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Part 1 Metallurgical Engineering and Materials Science
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Tomorrow’ s Materials

ET-extraterrestrial? No, it’s short for ethylenedithio tetrathiafulvalene, a complete-
ly new type of metal which is superconducting at the unusually “high” temperature of
around 270C below the freezing point of water! Actually, much higher superconducting
temperatures have now been achieved, in a new breed of oxide ceramics. These are just
two of the new materials that we niay meet in tomorrow’s world—the world of the twenty-
first century. It will not be such a different world to the one we live in today, perhaps,
though it will be sufficiently changed to be noticeable.

You’ll be driving a somewhat lighter car than your current one, partly because plas-
tics and cellular composites will have replaced about 30% of the steel in its construction,
and partly because much of the engine will consist of lightweight nitrogen ceramics which-
allow it to run at a higher temperature. (W These changes should please you, because the fu-
el consumption will be around half of what it is today. You’ll drive to work over a fibre-
reinforced “flexible” concrete bridge of a new lightweight tubular construction. The thin
concrete sections, manufactured at the factory, will be glued together on-site using a new
super-strong polymer glue. The telephone and the electrical and electronic functions in the
car will be controlled by a tiny computer based on gallium arsenide, or maybe even plastic
(polyactylene) chips. _

These predictions are not the result of gazing into a crystal ball, but are based on an
appraisal of current research in leading materials laboratories around the world. Since
some ten to fifteen years usually pass between the beginning of application-oriented re-
search and the production line, tomorrow’s materials, based on the most promising of to-

day’s research, may be almost commonplace by the turn of the century.
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Of course, in discussing the likely materials of tomorrow’s world it is not enough to
consider current research. In a dynamic world of changing political frontiers, shrinking
distances, widening information networks, and growing environmental concern, atti-
tudes to the production and use of materials will also change, probably radically. > All
current trends in materials research point to a much more efficient use of materials in the
future. For materials which are becoming scarce this approach is obvious, and research
must aim to find alternative materials to replace the old ones. But this is only a small part
of the picture. Materials of the future will be produced more efficiently than ever before,
with emphasis on fewer operations and much less wastage in producing the final shape.
Recycling old materials is already an area of growing importance, and in this respect the
non-biodegradable coffin and many other synthetic polymers will be the objects of consid-
erable research. The Italian Government has decreed that only degradable plastic bags will
be available for shoppers after the year 1991. In other words, tomorrow’s materials will
provide the basis of a manufacturing technology which is more energy-conscious and envi-
ronmentally responsible than today’s, in terms of both material production and applica-
tion. [%1
You might think that we already have quite enough materials to see us into the next
century. A look at manufactures” catalogues reveals tens of thousands of materials from
which to choose. In spite of this tomorrow’s engineering designer will certainly have a
great deal more from which to choose than his predecessors of today. For example, al-
though there are currently about 15, 000 different plastics available, it is predicted by sci-
entists that this number will double by the year 2000. This is not to imply, of course, that
all today’ s materials will continue to be manufactured tomorrow. On the contrary,
changing attitudes to use and production will result in better, ‘more sophisticated materi-
als, designed to widen their application and provide more economical and lighter struc-
tures. Furthermore, metallurgists and ceramists are as active as their polymer colleagues
in developing new products, and competition between these industries may well sharpen in
the future. [4)

The new century will witness completely new types of materials. We are now getting
some spectacular insights into tombrrow’s materials from the natural world, from investi-
gations of cross-sections of dragonflies’ wings, the composition of spiders’ legs, the me-
chanics of holly leaves, the microstructure of seashells and coral, and the “superglue”
used by mussels. [*1The purpose of this work is to find how to apply the techniques of Na-
ture to the design of tomorrow’s light-weight cellular and composite structures. The results
of studies like this may lead to better designs for sandwich panels (these are honeycomb
structures glued between hard outer sheets) .

Against a background of changing attitudes, closer interaction between tomorrow’s
materials scientists and engineering designers is of paramount importance. This is neces-
sary not only to enable designers to take advantage of the exciting new materials becoming
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available,-but also to provide a basis for developing even ‘better materials and technologies
in the future.!®’Even now, materials scientists know so much about what gives materials
their various thermal, optical, electrical, and mechanical properties, that they can in ef-
fect design materials to fit a particular application in the same way that the mechanical en-
gineer designs the shape of struts in a bridge or panels in a spacecraft. !’

Before getting down to the finer details of tomorrow’s materials, it is useful for the
non-specialist to consider briefly what it is that gives materials the properties they actually
possess. For examiple, when is a metal not a metal? When do polymers behave more like
metals? What’s the difference between a plastic and a ceramic? We shall see that while
the traditional division of materials into metals, polymers, and ceramics has been useful
in the past, in the modern, wider approach to the structural properties and applications of
materials it is better to consider materials under more general headings. [8)When a designer
comes to select a material for a particular application, all possible materials will then be-
gin on a more or less equal footing, irrespective of their species. We shall see that a suit-
able division of materials can be made under the four headings crystalline, amorphous,
composite and cellular. We begin with a discussion of crystalline and amorphous materi-
als.

& New Words and Expressions

1. extraterrestrial HUERSMY), FH MY, terrene HULER, Ffidi, MUY, terrestrial HER, K
Hi, celestrial R=E, K& '

2. ethylenedithio —#i Z#f. ethylene ZJf. thio &HAY, B (H) W

3. tetrathiafulvalene PO E 44k, thiamin HiME (4E4EZ B))

4. breed fEE M, T3, hybrid iBMLJL, B AW, creed {555, Hk. ceek B, ME,
creep I€, Wili, scrip {85k, F ko script FMi, £ik%, scriptorium 5 F[H, scrip-
ture T3, E%

5. cellular 40ffif, ZFLBY, cellular telephone B HL &, cellular glass WA R BB, cel-

lular technology ¥ & AR, cellular phone fE#EHLIE

flexible {HHY, RIEM, flexibility BN, MBIk, flexibility report FIFTHER &

tubular EARM . tube BT, Higk (), BTFE (32). tuberculosis %%

glue K, clue &, glow Y. glowworm % X H, gloom BHHE

polyacetylene 3 Z4&. polystyrene 3 # 2/

10. chip ®F, &%, & H . chip-proof N #EM, cheap fEH M. cheapie fEEH %, clip

T

11. gaze BE¥. stare TE#M. gape fTMK, # O, R, gap B O, cap 1§ F. empty talk

=i

12. appraisal ¥F, flfifff. praise # 3%, apprec1ate £5; WE, BKUr. depreciate ﬁlﬂﬁ Iz

Ko flatter K
13. commonplace L, lofty BH . courtlike BHER, ﬁ*L%ﬁE‘Jo despicable £ 41

o 00 9 O
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14.
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16.
17.

18.
19.
20.
21.
223
23;
24.

25,
26.

27

radical &M, Mo ridiculous FEMEH, FTHAY, absurd FEBH, basic EAH, Bk
#o basilic EEf

biodegradable 4 (BTRE) 5389, degrade FE%k, Bk, prograde FlFIMEH (i247)
#o intergrade PR, FEB B, undergrade K24

predecessor HI ¥, BI{E. successor k&%, J54k, intercede iR,

dragonfly $§#£, dragon J, XIRM A, phenix (phoenix) R peafowl FL4%&. pea-
cock fL# . malachite FL&EA

spider #i%k, REE#, spade 5 F. Spice &H, 1H8. species W, EE. speci-
men 74, #E5

holly &% # . hollow Zif#Y, ZE#. haul fHHHiH

coral ##]. moral M . amber FEH, agate BH, jade E, HE,

spectacular A WRHY, FIAAREH . grandiose ZFEl), FEMf, magnificent £FifYy, %
il grand BEKHY, TR, fascinating ALK

insight A% 51, Wi, sight A1, RF, insignia B2, B, scene HE

strut 3CHE, FEFF, X%, KiBAEHE

mussel #§ UL, #, muscle Pl B. muscular Bl B #. vein # Bk M. vain €35 89,
~artery Bk, ik

lily B&, & HM, rose B, lotus #i7E. locust 18 H

honeycomb ¥ /5. comb #iF, %5, butterfly HI%E. fly H 9, mosquito B F. flea
BtiE. bedbug RH, bug /P

paramount Y HEH), trivial BMA, surmount MM, M. demount FFiH. dis-
mount F5, mount k5

28. spacecraft K= Mo aircraft K #Hlo craft TZ, F¥, crafty RBH, EF% AWM.,
cunning K1Y

&F Notes

L. You'll be driving ... at a higher temperature. #{B, REBWE - GFREHKE,

REREHRXERERS, REZ—RIME, BHAEERISHBERERERSE
W 30% &G B—NRERBE M5 EEEEROBBERNR, H3I%EETHYR
ETET,

- In a dynamic world of ... probably radically. FEXRZAELIME R P, HE (BX)

BE S A 48 58 PEW»&B‘JFEU&X}‘E’%E‘JKM%'U A ATIRE B A 720 1 PR 25 Bt
ATRE SR ERAE ML,

. In other words ... production and application. BATERL, RFHPRH R AR T ¥

il HHEMARTEEF A AR 7 EE B R AR,

- Futhermore ... may well sharpen in the future. M4b, MEXFHNBELRHLBRES

WERKMEIR, EFRF-GLBY, MLYEK, KK, BTV AHESTES
L ECN

. We are now getting Srisess . Vi by mussels. X FRFHH K, RITEMERFER



MR B R . VG I A A BT ﬁﬁﬁﬂ‘]%ﬂ)ﬂ ZFrAILE, DM
BRI A . EEREAY “BRE” ¥,

. This is necessary not only to ... technology in the future. XX +# REM R A2
HEMRHLE, THEHRRHREF KBTI EERBAER

. Even now, ... panels in a spacecraft. EMSELZE, BORBHEZX T WL B K 7] 5w bt
& FhhEERY . Yo, BEMURAENER, RELEETHYEZHMIAR, FIi,
M ATAT MG LR A2 i 57 32 b 49 S B sl AR B A9 BRARIRRE, A B0 it & Rkt o,
A R Fh R B A I B R

. We shall see that ... under more general headings. ITHINIREB, S X B HE
B. BEYNBETRRE AN, MESR, MEMBEHERMYANHER, BT
FEE BB 5 3T RGBT
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Joint Venture in China

"In terms of crude steel production, China has had a remarkable growth that is out-
standing in the history of the steel industry. In 1975, at the time of the Lima Convention,
China produced 24 million tonnes of crude steel. This increased rapidly over the next 20
years feaching 93 million tonnes in 1995. In the seven years from 1988 to 1995, produc-
tion increased from 59 million tonnes to 93 million tonnes, a growth of more than 50 per-
cent. In terms of processes employed in 1995 the basic-oxygen converter accounted for 41.
2 million tonnes, the electric furnace for 20.8 million tonnes, and the open hearth process
for 14.4 million tonnes. Other processes accounted for 13.1 million tonnes. This rapid
growth was due, in great part, to the construction of greenfield-site plants.

In 1995, the government decreed that in the period 1996 to 2000 emphasis would be
placed on quality rather than quantity, and the construction of three 10 million-tonne inte-
grated steel plants, which had been planned, was indefinitely postponed. (1 By the year
2000, it is planned to increase production to 105 million tonnes. This allows for the con-
struction of one greenfield-site plant at Ningbo that will produce 1.6 million tonnes of
crude steel. Currently under construction, it is a joint venture involving Boashan Iron and
Steel, Zheyong Iron and Steel, and a foreign partner.

Emphasis on quality is much needed in view of the fact that the amount of steel contin-
uously cast throughout China is 47 percent of its output. This ratio does, however, repre-
sent a significant increase since 1988 when it was only 12 percent. The improvement in
quality is needed through additional continuous casting, particularly with the development
of the automobile industry in China, which has grown significantly in the last few years
from a production of 647,000 vehicles in 1988 to 1, 350, 000 in 1994.2) The demand for
quality steel sheets to manufacture passenger car bodies has also increased, with the num-
ber of cars produced rising from 10, 500 units in 1988 to 250, 000 units in 1994. Adjustments



to steel finishing facilities will also be required to improve the surface and general quality
of the sheets needed for automobile bodies.

~Joint ventures that have taken place in the Chinese steel industry include those that are
necessary for the production of finished products such as galvanized sheets. A 100, 000-
tonne galvanized sheet plant is being installed in a joint-venture arrangement involving Po-
hang Iron and Steel Company (POSCO) of Republic of Korea, which is set to supply the
high-quality cold-rolled coils to be galvanized. POSCO has taken a 40 percent ownership
share of the project, with 30 percent divided equally between two Republic of Korea trad-
ing companies, Postrade, the trading unit of POSCO, and Sunkyong. The remaining 30 -
percent is owned by China’s National Ferrous Metal Corporation. 3]

A number of other joint ventures have been entered into with steel companies outside
China, principally in Japan and Republic of Korea. In one such venture, Japan’s Nippon
Steel Corporation (NSC) and China’s Laiwu Iron and Steel are building a 500, 000 tonne
mill for heavy sections, with the equipment being supplied by the Japanese company. (4]

Japan’ s second largest steelmaker, NKK, is reconstructing one of its former pipe
mills in China on a joint-venture basis, having taken a one-third share of the project. Two
Japanese trading companies, Marubeni and Mitsubishi, have shares of approximately 20
percent and 10 percent, respectively, while two Chinese enterprises, Huabei Petroleum

"and China Petroleum and Equipment Corporation, control the balance. (sl

Another steel segment targeted for joint ventures has been tinplate production. NSC
holds one-fourth of China’s Pacific Tinplate Company, which is building a 150, 000-tonne
tinplate line using technology and equipment supplied by NSC. Two Japanese trading com-
panies, Mitsui and Itochu, equally control another 40 percent of the project, with 20 per-
cent owned by Tinplate of Hong Kong and the remaining 15 percent shared equally by Chi-
na’s Guangzhou Beer and 'the Guangzhou Economic and Technical Development Corpora-
tion. [ :
The Japanese trading company, Nissho-Iwai, is spearheading another tinplate joint
venture known as National Non-Ferrous Metal Industry Hainan Company, which is in-
stalling a 200, 000-tonne tinplate facility. Nissho-Iwai, which has a 5 percent share, will
supply the required blackplate from a number of Japanese mills, while two Republic of
Korea participants, Daewoo and Dong Yong Tinplate, hold ownership of 43 percent and
15 percent, respectively. The remaining 37 percent is owned by the new Chinese tinplate
company. | v

A number of coil centres for the processing of steel coils and their dlstnbutlon to end
users has been established in China. In one of these, Nlchlmen has 80 percent of the own-
ership, while another centre has Mxtsublshx of Japan as a partner In the latter operation,

the Japanese hold 70 percent of the ownershlp
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& New Words and Expressions

1.
2.

AN U & W

9.

10.
11.
12.
13.

decree %54, MAik4 . act %4, promulgate K7, A%
integrate 45 &, 4. integer % ¥, mtegratnon L&, integrity IEH, 5%, inte-
grodifferential MBI} Y, calculus MBI,
postpone f#5R, fEFERA, defer FER. confer &T, <] 5 stV s infer HEBT, prefer EE WK
vehicle 4. conveyance iZ#, #ik. carriage Z#i, passenger car A% %
adjustment JH%. justify iEBH, justice IE X . adjacent 4FiEHY
facility &%, %%, TR, #4%&. difficulty B, faculty 24, BEH, (k289) &,
&, £B¥H, facultyman B R, H. faculty advisor 145 I
galvanize & # i, B 8. galvanometer & I i+, galvanomagnetic H B f. galvan-
otropic [ B ¥/ . galvanotactic # B ¥ERY
segmet ¥, Ji B, section #4}, fraction 4%« portion 4. division T, subdi-
vision (7, #4r. cleave B
ownership Fi G4, ownerless T E /Y

heavy sections K&t v

tinplate #44, D08, tinpot RMELM, FEERWY

spearhead 74564, Jk#EN, pioneer B, BEE

blackplate 7 8% 65 i) BN

&F Notes

1.

In'1995 ... indefinitely postponed. 1995 EEAFHME, 7E 1996 F 2000 sERAE, Mk
PRBRARETARYE. HELMAHRGEA—F 7 MRS 0 8% TR
FET R,

- The improvement ... 1,350, 000 in 1994. #FIRMERELLEFENRE (EdE

JLERBLYBHK: 1988 4:647,000 &, B 1994 4 1,350,000 &), Eat B ik hia
ERERLEN,

POSCO has taken ... by China’s National Ferrous Metal Corporation. &5 #%i e
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In one such venture ... by the Japanese company. A, # H%/A &M P EEERE
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Shape-memory Materials

The shape-memory phenomenon manifests itself when a shape-memory-alloy (SMA) is
plastically deformed in the low temperature martensitic condition, and upon removal of
the external loads regains its original shape when heated. The exact mechanism by which
the shape recovery takes place is not very well understood, however, the process of re-
gaining the original shape is known to be associated with a reverse transformation of the
deformed martensitic phase to the higher temperature austenitic phase. (

Typical materials which exhibit the shape-memory effect include the copper alloy sys-
tems of Cu-Zn, Cu-Zn-Al, Cu-Zn-Ga, Cu-Zn-Sn, Cu-Zn-Si, Cu-Zn-Ni, Cu-Au-Zn,
Cu-Sn, and the alloys of Au-Cd, Ni-Al, and Fe-Pt. Nitinol, a nickel-titanium alloy, is
the most common of the SMAs or transformation metals. 2!

Nickel-titanium alloys (Nitinol, NiTi) acquire their name from Ni (Nickel) -Ti (Ti-
tanium) -NOL (Naval Ordnance Laboratory). NiTi alloys, featuring a near-equiatomic
composition, can be plastically deformed in their low temperature martensitic phase and
then be restored to the original shape by heating them above the characteristic transition
temperature. mTypically plastic strains as high as 6% to 8% can be completely recovered
by heating the Nitinol in order to transform it to the austenitic phase, and constraining it
from regaining the memory shape can result in stresses of 100, 000psi, for example:

There is a substantial database on the thermal, electrical, magnetic, and mechanical
characteristics of Nitinol, however, the influence of residual stresses and high tempera-
tures associated with the fabrication and processing of Nitinol-based composites, for exam-
ple, is not well understood. 4)Furthermore, the extent, duration and repeatability of the
shape-memory effect as well as the dynamic actuator and sensing characteristics of Nitinol
are also not understood. Shape-memory effects in alloys and metals are characterized by
deformation mechanisms which are associated with shape changes due to martensitic trans-
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formations. Therefore a thorough understanding of martensitic transformations is an im-
portant prerequisite to the understahding of the shape-memory effect in alloys and metals.

The transformation of steel in a high-temperature austenitic phase to a low tempera-
ture martensitic phase was first observed by the German metallurgist Adolf Martens. The
extremely fine structure observed in the martenbsitic phase results from a lattice transforma-
tion without atomic diffusion. The face-centered cubic austenite transforms into body-cen-
tered cubic lattices or body-centered tetragonal lattices. These diffusion-free martensitic
transformations manifest themselves in a variety of alloys and metals.

Martensitic transformations fundamentally involve a lattice transformation featuring
shear deformation and a coordinated atomic movement, which maintains a one-to-one lat-
tice correspondence between the lattice points in the parent phase and the transformed
phase. 1 The martensitic phase is a substitutional or interstitial solid solution. The trans-
formation is diffusion-free which yields the same concentration of solute atoms dissolved in
the martensitic phase as in the parent. phase. Martensitic. transformations are typically
characterized by well-defined shape changes or surface reliefs.

Furthermore scratch lines etched on the surface of a typical specimen in the parent
phése become distorted at the boundaries between the phases as a consequence of marten-
sitic transformation. The orientation of the surface relief and the distortion of scratch
lines are very well-defined through quantitative descriptions which are strongly dependent
upon the crystal orientation of the parent phase. The formation of surface reliefs and dis-
tortion of scratch lines clearly demonstrates that shearing deformation is involved in the
transformation mechanism.

Martensitic crystals are necessarily characterized by lattice defects due to the comple-
mentary slip and twinning deformations which are induced by the shearing deformations
which change the parent phase lattice. These complementary deformations are character-
ized by the lattice invariant strain, and dislocation stacking and twinning faults associated
with these complementary deformations have been experimentally observed through elec-
tron microscopes. () The twinning faults play a significant role in the shape-memory effect.

The transformation from the parent phase to the martensitic phase can be induced only
when the chemical free energy of the martensitic phase is lower than that of the parent
phase. Furthermore, the difference between the chemical free energies of the two phases
must be greater than the nonchemical free energy, such as strain energy or interface ener-
gy, ‘in order to provide the excess of non-chemical free energy which is the essential driv-
ing force for the transformation.!”]

The equilibrium temperature, which is defined as the temperature at which the chemi-
cal free energy of the martensitic and parent phases are equal, plays a critical role in the
transformation thermodynamics. The material must be suitably cooled to a specific tem-
perature below the equilibrium temperature in order to ensure a sufficient excess-of chemi-
cal free energy which subsequently initiates the transformation. In ferrous alloys this



