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PART 1 MATERIALS AND HEAT TREATMENT

Unit 1 Introduction to Materials

Introduction

All engineers are involved with materials on a daily basis. We manufacture and process ma-
terials, design and construct components or structures using materials, select materials, analyze
failures of materials or simply hope the materials we are using perform adequately. )

As responsible engineers, we are interested in improving the performance of the product
when we are designing or manufacturing. Electrical engineers want integrated circuits to perform
properly, switches in computers to react instantly and insulators to withstand high voltages even
under the most adverse conditions. Civil, structural, and architectural engineers wish to construct
strong, reliable structures that are aesthetic and resistant to corrosion. Petroleum and chemical
engineers require drill bits or piping that survive in abrasive or corrosive conditions. Automotive
engineers desire lightweight yet strong and durable materials. Aerospace engineers demand light-
weight materials that perform well both at high temperatures and in the cold vacuum of outer
space. Metallurgical ceramic and polymer engineers wish to produce and shape materials that are
more economical and possess improved properties.

The intent of this text is to permit the students to become aware of the types of materials a-
vailable, to understand their general behavior and capabilities, and to recognize the effects of the

environment and service conditions on material’ s performance. *’
Types of Materials

We will classify materials into four groups—metals, ceramics, polymers, and composite ma-
terials.

, Metals Metals and alloys, which include steel, aluminum, magnesium, zinc, cast iron,
titanium, copper, nickel, and many others, have the general characteristics of good electrical and
thermal conductivity, relatively high stiffness, ductility or formability, and shock resistance. They
are particularly useful for structural or load-bearing applications. Although pure metals are occa-
sionally used, combinations of metals called alloys are normally designed to provide improvement
in a particular desirable property or permit better combinations of properties.

Ceramics  Ceramics, such as brick, glass, tableware, insulators, and abrasives, have poor
electrical and thermal conductivity. ©*! Although ceramics may have good strength and l:xardness,
their ductility, formability, and shock resistance are poor. Consequently, ceramics are less often
used for structural or load-bearing applications than metals. However, many ceramics have excel-

lent resistance to high temperatures and certain corrosive media and have a number of unusual and

1



desirable optical, electrical, and thermal properties.

Polymers Polymers include rubber, plastics, and many types of adhesives. They are prod-
ucted by creating large molecular structures from organic molecules, obtained from petroleum or
agricultural products, in a process known as polymerization. ' Polymers have low electrical and
thermal conductivity, have low strengths and are not suitable for use at high temperature. Some
polymer ( thermoplastic) have excellent ductility, formability, and shock resistance while others
(thermosets) have the opposite properties. Polymers are lightweight and frequently have excellent
resistance to corrosion.

Composite Material Composites are formed from two or more materials, producing properties
that cannot be obtained by any single material. ©*} Concrete, plywood, and fiberglass are typical ,
although crude, examples of composite materials. With composites we can produce lightweight,
strong, ductile, high temperature-resistant materials that are otherwise unobtainable, or produce
hard yet shock-resistant cutting tools that would otherwise shatter. !

Example 1-1

You wish to select the materials needed to carry a current between the components inside an
electrical “black box”. What materials would you select?

Answer: _

The material that actually carry the current must have a high electrical conductivity. Thus,
we need to select a metal wire. Copper, aluminum, gold, or silver might all serve. However, the
metal wire must be insulating from the rest of the“black box” to prevent short circuits or arcing.
Although a ceramics coating would be excellent insulator, ceramics are brittle; the wire could not
be bent without the ceramic coating breaking off. Instead we should select a polymer plastic coat-
ing with good insulating characteristics yet good ductility.

Example 1-2

What materials are used to make coffee cups? What particular property makes these materials
suitable?

Answer;

Coffee cups are normally made of ceramic or plastic materials. Both ceramics and polymers
have excellent thermal insulation due to their low thermal conductivity. Disposable polystyrene
cups are particularly effective, since they contain many gas bubbles that further improve insula-
tion. Actually we could consider the disposable cups to be made from a composite of a polymer
and gas!

Metal cups, however, are seldom used because the high thermal conductivity permits the
heat to be transferred, buming our hands.

New Words and Expressions

insulator n . ZaZk{k, 4% petroleum chemical A M{L2E4] 5
voltage n.[HT]JHE,{RESH automotive adj. IRFEMN, BSHHESK
aesthetic adj. £, FEN, BHERH acrospace n. i FEH
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aluminum n. [{E]45 molecular adj. [{b14F89, B FHBH

magnesium n. [ fL]8E polymerization n. &
titanium n. [f6]4k strength n. J7, Sy ;TREE
nickel n. [{L]8R, 8T, (ZEMMELR thermoplastic adj. FEAH:H)
B) F4reR n. #BHEH
v. GRT thermoset n. FEWAR, ME N
ductility n. RRIEVE, FTEKHE, MM adj. #EK
tableware n. 48 H plywood n. i, B5R
abrasive n. BFHEH fiberglass n. BEHNLT4E, POML
adj. BFEE crude adj. KIARM, KWMLK, HER
formability R EUBRE, ] BRAIME : n. RIXIWE :
corrosive adj. TR, IR, BEiRER shatter n. W, FEH, (M, REE)
n. JRRY , I hInl vt FTHE, (H#OF , B 0E, BSR
optical adj. BRI, ¥R, NEM vi. BB, IR
polymer n. BWEE& brittle adj. B ,EHH
thermal property #¥E/R disposable  adj. FT4ERMEFIH
adhesive adj. HPREPERY, BORS polystyrene n. EZ B
n. K& metallurgical  adj. IREH, 1B ¥
Notes

[1]We manufacture and process materials, design and construct components or structures u-
sing materials, select matenials, analyze failures of materials or simply hope the materials we are
using perform adequately.

RAVRE R TS, MR ARG A sRAE R, RATEEIAH, 4057 Ho bk
REERBRINEROHEERE,

structures using materials H , using A IEER BB MBI,

hope the materials we are using perform adequately 77, hope & the materials we are using
perform adequately 24 design and construct [ 5EiE M\4), we are using € iH W] , M materi-
als.

[2]The intent of this text is to permit the students to become aware of the types of ‘materials
available, to understand their general behavior and capabilities, and to recognize the effects of the
environment and service conditions on material’ s performance.

A BTEIREAEN T RS RS RUBHR LA R E AT i — MR I, DA T 22 S48 A T AE & A
St &R ERHERE KR W

to become aware of . .. , to understand their general behavior. .. and to recognize the effects
of. .. BRAEREIE,fE permit EIFEF RIB, to become aware B being conscious B, re-
alize.

[3]Ceramics, such as brick, glass, tableware, insulators, and abrasives, have poor electri-
cal and thermal conductivity.
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Bl AR R BB B R LR HER .
[ 4] Polymers include rubber, plastics, and many types of adhesives. They are produced by

creating large molecular structures from organic molecules, obtained from petroleum or agricultural
products, in a process known as polymerization.

R AR R B R AR & bk, EATR BN WA MER T ST H
BB KNS FERTREN, XM IBRRZES.

[ 5] Composites are formed from two or more materials, producing properties that cannot be
obtained by any single material.

A BRI S PR LA 4L, 7= A YRR R AT M — R — AR k18 3,

[6]With composites we can produce lightweight, strong, ductile, high temperature-resistant
materials that are otherwise unobtainable, or produce hard yet shock-resistant cutting tools that
would otherwise shatter.

A BB T R R A R L RE R R R AR, AR AR R R AT, AR
FBHE T LAt 3 R A O EL B AR A 7T L, FR AR AR R



Unit 2 Introduction to Materials( Continued 1)

Structure-Property-Processing Relationship

We are interested in producing a component that has the proper shape and properties, per-
mitting the component to perform its task for its expected lifetime. The materials engineer meets
this requirement by taking advantage of a complex three-part relationship between the internal

structure of the material, the processing of material, and the final properties of the material ( Fig.
2-1). '

Processing

=

0
=

[

e

&

»n

Deformation

Structure Property

Fig. 2-1

When the materials engineer changes one of these three aspects of the relationship, either or
both of the others also change. We must therefore determine how the three aspects interrelate in
order to finally produce the required product. >

Properties We can consider the properties of a material in two categories—mechanical and
physical. .

The mechanical properties describe how material responds to an applied force or stress, is
defined as the force divided by the cross-sectional area on which the force acts. The most common
mechanical properties are the strength, ductility, and stiffness of the material. However, we are
often interested in how the material behaves when it is exposed to a sudden intense blow (im-
pact) , continually cycled through an alternating force ( fatigue), exposed to high temperatures
(creep) , or subjected to abrasive conditions'*! (wear). The mechanical properties not only deter-
mine how well the material performs in service , but also determine the ease with which the materi-
al can be formed into a useful shape. *’ A metal part formed by forging must withstand the rapid
application of a force without breaking and have a high enough ductility to deform to the proper
shape. Often small changes in the structure have a profound effect on the mechanical properties of
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the material.

Physical properties include electrical, magnetic, optical, thermal, elastic, and chemical be-
havior. The physical properties depend both on structure and processing of the material. Even
their change in the composition cause a profound change on the electrical conductivity of many
semiconduct metals and ceramics. L

High firing temperatures may greatly reduce the thermal insulatiqnﬂc}.mrat_:tezistics of ceramic
brick. Small amounts of impurities change the color of glass or polymier. o

Example 2-1 '

Describe some of the key mechanical and physical properties we would consider in selecting a
material for an airplane wing.

Answer:

First, let’ s look at mechanical properties. We obviously want the material to have a high
strength to support the forces acting on the wing. We must also recognize that the wing is exposed
to cyclical application of a force as well as vibration—this suggests that fatigue properties are im-
portant. Ordinarily, shock loading (impact), high temperature (creep) and abrasive conditions
(wear) are not encountered.

Important physical properties are density and corrosion resistance. The wing should be as
light as possible, so the material should have a low density.

Example 2-2

What properties are required for a solar cell used to generate electricity for a satellite?

Answer;

The optical properties are most important in this case. The materials for solar cells, such as
silicon, must interact with radiation, or light, to change the electron configuration of the atom.
This interaction and change in structure in turn produce the electrical current that is desired.

Structure The structure of a material can be considered on several levels, all of which influ-
ence the final behavior of the product. At the finest level is the structure of the individual atoms
that compose the material. The arrangement of the electrons surrounding the nucleus of the atomn
significantly affects electrical, magnetic, thermal and optical behavior and may also influence cor-
rosion resistance. Furthermore, the electronic arrangement influences how the atoms are bonded to
one another and helps to determine the type of material—metal, ceramic, or polymer (s)

At the next level, the arrangement of the atoms in space is considered. Metals, many ceram-
ics, and some polymers have a very regular atomic arrangement, or crystal structure. The crystal
structure influences the mechanical properties of metals such as ductility, strength, and shock re-
sistance. Other ceramic materials and most polymers have no orderly atomic arrangement—these
amorphous or glassy materials behave much differently from crystalline materials. For instance,
glassy polyethylene is transparent while crystalline polyethylene is translucent. Defects in this a-
tomic arrangement exist and may be controlled to produce profound changes in properties.

A grain structure is found in most metals, some ceramics, and occasionally in polymers. Be-
tween the grains, the atomic arrangement changes its orientation and thus influences properties.

6



The size and shape of the giains play a key role at this level.

Processing Materials processing produces the desired shape of a component from the initial
formless material. Metals can be processed by pouring liquid metal into a mold ( casting) , joining
individual pieces of metal (welding, brazing, soldering, adhesive bonding), forming the solid
metal into useful shapes using high pressures (forging, extrusion, rolling, bending) , compacting
tiny metal powder into a solid mass ( powder metallurgy ), or removing excess material ( machi-
ning ). Similarly, ceramic materials can be formed into shapes by related processes such as cast-
ing, forming, extrusion, or compaction, often while wet, and heat treatment at high temperatures
to drive off the fluids and to bond the individual constituents together. Polymers are produced by
injection of softened plastic into molds ( much like casting ) , drawing, and forming. Often a ma-
terial is heat treated at some temperature below is melting temperature to effect a desired change in
structure. The type of processing we use depends, at least partly, on the properties, and thus the
structure, of the material.

Example 2-3

The first step in the manufacture of tungsten filaments for light bulbs is by powder metallurgy
rather than casting. . Explain:

Answer; '

One of the physical properties of tungsten is its high melting temperature, 3 410°C . In order
to make a casting, the tungsten must be heated to an exceptionally high temperature. Powder met-
allurgy processing, by which powdered tungsten is compacted into a solid mass, is done at much
lower temperatures.

Structure-property-processing interaction The processing of a material affects the structure.
The structure of a copper bar is very different if it is produced by casting rather than forming
(Fig.2-2). The shape, size, and orientation of the grains may be different, the cast structure
may contain voids due to shrinkage or gas bubbles, and nonmetallic particles ( inclusions) may be
trapped within the structure. The formed material may contain elongated nonmetallic particles and
internal defects in the atomic arrangement., Thus, the structure and consequently the final proper-

Fig.2-2 The difference in structure between a copper bar produced by casting

and a copper bar produced by forming



ties of the casting are very different from those of the formed product.

On the other hand, the original structure and properties determine how we can process the

material to produce a desired shape. A casting containing large shrinkage voids may crack during

a subsequent step. Alloys that have been strengthened by introducing imperfections in the struc-

ture also become brittle and fail during forming. Elongated grains in a metal may lead to no uni-

form shapes when subsequently formed. Thermosetting polymers cannot be formed, while thermo-

plastic polymers are easily formed.

New Words and Expressions

take advantage of

v. FIF

aspect n. BEF,4h, AL, (UEZH) 7

[i:]
no F3E, 50, (B ]7E8%
n. BEE( BT E
impact n . RfHE, iy, PR, MW, BR
vt. HrA T, EE, Xfeee- R
-
n RZ, KT, RN, [ E1xE
v ST, O T
vi. o
creep vi. 8, BT, B, (HH)HE
BT ()
subject to v . fEARM, S HZ
wear ot.ZF, B
v. (~ out) BB, FIH;( ~ out)

n. B8k, this, B
v. (ff) 358

adj . WEHY, HRETER) , YRS F11
adj. YR
n. {E3C, B4y, & B
n. ZJEIBZY, R, Aa
n. ¥e3h, Bish, 8 3h, E5h
encounter v. Hif,@E, 458

n. BB, B8R
n. BE

n. KBHBEH
n [ME]EE(CTEMASH: Si)

n. REL R, RGBS, B,
T2, B

category

cross-section

fatigue

forging
deform
magnetic
elastic
composition
impurity

vibration

density
solar cell
silicon

radiation

arrangement n. HEFY, THE
crystal adj. &R
n K&, KBRS, G5, Rk

amorphous  adj. TRETEH, THLH

polyethylene n. [{L ] R

orientation n. J7 [, J L, 5E L, 8 Il #,

7R J7

brazing n. (L)

welding n. JREEH:  EAIREE

soldering n. ¥R, HR, MBEE, #E
£, RETR

extrusion n. HYH, HEH, [H]WEHE, &
i,

compacting n. JESE, i, (hn) B () 8

powder n. ¥}, 83K, kK%, 42+
vt. BT, HOB , BB K
vi. Bh, ZERMR
constituent n. BIELA, BEX,HEE9, o

(X, B)
adj. FERLEY, ALK
tungsten filament n. §522
bulb n HBATH
shrinkage n. 45
inclusion n. &, AW

trapped HEEH, FARM, BUEER) , BB /Y
elongate v HIi, (f#) i, K
adj. KK
n. fIK, K
void n. Z[E], ", 2, il
adj. ZH, TAW, ZRH, THH,



TR, BEW strengthen v, JN3R, TLE

Notes

[ 1]The materials engineer meets this requirement by taking advantage of a complex three-
part relationship between the internal structure of the material,, the processing of material, and the
final properties of the material.

FHE T ARRITAH AR AN, M TE B U R B BRI ERXRRMER
=R, .

meet 57 satisfy .

£ : Does the raise of salary meet your hapes?

REFKREWMETHROFE?

take advantage of 7 & make use of,

[2]We must therefore determine how the three aspects interrelate in order to finally produce
the required product. ;

B, RATS R X = ER AR EIER , 4 fE B £ AR A

interrelate .24 to be connected to each other.

4] : Wages and prices interrelate / are interrelated.

THREMPAREERER ,

[3]we are often interested in how the material behaves when it is exposed to a sudden in-
tense blow (impact) , continually cycled through an alternating force (fatigue), exposed to high
tempel;atures (creep) , or subjected to abrasive conditions.

RAVH BOGRAR  WORE S B 28R vh s RSN (VB , 72 BE 2 3278 7 1 P O80T
(2%) , 7ER IR T AR (5%78) LA B BB 444 T RN , MR Bt BE B AL

when it is exposed to. .. continually cycled. .. exposed to. .. or subjected to. .. & how the
material behaves BT ERIE

[4]The mechanical properties not only determine how well the material performs in service,
but also determine the ease with which the material can be formed into a useful shape.

PURAEBE AL T #ERFE G v PR RE T B E TR R B A S I Tl — = KB
R

[ 5] The arrangement of the electrons surrounding the nucleus of the atom significantly affects
electrical, magnetic, thermal and optical behavior and may also influence corrosion resistance.
Furthermore, the electronic arrangement influences how the atoms are bonded to one another and
helps to determine the type of material—metal , ceramic, or polymer.

B 2 JEL T 1 o, T HEF AR KB B Wb X o, LR L BRI BB, - R LU ik R

H. BH—B3, B FHFIE S ERET ENAE, XHIREH BT RAOTHE N 12
B— &R EREA R ;-




Unit 3 Introduction to Materials( Continued 2)

Environmental Effects in Material Behavior

The structure-property-processing relationship is also influenced by the surroundings to which
the material is subjected. ’

Loading The type of force, or load, acting on the material may dramatically change its be-
havior. Normally, the yield strength, above which the material suffers a permanent change in its
dimensions, is the most critical property and is usually the most important consideration in the de-
sign of a material component''!. However, a material that displays a high yield strength may fall
rather easily at lower loads if the loading is cyclical (fatigue) or applied suddenly (impact) ,the
engineer must recognize to which the material is exposed.

Temperature  Changes in temperature dramatically alter the properties of materials. The
strength of most materials decreases as the temperature increases. Furthermore, sudden cata-
strophic changes may occur when heating above critical temperatures. Metals that have been
strengthened by certain heat treatments or forming techniques may suddenly close their strength
when heated ) (Fig. 3-1). Very low temperatures may cause a metal to fail in a brittle manner e-
ven though the applied loads are low. High temperatures can also change the structure of ceramics

or cause polymers to melt or char.

Strength

p3210ja1-13qty

ajsodwod wnunne

0 1000 2000 3000

Temperature('C)

Fig. 3-1 Increasing temperature normally reduces the strength of a material
Polymers are suitable only at low temperatures. Some composites, special alloys, and ceram-
ics have excellent properties at high temperatures.
Atmosphere Most metals and polymers react with oxygen or other gaé , particularly at elevat-
ed temperatures. Metal and ceramics may catastrophically disintegrate or be chemically attacked
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while others may be protected. Polymers often are hardened or may even depolymerize, char, or
burn®®!. Steels may react with hydrogen and become brittle.

Corrosion Metals are attacked by a variety of corrosive liquids. The metal may be uniformly
or selectively consumed or may develop cracks or pits leading to premature failure. Ceramics can
be attacked by other liquid ceramics, while solvents can dissolve polymers.

Radiation High-energy radiation, such as neutrons produced in nuclear reactors, can affect
the internal structure of all materials, producing a loss of strength, embattlem\ent, or critical alter-
ation of physical properties. External dimensions may also change, causing swelling or even
cracking.

Example 3-1

What precaution might have to be taken when joining titanium by a welding process?

Answer:

During welding, the titanium is heated to a high temperature. The high temperature may
cause detrimental changes in the structure of the titanium; even eliminating some of the strengthe-
ning mechanisms which the obtained properties of the metal. Furthermore, titanium reacts rapidly
with oxygen, hydrogen, and other gases at high temperatures. A welding process must supply a
minimum of heat while protecting the metal from the surrounding atmosphere. Special gases, such
as argon, or even a vacuum may be needed.

Table 3-1 Strength-to-weight ratio of various materials

Material (lvin g‘;‘"‘i‘hlb/in_ 2 lze:f‘;y Strength-to-weight-ratio
polyethylene 1 000 0.03 0.03 x10
pure aluminum 5 500 0.098 0.07 x10
pure copper 30 000 0.32 0.09 x10
zinc-aluminum 40 000 0.26 0.15x10
alloy
low-carbon steel 57 000 0.28 0.21 x10
pure titanium 35 000 0.16 0.22 x10
nylon 11 000 0.04 0.22x10
epoxy 15 000 0.05 0.28 x10
high-carbon steel 39 000 0.28 0.32x10
heat-treated 190 000 0.32 0.59 x10
cube alloy
heat-treated 40 000 0.32 0.63 x10
magnesium alloy
heat treated 240 000 0.28 0.86 x10
alloy steel
heat-treated 86 000 0.098 0.88 x10
aluminum alloy
heat-treated 170 000 0.16 1.06 x10
titanium alloy
kevlar-epoxy 85 000 0.05 1.30 x10
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