reverse disease, at least temporarily, or 1o alleviate the symptoms of
disease. This is accomplished by transfecting cells with the missing normal genes encapsula-
ted or dispersed in various structures., These structures play a key role in the success of such
procedures, and therefore the correc: hiomaterials design of this purpose is of eritical impor-
tance, In increasingly sophisticated ways, specially designed biomaterials are also heing ex-
plored as delivery agents of therapeutic drugs or as encapsulants of non-autologous cells. In
this last example, cells are exploited for the delivery of the biomacromolecules they produce
but are hidden from the immune system by the biomaterials used to encapsulate them. The
strategy of using materials as delivery agents provides many opportunities related to the de-
sign of micromaterials and, eventually, nanomaterials, which are miniaturized constructs
designed to encapsulate, target, and deliver cargo to a specific tissue site. This strategy
could contribute immensely to the eradication of cancer morbidity or the cure of other disea-
ses. The general field of very smart micro- and nano-biomaterials will continue to expand
with contributions to molecular design from materials scientists, chemists, and bioengineers.

The field of biomaterials has also grown and evolved in its capacity to study the molecu-
lar biclogy and cell biology of the implant-tissue interface. This work aims at understanding
the biological response elicited by synthetic materials used in human repair, and great ad-
vances have occurred over the past few years that are useful in implant design. The surgical
introduction of synthetic materials in living tissues elicits the expected inflammatory re-
sponse, but depending on material composition, chemical degradation, surface texture,
and other factors, a continuum of other responses can be ohserved. These include immune
and foreign body responses often culminating in the fibrous encapsulation of implants with
avascular tissue, which in turn contributes to a high risk of infection and limited implant durabili-
ty. Over the past decade, biological response to materials has taken advantage of advances in mo-
lecular biology in an attempt to decipher the complex proteomics operating at these interfaces.

Experts in the field of biomaterials have been working in the new areas and directions
discussed above, One area covered is the biological response to synthetic materials, inclu-
ding specific mechanisms involved in ostecblast response to implant surfaces. This topic is of
great interest in bone repair and is one of the most useful applications of biomaterials in med-
icine. Another area covers the new field of biomaterials designed for specific biclogical or de-
livery functions. This area will certainly continue to grow with increasingly sophisticated
molecular biomaterials designed to achieve targeted functions. Specific systems such as
phospholipid strategies for biominerlization, photopolymerizable biomaterials. materials for
gene delivery, and self-asssembling polymer membranes and colloids have also been studying
by other scientists. From the field of biominerlization other strategies are being explored
that could lead to the development of biomimetic biomaterials for tissue repair. All these ef-
forts, combined with emerging capabilities in nanoscale materials science, are defining an
exciting new field of biomaterials science and engineering that not only targets human body
repair but also science and technology in general.

(Seclected from Annual Review o f Materials Science, by Samuel 1. Stupp. 2001}
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New Words and Expressions

synthetic [sin'Oetik] «. FAEK,. ABKH.,. S5

implant [im'plamnt] v, HA

orthopedic {.o@su'pidik]  (=orthopaedic) a. BIEMAFK
ultrahigh ['altra'hai] «. HEH, N

terephthalate ['teraf'@eleit] »n. IE _EFLL (A

fabric [Meebrik] » 85, #Y,. &, &H, 2R, HE
cellulose ['seljulous] n %, FTHE

dialysis [dai'zlisis] n. &HF#H, &

elicit [i'lisit] e, By, 31, s, 318

traumatize ['troomataiz) et {3, ESHEWH LS
pathologist [pa'Goledszist] =a. FHIBEFE

anchor ['mpke] wof. wi. #8, BH  FBE; F#RaE

elaborate [i'leberit] a. M4EH, WIHH, 26 o HEAMR
genomic [d3i'nomik] « BEAK. REEAR

transfect [treens'fekt] v, @R, §F (HAH) BRLBEEEE
encapsulate _in'keepsjuleit] w:. ¥ AN, ES; vi. EHARE
therapeutic [ Bera'pjutik] o, [T, BIFEW; n BIFR, BITHY
autologous [oftolages] «. BEREAH. 8EBEER
macromolecule [ imakrou'molikjwl] = BE XK9F, B4F
miniaturize ['miniatfaraiz] wt. {@E/HERLE

eradication [iraedi'keifon] n. EFHRIER. BE

morbidity [mo'biditi] ». fFA, Fite, RRE

inflammatory [in'flemetari] o. X8, HEBER

texture ['tekstfo] n. CBRELRD) FE#h, KB, BHASW) @, (E) BB, CCEiE
fh) BH

continuum [ken'tinjuam] n. Sk, Fg4, P Bk 5
culminate ['kalmineit] » EXBITWE (E¥E)

fibrous [‘faibres] . SH %R, FHRHEEMW

avascular [a'vaeskjuls] 4. (ZHEH4) T MR

osteoblast [astiablest] n. HSHKE

biomineralization [ 'baiawminorelai'zeifan] »n. £¥MRF . £WH 4
photopolymerization [ 'fautsuw.polimerai'zeifon] »n. HEBIVEH, R EEOHES
phospholipid [.fosfa'lipid] n. BEA%

assemble [a'sembl] wve. HB4., BE. B0; . #£5

membrane ['membrein] ». [, FEB

colloid ['koloid] n. BEHk; a. BN

Notes

(D Therelore, biomaterials research was mostly centered on in vitro testing of these materi-
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als under conditicns that simulated the biological environment, in vitro, E4EWEIEH.
BEEL. ElL, EMMNRRASEPEERS R E LG T MBS,

@ One area covered is the biological response to synthetic materials, including specific
mechanisms involved in osteoblast response to implant surfaces. the biological response
to synthetic materials, M E&RHHMERERN. SHFY., Kb IHAEHES &
W BB RN, RIS R A AR X AR R MR R,

Exercises

1. Question for discussion
(1) Briefly state the deveclopment of biomaterials research.
(2} What are the main purposes of biomaterials research?
(3) Which new areas are covered in the field of biomaterials?

2. Translate the following into Chinese

biomaterials cell biology
biodegradable substrate pathologist
molecular biomaterials implant-tissue interface

* With only very few exceptions, biomaterials were synthetic and intended to be per-
manent implants that substituted for structure and/or function in diseased or trauma-
tized tissues,

The field of biomaterials has also grown and evolved in its capacity to study the mo-
lecular biology and cell biology of the implant-tissue interface.

The surgical introduction of synthetic materials in living tissues elicits the expected
inflammatory response, but depending on material composition, chemical degrada-
tion, surface texture, and other factors, a continuum of other responses can be ob-
served,

Specific systems such as phospholipid strategies for biominerlization, photopoiymer-
izable biomaterials, materials for gene delivery, and self-asssembling polymer mem-
branes and colloids have also been studying by scientists

3. Translate the following into English

L EHARES
A3 L RIER A AR
SRR Gk b
2 Y T

Reading Material

Bioactive Alternative Materials

During the last decade considerable attention has been directed towards the use of im-
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plants with bioactive fixation, where bioactive fixation is defined as interfacial bonding of an
implant to tissue by means of formation of z biologically active hydroxyapatite layer on the
implant surface. An important advantage of bioactive fixation is that a bicactive bond forms
at the implant-bone interface with a strength equal to or greater than bone after 3 ~ 6
months,

Materials for clinical use can be classified into 3 categories; resorbable, bioactive and
nearly inert materials. A bicactive material is defined as a material that elicits a specific hio-
logical response at the interface of the material, which results in a formation of a band he-
tween the tissue and that material. The level of bioactivity of a specific material can be retat-
ed to the time taken for maore than 50% of the interface to bond to bone (#, )

Bioactivity index L= 100/t s (1>

Materials exhibiting an Is value greater than 8 (class A), e. g 4555 Bioglass, will
bond to both soft and hard tissue. Materials with an Iy value less than 8 (class B), but
greater than 0, e g. synthetic hydroxyapatite, will bond only to hard tissue. A bivactive
glass is one that undergoes surface dissolution in a physiological environment in order to form
a hydroxycarbonate apatite (HCA) layer. The larger the solubility of a bioactive glass, the

more pronounced is the effect of bone tissue growth,

Features of Class A Bioactive Materials

An important feature of Class A bioactive particuiates is that they are osteoproductive as
well as osteoronductive. In contrast, Class B bioactive materials exhibit only osteoconduc-
tivity, defined as the characteristic of bone growth and bonding along & surface. As indica-
ted in dense synthetic hydroxyapatite (HA) ceramic implants exhibit Class B bicactivity.
(steoproduction occurs when hone proliferates on the particulate surfaces of a mass due to
enhanced osteoblast activity. Enhanced proliferation and differentiation of osteoprogenitor
cells, stimulated by slow resorption of the Class A bioactive particles, are responsible for

osteoproducticn.

Is Bioactive Fixation the Solution?

During the last decade, it has been assumed that improved interfacial stability achieved
with biocactive fixation would improve implant survivability, Clinical trials have shown this
to often not be the case. Replacement of the roots of extracted teeth with dense HA ceramic
cones to preserve the edentulous alveclar ridge of denture wesrers resulted in generally less
than 5024 survivability at only five years. FEarly use of HA coated orthopaedic implants sel-
dom showed ten-year survivability greater than the 85% figure for cemented total hip pros-
theses, However, long-term success rates of bioactive HA coatings have improved during
the last decade due to greater control of the coating process. The survivability of HA-coated
femoral stems is now equivalent at ten years to cemented prostheses, It will take another
five years to know if survivability is superior when HA coatings are used,

Why is bioactive fixation not a panacea to implant survivability? There are three primary
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reasons; (1) metallic prostheses with a bioactive coating still have a mismatch in mechanical
properties with host bone, and therefore less than optimal biomechanical and bicelectric
spimuli, at the bonded interface, (2) the bicactive bonded interface is unable to remodel in
response to applied load, and (3) use of bioactive materials does not selve the problem of os-
teolysis due to wear debris generated from the polyethylene cups. Use of alumina-alumina
bearing surfaces eliminates most wear debris from total hip prostheses but increases the cost
of the prosthesis by 200% ~300%. For younger patients the cost is well invested. but for
the general population it often is considered to he too expensive.

Most biomaterials in use today and the prostheses made from the materials have evolved
from trial and error experiments, Optimal biochemical and biomechanical features that
match living tissues have not been achieved, so it also is not surprising that long-term im-

plant survivability has not been improved very much during the last 15 years.

Bioactive Gel-Glasses: A Regenerative Material?

The biological response to bioactive gel-glasses made from the CaO-P,Q,-Si(), system
provides recent evidence that bone regeneration is feasible. Low-temperature hydrolysis and
condensation reactions of tetraethoxysilane ( TEOS) and calcium and phosphorous alkoxide
precursors create a highly interconnected 3-D gel network composed of (Si0,)* " tetrahedra
bonded either to neighbouring silica tetrahedra via bridging oxygen (BO) bonds or by Si—
O-Ca or Si—0O—P non-bridging (NBQ) bonds. The 1~ 10 nm scale solid network that
comprises the gel is completely interpenetrated by pore liquid. The pore liquid consists of a
highly structured hydrated layer that has substantially different physical chemical properties
than free water and is more like the bound water contained within highly hydrated connective
tissues such as cartilage. Biological molecules can exchange with these hydrated layers inside
the pores of gel-glasses and maintain their conformation and biolagical activity, Many en-
zymes remain active within a hydrated gel matrix, and in some cases exhibit enhanced activi-
ty. Such hierarchical structures and behavicur go far beyond historically important bioinert
orthopaedic materials such as PMMA, ultrahigh molecular weight polyethylene, stainless
steel, Co-Cr and Ti-alloys towards matching the ultrastructure and molecular chemistry of
bone, An important factor for future research is that the structure and chemistry of binactive
gel-glasses can be tailored at a molecular level by varying either composition (such as Si(),
content) or thermal or environmental processing history, The compositional range for Class
A bioactive behaviour is considerabiy extended for the bioactive gel-glasses over Class A bio-
active glasses and glass-ceramics made by standard high-temperature melting or hot pressing.
Thus, gel-glasses offer several new degrees of freedom over the influence of cellular differ-
entiation and tissue proliferation, This enhanced biomolecular control will be vital in develo-
ping the matrices and scaffolds for engineering of tissues and for the in vivo regenerative al-
lograft stimulation of tissue repair.

Evidence of the regenerative capacity of bioactive gel-glasses is based on comparison of

the rates of proliferation of trabecular bone in a rabbit femoral defect model. Melt-derived
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Class A 4585 bioactive glass particles exhibit substantially greater rates of trabecular bone
growth and a greater final quantity of bone than Class B synthetic ITA ceramic or bioactive
glass-ceramic particles. The restored trabecular bone has a morphological structure equiva-
lent to the normal host bone after 6 weeks; however, the regenerated bone still contains
some of the larger (>890 micrometers) bioactive glass particles, Recent studies show that
use of bioactive gel-glass particles in the same animal model produces an even faster rate of
trabecular bone regeneration with no residual gel-glass particles. The gel-glass particles re-
sorb more rapidly during proliferation of trabecular bone. The mechanical quality of the re-
generated bone appears to be equivalent to that of the control sites. Thus, the eritena of
regencrative allograft cited above appear to have been met. Our challenge for the future is to
extend these findings to studies in compromised bones, with osteopenia and osteoporosis, to
apply the concept to humans with ageing bones and degenerative joint disease and to use the

results to design the 3 D architectures required for engineering of tissues,

Genetic Control by Bioactive Materials

We have now discovered the genes involved in phenotype expression and bone and joint
morphogenesis, and thus are on the way towards learning the correct combination of extra-
cellular and intracellular chemical concentration gradients, cellular attachment complexes
and other stimuli required to activate tissue regeneration in situ, Professor Julia Polak’s
group at the Imperial College Tissue Engineering Centre has recently shown that seven fami-
lies of genes are up-regulated and down-regulated by bicactive glass extracts during prolifera-
tion and differentiation of primary human osteoblasts in vitro. These findings should make it
possible to design a new generation of bicactive materials for regeneration of bone. The sig-
nificant new finding is that low levels of dissolution of the bioactive glass particles in the
physiological environment exert a genetic control over osteohlast cell cycle and rapid expres-
sion of genes that regulate osteogenesis and the production of growth factors.

Inverstigation have also shown that within 48 hours a group of genes was activated in-
cluding genes encoding nuclear transcription factors and patent growth factors. These re-
sults were obtained using cultures of human osteoblasts, obtained from excised femoral
heads of patients (50~70 years) undergoing totsl hip arthroplasy.

In particular, insulin-like growth factor (IGF) |, IGF-binding proteins and proteases
that cleave IGF-1I from their binding proteins were identified. The activation of numerous
early response genes and synthesis of growth factors was shown to maodniate the cell eycle re-
sponse of osteoblasts to the bicactive glasses and their ionic dissolution products, These re-
sults indicate that biocactive glasses enchance osteogenesis through a direct control over genes
that regulate cell cycle induction and progression. However, these molecular biology results
also confirm that the osteoprogenitor cells must be in a chemical environment suitable for
passing checkpoints in the cell eycle towards the synthesis and mitosis phases. Only a select
number of cells from a population are capable of dividing and becoming mature osteoblasts.

The others are switched into apoptosis. The number of progenitor cells capable of being
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stimulated by a bioactive medium decreases as a patient ages, These findings may account

for the time delay in formation of new bone in augmented sites,

Orthopaedic Clinical Use of Regenerative Bioactive Materials
Clinical application of the use of a regenerative biomaterial in orthopaedics is beginning.
In 1993, particulate hioactive glass, 4555 Bioglass was cleared in the USA for clinical use as
a bone graft material for the repair of periodontal ossecus defects. Since that time, numer-
ous oral and maxillofacial clinical studies have been conducted tc expand the material indica-
tion. More thar 2 000 000 reconstructive surgeries in the jaw have been performed with the
material. The same material has been used by several orthopaedic surgeons to fill a variety
of osseous defects and for clinical use in orthopaedics, such as Nova Bone, which is now ap-

proved for clinical use in Europe.

(Selceeted from Material Science and Technology. by ). R. Jones and
[.. L. Hench, 2001)

New Words and Expressions

hydroxyapatite [hai'droksil'epotait] ». BBEKG
proliferate [prau'lifareit] <. L #
edentulous [i'dentjules] a. BRt§HY

alveolar [el'viala] a. M

denture ['dentfa] 2. —BIBF, — B F 5

hip [hip] =

panacea [,p&na'sia] n A EEZ

host [haust »n S8, XK

optimal ['optimal] a. Ry, BREEMN
tetraethoxy [itetrsi'@oksi] a. JIFREEHY
tetraethoxysilane [ itetrai'@oksi'silein] » PNZ MR
alkoxide [al'koksaid] n. BEEL; o LEE M
hydrate ['haidreit] ». SEAY; v SKkikE
cartilage {'ka:tilidz] n. ®E

enzyme ['enzaim] n. K

hierarchical [/haia'rakiksl] a. FEHK

inert [i'nait] @ GIEEHEY, tMEm0, R
polyethylene [\poli‘edilin] XRZ %

ultrastructure ['altro'straktfs] «. @BRLEH, T B R
proliferation [proulifs'reifon] = B, P&
regenerative [ ri'dzenareitiv] o. FH4R

allograft ['slagradt] » R#HRESEHE, REZE
morphological [imofa'lodzikal] a. EA2EEY
resorb [ri'sob] o PR, H#
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degenerative [di'dzensrativ] a. iB#FH, BIELK, THEH
phenotype ['finotaip] n FE, HFHFRIERHPGE -Gy
intracellular [ intra'seliwle] «. ZHIAAY

excise [ek'saiz] n &wu, PR

femoral ['femaral] o. HEEGY, KMEH, KHEHN, B3KE
arthroplasy ['a@rouplesi] a. FEFH, MEYH, BEFEFN
progenitor [prou'dzenita] ». i, EIE. WG

orthopaedics [.0@ou'pidiks] #» BEIE, BEAL
periodontal _\perisu'dontal] a. FEEIMN, T
osseous [losies] «. EHY. BIEM

maxillofacial [ meeksilau'feifsl] . FEAER

Notes

@ A bioactive material is defined as a material that elicits a specific biological response at the
interface of the material, which results in a formation of a bond between the tissue and
that material. bioactive material, 4 #y1% ¥ bF %), BEFN. EYFHHER MEE
MHRESI BRI ETERBASE, TEEDARSHE L B R—HEo 8

@ Most biomaterials in use today and the prostheses made from the materials have evolved
from trial and error experiments. trial and error, REER, FE#EE; evolve from,
B L. BEEFX. HAMRAT K ER A YR LR B X RS Y
B, MRELIRELRKEH.

(D Optimal biochemical and biomechanical features that match living tissues have not been
achieved,. .. Biochemical feature, 4 ¥j{b25#k . living tissue, 237448,

@ The pore liquid consists of a highly structured hydrated layer that has substantially differ-
ent physical chemical properties than free water and js more like the bound water con-
tained within highly hydrated connective tissues such as cartilage, pore liquid, 7B HK
& physical chemical properties, 450 {} 3% £ ¥ | YL ¥ R physical chemistry; free
water, ABK, 5 bound water HXf 57,

@ Inverstigation have also shown that within 48 hours a group of genes was activated inclu-
ding genes encoding nuclear transcription factors and potent grawth factors. a group of
genes, —# BN ; be activated ZEWAL R “B I, “IE4E” FEE; transcription,
. #4: nuclear transcription factors, B #HE T genetic transeription, HEEF;
potent growth factor, HEKEBEF.

® Only a select number of cells from a population are capable of dividing and becoming ma-
ture osteoblasts. FRAFLL “Only” Fk, 3Ri8EiE, a select number of cells, ™R Bk
EHENET (—8) 4,



Unit 25 Design of Novel Functional Biomaterials

Important advances have recently been made in the development of hiomimetic materials
that are capable of interacting specifically with their hinlogical environment. This interaction
has been accomplished by harnessing rthe principles involved in hiological recognition hetween
protein and proteoglycan receptors on cell surfaces with other biological malecules normally
present in the extracellular matrix (ECM), on another cell, or in so.ution, These hiologi-
cally active materials can play a pivotal role in tissue engineering hy allowing initially cell-free
materials 10 elicit cellular infiltration within an implanted material and to direct the formation
of new tissues within the material at the local implant site, Ir this approach, the implanted
materials function both as a mechanical scaffold for tissue regeneration and as a pharmacolog-
ical agent that alters the course of regeneration via the transmission of biclogical signals to
cells in the surrounding tissue,

Fox example, biomimetic materials can be used to enhance peripheral nerve regenera-
tion, Synthetic nerve guidance tubes have been used for decades as & mechanical means to
reconnect the ends of a severed nerve. However, simply providing & physical connection be-
tween the ends of a severed nerve is not sufficient to induce nerve regeneration across a criti-
cal size defect. Tn order for successful nerve regeneration to occur, a tissue-engineercd scaf-
fold must be provided that supplies not only the mechanical support for regenerating :iixons
and protection against the ingrowth of scar tissue, but it must also supply direction cues to
guide the regenerating nerve back to the appropriate targets of innervation and survival fac-
tors to prevent neuronal death during regeneration. Guidance signals in the form of adhesion
factors can be incorporated into biomimetic materials 16 enhance migration on or through the
material toward the proper target. In addition, survival and differentiation factors can be
covalently or non-covalently incorporated into biomaterials to create delivery systems to mod
ify cellular response during tissue regeneration.

Biological recognition of materials can take several forms. Incorporation of biomimetie
adhesion sites for the case of nerve regeneration can he used to promote cell adhesion and mi-
gration on or within bioactive materials. The incorporation and controlled release of growth
factors is a second approach for controlling biological recognition within materials. Incorpa-
ration of DNA into bioactive materials provides an additional method for controlling cellular
response, Furthermore, material transformation can be designed to occur in IESponse 10 an
external stimuius, such as light, temperature, or chemical composition. And at last. mi-

crofabricated biomaterials is a new class of biomimetic materials.

Incorporation of Biomimetic Adhesion Signals

Biomaterials can be endowed with biological activity through the incorporation of adhe-
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sion-promoting oligopeptides, In vivo, cell recognition of traditional biomaterials, such as
polytetrafluorcethylene, silicone rubber, or polyethylene, occurs indirectly, Proteins irom
body fluids adsorb nenspecifically onto the surfaces of these materials, and some of the pro-
teins adsorbed, including fibronectin, vitronectin, and fibrinogen, promote the adhesion of
cells via cell-surface adhesion receptors for these proteins. Preventing the nonspecific adhe
sion of proteins on the material surface and incorporating cell-type-specific adhesion-promo-
ting peptides allows more direct control of cell adhesion on biomaterials.

The incorporation of adhesion-promoting peptides into biomaterial surfaces has heen
studied extensively. These peptides are short primary sequences taken from the receptor-
binding domains of adhesion proteins such as laminine and fibronectin. The most commonly
studied adhesion peptide is the tri-peptide sequence, RGD. Now, RGD has been used ex-
tensively to render surfaces and materials biologically active, The advantages of using small
peptides rather than whole proteins are that they are relatively inexpensive to make and easy
to purify; whereas whole adhesion proteins, such as fibronectin or laminin. are expensive

and often not available in a clinically acceptable form.

Biomaterials for Drug Delivery

Polypeptide growth factors are powerful regulators of biological function. They modu-
late many cellular functions including migration, proliferation, differentiation, and surviv-
al. Incorporation of growth factors is an additional approach for rendering biomaterials bio-
logically active. However, the biological activity of growth factors is dependent not only on
their presence in solution, but also on their interactions with the ECM, For example, some
growth factors are most effective when release occurs over a prolonged period of time,
whereas others are more effective when delivered in a bolus; some factors are active while
tethered to a material, whereas others are only active when they have been released from the
material and are internalized into a cell. These differences may result from the different
pathways that are used to transduce signals from a particular growth factor and how its re-
ceptors traffic and are recycled within the cell. All these differences between growth factors
must be taken into account when designing a delivery system to be incorporated into a bioma-
terial, and they often play an important role in selecting what kind of delivery system should

be used.

Biomaterials for Gene Delivery

The immobilization of DNA is another method for incorporating biological signals into
biomimetic materials. Typically, plasmid DNA is presented on or within 2 biomaterial to
enhance the efficiency of its uptake and limit expression of the protein encoded for by the
plasmid to the target tissue of interest. DNA incorporation provides an additional degree of
control in manipulating the cellular response during tissue repair and regeneration. For ex-

ample, DNA delivery can be used to express proteins that typically act primarily as an extra-
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cellular compenent in a signaling cascade, such as growth factors. By incorporating the
DNA into the biomaterial, its release {rom the material and uptake by cell can be regulated

through modifications to the material.

In Situ Transformation of Materials

An important fezture for functional biomaterials is that active material transformation
from onc state to another, i.e., from liquid precursor to solid material, can occur in the
presence of biological systems. Material transformation can be designed to occur in response
to an external stirmulus, such as light, temperature, or chemical composition. Materials
capable of such in situ transformation are attractive becayse they enable new minimally inva-
sive surgical procedures, such as the closure of internal incisions by the injection of a binac-
tive surgical sealant.

One type of material transformation that can be used to modulate the biological activity
of materials is the swelling or collapse of materials in response to environmental stimuli. By
designing materials that exhibit lower or upper critical solution behavior, gels can be formed
at temperature greater than critical temperature of the material, These types of transitions
can be exploited to develep materials that are liquid at room temperature, but upon injection
undergo a transition and form nonflowing solids at physioiogical temperature. In addition.
drug-containing biomaterials can be developed that do not release drug until they reach the

target tissue for delivery, at which time a shift in the biological environment triggers release.

Microfabricated Devices

Anather approach for creating biologically active materials is the use of microfabrication
technigues to design materials, These materials can have features whose size 1s the same or-
der of magnitude as a cell diameter, and by using techniques that can be controlled on the
micron scale, the cell-sized features created on or within materials can be much more com-
plex in nature because of the enhanced degree of control in the fabrication. For example,
microchip devices can be fabricated to contain biologically active feature, or features that can
become biologically active in response to an external stimulus, such as pulsatile electric
fields. Micofabrication techniques can also be applied to develop complex tissue-engineered
scaffolds with elaborate features the size of a cell.

In summary, the development of modern biomaterials requires that the materials de-
signed are not only bio-inert but also that they interact with and even respond 1o their biolog -
ical environment. Bioactive materials must be able to provide biologically active signals that
can indicate cell adhesion, migration, proliferation, differentiation, or even apoptosis.
Through this type of communication, the materials can share their messages with the sur-
rounding biological environment; for example by providing a morphogenetic signal to pro-
mote tissue regeneration. Bicactive materials that are designed to respond to stimuli can also
respond to biological activity around them: for example by releasing a drug or degrading in

response to a cellular stimulus. The ability of biomaterials to sense biological demand or
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changes in their environment 1s critical in the development of “intelligent biomaterials™ for

the future,
(Selected from Functional Biomaterials: Design o f Novel biomaterials,

by SE Sakiyama-Elbert and JA Hubbeil, 2001)

New Words and Expressions

proteogiycan [iproutia'glaiken] n. BA RS, EALH

pivotal ['pivetl] «. WHEIE), DM, X@RE

pharmacological [ famake'lodzik] a. FHHZH, HPYF¥ M

peripheral [pa'riferal] a. FRB, SFEK, (M2 KHE M

axon ['mkson] n. (MR BHE. BZ (B

innervation [iina'veifen] n. #MBA4E, WEIE, MENEEH (a8
neuronal ['njusrenal] a. WM, M 8K

neuronal ensemble MWHRLEL

fibrinogen [fai'brinadzon] »n. HFHEHE

peptide [ 'peptaid] n. 45EE. Bk

laminine ['leminin] » BREM, N=HEHE®R AT

tether [‘'teda] = FH, BRIE; . RE., EH

transduce [trens'djus] » H# (g8, FE5%)

plasmid ['plezmid] ». F. JFiE

cascade [kes'keid] n. B&

situs ['saitas] = [sing., pl ] 8 (ABSEYBETLRNELE, &
incision [in'sizen] n. ¥, YIF, YO

sealant ['silont] =» EHH, BT, ST

Notes

@ In this approach, the implanted materials function hoth as a mechanical scaffold for tissue
regeneration and as a pharmacological agent. ... function as, FBe-+ ., BYT serve

as B act as, as FNiA, HEBE W 0 both... and... EENEIE, T3 A me

chanical scaffold # a pharmacological agent,

@ An important feature for functional biomaterials is that active material transformation
from one state to another, i.e., from liquid precursor to solid material, can occur in the
presence of biological systems. from liquid precursor to solid material, M JE 3K ¥ 7 i 5
R EERRL, EHE precursor MMBEFWEBE. %£F/. B, 5350, L wH
B —TEEERL, REPERS, TEELWEHHNE—FHREE S —RRAN
FAMBR, B0 TR AR A 8 A R B A R

Exercises

1. Cluestion for discussion

(1) How many and which approaches can we use to control biological recognition within
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materials?

(2) What preconditions does the development of modern biomaterials depend on?

2. Translate the following into Chinese

functional biomaterials material transformation
drug delivery biornirnetic materials
bioactive surgical sealant microfabrication technique

Biological recognition of materials can take several forms. Incorporation of biomime-
tic adhesion sites for the case of nerve regeneration can be used to promote cell adhe-
sion and migration on or within bicactive materials. The incorporation and controlled
release of growth factors is a second approach for controlling biological recognition
within materials. Incorporation of DNA into bioactive materials provides av addition-
al method for controlling cellular response, Furthermore, material transformation
can be designed to occur in response to an external stimulus, such as light, tempera-
ture, or chemical composition, And at last, microfabricated biomaterials is a new
class of biomimetic materials.

The ability of biomaterials to sense biological demand or changes in their environment

is critical in the development of “intelligent biomaterials” for the future.

3. Translate the following into English

ERR B &

LMK HoBR

ERETF i 5+ 18 7%
Reading Material

Functional Biomaterials: Active Material Transformation

Functional biomaterials must be capable of undergoing an active material transformation

from one state to another in the presence of biological systems. This ability to transform

from an injectable state to a solid state is highly beneficial for use in minimally invasive surgi-

cal procedures. The material transformation can be designed to occur in response to an ex-

ternal stimulus, such as light, temperature, or chemical composition.

Artificial-Protein Materials

One approach to developing materials that can undergo transformation while in contact

with a biological system is to borrow from nature itself. Many biological protein assemble in

multimeric structures bases on a class of proteins, which are found in many proteins. con-

trol the assembly of intracellular regulatory proteins such as Jun, a transcription factor that

is only active in the dimeric state. Coiled-coil structures, such as the leucine zipper. have
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been studied extensively. Several researchers have utilized the knowledge derived from these
studies to develop materials that assemble based on coiled-coil protein interactions. These
materials often undergo a transition in response to either temperature or pH changes.

Coiled-Coil Self-Assembling Materials: Artificial protein polymers are developed that un-
dergo reversible gelation in response to changes in pll ar temperature, These protein con-
tained a central water-soluble polyelectrolyte segment, consisting of the tri-peptide sequence
(PF(3),, and terminal leucine zipper domains flank this central domain on either end. These
terminal leucine zipper domains undergo a transformation near neutral pH that results in the
formation of 2 three-dimensional network owing to coil aggregation. This transition is re-
versible, and at higher pHs the coiled-coil aggregates dissociate, resulting in dissclution of
the network, These materials may be useful for cell encapsulation or drug delivery applica-
tions,

Scientists have developed a stimulus-sensitive hybrid hydrogel that is assembled from
water-soluble synthetic polymers and proteins containing coiled-coil protein-iolding motifs,
which swell or shrink in response to environmental stimuli. These hydrogels undergo a re-
versible, temperature-induced collapse owing to the eooperative conformational transition of
the coiled-coil protein domain. The synthetic polymer component is made up of a liner hy-
drophilic copolymer of N-(2-hydroxylpropy) -methacrylamide (HPMA) and a metal chela-
ting monomer N-{ N'-N’-dicarboxymethylaminopropyl) methacrylamide (DAMA) with
pendant iminodiacetate (IDA) groups that serve as metal chelating ligands, The IDA groups
formed a complex with Ni**, and these complexes can bind to terminal histidine residues
(His tag) of the protein component of the hydrogels Hydrogels were formed by mixing the
chelating copolymers of HPMA charged with Ni** and the coiled-coil proteins. Homogene-
ous films of these materials were formed by drying the mixture on Teflon sheets. The dried
films were tehydrated and under physiological conditions were stable for at least 24 h.
whereas control films lacking polymer, Ni**, or coiled-coil protein dissolved upon hydra-
tion. When heated to 70°C the gels underwent a sudden collapse to 10% of the equilibrium
volume at 25°C. Because of the mild conditions under which these hydrogels are formed,
they may be excellent candidates for the delivery of protein drugs. In addition, the proper-
ties of the materials can be varied by tailoring the transition temperature of the coiled-coil do-
mains,

Elastin-Based Materials: Another approach to materials design that can be derived from
nature is to mimic the structure of naturally occurring proteins to obtain artificial protein pol-
ymers with similar mechanical properties. The most commonly mimicked protein is elastin,
which has a short-repeating sequence, GVGVP, that can endow artificial protein with sec-
ondary structure and mechanical properties similar to those of elastin.

At present, materials scientists have developed protein-bhased polymers that mimic the
GVGVP repeats found in elastin, These elastin-like proteins can also be cross-inked
through the use of gamma irradiation or. If lysine residues are included in the polymer back-

bone, lysyl oxidase can be used to cross-link the fibers, Such materials may be useful for
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soft tissue augmentation,

Scientists have also developed protein polymers that mimic silk and elastin consisting of
GAGAGS and GVGVP repeats, which undergo liquid-to-solid phase transitions in agueous
solution. These protein polymer gels can be used for the delivery of proteins or other high-
molecular-weight drugs, without significant reduction of protein activity. The phase transi-
tion by which the gels are formed can be controlled by varying the number of silk versus elas-
tin domains, as well as by varying the polymer concentration in solution to alter the gelation
temperature and gel time, In addition, this transformation from liguid to solid requires no
additional cross-linking agents, which are often toxic and cannot be used for in situ cross-
linking.

Setf-Assembling Peptide-Based Systems: Biomaterials researchers have developed materials
that form self-assembling matrices based in ionic se.f-complementary oligopeptides, These
oligopeptides self-assemble under physiological conditions to form three-dimensional tissue-
engineered matrices capable of supporting cell adhesion. The study on the mechanical prop-
erties of matrices found that the elastic modulus increased with increasing peptide concentra-

tion in the matrices.

Synthetic Materials

Much research in biomaterials has focused on the design and development of synthetic
materials that can undergo transitions in the presence of biological systems. These phase
transitions must oceur under conditions that do not cause significant damage 1o the surround-
ing tissue, but the transitions must also be controliable, for example, so that the precursor
material does not become a solid prior to injection. However, because synthetic material de-
sign is not constrained by the building blocks supplied by nature, there are more possibilities
for material chemistries that will allow activation of material transformation in the presence
of biological systems. For example, light can be used in combination with a photo-initiator
to trigger material transformation, or material transformation can be triggered by the mixing
of two reactive liquids. In addition, transformation stimuli used for artificial protein materi-
als, such as temperature or pH changes, can also be used for the development of hiological-
ly active synthetic materials.

Photopolymerized Materials: Synthetic materials that can undergo phase transitions in
contact with biological systems have a great potential for use in surgery, for example, as
adhesives, sealants, and barriers to cell-tissue adhesion, Polyethylene glycol (PEG) -based
materials have been developed that contain a central PEG block with oligo (lactic arid) fian-
king blacks and terminal acrylates. The PEG block provides water solubility and enhances
the biocompatibility for use in polymerization. These polymers can be rapidly transformed
tnto hydrogels by exposure to light in the presence of suitable photo-initiators, such as eosin
yellowish. These materials can also be used to block platelet adhesion following balloon an-
gioplasty to prevent restenosis or to prevent scar tissue adhesions formation after gynecologi-

cal surgery.
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Temperature-Indoced Gelation: Temperature-induced material transformation is one of
the most widely used methods for the development of biologically active materials. Secientists
have extensively studied polymers that exhibit phase transitions in response to stimuli such
as a change in pH or temperature; and develaped pH-sensitive hydrogels based on the incor-
poration of poly (acrylic acid) (PAAc) into temperature-sensitive polymers. These polys
undergo phase separation in response to changes in temperature and pH in a manner similar
to individual polymers. These materials can be used as reversible cell culture substrates up-
on which cell monolayer or multiplayer can be cultured, and then after material transforma-
tion, these cell layers can be released in the form of intact sheets for subsequent transplanta-
tion, These materials can also be used to block a ligand-binding site on proteins in thermally
controlled manner, by utilizing the transformation of an extended chain to a collapsed chain
to block binding above a given temperature,

Mulitifunctional Reactive Polymers: Another approach to developing materials that can
undergo transformation in the presence of biological molecules is mixing two solutions when
reacted will form elastic gels. This approach can be applied in a manner similar to the clinical
use of fibrin glue kits, in which two species react rapidly upon mixing to form three-dimen-
sional networks in vivo, For example, an ester-containing, amine-reactive PEG derivative
is synthesized and reacted with a branched PEG multiamine to form a hydrogel. Proteins can
be incorporated into the gel during polymerization, either by physical entrapment of the pro-
tein within the network or by covalently coupling the protein to the hydrogel via a free amine
group on the protein. These hydrogels degrade via hydrolysis of the ester linkages to release
protein and low-molecular-weight Peg derivatives that can be cleared from the hody.

Additionally, developing implantable biomimetic materials that incorporate growth fac-
tors, developing materials for the oral delivery of proteins such as insulin is another possibil-
ity. By taking advantage of the changes in the chemical environment in the gastrointestinal
tract, matcrials can be developed that undergo a transition as they pass from the low pH en-
vironment of the stomach to the higher pH environment of the intestine.

In conclusion, the field of biomaterials has recently been focused on the design of intel-
ligent materials. Toward this goal, materials have been developed that can provide specific
bicactive function to control the biological envivonment around them duting the process of
materials integration and wound healing. In addition. materials have been developed that
can respond to changes in their environment, such as a change in pH or cell-associated enzy-
matic activity, In designing such novel biomaterials, scientists have sought not merely to
create bio-inert materials, but rather materials that can respond to the ceflular environment
around them to improve device integration and tissue regeneration,

(Selected from Functional Biomaterials: Design o f Novel biomaterials,
by SE Sakiyama-Elbert and JA Hubbell, 2001)

New Words and Expressions

injectable [in'dgekieibl] s M HEHM: o ATIESHH
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dimeric [dai'merik] . Z®8&), 4o TH, “EHH
Cintracellular [intra'seljula] «. RN

leucine ['luisim] = BEEE. A#HAE

zip lLzipl n PrEE, g

coiled-coil n LR, BEFIRS. HEE

gelation [dzi'leifon] =n. Ghek, B

terminal ['taminl] n B, B4, EAN: o KB, WA
dissociate [di'seufieit] v 42, ¥, 453
hydrophilic [ihaidrau'filik] a. FXKH, BAKH

chelate ['kidleit] n. EBiH; . AN, BES4H
pendant ['pendont] = FTH. Fif, T EY

histidine ['histidiin] ». #E&, HAUTEH

rehydrate [ri'haidreit] » HFHil. BixL

hydration [hai'dreifon] = KX4&, K&

elastin [i'lestin] n WHEEH

mimic ['mimik] «. BEHE; HEN

adhsion [ad'himen] n. FEF, HE, HiE

eosin ['iwsin] n. BBLL (RRFRE. #4OEARED
platelet ['pleitlit] ». /MR, P&, /DI

restenosis [ risti'nousis] n (OB FRGH) BkS
gynecological [,gainiks'lodziksl] a. HHE%H
monolayer [imonau'lels] n. BE

viva ['vivou] n &

amine ['semim| #n [

ester-containing <. S RERY

mimetic [mi'metik] a. BHE, FEHE: BIAK; LB
gastrointestinal [ geestrouin'testinl] «. B 5B

Notes

@ These materials often undergo a transition in response to either temperature or pH chan-
ges. in response to, Xf---fEHEE, W, RN, BEHF L. SRS EGHER
B oH HASOEE LW, RAEMNESE,

@ The study on the mechanical properties of matrices found that the elastic modulus in-
creased with increasing peptide concentration in the matrices. BEF X, EFWH %5
HEHERER, HEEEEEE A DS Mk s,

@ Synthetic materials that can undergo phase transitions in contact with biological systems
have a great potential for use in surgery.... undergo phase transitions, £ FF#%4,; in
contact with, -« Hat, RIFHKE: have a great potential for (use), H#& B K Y
(REFB) Bk,



Unit 26 Typical Applications of Biocomposites.
Soft Tissue Applications

Many different types of implants are used in the surgery to correct soft tissue deformi-
ties or defects which can be congenital, developmental, or acquired defects, the last catego-
ry usually being secondary to trauma or tumor excision. Depending on the intended applica-
tion, the sofi tissue implants perform various functions; fill the space from some defect; en-
close, store, isolate, or transport something in the body; and mechanical support or ser-

ving as a scaffold for tissue growth,

Bulk Space Fillers

Bulk space fillers are used to restore cosmetic defects, atrophy, or hypoplasty to an
aesthetically satisfactory condition. They are mastly used in the head and neck. The materi-
als used in these applications include SR (silicone rubber), PE (polyethylene), and PTFE
(polytetrafluoroethylene). The space-fillers are also investigated for the replacement of ar-
ticular cartilage in the case of its deterioration by osteoarthritis. Articular cartilage, 1~ 2
mm thick, covers the opposing bony surfaces of typical synovial joints. The cartilage pro-
vides a means of absrobing force and provides low-friction bearing surfaces for joints. The
cartilage replacement material must be hydrophilic with controlled water content, must have
sufficient strength, and should be very smooth, Polymers such as SR and PTFE are PrO-
posed to fill the defects in the articular surfaces ar to replace meniscus or fibrous tissues fol-
lowing the condylar shave or high condylectomy in the treatment of painful arthritis and to
restore normal joint function, Composites comprising PET (polyethylenetereph-thalate} or
PTFE fabrics and PU are more suitable for this purpose, as they are found to reduce the car-
tilage degeneration following the meniscectomy. At the same time, woven carbon fiber fab-
rics and their composites can be clinicaliy used for the treatment of cartilage defects. No in-
flammatory change or deterioration in joint damage was reported, indicating the usefulness
of the prostheses. Further improvements in the composite materials in terms of retaining the

shape of the implant could further improve the joint biomechanics.

Encapsulants and Carriers

Wound Dressing: Burn victims are often treated with skin dressings. In order to con-
form to irregular surfaces, the skin dressing must be elastic and flexible. There are two op-
posite requirements for skin dressing to meet: it should prevent loss of fluids, electrolyles
and other biomoiecules from the wound and obstruct bacterial entry, but it should alsoc be

permeable enough to allow the passage of discharge through pores or cuts. In addition it
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should be able to adhere to the wound surface, and easy to peel from the skin without dis-
turbing new tissue growth, Woven fabrics or porous layers of resorbable polymers such as
collagen, chitin, and PLLLA [ poly {[.-lactic acid) } are used in many skin dressings. In hy-
brid skin dressings, synthetic polymers and cultured cells are combined to form vital/avital
composites, They are desigred to initiate, accelerate and control the natural skin repair
process. Until now there is no synthetic material that can meet all the requirements of a skin
substitute exactly,

Ureter Prosthesis; Ureter prostheses made of PVC (pilyvinylchloride). PE, nylon,
PTFE, and SR were used without much long-term success. They were not very successful
because of the dilficulty of joining a fluid-right prosthesis to the living system. In addition,
constant danger of microbial infection and blockage of passage hy calcification deposits from
urine have proven to be difficult to overcome. Polyester fiber reinforced glycol methacrylate
gel prostheses with a fabric backing was reported to be successful, The fabric backing facili-
tated easy attachment of prosthesis firmly on to the mucous membrane without irritation.
and the hydrophilic nature of the gel helped to maintain a clesr inner space. Similar solution
was proposed for the replacement of portions of intestinal wall. There is a need to develop
new materials with improved surface properties of minimal microbial adhesion, low friction.
and control of cell and protein adsorption.

Catheters: Catheters (tubes) are increasingly used to access remote regions of the human
body to administer fluids (¢ g. nutrients, isotonic saline, glucose, medications, biood and
bloed products) as well as to obtain data (e, g, artery pressure, gases. collecting hicod sam-
ples for analysis). PU (polyurethane) and SR are widely used materials for making catheters
because of their flexibility and ease of fabrication in to variety of sizes and lengths in order to
accommodate the wide range of vessels to be cannulated. Since catheter interfaces with
blood, it is important that its design and material properties ensure blood compatibility,
nonthrombogenicity, and inhibit infection. An ideal vascular catheter also must be flexible
enough to allow vein and patient movement without becoming extravascular and damaging
both the vessel and the surrounding structures. Catheters that are mitially supple may be-
come brittle over time, resulting in vascular wall damage. Newer designs consists of poly-
mers (PU, and PVC) reinforced with braided Nitinol { Ni-Ti alloy) ribbons with the purpose
of making a catheter having an exceptionally thin wall, controlled stiffness, high resistance

to kinking, and complete recovery in vive from kinking situations.

Functional Load-carrying and Supporting Implants

Tendons and Ligaments: The use of biomaterials in tendon/ligament repair is one of the
most demanding applications of prostheses in soft tissues, A ligament or tendon prosthesis
should: a) possess the same flexibility as the natural tissue in order to bend around articula-
tions and assure the transmission of the force to the muscie always in the mode of a traction,
b) reproduce similar mechanical properties including J-shaped stress-strain behavior, large

extensibility without permanent deformation, and damping properties, and ¢) assure time
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invariance of the mechanical properties. Biomaterials are used in a number of ways in tendon
healing. They may be used to replace the tendon, to hold a damaged tendon in proper align-
ment, or to {orm a new sheath. In the last approach, a two-stage surgical procedure is fol-
lowed. In the first operation, the tendon is replaced by a gliding implant that facilitates the
formation of a new tendon sheath. In the second operation, a tendon graft replaces the gli-
ding implant inside the newly formed sheath,.

Vascular Grafts: Vascular Grafts are used to replace segments of the natural cardiovas-
cular system (mainly successiul in the case of blood vessels with lumen diameter of over 5
mm) that are diseased or blocked (atherosclerosis, deposits on the inner surface of the ves-
sels restricting the flow of blood and increasing bload pressure). A typical example is to re-
place a section of aorta where aneurysm has occurred. Another example is the arteries in the
legs of diabetic patients that have a tendency to be blocked. The composite graft is aniso-
tropic, and isocompliant with the natural artery, The matrix material is designed to resorb
in in vivo condition. At the time of implantation the impervious gralt prevents any loss of
blood. The resorption of matrix material during healing process will result in pores. The in-
growth of granulation tissue into pores provides a stable anchorage for the development of &
viable cellular lining. The optimum pore size of the outer and inner layers of the graft can be
designed to meet the exact needs of ingrowth and anchorage. The composite grafts are in the
clinical research phase and yet to be used clinically.

Others: Hernia is an irregular protrusion of tissue, organ, or a portion of an organ
through an abnormal break in the surrounding cavity’s muscular or connective tissue wall.
A number of materials such as nylon, PTFE, carbon. stainless steel, and tantalum in the
form of fabrics or meshes are used to repair hernias. The fabrics or meshes facilitate tissue
ingrowth thus providing stability to the prosthesis. Other suitable applications being cur-
rently investigated include tracheal prostheses (combined with stainless steel mesh or SR),
prosthetic sphincters for gastrointestinal tracts, and urethral prostheses.

Additionally, prostheses are also used for restoring the conductive hearing loss from
otosclerosis (a hereditary defect which involves a change in the bones of the middle ear).
Otology prostheses made of polymers namely PMMA (polymethylmethacrylate), PTFE,
PE, and SR, and CF {(glass fiber) /PTFE composites have been tried to replace defective
ossicles (three tiny bones of middle ear, malleus, incus, and stapes) Researchers are also
developing PE/PU flexible composite materials as tympanic membrane replacements. Tym-
panic membrane transmits sound vibrations to the inner ear through three auditory ossicles.

(Selected from Biocomposite Materials, by S Remakrishna and Z H Huang, 2003)
New Words and Expressions

congenital [kon'dzenitl] . K4E#M, EXHK. XEH
excision [ek'sizan] n 8%, MR VI (B
ostecarthritis [ ostiouar'Oraitis] » X H#
condylar ['kondila] & K
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chitin - ['kaitin] ». &E, #HE

ureter [jua'riite] n RE. HRFRE

intestinal [in'testinl] a. B&Y. BAK, (&K F£BY)
glucose ['glukaus] n FEEH

isotonic [Laisau'tonik] «. HHEAY, FTEHN, FM

artery [‘attari] », zEk., BE

catheser ['kefite] n. FEE. REY.,. 8%
thrombophlebitis | @rombaufli'baitis] ». Mm# (¥) #EKE
vascular ['veskjule® 4. WKEH, EHREH, IEFH
extravascular [ 'ekstre'vaskjula] HAMEIHE

sheath [[iB] »n H8, #E. §%

lumen {'lumind » #E GOERPLD; AR

aorta [ei';ta] n A

aneurysm [ 'mnjuerizom] gz FMKE

diabetic [idais'betik] a. BEERMEH: n BWERBHRE
compliant [ kam'plaiant] a. WME, SN

granulation [igreenju'leifon] ». MRACR, HRFFEE, HE
anchorage ['spkoridz] n. fEjHHEES, WML S

hernia ['hamie] = LS., BB

protrusion [pra'truzen] ». P, BH

cavity ['keeviti] n ., |G B

tantalum ['tentolom] n B (ZBAE), BE T, BETEFE T3
tracheal [tro'kinl] «. SEHM, FBH, FEEMN
urethral [jua'rifral] a. FREH

otology [au'tolad3i] n. H#E%

ossicle [‘osikl] =»n. /JE, MFE

malleus ['meelias] n. 8B

ineus ['igkes] =n. WE (FHE)

stapes [ 'steipizz] n BF
Notes

(U Many different types of implants are used in the surgery to correct soft tissue deformities
or defects which can be congenital, developmental, or acquired defects, the last category
usually being secondary to trauma or tumor excision. soft tissue deformities or defects,
FHARMEEMEE; congenital, FXPEM; acquired defects, JERBIGHERFEE: tumor. Y,

@ The materiais used in these applications include SR (silicone rubber}, PE ( polyethy-
lene), and PTFE (polytetrafluoroethylene). silicone rubber, i (41) B, HEEE;
polytetrafluorcethylene, RIUMZ . £%£iF X, AFRETENH B QEERSE.
RZEBHREAZSE.

@ They may be used to replace the tendon, 10 hold a damaged tendon in proper alignment,
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or to form a new sheath. be used to, B[ F. FIH%. 10 B9 SAHANAREREIE.
Bl to replace. to hold 1 to form,

@ A number of materials such as nylon, PTFE, carbon. stainless steel, and tantalum in
the form of fabrics or mestes are used to repair hernias, HE#E 3, M LHREWE R,
RUMZHE (PTFE), &, AESRMUAMREAGENS, $THTFEERE.

Exercises

1. Question for discussion
(1) Which biocomposites ean he used to replace skin? Why?
(2) Which composites can be functioned &s load-carrying or supporting materials?

2. Translate the following into Chinese

soft tissue silicone rubber

skin dressing Nitinol ribhon
calcification deposit stress-strain hehavior
blood compatibility articular cartilage
vascular graft cardiovascular system
blood pressure tendon healing

* Depending on the intended application, the soft tissue inplants perform various fune-

tions: fill the space from some defect; enclose, store, 1solate. or transport some-

thing in the body; and mechanical support or serving as a scaffold for tissue growth,

Burn victims are often treated with skin dressings. In order to conform to irregular

surfaces, the skin dressing must be elastic and flexible,

There is a need to develop new materials with improved surface properties of minimal

microbial adhesion, low friction, and control of cell and protein adsorption,

* Vascular grafts are used to replace segments of the natural cardiovascular system
(mainly successful in the case of blood vessels with lumen diameter of over 5 mm)
that are diseased or blocked (atherosclerosis. deposits on the inner surface of the

vessels restricting the flow of blood and increasing blood pressure).

Reading Material

Typical Applications of Biocomposites
Hard Tissue Applications

Many different biocomposites can be used in the surgery to correct hard tissue, Depen-
ding on the intended use, the hard tissue applications perform various functions: repair bone

fracture, replace joint or bone, and serve as a spine or dental instrumentation.

Bone Fracture Repair

Bone is an anisotropic material because jts properties are directionally dependent. it is
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generally weak in tension and shear, particularly along the longitudinal plane. Under exces-
sive loading or impact bone fractures, and there are many types of bone fractures depending
on the crack size, orientation, morphology. and location. Bone fractures are treated (ana-
tomic reduction) in different ways and they may be grouped into two types namely external
fixation and internal fixation,

In the external fixation approach the hone fragments are held in alignment through vari-
ous means such as splints, casts, braces, and external fixator systems. Casting materials
or platser bandages are used to form splints, casts or braces. The casting marerial essential-
ly is a composite made of woven cotton fabrics (woven gauze) and Plaster of Paris matrix
(calcium sulphate)., Other reinforcements include fabrics of glass and polyester fibers, Al-
though the plaster bandages have many advantages, they also have many disadvantages such
as messy application, heavy, bulky, low specific strength and modulus, low water resist-
ance, low fatigue strength, radiopaque, and long setting time ta hecome load bearing. Re
cently, casts made of glass or polyester fiber fabrics, and water activated polyurethanes are
gaining popularity. An ideal cast material should be easy to handle, light weight, conform-
able to anatomical shape, strong, stiff, water proof, radiolucent, and easy to remove.
More over it should be permeable to ventilation without which the patient”’s skin may be
scorched or weakened,

In the internal fixation appreach the bone fragments are held together by different ways
using implants such as wires, pins, screws, plates, and intramedullary nails, The conven-
tonal implants are made of stainless steel, Co-Cr, or Ti alloys. The surgeon based on his
experience and the type of fracture judges the bone fracture treatment method., Surgical
wires and pins are the simplest implants used 10 hold the small fragments of bones together,
For example wires are used to reattach the greater trochanter, which is often detached dur-
ing total hip joint replacement. They are also used to provide additional stability in long ob-
lique or spiral fractures of long bones (femur, humerus, radius, ulna, tibia, and fibula).
Most widely used bone screws are two types, cortical bone screws (with smaller threads),
and cancelious screws (with larger threads). They are used either to directly fasten bone
fragments together or to attach a plate to the fractured hone. However proper implant de-
sign and surgical technique must be utilized to ensure the desired bicmechanical outcome of
the fixation and to avoid additional tissue trauma and devascularization at the fracture site,
Fracture healing also would depend on the patient activities, as they determine the stable or
unstable mechasnical conditions at the fracture site. It may be noted that all these implants
are temporarily placed inside the body. After satisfactory healing of bone fracture, the im

plants may be removed based on the discretion of the surgeon,

Bone Replacement {Synthetic Bone Graft) Materials
Synthetic bone grafts are necessary to fill bone defects or to replace fractured bones.

The bone graft material must be sufficiently strong and stiff, and alse capable of bonding to
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the residual bones. PE is considered hiocompatible from its satisfactory usage in hip and
knee joint replacements for many vesrs. Stiffness and strength of PE are much lower than
those of the bone. For load bearing applications, properties of PE need to be enhanced. In
order to improve the mechanical properties some researchers reinforced PE (polyethylene)
using HA (hysroxyapatite) particles. which are bioactive. The resulting composite has an
elastic modulus of 1 ~8 GPa and strain to failure value of over 90% to 3% as the volume
fraction of HA increases to 50%. It was reported that for HA particulate volume {ractions
above 4034 the composite is brittle. Moreover the bicactivity of the composite is less than
optimal because the surface area of HA available is low and the rate of bone bonding of HA is
slow. Further work requires consideration of using more bioactive materials such as Bioglass
as reinforcements in PE. A typical composition of Bioglass is 45% SiQ., 6% P,(,, 24.5%
CaQ), 24.5% Na,(} by weight. The Bioglass reacts with physiological fluids and forms tena-
cious bond to hard or soft tissves through cellular activity. To increase the interface between
HA particles and the bone tissues, some researchers developed partially resorbable compos-
ites. They reinforced resorbable polymers such as PEG (polyethyleneglycold, PBT ( poly-
butylene terephthalate), PLLA [poly (I.-lactic acid)_, PHB (polyhydroxybutyrate), algi-
nate and gelatin with bioactive particles. Upon implantation, as the matrix polymer re-
sorbs, more and more bioactive particies come in contact with the growing tissues, thus
achieving good integration of the biomaterial into the hone. The wide range of material com-
binations offers the possibility of making composites with varicus desired properties such as

stiffness, strength, biodegradation, and bioactivity.

Joint Replacements

Joints enable the movement of body and its parts. Many joints in the body are synovial
types, which permit free movement. Hence, we are able 10 do various physical activities
such as walk, jog, run, jump, turn, bend, bow, stand, and sit in our daily life. Hip,
knee, shoulder, and elhow are few common examples of synovial joints. They all posses
two opposing articular surfaces, which are protected by a thin layer of articular cartilage and
lubricated by elastic-viscous synovial {luid. The ftuid is made of water, hyaluronic acid,
and high molecular weight mucopolysaccharides. The synovial fluid adheres to the cartilage
and upon loading can be permeated out onto the surface to reduce friction. The coefficient of
friction in a synovial joint is less than 0. 01, better than that of a skate blade on ice. Coordi-
nating the ligaments, tendons, and muscles performs the actual articulation of the juint.
Osteoarthritis is one of the common causes for joint degeneration and some times hypertroph-
ic changes in the bone and cartilage of joints in middle aged people. This is associated with
progressive wearing down of opposing joint surfaces with consequent distortion of joint posi-
tion, Joints also damage upon exposure to severe mechanical or metabolic injury., Over the
years a number of artificial joints are designed to replace or augment many joints in the body.
Unlike those used to treat bone fractures, the artificial joints are generally placed perma-

nently in the body, ‘The extensive bone and cartilage removed during implantation makes
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this procedure irreversible, Considering the extent of loading, complexity of joint function,
and severity of the physiological environment, joint replacement is one of the most deman-
ding of all the implant applications in the body. The most commonly used artificial joints are

total hip replacement ( THR} and total knee replacement ( TKR}.

Spine Instrumentation

‘The spine serves two distinct and apparently conflicting roles. First, it must provide a
strong, yet mobile, central axis onto which the appendicular skeleton is applied, Second,
it must protect the spinal cord and the roots of delicate nerves connecting the brain to the pe-
riphery. The proper blending of mobility, stability, and structural integrity is essential to
fuifill these goals simultaneously. The dual function is realized by a linked structure consis-
ting of 33 vertebrae superimposed on one another. The vertebrae are separated by fibrocarti-
laginous intervertehral discs (IVD) and are united by articular capsules and ligaments. The
IVD is a composite structure made up of a core, nucleus pulposus, surrounded by multilay-
ered fibers (90 concentric layers) of the annulus fibrosis. The orientation of annulus fibers
vary from 62 degree at the periphery to 45 degree in the vicinity of the nucleus, thus impar-
ting structurally graded architecture to the dise. The disc is covered on upper and lower sur-
faces by a thin layer of cartilaginous endplates, which contain perforations that allow the ex-
change of water, nutrients and products of metabolism. The main role of the disc is to act
as a shock absorber for the spine, te cushion adjacent vertebral segments. A number of
spine related disorders is identified over the years. Often reported spine disorders include
metastasis of vertebral body and disc, disc herniation, facet degeneration, stenosis, and
structural abnormalities such as kyphosis, scoliosis, and spondylolistheses. Often one dis-
order has cascading effect on the other, and primary causes of many spinal disorders remain
largely speculative. A variety of reasons including birth deformities. aging, tumorcus le-
sions ( metastasis ), and mechanical loads caused by sports and work. lead to spine
disorders.

In the case the defect is limited to few vertebrae alternative approaches, such as a) spi-
nal fusion and b) disc replacement, are used. These methods are used alone or in conibina-
tion depending on the patient condition and prognesis. In broader sense. spinal ‘usion
means surgical immobilization of joint between two vertebree. Various methods are em-
ployed in spinal fusion. One such approach is the surgical removal of the affected { portions
of) vertebrae and restore the defect using synthetic bone graft, as the autologous or homolo-
gous bone grafts are limited by risk of infection, shortage of donor bone sites (with risk of
AIDS and hepatitis in the case of autologous donors), and postoperative resorption and col-
lapse of the graft. Synthetic bone graft material must have adequate strength and stiffness,
also capable of bonding to the residual vertebrae. Another approach is to use special verte-
bral prostheses such as baskets, cages, and threaded inserts, which are made of metals or
bioceramics. They are designed such that tissues grow into the prostheses there by ensuring

rigid anchoring of protheses to the bane,
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The internal fixations require surgery and there are many types of instrumentation
(screws, plates, rods, and expanding jacks) available. Some cases, adjustable stainless
steel rod also known as Harrington spinal distraction rod 15 used to stabilize or straighien the
curvature, The rod is attached to the spinous process at two points and by adjusting the rod
length between the attachment points, the spine is straightened,

It may be noted that efficient fixation of spinal deformities is difficult. This is attributed
to the irregular shape of the vertebrae, and complex and large forces the prostheses need to
withstand, Most of the designs used in various spine instrumentations, and the criter:a that
have evolved are primarily based on general biologic and engineering principles. Unfortu-
nately, the specific mechanical and physical properties required for ideal spine instrumenta-
tion have not yet been defined. Until controlled clinical investigations provide these guide-

lines, many materials and designs must be evaluated in the laboratory.

Dental Applications

Dental treatment is one of the most frequent medical treatments performed upon human
beings. Dental treatment ranges from filling cavities (also called ‘dental caries’) to repla-
cing fractured or decaved teeth. A large variety of materials are used in the dental treatments
such as cavity lining, cavity filling, luting, endodontic, crown and bridge, prosthetic,
preventive, orthodontic, and periodontal treatment of teeth. These materials are also gen-
erally described as biomaterjals. The choice of material is dependent on its ability to resem-
ble the physical, mechanical and esthetic properties of natural tooth structure. For exam-
ple, dental composite resins, which are translucent with refractive index matching that of
the enamel, are very commonly used to restore posterior teeth as well as anterior teeth,
When the severely damaged teoth lacks the structure to adequately retain a filling or restora-
tion, often composite materials of dental post or cast dowel are used, And composites ( $iC/
carbon and CF/carbon) can be as dental implants for the damaged or condemned teeth, Ad-
ditionelly, orthodontic arch composite wires (approximately 0. Smm in diameter) are used to
correct the alignment of teeth,

(Selected from Biocomposite Materials, by S Remakrishna and Z H Huang, 2003)
New Words and Expressions

spine [spain] n. HE. ##, #8F

shear [fia] o By, #&8, B394

longitudinal [ilondzi'tjudinl] «. £EF#, HAHH
crack [krek] » 2%k; » (i) BN, i
morphology [ma:'foladzi] = A%, B
alignment [a'lainmant] n. B, 49

splint [splint] n, (SMPPRA) E#: v Mtk
gauze [goiz] n @

messy ['mesi] a. BOREHRT, BE.A0, ZE,
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radiolucent [ 'reidiou'ljuisent] a. SRV &K, FEREH A
permeable |'pamjebl] a. HEFEHR, fEETH
ventilation [iventi'leifon] = AR, M=
scorch [skat]] o S, WE:; n 5E, EH, $HHE
rigidity [ri'dsidiv] », 'RAH, WitE, @EE
intramedullary [ intra'medalari] «. EWH. SHEH
oblique [a'blik] «. {HEH. [RIHEM
femur ['fima} » KEEE. BY
humerus  [‘hjumares] = B EM., BEE
spiral ['spaiersl] 4. WREERH: n WENE
radius  ['reidias] » 8B, FEME. WMELL, HHE. RE
ulna ['alna] #n RE
tibia ['tibia] n BEH
fibula ['fibjula] n. HEE
cortical ['koikal] «. HER, KHEH, EXHERHK
trauma [ 'troma] n AE. R
discretion | dis'krefon] =n, ¥¥tH
tenacious [ti'meifas] «. MR
alginate ['aldzineit] =n. ¥EE; o WEEL
synovial [si'nouvial] «. WHE ., SHEWA, THEEM
lubricate [ 'ljutbrikeit] wo. 3. WHEEMN
resorh [ri'sob] » HBRI
resorbable [ri'satbabl] a. B EME 4 A9
hyaluronic acid % B §@
ligament ['ligoment] n. 1. P¥F
tendon ['tenden] n M
osteoarthritis [ (ostisua:'@raitis| n FEH L
metabolic [imeto'bolik] a. {CE{ERAAM . EBE{CHEY
irreversible [jiri'va:sabl] o. FAREMEIR), FARERIF G
periphery [pa'riferi] = 7R
cord [kod] n #E, HE
vertebra ['veitibra] »n HHE, BE
pulpous ['palpes] a. BERE, £ERY
annulus  ['enjules] ». HE
endplate ['endpleit] n. %
herniation [hani'eifon] =». AL
kyphosis [kai'fausis. n, BE3H
scoliosis [ skoli'ousis] = M0



204

spondylolisthesis [ ,spondilaulis'®isis] n. HHERTHE
cascade [kees'keid] »n BE&, RTERHIEKE

lesion ['lizsn] n ME, BELHHE

tumour [ 'guma] e MR, MY

autologous  [o:'tolages] a. BRI/, AEKREDH
donor ['douna] =n. 1§ A

rod rmd] n. ¥, 8
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endodontic [ienda'dontik] a. FHFH

preventive [ pri'ventiv] a. FBFHEM
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Notes

(D Bone is an anisotropic material because its properties are directionally dependent. aniso-
tropic, FRFAER. BHEX: BE—HEORSYHR, BAHSERETFHH,

@ Under excessive loading or impact bone fractures, and there are many types of bone frac-
tures depending on the crack size, orientation, morphology, and location. 4/ Under
excessive loading or impact 2 &R, bone fractures RE - TP EFERBIE. 4%
L. ERAFKRESHERL T, SRKEFH: BER-KA, Fa. BEARME, B H
HiFEFR,

& It may be noted that all these implants are temporarily placed inside the body. After sat-
isfactory healing of bone fracture, the implants may be removed .... B%iE. {H8
BHE, MAXMHEAHMBARERKBEAERN, YSERRLERS. HADTUM
PENEH e )

@ The bone graft material must be sufficiently strong and stiff, and also capable of bonding
to the residual bones, the residual bones RIEERX N E % (M ETRBY NS HE L
ERTHEL. 8. BHHVUBLRAATEBRNRENESE, HESEENE L
EEMG SR,

® Unlike those used to treat bone fractures, the artificial joints are generally placed perma-
nently in the body. those, f§f{RIHE 2 ¥4 bone graft material; treat, J4¥7., 2 :£iF
X: SHTFFHHERA,. ABEY —BRBA AR AKA,

® These methods are used alone or in combination depending on the patient condition and
prognosis. the patient condition and prognosis B H A MB BB R L4 2. £:5%
X RBERANEARERBHER, JLTETanER, tTEaRA.



Unit 27 Biomedical Materials for the New Millennium;
A Perspective on the Future

Devices and prostheses made from orthopaedic biomaterials ideally should survive with-
out failure for the lifetime of the patient. The challenge is that the lifetime of patients has
progressively increased during the last century and will continue to do so for many years to
come. Average life expectancy is currently at more than 80 years, an increase of more than
10 years since the 1960s, when Professor Sir John Charnley pioneered the use of low {riction
total hip replacement. There is a compound effect of increased patient lifetitne on the surviv-
ability of orthopaedic prostheses; many more patients need prostheses and the quality of
bone of the patients progressively deteriorates with age, especially for women after the men-
opause. The two effects are multiplicative and contribute to the continuing decline in implant
survivability with patient age,

There are two options to satisfy increasing needs for orthopaedic repair in the new mil-
lennium; (1) improve implant survivability by 10 to 20 vears; or (2) develop alternative
means of orthopaedic treatment that do not require implants, or at least delays the need for

prostheses by 10~20 years.

Alternatives for 20002020

Two alternative pathways of treatment of patients with chronic bone and joint defects
are now possible; (1) transplantation or (2) implantation. Harvesting the patient’s tissue
from a donor site and transplanting it te a host site, at times even maintaining blood supply,
has become a ‘gold standard’ for many orthopaedic procedures such as vertebral fusion and
revision surgery.

This type of tissue graft, called an autograft. has important limitations, especially
limited availability, second site morbidity, tendency towards resorption, and sometimes a
compromise in biomechanical properties. A partial solution to some of these limitations is
use of transplant tissue from a human donor, a homograft, either as a living transplant
(heart, heart-lung, kidney, liver, retina) or from cadavers (freeze-dried bone). Awvailabil-
ity lost, requirement for lifetime use of immunosuppressant drugs, concern for viral cr pri-
¢n contamination, ethical and religious concerns all limit the use of homografts.

Either living or non-living transplants, from other species, called heterogra fts or xen-
ografts, provide a third option for tissue replacement. Non-living, chemically treated xen-
ografts are routinely used as heart valve replacements (porcine) with about 50 % survivability
at 10 years. Bovine bone grafts are still in use but concern of transmission of prions is grow-
ing. Use of genetically modified living heterografts, especially from pigs, has been advoca-

ted but is controversial and not used at present. Concern about transmission of viruses from
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animals 16 humans may prevent this approach from ever being approved by government
agencies,

The second line of attack in the revolution to replace tissues was the development, orin
many cases modification, in the 1960s and 1970s, of man-made materials to interface with
living, host tissues, e, g, implants or prostheses made from biomaterials. There are im-
portant advantages of implants over transplants, including: availability, reproducibility and
reliability, Good manufacturing practice, international standards, government regulations
and quality assurance testing minimise the probability of mechanical failure of implants.
Failure rate of the materials used in most prostheses are very low at less than 0. 01%. Asa
result, survivability of orthopaedic implants such as the Charnley low friction metal-polyeth-
ylene total hip replacement is very high for 15 years.

However, many implants in use today continue to suffer from problems of interfacial
stability with host tissues, biomechanical mismatch of elastic moduli, production of wear
debris and maintenance of a stable blood supply. These problems lead to accelerated wear
rates, loosening and fracture of the bone, interface or device. These problems hecome
worse as the patient becomes older. Repair of failed devices, called revision surgery, also
becomes more difficult as the patient ages due to decreased quality of bone, reduced mobility
and poorer circulation of blood. In addition, all present day orthopaedic implants lack two
of the mast critical characteristics of living tissues: (1) ability to self-repair; and (2) ability
to modify their structure and properties in response to environmental factors such as mechan-
ical load.

The consequences of the limitations listed above are profound. All implants have limited
lifetimes. Many years of research and development have led to only marginal improvements
in the survivability of orthopasdic implants at more than 15 years. For example, efforts to
improve lifetimes of orthopaedic prostheses through morphological fixation (large surface ar-
eas or fenestrations) or by biclogical fixation { porous ingrowth) have not improved surviva-

bility over cement fixation of prostheses,

The Biocomposites Alternative

Biocomposites are being developed to eliminate the problem of elastic modulus mismatch
and stress shielding of bone. Two approaches have been tried. Bioinert composites, such as
carbon-carbon fibre composite materials, are routinely used in aerospace and automotive ap-
plications. These lightweight, strong and low modulus materials would seem to offer great
potential for load-bearing orthopaedic devices, However, delamination can occur under cy-
clic loading which releases carbon fibres into the interfacial tissues. The carbon fibres give
rise to a chronic inflammatory response. Thus, hioinert composites are not widely used and
are unlikely to be a fruitful direction for development in the next decade.

The second approach is to make a hicactive composite that does not degrade, such as pi-
oneered by Professor W. Bonfield in the IRC in Biomedical Materials, University of Lon-

don. The composite processing stiffens a compliant biocompatible synthetic polymer, such
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as polyethylenc, with a higher modulus bioactive ceramic second phase, such as synthetic
HA. The result is a material that has an elastic modulus that is much closer to that of bone
and will produce a bicactive bond to bone when implanted. An important advantage of this
concept is that the mechanical properties of strength and elastic modulus can be controlled,
within limits, by varying the volume fraction, size and distribution of the second phase,
Ideally, it is possible to match the properties of both cancellous and cortical hone, although,
as shown in, this is seldom achieved by the biocomposites avalable today. A challenge [or
the next decade is to use advanced materials processing technology to improve the interfacial
ponding between the phases and reduce the size of the second phase particles, thereby in-
creasing the strength and fracture toughness of these new materials,

Another option is to use a resorbable polymer matrix for a biocomposite that will be re-
placed with mineralizing bone as the load on the device is increased. Work in this area is in
progress but it is difficult to maintain structural integrity as resorption occurs, The tissue

engineering alternative is based upon this concept,

A New Revolution in Orthopedics?

The orthopaedics revolution of the last 30 years, the revolution of replacement of tis-
sues by transplants and implants, has run its course. It has led to a remarkable increase in
the quality of life for millions of patients; total joint prostheses provide excellent perform-
ance and survivability for 15~20 years. Prostheses will still be the treatment of choice [or
many years to come for patients of 70 years or older. However, continuing the same ap-
proach of the {ast century; i e. modification of implant materials and designs is not likely
to reach a goal of 25~30 years implant survivability, an increasing need of our ageing popu-
lation. We need a change in emphasis in orthopacdic materials research; in lact, we need a

new revolution.

The Future: Regeneration of Tissues

The challenge for the next millennium in biomedical materials is to shift the emphasis of
hiomaterials research towards assisting or enhancing the body’s own reparative capacity,
Scientists must recognize that within our cells lies the genetic information needed to replicate
Or repair any tissue. It is necessary to learn how to activate the genes to initiate repair at the
right site,

The working hypothesis should be; *long-term survivability of prostheses will be in-
creased by the use of biomaterials that enhance the regeneration of natural tissues’, The
goal of regeneration of tissues should encompass the restoration of metabolic and biochemical
behavior at the defect site, which leads to restoration of biomechanical performance by
means of structure restoration. This leads to our objective: restoration of physiological
function,

The concept requires that we develop biomaterials that behave in a manner equivalent to

an autograft, i. e. what we seek is a regenerative allograft. This is a great challenge.
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However, the time is ripe for such a revolution in thinking and priorities. Enormous ad-
vances have been made in developmental biclogy., genetic engineering. cellular and tissue
engineering, 1maging and diagnosis, and in tnicro-optical and micro-mechanical surgery and
repair, Few of these advances have. as yet, been incorporated with the molecular design of
new biomaterials. This must be a high priority for the next two decades of research,
Molecular control of the texture of hierarchical bioactive materials over six orders of
magnitude, from scales of nanometers 10 millimeters, is now possible using a new genera-
tion ol low-temperature chemical sol-gel processing of materials. Self-assembled biomolecu-
lar structures are feasible. Microporous and mesoporous inorganic and hybrid inorganic-or-
ganic matrices and scaffolds can be produced with contrelled rates of resorption and con-
trolled surface chemistries with isoelectric points ranging from pH values of 5~8, thereby
matching the electro-chemical changes that occur during the repair of hone by natural means.
Not only can the rates of resorption be controlled in such materials but the type and concen-
tration of inorganic or organic species and their sequence of release can be varied, a vital re-
quirement in stimulating cell proliferation or enhancing cell differentiation following prolifer-
ation.
(Selected from Material Science and Technology .
by J. R. Jones and L. L. Hench, 2001)

New Words and Expressions
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minimize ['minimaiz, wr. Rfeeere WE A o AL
modulo  ['modjulau]  prep. Ll ok

marginal ['madzinol] «. ICTEEBE . HEHN,. BEH
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Notes

(U In addition, all present day orthopaedic implants lack two of the most critical characteris-
tics of living tissues; (1) ability to self-repair; and (2) ability to modify their structure
and properties in response to environmental factors such as mechanical load. critical 7 i,
AR “EXM". “EER” BH; self-repair., HEX, ARK/IT. SL£% . Bl
. BRTEMBEABBEAMSBRT A WHUNHMABETERRIE. () BEE%
Jis (2) B HMAREHRE IR (PR M.

{& Not only can the rates of resorption be controlled in such materials but the type and con-
centration of irorganic or nrganic species and their sequence of release can be varied.,. . .
A B A Not only. .. but (alse).... U Not HhkmmMBE ARG %A, B shiaE
(can) R ELIHZHT.

Exercises

1. Question for discussion
(1) Why the lifetime of patients has increased in 20th century?
(2) What are the differences between autogra ft, homegraph and heterogra fts?
(3) Which limitations do implants have?

2. Translate the following into Chinese

orthopaedic biomaterials transplants and implants

bioinert composites genetic engineering

blood circulation biochemical behavior
low-temperature chemical sol-gel processing self-assembled biomolecular structures
physiological function electro-chemical

cell proliferation cell differentiation

* However, many implants in use today continue to suffer from problems of interfacial
stability with host tissues, biomechanical mismatch of elastic moduli, production of
wear debris and maintenance of a stable blood supply,

® A challenge for the next decade is to use advanced materials processing technology to
improve the interfacial bonding between the phases and reduce the size of the second

phase particles, thereby increasing the sirength and fracture toughness of these new
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materials,

* Long-term survivability of prostheses will be increased by the use of biomaterials that
enhance the regeneration of natural rissues.

* Microporous and mesoporous inorganic and hybrid inorganic-organic matrices and
scaffolds can be produced with conirolled rates of resorption and controlled =surface
chemistries with isoelectric points ranging from pH values of 3~8, thereby matching

the electro-chemical changes that occur during the repair of bone by natural means.
Reading Material

Composite Biomaterials: Biocompatibility and Future Advance

Composites are those materials that contain two or more distinet constituent phases, on
a scale larger than the atomic. In composites properties such as the elastic modulus are sig-
nificantly different from those of the constituents alone but are significantly altered by the
constituent structures and contents, From a structural point of view, compaosites are aniso-
tropic in nature. Their mechznical properties are different in different directions. Most of
the living tissues such as bone, dentin, collagen, cartilage. and skin are essentially com-
posites. By definition, a bioccomposite is a non viable composite material which can be used
in a biomedical device intended to interact with biological host systems, Such composites are
essentially a combination of two constituent phases, i, e. a reinforcing phase such as fiber
or particle and a continuous phase called matrix. There are typically three kinds of reinforce-
ment biocomposites, . e. short fihers, continuous fibers, and particulates ( powders).
All of them have been used in making composites for bio-medical applications, such as
screws and total hip replacement stems made from short fiber reinforcements, orthopaedic
bone plates {abricated using unidirectional {UD) laminae or multidirectional tape laminates,
powder reinforced dental composites.

The primary motive in the development of hiccomposites is that by varying the tvpe and
distribution of the reinforcing phases in the composites it is possible to obtain a wide range of
mechanical and biological properties, and hence ta optimize the structure and performance of
the biomedical devices and their interaction with the surrounding tissues, Until presently.
the majority of biomedical devices in clinical use is made of biocompatible homogeneous mate-
rials such as metals, ceramics, or polymers. However, limitations of these single-phase
material devices have been recognized. For example, most of the implants in orthopaedic
surgery are made of metals, Their drawbacks include: (1) they are too stiff so that a stress
protection of the fractured bone while healing can be developed; (2) they produce considera-
ble artefacts under X-ray, which make the interpretation of radiographs difficult; and (2)
metal sensitisation can occur and the implants may cause mutagenicity. In the contrast,

these drawbacks can be overcome using implants made of polymer matrix composites. Fur-
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thermore, biodegradable implants can be developed based on composite technology. which
require no additional operation for the removal of them once fixed into host tissues, This is
an advantage that cannot be shared by any metal implant.

As composite medical devices can offer a variety of advantages over those of homogene-
ous materials, a great number of research groups are engaged in the development of such de-
vices all over the world. The research of composites focus on the following topics: mechan-
ics 07 composites. classifications of biocompasites, typical application examples of compos-
ites in biomedical engineering. biocompatibility, fabrication and characterization, structure
property relztionship, effect of processing and environment, design example, and future

advance,

Biocompatibility of Composites

Biocompatibility is the term used to describe the state of affairs when a biomaterial ex-
ists within a physiological environment, without adversely and significantly affecting each
other of the body of the environment and the material, All materials used in invasive medical
device must be biocompatible, and so are bioccomposites.

Matenal properties that are relevant to the biocompatibility include chemical inertness,
toxicity, thrombogenicity and resistance to adhesions, The biccompatibility is primarily
concerned with the interactions hetween foreign materials and the host tissues, It :s those
situations in which biomaterials are placed in direct contact with the tissues that are usually
examined in the search for the interaction mechanisms. Foreign substances also gain access
to the tissues in a number of other ways and, although these materials may be of a different
physical form. their fate in the tissues may be of relevanee to biccompatibility in the bioma-
terials context,

The most obvious indication of the extent of interaction between an implanted material
and the tissues of the body is the cellular response in the immediate vicinity, There are two
important aspects of the inflimmatory response. One is the role of macrophage and giant
cells in the host response to implanted foreign hodies, covering macrophage origin, phago-
cytic recognition, chemotaxis, activation and epithelioid, and giant cells. Another is the
cellular biochemistry in relation to the biomaterials-induced inflammatory response, inclu-
ding the biochemical feature of the polymorphonuclear leucocytes, macrophages. lympho-
cytes, plasma cells, mast cells, fibroblasts, and foreign body giant cells.

The surface chemistry of biomaterials plays a major rale in determining host response
and biocornpatibility, As polymer matrix is the continuous phase in which the reinforcement
phasc in contained, the surface chemistry of the polymer matrix predominates that of the
biocomposite. Furthermore, the biccompatibility characterization for the composite can be
performed using the same techniques as for the polymers, for which protein conditioning and
cellular adhesion phenomena on exposure to body fluids have been linked directly to the sur
face energetics and morphology of the materials, Some of the key problems in the biocom-

posite performance can he related directly to surface interactions, e. g. the encrustation of
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urinary stents is mediated through inorganic deposits forming on an adsorbed protein layer
derived {rom urine. The level of hacterial adsorption and colonization in implant-associated
infection is alsc dependent in part on the surface structure.

In order to gain a greater understanding of the structure-activity relationships that exist
between hiomaterial surfaces (and their possible modification) and observed bicinteractions,
a range of advanced surface analytical techniques have been exploited to define the interfacial
properties, We now understand that the surface chemistry of a biomedical device 1s not nec-
essarily stmilar to that of the bulk phase, Phase separation of preferential surface orientation
of one or more components, or the presence of contaminants derived from the fabrication
process, are just some of the factors which will manipulate the surface chemistry of biomate-
rials, The interfacial region is also a dynamic structure where the influence of hydration and
adsorption of biomolecules on exposure to body fluids may induce significant surface struc-
tural reorganization. Two most suitable techniques for the chemical analysis of the solid pol-
yreric biomaterials, and hence biocomposites, are the X-ray photoelectron spectroscopy
(XPS) and the secondary ion mass spectrometry (SIMS),

Of the experimental methads of biocompatibility evaluation, tissue culture tesis are
unique 1n that they do not involve implantation into tissue as such. These methods. in
effect, assess the toxicity of the material in relation to specific cells and although they theo-
retically suffer the disadvantage of being divorced from the real, practica! situation, they
can produce sound quaatitative and qualitative data on precise effects., An alternative method
for assessing the extent of the inflammatory response in tissue is to monitor the relcase of ly-
sosomal and other enzymes from cells. This technigue could be used for any tissue sections
that are prepared in the appropriate manner and are therefore applicable to animal experi-
ments or human biopsy material.

In reality, if any of its constituent materials is not biocompatible, the resulting com-
posite generally cannot be biocompatible. Thus, only biocompatible matrices and reinforce-
ment materials such as fibers are used to fabricate biccomposites, However. even if both
the constituents are well biocompatible, the resulting composite is not always biocompati-
ble. This is because the fabrication process may violate the biocompatibility of the constitu-
ents. Furthermore, additional agents or fillers such as coating or release agent introduced in
the composite fabrication can also affect the biocompatibility. It is necessary to conduct bio-
compatibility tests before any biocomposite product can be used clinically.

Recently, the emphasis of biocompatibility has been focused on two directions. One is
biosafety, which involves the avoidance of harmful effects, and another is concerned with

the functional perfermance of the biomaterial product in vive,

Future Advance

Composite materials are a relatively recent addition to the class of materials used in
structural applications. In the biomaterials field, the ingress of composites has been even
more recent. A major flaw in the current literature dealing with implants made of polymer

biocomposites is the lack of proper understanding of composite behavior and theories. and
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far more work especially on understanding the behaviour of composite implants is necessary.
As the composite materials are distinctly different from the homogenous materials in terms of
anisolropy, fracture behavior, and environmental sensitivity, the polymer compaosite im-
plants must be designed using criteria separate from those intended for isotropic matertal-
based implants, This may even lead to the design of superior performance implants in the fu-
ture. Innovations such as spatially varying fiber volume fraction and/or fiber orientation are
adding new types of functionally graded composite materials to implant applications. New
design criteria need to be developed to harness the potential of this new class of materials and
to design implants with improved performance.

The success of polymer composites as biomaterizls also relies greatly on the quality of
the implant, which is determined by the reproducibility of the fabrication process. Many of
the polymer composite biomaterials investigated so far were produced in biomedical research
laboratories with limited suecess in clinical applications. This is because of the trial-and-er-
ror approach followed in making the composites without proper understanding and implemen-
tation of finer aspects of polymer composite fabrication processes. The composite fabrication
methods used for engineering applications have been used directly for producing implants. It
is important to realize that the requirements for the two applications are different, and the
composite fabrication methods need to be tailored to suit the hiomedical applications. For ex-
ample, for a hip joint replacement application, the composite material surface should be
completely covered with a continuous matrix layer in order to prevent a potential release of
fiber particle debris during implantation. More over the fabrication method needs to be opti-
mized such that it enables desired local and global arrangement of reinforcement phase so as
to make the composite implant structurally compatible with the host tissues. The various
flexibilities of composites in terms of material combinations. fiber/matrix interface control,
fiber volume fractions, and fiber and matrix distributions are yet to be fully exploited in fab-
ricating functionally superior implants, Thus far, polymer composite biomaterials are main-
ly reinforced with particulates. short fibers and unidirectional fiber prepregs, and very few
works reported on woven fabric composites. The many advantages offered by textile com-
posite materials have not been well exploited in the biomedical field. Efforts should be made
to harness the potential of textile composite materials in designing implants with improved
performance. It is also important to consider the cost of compasite implant. Efforts must be
made to develop suitable manufacturing methods for composite implants so as to compete
with the cutrrent commercial implants.

Nevertheless, with increased understanding of function and interaction of implants with
the human body, it is clear now that for greater success, the implants should be surface
compatible as well as structurally compatible with host tissues. In this regard, the polymer
composite biomaterials are particularly attractive because of their tailorable manufacturing
processes, and properties comparable to those of the host tissues. Innovations in the com-
posite material design and fabrication processes are raising the possibility of realizing im-

plants with improved performance, However, for successful application, surgeons must be
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convinced with the long-term durability and reliability of polymer composite biomaterials,
Monolithic materials have long been used and there is considerable experimental and c¢linical
data supporting their continued usage. Such data with respect to polymer composite bioma-
terials are relatively small, This requires further research efforts to elucidate the long-term
durability of composite biomaterials in the human body conditions. In view of their potential
for high performance. composite materials are likely to find increasing use as hiomaterials,

(Selected from Biocomposire Materiuls, by S Remakrishna and Z H Huang, 2003)
New Words and Expressions

collagen ['koladzan] n. R, HEIK

laminate ['lemineit] » #HHHEHH, EEHK

artefact ['aztifekt] n. AT, K2

mutagenicity [imjurtadsa'nisiti] #. HD (#)
thrombogenicity [ 8romboudze'nisiti] n. [H/MR

toxicity {tok'sisiti] n. Bt

epithelioid [jepi'8idlioid] o. FRARE, bFEEESN

phagocytic [ feegou'sitik] o BEEE MM

chemotaxis [ kema'teksis] n {h2Emt:, BN, BH4E
lencocyte [ 'Nuwkasait] ». EMM, &M

macrophage [ 'makoufeids] ». EREAIR

lymphocyte ['limfasait] = HEBR. HEHR

plasma ['plezma] » M3, A¥FE; FEFE, THFX
fibroblast [ 'faibreblast] n. £F4E %M

encrustation [in'krasteifan] n»n 5%, HAREY. B4, H§%
urinary [ ‘jusrinari] a. JRE, WEREMK

stent  [stent] o BEMEM), P KHY: n EDHE, F2R (RESEHEES
spectra [ 'spektral] = {EHE, XiE

spectroscopy [ spek'troskapi] n. i, Higs

lysosome ['laisesaum] »n. (HIRFH) EEREE

enzyme ['enzaim] n B

biopsy [bai'opsi] n HASBE, FHAMEBE

ingress ['ingres] =». #E A, A4

prepreg ['pripreg] a. (NS4 RN ER Y 2 W AR IR EHN) MERE
monolithic [ imonau'liGik] ». B} e, PAbSE b pk
elucidate [i'ljwsideit] we. MBH, P5HY

Notes

(D From a structural point of view, composites are anisotropic in nature. 3%, MW
IS KE, AV EE &S RIE.

@ The biocompatibility is primarily concerned with the interactions between foreign materi-
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als and the host tissues, biocompatibility, E#FEE. S YWHEEE: {orelgn maternials,
(R AR IRED Sk &% host tissues, H##H. F AL, 22F L. APHEREEE
S5 R HHE FHAZAMEEERA L.

@ The level of bacterial adsorption and colonization in implant-associated infection is also de-
pendent in part on the surface strucrure. colonization, B4, BH# 2 F; in part, 4
#h; the surface structure, BREAAYNEETSY. 28930, £S5H AL R
A R R e R M R B K P AR R T H R

@ Thus, only biocompatible matrices and reinforcement materials such as fibers are used 10
fabricate biocomposites, However, even if both the constituents are well biocompatible,
the resulting composite is not always bioccompatible. 1§ both the constituents {£45 bio-
compatible matrices 1 reinforcement materials, HEF ., KWy, T EAEPH M
REFMMBRB (A% AHRBEEDESHE,; KW, MEXHFMBEES
REMEMEEE, BHARNEAHMBATERATEYHEN.



Append. 1 Elements Listed by Atomic Number

APPENDIXES

atomic ame 1:}’11‘11‘)0[ Chinese | atomic name symbol Chinese
nurmber name number neime

1 Hydrogen H x 37 Rubidium Rb &
2 Helium He = 38 Strontium Sr 37
3 Lithium Li & ao Yttrium Y ] iz
4 Beryllium Be o 40 Zirconium Zr L3
5 Boron B w 11 Niobium Nb £
6 Carbon C W 42 Molyhdenum ™. Mo 3H
7 Nitrogen N | 43 Technetium Te &4
8 Oxygen Q ;| 44 Ruthenium Ru ir
9 Fluorine F x 45 Ehodium Rh 3]
10 Nean Ne yz | 16 Palladium Pd ol
11 Sodium Na & 47 Silver Ag \ =1
12 Magnesium Mg £ 48 Cadmium cd | i
13 Aluminum Al £ 49 Indium In #
id Silicon S B 50 Tin 5n )
15 Phosphorus p ﬁ 51 Antimony Sh i
18 Sulfur s 5 52 Tellurium Te i3
17 Chlorine Cl : 33 lodine I i
18 Argon Ar = 54 Xenon Xe m
19 Potassium K ) 55 Cesium Cs ]
20 Calcium Ca 5 56 Barium Ba il
21 Scandium Sc ¥, 57 Lanthanum La |
22 Titanium Ti £k 58 Cerium Ce &k
23 Vanadium v £ 53 Praseodymium Pr %
24 Chromium Cr &5 60 Neodymium Nd &
25 Manganese Mn 77 61 Promethium Pm 1)
26 Iron Fe & 62 Samarium Sm &
27 Cobalt Co & 53 Eurcpium Eu t#
28 Nickel Ni ® 84 Gadolinium Gd &L
29 Copper Cu i 65 Terbium Tb &t
30 Zinc ZIn & 66 Dysprosium Dy ]
31 Gallium Ga w 67 Hoimium Ho £
32 Germanium Ge ® 68 Erbium Er 4§
33 Arsenic As # 69 Thulium Tm &g
34 Selenium Se i) 70 Y tterbivm Yb o 3
35 | Bromine Br i) 71 Lutetium Lu ®
36 . Krypton Kr 5 72 Hafnium Hi &
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2.3

el ameembol| U] RC L name mbal| U
73 | Tantalum Ta | 90 | Thorium Th 118
74 | Wolfram W : 1 91 Protactinium Pa 3
75 Rhenium Re = 3 92 Uranivm U #H
76 | Dsmium Os #h 93 | Neptunium Np - 1
77 {Iridium Ir § 94 | Plutoniym Pu 2
7&  [Platinum Pt L3 | 95 | Americium Am |
79 | Geld Au & 96 | Curium Cm &
B0 Mercury Hg b 3 97 Berkelium Bk >4
81 | Thellium Ti % 98 |Californium ] #
82 |Lead Pb # 99 | Einsteinium Es &
83 |Bismuth Bi B 100  |Fermium Fm .
84 Polonium Po £n 101 | Mendelevium Md 1
85 Astatine At B 102 [Nobelium No %
8% |Radon Rn r 103  |Lawrencium Lr B
87 Francium Fr & 104 |Rutherfordium Ri L]
88 Radium Ra % 105 | Hahnium Ha 2
8¢ Actintum Ac |

Append. 2 Main Journals of Materials Science and Technology

1. Acta Materialia

2. Additives for Polymers

3. Advanced Cement Based Materials

4, Advanced Engineering Materials

5. Advanced Materials

6. Advanced Materials & Processes

7. AIChE Journal

8. Annales de Chimie Science des Matériaux

9. Annual Review of Materials Science

10. Applied Clay Science

11. Applied Physics A: Materials Science & Processing

12, Applied Superconductivity

13. Applied Surface Science

14. Biomaterials

15. Biomedical Materials

16. Calphad

17. Canadian Metallurgical Quarterly

18. Carbon

15, Cement and Concrete Composites

g
o)

Cement and Concrete Research
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21, Ceramics International

22. Chemistry of Materials

23, Colloids and Surfaces B: Biointerfaces

24, Composite Structures

25. Composites Business Analyst

26. Composites Part A: Applied Science and Manulacturing
27. Composites Part B: Engineering

28. Composites Science and Technology

29. Comptes Rendus de I'Académie des Sciences - Series I1I1B - Mechanics
30. Comptes Rendus Mecanique

31. Comptes Readus Physique

32. Computational and Theoretical Polymer Science

33. Computational Materials Science

34, Construction and Building Materials

35. Corrosion Science

36. Critical Reviews in Solid State and Materials Sciences
37. Cryogenics

38. Crystal Engineering

39. Current Opinion in Colloid & Interface Science

40. Current Opinion in Solid State & Materials Science
41, Dental Materials

42. Diamond and Related Materials

43. Dryes and Pigments

44. Engineering Failure Analysis

45. Engineering Fracture Mechanics

46. Euromaterials

47. European Journal of Mechanics - A/Solids

48. European Polymer Journal

49. Intermetallics

50. International Biodeterioration & Biodegradation

51. International Journal of Adhesion and Adhesives

52. International Journal of Fartigue

53. International Journal of Inorganic Materials

54. International Journal of Mechanical Sciences

55. International Journal of Plasticity

96. International Journal of Refractory Metals and Hard Materials
57. International Journal of Solids and Structures

58. International Materials Review

39, JOM

60, Journal of Advanced Materials



61.
62,
3.
64.
65,
66.
67.
8.
69.
70,
71.
72,
73.
74,

75.
76,

77,
78,
79.
80,
81.
82.
83.
84,
85.
86.
87.

88,

89,
90.
91.
92.
93.
94,
85.
96,
97.
98.
99.

Journal of Alloys and Compounds

Journal of Colloid and Interface Science

Journal of Crystal Growth

Journal of Electronic Materials

Journal of Light Metals

Journal of Magnetism and Magnetic Materials
Journal of Material Science Letters

Journal of Materials Chermistry

Journal of Materials Engineering and Performance
Journal of Materials Processing Technology
Journal of Materials Research

Journal of Materials Science

Journal of Materials Science Letters, Electronic Version
Journal of Materials Science, Electronic Version
Journal of Non-Crystalline Solids

Journal of Nuclear Materials

Journal of Phase Equilibria

Journal of Physics and Chemistry of Solids
Journal of Solid State Chemistry

Journal of Sound and Vibration

Journal of the European Ceramic Society

Journal of the Mechanics and Physics of Solids
Journal of Thermal Spray Technology

Journal of Wind Engineering and Industrial Aerodynamics

Materials & Design

Materials Characterization

Materials Chemistry and Physics

Materials Letters

Materials Research Bulletin

Materials Science and Engineering A
Materials Science and Engineering B
Materials Science and Engineering C
Materials Science and Engineering R. Reports
Materials Science and Technology

Materials Science in Semiconductor Processing
Materials Taday

Materials World

Mécanique & Industries

Mechanics of Materials

100. Mechanics Research Communications
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101, Metal Finishing

102, Metal Powder Report

103. Metallurgical and Materials Transactions A

104, Metallurgical and Materials Transactions B

105, Microelectronic Engineering

106, Microelectronics Journal

107, Microelectronics Reliability

108. Minerals Engineering

109. Modelling and Simulation in Materials Science and Engineering

110. MRS Bulletin

111. Nanostructured Materiais

112, Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms

113, Optical Fiber Technology

114, Optical Materials

115, Organic Electronics

116, Physica B: Condensed Matter

117. Physica C: Superconductivity

118. Physica E: Low-dimensional Systems and Nanostructures

118, Plastics, Additives and Compounding

120, Polymer

121. Polymer Contents

122. Polymer Degradation and Stability

123. Polymer Geis and Networks

124, Polymer Testing

125, Progress in Crystal Growth and Characterization of Materials

126, Progress in Materials Science

127, Progress in Organic Coatings

128. Progress in Polymer Science

129, Progress in Quantum Electronics

130. Progress in Solid State Chemistry

131. Progress in Surface Science

132, Reactive and Functional Polymers

133. Reinforced Plastics

134, Reviews in Molecular Biotechnology

135, Science and Technology of Advanced Materials

136, Scripta Materialia

137. Scripta Metallurgica er Materialia

138, Smart Materials and Structures

138, Solar Energy Materials and Solar Cells
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140. Solid State Communications

141, Solid State lonics

142, Sohd State Nuclear Magnetic Resonance
143. Solid State Sciences

144, Sclid-State Electronics

145, Superlattices and Microstructures

146, Supramolecular Science

147. Surface and Coatings Technology

148, Surface Review and Letters

149, Surface Science

150, Surface Science Reports

151. Synthetic Metals

152. The Journal of Computer-Aided Materials Design
153. Theoretical and Applied Fracture Mechanics
154, Trihology International

155, Vacuum

156. Vibrational Spectroscopy

157. Wave Motion

138, Wear Acta Materialia

Append, 3 Research Group and Society of Materials Science and Technology

Advanced Materials and Casting Technology Group, Delft University of Technology
Applied Chemistry Materials Research Group, Royal Melbourne Institute of Technology
Biomaterials Research, University of Technology, Sydney

Brockhouse Institute for Materials Research, McMaster University

The Cambridge Materials Science Group, The UK Car-Parrinello Consortium

Centre for Advanced Materials Technology, University of Sydney

Centre for Materials Technology, University of Technology, Sydney

Functional Materials Group, Interdisciplinary Research in Materials for High Perform-

ance Applications, University of Birmingham

9. Inorganic Material Science, Universiteit Twente

10. Interdisciplinary Research Centre in Materials for High Performance Applications, Uni-
versity of Birmingham

11. Materials Chemistry, Chemical Science and Technology Division, Los Almos National
Labaratory

12. Materials Design and Engineering, University of Neweastle Upon Tyne

13. Materials Engineering Research, Monash University

14. Materials Processing Division, School of Chemical Engineering, University of Birming-

ham

15. Materials Science & Engineering Group, Delit University of Technology
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16. Materials Science and Engineering Laboratory, National Institute of Standards and

Technology. A HREF= “http, //www. mst. csiro. au/

IET]

> Materials Scicnee and

Technology Divis.on, The Commenwealth Scientific and Industrial Research Organisation

17. Mechanical Behavior of Materials Group . Delft University of Technology

18, Molecular Magnetism and New Materials, University of Wroclaw

15. National Institute of Materials and Chemistry Research, Agency of Industrial Science

and Technology, Ministry of International Trade and Industry
20, Oxford Material UKCP Group, The UK Car-Parrineilo Consortium
21. School of Metallurgy and Materials Research, The University of Birmingham

22. Technology of Structured Materials, Universiteit Twente

23. ASM International; The Materials Information Society

24, High Temperature Materials Division, The Electrochemical Society, Inc.

25. Internaticnal Union of Materials Research Societies

26. Liverpool and North Wales Materials Society

27. The London Materials Society

28, Luminescence and Display Materials Division, The Electrocherical Society

29. Sensor Division, the Electrochemical Saciety, Inc.

Append. 4 The List of Polymers in Common Use

% | +xE K XX EZR £ H
- Y Polyethylene PE
KHEE Folypropylenc pp T
RELB | PelyCving] chloride) PVC T
ENRZEE Poly( vinyl acetate) PVAe
2 PalyCvinyl alcohol) PVA o
LR -5 N Palystyrene PS :
KHERE Polyacrylate
REEFRERE Polymethacrylate PMA T
EFEMRERPE Poly( methyl methacrylate) PMMA
e 5 A Polyacrylonitnle PAN
REETH Polyisnobutylene PIB
e Jurk Wk o Polyterrafluorpethylene FTFE
BRT#% Polybutadiene FB
85 2% RRL—#% Polyisoprene ' PIP
RET =% Polychlorobutadiene PCB
Polychloroprene PCP
BEAREY __Zn_.ﬂ"ﬁ B-_#E =W S| Ethylenepropylene-diene mono- EPDM
(ZTZHEED mer
A FH¥X _HAR M Poly( ethylene terephthalate) PET
B A EREE Polycarbonate PC T
na Fepelgbo Fov
R Polyarylsul! o
BER yarylsulfane PASF

Palyarylsulphone
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= .
T |
#* 2 | gt X & ¥ : W A l EH
R 5 L Folyamide | PA T )
W R BT Polyimide | P1
Rﬂh‘:_ KiE Polyurea PU
Ras RN T A Polyurethans i ER
Jﬁ; R Polyt axymethylene) POM o
_ N K] Epoxy resin ] EP -
e B Phenol/formaldehyde resin | PF
ik BRAS W BE Urea/ formaldehyde res:n UF
—BWEeEE Melamine resin
i AR Unsaurated polyester up




224

Glossary

A

abrasion n. Y. BE

abrasive n. B, BHA, TFER; . HEH®
absence n. B4 (F, 2, BF, AFER
W ZBfefEm

acoustie  a. TR, FER

acquisition = A, ik, EM, ER

active center G ¥ L

actuate wi. ), {L{#H

addition polymerization

acetylation

RS

adhesive o, WHHEH, BH,: » FaR

adhesion = F¥HE. BH, BE

advanced ceramics FBME. CHEARANE

aerogel n SR

aerosol n. B (N&PeiBFHE, NE F
) SBE. %A, BEN

() R%E, RE, HE¥: » K
B, KHE, B « WM, BEM

aggregate . HEEHK

ey, MEMAR, HHEE.
BEMEHE R |

alginate »n. MEIL; . HEFL

n. BAF), W%

n B o REER

R#REEH, FESHE

a8 u EEAE

n WL

a. HA

a. FBEM; » FHEFHE

amine n, B

amorphous «. REMA, EEEH. BERD

amplifier 2, BHAR

anatormical «. WFR, WHER

n @A, MEFF

anchor or, ©i WHE; HIH , HERE, FRE

anchorage =, {SIHH A, MBS

r
I

agglomerate  w

aggressive a.

alignment
alkoxide
allograft =,
alley =n.
alumina
alveolar

ambient

anatomy

aneurysm . ﬂ ﬁm

P

amsctropie . HEFEH

anneal n B, MK, Bk

annealing n. #X

2N

aorta n KEHEK

apolar a, AEWELART; TR M

arbitrary . £ (M) E&, LRM. BN
archaeologist »n EHER

|

aromatic a. HHEKH

arrangement n. HEF

ALd, BR

arcery n, Zhik. Bl

arthroplasy a. EXVH, mXETE, HXTERH
assemble 2. £&, RE. ¥ o £4
assembly n #HA. B, £&, 2%
atactic a. JoHAHIRY

atmospheric a, AS B

Hraw

atomize vt. #¥1L., ¥, #HH

austenite »#. K, MK, REE
BEBEY (W&, AR%
BEREN, GERTR
avascular o [#] (A% THEM
awesome «. S AWEN

B R (KiEHD

axon = (FHEER) B%E., WX R

anton .

annulus  n,

armor A.

artefact  n.

atormnic structure

autograit n.

autclogous  a.

axial ratios

B

band » ; » BE, K

batches ». —X4E>&, ##
benchmark n, #X

benign o. FHEBEN., BFM,. RTHN
i EALESRE

bevel a. #/H, W#H, @HN

billet = (EMK) £, HE

binary a. ZH#H{IM. —TLH

benzoyl peroxide



binder ». HEH . $EA

bioceremics n £ HRE

EMEESHR

biodegradable a. E¥FEFRESPE R, T4 PRER )

biocomposite =,

biohyhnd n. ##%%fH, REYW
biologist n. $PF X

biomaterial . H= ¥9EK
biomedical a. 4MEFH

biomimetic a. 4 H

biomineralization ». ¥ RT . £k
biopsy »n HHNAHMH. FHAMFEE
EPHER, AWTEE
blade n. ZJJ1. K

block copolymer BREEH: ¥4

blockbuster », (BIHRAB KK S TER
body-centered 2. &M

boride = FR{k$n

bovine a. BHEH, £/, R4FH, Hom
braces = K, #FF; v WEHEE

n W, ZH

branched polymer {k %44

braze . 8 AXARRBIE

brittle o, S, BERN

n Bt

Bromo- B

bulk n. K/, &8, Llit, X%, &%
bullet-proof vest Bh [

buoyancy n Htk, #H., B

burgeon n, W v WH

butadiene ». T 8§

K AR, K BT, BN

C

biotechnology n,

bracke:

brittleness

hy virtue of

cadaver n. FEF, P&

cage n FE. M. FH &%
calibrate » BE

v. Gl

capacitor n, LA

capillary ». EH%E; a. Ry, LEEAN
carbide n WY, WS
cartilage n HH

cascade n. B, HTERPER
cashew n BBRF, BH

catalyst n. {3

cannibalize
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catheter n. SRE. RWE, FF

cathode n [HEE

HETF

cavity » W, B, (FH] B

cellular «, #HIKEE

., ﬂﬁ%’

HfE, 4

cellulose ester ## ¥ B

n KiE, EEF: w. #£E&, HEkE%,
WE;: vi. HE

centrifugal casting B0l A

n. RE., BREHR

cermet n wRME, FMEE

7 BN « AEN. BEL4H

chemotaxis n. (B4 fhFmM,: (W) BLH
. BéH

chipping n. WE, #%

chirelity n. FIEX#FHHE, FHEHE

chitin ». K., £#¥

Chloro-  #4¢

chromium # %

circuitry n. FEF, £

cis- MR

cleavage n, BH, 3

close-packed o, BEHHH

v EE

coaster n, BF, B

coexist wi, FHF

a. FE—E/M, —B8, E0N

cation .

celluloid

cellulose .

cerrent

ceramic

chelate

coalesce

coherent

" coiled-coil . SR, WEE, T

R, ZER

collective a. EHK; »n. ML

colloid » BEfR; a. BFEEA

combination n B& ()

cambustor n. MRS REZ M

compatibilized o, FEEW

v, HE, BRE

compliant a. MIM&, FMA

composite g, SHHE, EE48; » SEH. XS
HE

compressibility a. O R &4

MM RERMEHE, o FHEH, B

collagen n.

complement

concurrent .
fE B{J r ﬁ ﬂiJ
condylar o, )
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v, M5, - AHHHE

n HE

conflience =n, L&

n. W

AW, fEXM., XRH
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HE. §¥#
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n EEHES K, FEk, MEE
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crystallization n.
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debond v . HEE
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dialysis =,
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differential scanning calorimeter
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dielectric
dielectric constant
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diffusivity
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elastic modulus
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embed w. HAEA, FRA, BE., HA
emission = & (., W) &, M, £

v BB B e
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v. TARE, E%; v BHREX
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electronic ceramics

electro-optic modulator
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elucidate oz,
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encapsulate
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endodontic  «. FRESH
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enzyme n M
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eradication n. EBHERE. #HiE
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ensemble
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HEH: n KR

exacerbate  w. E{L, MBI, ME, ENE, KO
excise n. &o W
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extrapolate » M#F, S

extravascular n FifhSHBRE
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ferroelectricity n & f 8
fihrehoard = #HHfifR
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formaldehyde n. P EE
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=L, BWE

functional material
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friction =n.
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gel = BERE, B
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glass transition temperature (T,) HERMAEBRTEE
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immunosuppressant n. %8 5 7
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incinerate

incision

inertness  n.
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initiater s, 5| 2 MW

n MEEBH, o HEHH

injection molding MW A, H8

innervation #. MERH, WEIR. HENTHE
JiiIRe: SuN: )

n, WEH, WiH

integration n. Y4
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investment
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ion implantation #7324t
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irreversible a. AEEME A, AEEEHEH

isobaric o, HEW. HE@TH

isnelectric point  ZERREL &

isomer n. BMEK
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ladle ». #KE
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lattice n T

leaching ». 8B, 8B

lesion n. %, FKER&EE
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low density palyethylene EEHELE
lubricate » #E#, H0iER
lubrication =, ¥

lumen » #E (EBBR{); AE
lustrous . HEFRMH, HER

loting K IREE, RETE, FMEES
Iymphooyte =, WEBK, WEBIE
lysosome n. (G ) MBS

M

macromolecule n. EX4GTF. BT
macrophage n. EREYIH

macroscopic 4. EWA, WERET R
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N

nanochemistry  a. R4

panostructure  n. GIEEEH

nanotechnology @ A FEAR

nanctlube . éﬂ*‘g

naphthalene ». 2 (B, 14

nauticel «. AERRY, AAREY. W.LAY, AWM
nebulous a. EEH. ZFRH. ENe, Bk
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nitride »n. MM
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oriented .,
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paramount a. PR AHEEH

pathologist =, ﬁgﬂ;’*g—
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photovoltaics a. EM

phenotype

rhosphate
phospholipid

photochromism
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plug = . #, Hk

polarizability = 1k
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polystyrene n. BW¥EZIH
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rupture = 3, HF, WP, . FE, BB
5
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sobgel n MR, BER
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Begregate
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simulation
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situs .

size effects
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squeere
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superconductor » BB (B &
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