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Materials have always been important to the advance of civilization () : entire eras (KX, B ) are
named for them. After evolving from the Stone Age through, the Bronze and Iron Ages, now in the modem era we
have vast numbers of tailored materials to make use of. We are really living in the Materials Age.
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Work and study in the field of materials science and engineering is grounded (¥:4ff) ) in an understanding of
why materials behave the way they do, and encompasses( [#%¢) how materials are made and how new ones can be
developed. For example, the way materials are processed is often important. People in the Iron Age discovered this
when they learned that soft iron could be heated and then quickly cooled to make a material hard enough to plow

(HF, Z) the earth; and the same strategy is used today to make high-strength aluminum alloys for jet aircraft (15
AATEHD .

Today we demand more from our materials than mechanical strength, of course—electrical, optical (%) , and

magnetic properties (H4 147 ) , for example, are crucial (2 5CEE[))  for many applications. As a result, modern
materials science focuses on ceramics, polymers, and semiconductors, as well as on materials, such as metals and
glasses, that have a long history of use.
FERRRL 2 5 TR U AR AR TR ALAE R AR A 4 BRI HUZ AT . AR ERER G AT RN
O AR B R He A o 280805, AR Ty AR B2, A TEAE R AR ACHI A A 1@ e % Bk
e FPUA T LG AR R R LLECT AT LA SR AL . [RIRE (14 75 20AE 4 R A F St bl i A< RObL P 1 v i
. SRBATIM R ESRT AL 22 RE, HRIEH i BT mrPERe, XEePERexvF 2 MR
HE, B, BAMERIESO TR S ma T B, ARGk, 3o REAEAM
P S H R

Material science is the investigation of the relationship among processing (J1I.) , structure , properties (P£EE) |
and performance (IJjGE) of materials. The relationship is depicted with a tetrahedron of materials science and
engineering as shown in Figure 1.1.

The discipline of materials science involves investigating the relationships that exist between the structures and
properties of materials. In contrast, materials engineering is, on the basis of these structure-property correlations,
designing or engineering the structure of a material to produce a predetermined (i1 f#]) set of properties.

The structure of a material usually relates to the arrangement of its internal components (N #ZHE%) . Subatomic

QIEJE-F) structure involves electrons within the individual atoms and interactions with their nuclei. On an atomic
level, structure encompasses the organization of atoms or molecules (43 relative to one another. The next larger
structural realm (453 , which contains large groups of atoms that are normally agglomerated (542) together,
is termed “microscopic”, meaning that which is subject to direct observation using some type of microscope CEfl
%) . Finally, structural elements that may be viewed with the naked eye (HAIHE) are termed "macroscopic”.
Property is a material trait (#f%) in terms of the kind and magnitude of response to a specific imposed stimulus.
Generally, definitions of properties are made independent of material shape and size. Virtually (ZJii £) all
important properties of solid materials may be grouped into six different categories (%) : mechanical, electrical,
thermal, magnetic, optical, and deteriorative (%54£) . For each there is a characteristic type of stimulus capable of
provoking (5% ) different responses.

In addition to structure and properties, two other important components are involved in the science and engineering
of materials. They are "processing” and "performance.” With regard to the relationships of these 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 properties.1.1
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Materials are classified (73>4) into five groups: metals, ceramics (Fi#) , polymers (5-51£) , semiconductors

(£ 54£), and composite materials (4544 %) . Materials in each of these groups possess different structures and
properties.1.2 #1 K533
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Metals

Metals and alloys generally have the characteristics of good electrical and thermal conductivity, relatively high

strength, high stiffness (KIIE) | ductility (#)14)  or formability (FJ4B4:) | and shock resistance (Fribitt) .
They are particularly useful for structural or load-bearing applications. Although pure metals are occasionally used,
combinations of metals called alloys provide improvement in a particular desirable property of permit better
combinations of properties. 4 &
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Ceramics

Ceramics are compounds between metallic and nonmetallic elements; they are most frequently oxides (% ft
1) |, nitrides (% 4k%7) |, and carbide (B%{t47) . The wide range of materials that falls within this classification
includes ceramics that are composed of clay minerals Cffi ), cement (7Kg ), and glass. These materials have poor
electrical and thermal conductivity. Although ceramics may have good strength and hardness, their ductility,
formability, and shock resistance are poor. Consequently, ceramics are less often used for structural or load-bearing
applications than are metals. However, many ceramics have excellent resistance to high temperatures and certain
corrosive media (& P/ i)  and have a number of unusual and desirable optical, electrical and thermal
properties. pg &
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Polymers

Polymers include rubber (}4%) , plastics (¥} , and many types of adhesives Cki 477D . They are produced
by creating large molecular structures from organic ((H#LI) molecules, obtained from petroleum Cf1H) or
agricultural products, in a process known as polymerization (54) . Polymers have low electrical and thermal
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conductivity, have low strengths, and are not suitable for use at high temperatures. Some polymers
(thermoplastics  #¥E¥E k) have excellent ductility, formability, and shock resistance while others (thermosets #
[5 %k}) have the opposite properties. Polymers are lightweight and frequently have excellent resistance to
corrosion. = 73§
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Semiconductors

Semiconductors have electrical properties that are intermediate between the electrical conductors and insulators (fi
Zk4&) . Furthermore, the electrical characteristics of these materials are extremely sensitive to the presence of
minute(f/N#T) concentrations of impurity atoms, which concentrations may be controlled over very small spatial
regions. The semiconductors have made possible the advent of integrated circuitry (ZEAZHEH)  that has totally
revolutionized the electronics and computer industries. - 544
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Composites

Composites are formed from two or more materials, producing properties that cannot be obtained by any
single material. Concrete (J&¥Je1) and fiberglass (£F4E3:3) are typical examples of composite materials. A
composite is designed to display a combination of the best characteristics of each of the component 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 (i) & &%)
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The structure of a material can be considered on several levels, all of which influence 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 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 determine the type of material - metal, ceramic, or polymer.

At the next level, the arrangement of the atoms in space is considered. Metals, many ceramics, 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 resistance. Other ceramic materials and most polymers
have no orderly atomic arrangement—these amorphous (JCETEI, JEHI)  or glassy materials behave much
differently from crystalline materials. For instance, glassy polyethylene (Z&Z.4%) is transparent while crystalline
polyethylene is translucent (=% B[] . Defects in this atomic arrangement exist and may be controlled to produce
profound changes in properties.

Agrain(#4%7) structure is found in most metals, some ceramics, and occasionally in polymers. Between the grains,
the atomic arrangement changes its orientation and thus influences properties. The size and shape of the grains play
a key role at this level.
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Finally, in most materials, more than one phase (#H) is present, with each phase having its unique atomic
arrangement and properties. Control of the type, size, distribution and amount of these phases within the main body
of the material provides an additional way to control properties.1.3 #1454
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1.3.1 Atomic-scale Structures

Atomic structure influences how the atoms are bonded together, which in turn helps us to categorize (4335
materials as metals, ceramics, and polymers and permits us to draw some general conclusions concerning the
mechanical properties and physical behavior of these three classes of materials.

There are four mechanisms by which atoms are bonded together. In three of the four mechanisms, bonding is
achieved when the atoms fill their outer s and p levels.
1.3.1 R 7 rH L
JATHL R TR 4G, RO R B IRATS AP RLEAT 7028, s B E 0 TR X =
FRA R J )27 1 B A B R AR H — B8R MR 4518
JiT & aAUMBLE], Hh =M SR R TA0NE s F p BERML el R 3RAT .
1.3.1.1 lonic Bonding (518

lonic bonding is always found in compounds ({t-&4%7) that are composed of both metallic and nonmetallic

elements, elements that are situated at the horizontal extremities of the periodic table( T 2 & HH R BFAT 5 58 P g 1Y)
Ju%) A metallic atom easily gives up its valence electrons (f/yHL¥) to the nonmetallic atom. Both atoms now
have filled (or empty) outer energy levels but both have acquired an electrical charge and behave as ions. The atom
that contributes the electrons is left with a net positive charge and is a cation (fHZ-F) , while the atom that accepts
the electrons acquires a net negative charge and is an anion (FE5-§) . The oppositely charged ions are then
attracted to one another and produce the ionic bond. For example, attraction between sodium (44) and chloride (&)
ions (Figure 1.2) produces sodium chloride (& ALEY)
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1.3.1.2 Covalent Bonding (3t:A/ré#)

Covalently bonded materials share electrons between two or more atoms. For example, a silicon (f#) atom,
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which has a valence (ft-&41) of four, obtains eight electrons in its outer energy shell by sharing its electrons with
four surrounding silicon atoms (Figure 1.3). Each instance of sharing represents one covalent bond; thus each
silicon atom is bonded to four neighboring atoms by four covalent bonds.
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1.3.1.3 Metallic Bonding (& J&##)

The metallic elements, which have a low valence, give up their valence electrons to form a “sea” of electrons (H,
+2) surrounding the atoms (Figure 1.4). Since negatively charged electrons are missing from the core, the core
becomes an ion with a positive charge. The valence electrons, which are no longer associated with any particular
atom, move freely within the electron sea and become associated with several atom cores. The positively charged
atom cores are held together by mutual attraction to the electron, thus producing the strong metallic bond.1.2.1.3
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1.3.1.4 Van de Waals Bonding (542 4

Van de Waals bonds join molecules or groups of atoms by weak electrostatic attractions. Many plastics,
ceramics, water and other molecules are permanently polarized (#%4t) ; that is, some portions of the molecule tend
to be positively charged, while other portions are negatively charged. The electrostatic attraction between the
positively charged regions of one molecule and the negatively charged regions of a second molecule weakly bond
the two molecules together. Van de Waals bonding is a secondary bond, and exists between virtually all atoms or
molecules.
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1.3.2 Crystal Structures
Solid materials may be classified according to the regularity with which atoms or ions are arranged with respect to
one another. A crystalline material is one in which the atoms are situated in a repeating or periodic array over large
atomic distances. The atoms form a regular, repetitive gridlike pattern, or lattice* . The lattice is a collection of
points, called lattice points, which are arranged in a periodic pattern so that the surroundings of each point in the

AR S Bz ) 1AL 09 48 03 3



VN R

lattice are identical. » One or more atoms are associated with each lattice point. The lattice diners from material to
material in both shape and size, depending on the size of the atoms and the type of bonding between the atoms. The
crystal structure* of a material refers to the size, shape, and atomic arrangement within the lattice.

1.3.2 fiksiH

AR SR B A LT R U PR AR AR 73 28 o SRR 1 i AR ASOR W i  RUBE S P 2 5 5
WIPEHEB o TR B ) B S M A Bl ) i B OR8] R PR E S &, PR R, B A 9
PEHED, AN R EAEED . — AN B AR A S TR R o AFEARHE A ) 5 B TR AN AN ],
BORT AR RS SR 1R 455 5720 MPRH SR G5 R 95 1002 s B R/ . TR 57 HE AT

1.3.2.1 IMCells

The unit cell is a subdivision of the lattice that still retains the overall characteristics of the entire lattice.1— By
stacking identical unit cells, the entire lattice can be constructed. We identify 14 types of unit cells, or Bravais
lattices, grouped in seven crystal structures (Figure 1.5). Lattice points are located at the comers of the unit cells
and, in some cases, the faces or the center of the unit cell.
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1.3.2.2 Metallic Crystal Structures

The atomic bonding in this group of materials is metallic, and thus nondirectional in nature. Consequently, there are
no restrictions as to the number and position of nearest-neighbor atoms; this leads to relatively large numbers of
nearest neighbors and dense atomic packing for most metallic crystal structures. Three relatively simple crystal
structures are found for most of the common metals: face-centered cubic, body-centered cubic, and hexagonal
dose-packed™ XFEA B R T 45 G2 B TR, AT A mitk. BrRL, sl Q0 R 04 B AL B A TR
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The Face-centered Cubic Crystal Structure

The crystal structure found for many metals has a unit cell of cubic geometry, with atoms located at each of the
comers and the centers of all the cube faces (Rgure 1.6). It is aptly" called the face-centered cubic (FCC) crystal
structure. Some of the familiar metals having this crystal structure are copper, aluminum, silver, and gold.—££4> )=
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The Body-centered Cubic Crystal Structure

Another common metallic crystal structure also has a cubic unit cell with atoms located at all eight comers and
single atom at the cube center. This is called a body-centered cubic (BCC) crystal structure (Figure 1. 7).
Chromium*, ion and tungsten exhibit a BCC structure. )i FHELE L 77 S \AN A B, 1 ANEFAL TG, RN
MRS T 254, 0 R 4 R A

Hexagonal Close-packed Crystal Structure

A special form of the hexagonal lattice, the hexagonal dose-packed (HCT) structure, is shown in Rgure 1.8. The
unit cell is the skewed™* prism* outlined in the hexagonal lattice. The HCP metals include cadmium* , magnesium,
dtanium, and zinc. B HE/STT S5 LR IR, bR R, NS R AR B

1.3.2.3 Directions and Planes in the Unit. Cell
When dealing with crystalline materials, it often becomes necessary to specify some particular crystallographic
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plane of atoms or a crystallographic direction. Labeling conventions have been established in which three integers
or indices are used to designate directions and planes. ~ The basis for determining index values is the unit cell, with
a coordinate system™ consisting of three (x, y, and z) axes situated at one of the corners and coinciding with the unit
cell edges.xf T-ffAZR &), WIHARLE 11O FTi s AE R L 2. @57 7 —MeR =A%, ROV TREL
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Directions in the Unit Cell

Certain directions in the unit cell are of particular importance. Metals deform, for example, in directions along
which atoms are in closest contact. Properties of a material may depend on the direction in the crystal along which
the property is measured. Miller indices for directions are the shorthand notation used to describe these directions.
The procedure for finding the Miller indices for directions is as follows: & ffi {328 F AR BB . i, & )8R
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(a) Using a right-hand coordinate system, determine the coordinates of two points that lie on the direction.

(b) Subtract the coordinates of the "tail" point from the coordinates of the " head" point to obtain the number of
lattice parameters traveled in the direction of each axis of the coordinate system.

(c) Clear fractions and/or reduce the results obtained from the subtraction to lowest integers.

(d) Enclose the numbers in square brackets [ ]. If a negative sign is produced, represent the negative sign with a bar
over the number.

iz A TR R, &R T 127 1A R

b) FH B A AR IR 25 A2 RO AR AR, DA E CE RN ARl 7 7] L5 R TRV AR R 22 02 ) LA A% o

C) LB N EER Ay B N

dyf &yt 0 e dnm s s bs 007 1, (R & RSy BT 555

The [ 100], [ 110], and [ill] directions are common ones; they are drawn in the unit cell shown in Figure 1.9.[100].
[110). (1110 &2 WLHT & FE 4.

Planes in the Unit CeU

Certain planes of atoms in a crystal are also significant; for example, metals deform along planes of atoms that are
most rightly together. Miller indices can be used as a shorthand notation to identify these important planes, as
described in the following procedure. Jii i JE 6 T B AR B2 Phdn i3y d Th0 B HFAT e B 2T .
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(a) Identify the points at which the plane intercepts the X, y, and z coordinates in terms of the number of lattice
parameters. If the plane passes through the origin, the origin of the coordinate system must be moved.

(b) Take reciprocals of these intercepts.

(c) Clear fractions but do not reduce to lowest integers.

(d) Enclose the resulting numbers in parentheses™ (). Again, negative numbers should be written with a bar over
the number.
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1.3.3 Point Defects and Diffusion

1.3.3.1 Point Defects"

Point defects are localized disruptions of the lattice involving one or possibly several atoms (Figure 1.10).

A vacancy* is produced when an atom is missing from a normal lattice point. Vacancies are introduced into the
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crystal structure during solidificarion, at high temperatures, or as a consequence of radiation damage.

An interstitial defect is fanned when an extra atom is inserted into the lattice structure at a site which is not a
normal lattice point. A substitufional defect is introduced when an atom is replaced by a different type of atom. The
substitudonal atom remains at the original normal lattice point. Both interstitial and subsdtudonal defects are
present in materials as impurities and may also be intentionally introduced as number of these defects is usually
independent of temperature.
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Point defects disturb the perfect arrangement of the surrounding atoms. When a vacancy or a small Substitutional
atom is present, the surrounding atoms collapse towards the point defect, stretching the bonds between the
surrounding atoms and producing a tensile stress Eeld.® An interstitial or large Substitutional atom pushes the
surrounding atoms together, producing a compressive stress £1d. In either case the effect is widespread. Intentional
addition of interstitial and Substitutional atoms into the structure of a material forms the basis for solid solution
strengthening™* of materials. sk P IR 17 J R 91 I S8 B e . AR AE R AL al /N ) B e I, ) BRI SR
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1.3.3.2 Diffusion

Diffusion is the movement of atoms within a material. Atoms move in an orderly fashion to eliminate concentration
differences and produce a homogeneous uniform composition. Movement of atoms is required for many of the
treatments that we perform on materials. Diffusion is required for the heat treatment of metals, the manufacture of
ceramics, the solidificarion of materials, the manufacture of transistors and solar cells* , and even the electrical
conductivity of many ceramic materials.

1.3.3.3 Diffusion Mechanisms *

From an atomic perspective, diffusion is just the. stepwise migration of atoms from lattice site to lattice site. In fact,
the atoms in solid materials are in constant motion, rapidly changing positions. For an atom to make such a move,
two conditions must be met: (1) there must be an empty adjacent site, and (2) the atom must have sufficient energy
to break bonds with its neighbor atoms and then cause some lattice distortion during the displacement. This energy
is vibrational in nature. At a specific temperature some small fraction of the total number of atoms is capable of
diffusive motion, by virtue of the magnitudes of their vibrational energies. This fraction increases with rising
temperature.

Several different models for this atomic motion have been proposed; of these possibilities, two dominate for
metallic diffusion.

Vacancy diffusion. In self-diffusion and diffusion involving substitudonal atoms, an atom leaves its lattice site to
fill a nearby vacancy (thus creating a new vacancy at the original lattice site). As diffusion continues, we have a
countercurrent flow of atoms and vacancies. This mechanism is shown in Figure 1.11.

Interstitial diffusion. When a small interstitial atom is present in the crystal structure, the atom moves from one
interstitial site to another. No vacancies are required for mis mechanism to work. This mechanism is shown in
Figure 1.12.

1.3.3.4 Rate of Diffusion (W s First Law)

The rate at which atoms diffuse in a material can be measured by the jinx J, which is defined as the number of
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atoms passing through a plane of unit area per unit time. Fuk' sjirst law explains the net flux of atoms,

J--Dn (1.1)

where J is the flux [ atoms ( m2 ¢ s)- r ], D is the difiusivity or diflusion coefficient (m2 ¢ s~1), and Ac/Aa; is the
concentration gradient [atoms (m'-m)"1].

1.3.4 Linear and Planar Defects

1.3.4.1 Dislocations*—L.inear Defects

Dislocations are line imperfections in an otherwise perfect lattice. We can identify two types of dislocations - the
screw dislocation* and the edge dislocation* . The screw dislocation (Figure 1. 13) can be illustrated by cutting
partway through a perfect crystal, then skewing the crystal one atom spacing. If we were to follow a
crystallographic plane one revolution around the axis on which the crystal was skewed, traveling equal atom
spadngs in each direction, we would finish one atom spacing below our starting point.w The vector required to
complete the loop and return us to our starting point is the Burgers vector* A. If we continued our rotation, we
would trace out a spiral path. The axis, or line, around which we trace out this path is the screw dislocation. We see
that the Burgers vector is parallel to the screw dislocation. An edge dislocation (Figure 1.14) can be illustrated by
slicing partway through a perfect crystal, spreading the crystal apart, and partly filling the cut with an extra plane of
atoms. The bottom edge of the inserted plane represents the edge dislocation. If we describe a dockwise loop
around the edge dislocation by going an equal number of atom spadngs in each direction, we would finish one atom
spacing from our starting point. The vector that is required to complete the loop is again the Burgers vector. In this
case, the Burgers vector is perpendicular to the edge dislocation. {37 48 st /& 7 5 st A% Hh R 2R R be, B d AL il - Ji
T, BRATE LS 5 A RSB T A A A T B A 4 . BT ATAE T DR R NTE AN e S MR T, (1) (Al
BT, A B —REFCAM KK E b WRRA G SLess, B — ek puE. Ziug
NGRS IR R AL 4 o MR AL AR BOAR IROR B 5 AL oA AT, J) LA AT AR AE — > 5 3 B
BT, KRB TT, N BRI, SR P A R G & — AN IR . iR SeE T) Y
LRSI £ 78—, AN JT AT EAH R A& il , 2Rl B AL, T2 RO & [ B )X — R EAT 2
FARRE, TR A B RO B AR

Grain Boundaries

The microstructure of metals and many other solid materials consists of many grains. A grain is a portion of the
material within which the arrangement, or crystal structure, is different for each adjoining grain. A gram boundary*
is the surface that separates the individual grains and is a narrow zone in which the atoms are not properly spaced.
A grain boundary is represented schematically from an atomic perspective in Rgure 1. 15. "Within the grain
boundary region, which is probably just several atom distances wide, there is some atomic mismatch in a transition
from the crystalline orientation of one grain to that of an adjacent one.L.2J 4xJ& A1 H-Ath ¥ 22 [ 444 R SO 25 )
BFEVFZ fbL, FHARSRRL FIHES ), SRS . TR AL BT I — R, R R T A AR
R — e Xk, & 1.15 Bon VR TR R & (2]

Various degrees of crystallographic misalignment between adjacent grains are possible. When this orientation
mismatch is slight, on the order of a few degrees , then the term small - ( or law - ) oragfe grain is  used.
These boundaries can be described in terms of dislocation arrays. One simple small-angle grain boundary is formed
when edge dislocations are aligned in the manner of Rgure 1.16. This type is called a tilt boundary* .@#H 4L &k 7]
AERL IR 22, WREEHRREE N, A TUEE, FONNAER T X LesE AT LR A7 A5 MR AR TE A o /N L
FHEFRI T) BT EE R e LI 1,16, BRI & S

Twin Boundaries*

Atwin boundary is a plane
across which there is a special mirror image nusonentanon 01 the lattice structure (Rgure 1.17) . Twins can be

AR S Bz ) 1AL 09 48 03 3



VN R

produced when a shear force, acting along the twin boundary, causes the atoms to shift out of position. Twinning
occurs during deformation or heat treatment of certain metals. The twin boundaries increase the strength of the
metal @25 g Ll 2 5 1 — AN BRI PR IR A REES A T o RS A 7, N — B0 A5 57 it 25 5L 7 v BATE
B o FE— L5 R ) T B A B R rp = AR B S A, 2R R SR AE T DA o <SR SR

1.3.5 Non-crystalline* Materials

Non-crystalline solids lack a systematic and regular arrangement of atoms over relatively large atomic distances.
Sometimes such materials are also called amorphous, or supercooled liquids, inasmuch as their atomic structure
resembles that of a liquid. An amorphous condition may be illustrated by comparison of the crystalline and
non-crystalline structures of the ceramic compound silicon dioxide (SiOz), which may exist in both states. Rgure 1.
18 (a) and 1. 18 (b) present two-dimensional schematic diagrams for both structures of SiOz, in which the Si0"~
tetrahedron is the basic unit. Even though each silicon ion bonds to four oxygen ions for both states, beyond mis,
the structure is much more disordered and irregular for the non-crystalline structure. Whether a crystalline or
amorphous solid forms depends on the ease with which a random atomic structure in the liquid can transform to an
ordered state during solidificadon.® Amorphous materials, therefore, are characterized by atomic or molecular
structures that are relatively complex and become ordered only with some difficulty. Furthermore, rapidly cooling
through the freezing temperature favors the formation of a non-crystalline solid, since little time is allowed for the
ordering process. Metals normally form crystalline solids; but some ceramic materials are crystalline, whereas
others are amorphous. Polymers may be completely non-crystalline and semi-crystalline consisting of varying
degrees of crystallinity* .4E & & J&

ORI EFIEBIA,  JE 58 BRI J5 7 HEAT B = S BRI AR R . A I I S ) B T 45 M SR AL T4
AR A E B B vk .l AR Sio2 FIFE SR Sio2 HIELEL, M Al REFAAAEA E LB I . 1K
1.15 (a) (b) fEor 1A Sio2 S5ty R 18, Herp U T4 Sio4 A s, AEPIFPEs T, Si Al
V94~ O &, ARGt Sio2 st ey . (1Y dE@p R R Falir Faii 208, X3 P IRAAE N
Ao MEAL, BRI T TR A BT R RCIE MR AR @i 2 AR E A, H el AR AR, T
Ty IR o BB R HOHR R IN 8] SR 51 AT e 2 00 2 AN R 45 i B2 ) A Al AR BT 20 A A

When describing the structure of a material, we make a clear distinction between its crystal structure and its
microstructure. The term* crystal structure” is used to describe the average positions of atoms within the unit
cell(## i), and is completely specified by the lattice type ( £iFF357) and the fractional coordinates CHH X A4 #5 )
of the atoms. In other words, the crystal structure describes the appearance of the material on an atomic length scale.
The term “microstructure” is used to describe the appearance of the material on the nm-cm length scale. A
reasonable working definition of microstructure is “ the arrangement of phases (#H) and defects (#ffz)  within
a material."

Many times, the physical properties and, in particular, the mechanical behavior of a material depend on the
microstructure. Microstructure is subject to direct microscopic observation, using optical or electron microscopes.
In many alloys, microstructure is characterized by the number of phases present, their proportions, and the manner
in which they are distributed or arranged. The microstructure of an alloy depends on such variables as the alloying
elements present, their concentration, and the heat treatment of the alloy.

1.3.6 oM 45

O AR — MR RGN, JRATT 20 A B0 i A S5 R RAROW Gk ) 73 BRI o Ml K R T 288 o i v S 1
FRFIALE (1] AT AUl SRS R 5K 2 TAPRLETAR, TR SE R AN nm-em 7K~ % 7 A48,
TR LR B 8 SR HH A AL AN P T ks

OIRZHIE T, MEREVEGRE, JUHOR AR HOB T RO g5 by, I A S B TR s, WTRLE
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SR BMAN. Er2aaed, SdME8E, oA AORRI WA . &SRR 4LEU
BEITRMATARNE, W LA A K.

1.3.6.1 Phase Diagrams (k)

Much of the information about the control of microstructure or phase structure of a particular alloy system is
conveniently and concisely displayed in what is called a phase diagram, also often termed an equilibrium or
constitutional diagram. Many microstructures develop from phase transformation, the changes that occur between
phases when the temperature is altered (ordinarily upon cooling). This may involve the transition from one phase to
another, or the appearance or disappearance of a phase. Phase diagrams are helpful in predicting phase
transformations and the resulting microstructures, which may have equilibrium or nonequilibrium character.
1.3.6.1
O/E 58 fa7 W PRI R — PiRs 5 <6 IO PO ZEL 2 B8R 285 4 £ 4 o) DS 3R 1 S MU BRI, Rk P AR . A AR
AR RO A o 23, B IR AL, S M AR, EFE A 5 A 18] B AR s AR I R LS
T, FHEE T FIIAEAR, AT H R GO H S B 1
The understanding of phase diagrams for alloy systems is extremely important because there is a strong correlation
between microstructure and mechanical properties, and the development of microstructure of an alloy is related to
the characteristics of its phase diagram. In addition, phase diagrams provide valuable information about melting (/&
%) , casting (%5i%) , crystallization (45#%) |, and other phenomena.@ [2) [tz 4, MIEIEEILTEE, 45
A E IR R A AE
Binary Isomorphous Systems ( —JC2) &)

The easiest type of binary phase diagram to understand and interpret is that which is characterized by the
copper-nickel system (Figure 1.19). Three different phase regions, or fields, appear on the diagram, an alpha (a)
field, a liquid (L) field, and a two-phase a + L field. The liquid L is a homogeneous liquid solution composed of
both copper and nickel. The a phase is a substitutional solid solution( & % [ ¥ 14) consisting of both Cu and Ni
atoms, and having an FCC crystal structure. At temperatures below about 1080°C, copper and nickel are mutually
soluble in each other in the solid state for all compositions. The copper-nickel system is termed isomorphous ( [FI4T
1) because of this complete liquid and solid solubility of the two components.

For a binary system of known composition and temperature that is at equilibrium , at least three kinds of
information are available:

ZIoAHE i 2 BRI R - S e A, A EFE =AAERESY, a L, o +L, JAH L2d-EIR G
Y, o MAM-EEAREME, BA Fol fFFRAL, 78 1080°CLAT, HHEEW, mT4, SRS, BET
RETCIR I, BN MRS, ERPEARARE T, ZIoMER-PER, 2/0=F%E 82 0BERN:

(1) the phases that are present.
(2) the compositions of these phases.
(3) the percentages or fractions of the phases. The procedures for making these determinations will be
demonstrated using the copper-nickel system.
(1 EZEHOYiE
(2 (EliSENEY
O E SR, B Cu-Ni M T AR R IX gk

Phases Present

The establishment of what phases are present is relatively simple. One just locates the
temperature-composition point on the diagram and notes the phase(s) with which the corresponding phase field is
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labeled. For example, an alloy of composition ( WNi= 60%; WCu=40%) at 1100°C  would be located at point A
(Figure 1.19). Since this is within the o region, only the single a phase will be present.
Composition of Each Phase

The first step in the determination of phase compositions is to locate the temperature- composition point on the
phase diagram. Different methods are used for single- and two-phase regions. If only one phase is present, the
procedure is trivial: the composition of this phase is simply the same as the overall composition of the alloy. For an
alloy having composition and temperature located in a two-phase region, the situation is more complicated. In all
two-phase regions (and in two-phase regions only), one may imagine a series of horizontal lines, one at every
temperature; each of these is known as a tie line GZE#:£E) , or  sometimes as an isotherm. 1.3.6.1 #H&]

e AL 3 — D R B A B P e bRt RE—Ry i e AR DX AR DX 2 A6 AN 5 B 5 7V
WRAE AR, SDRRIRMT R, ZAH AR A E S A . X TRE- i T &, B0
HB IR FERTA BIMARIX N (BABR TAERAHIX D, AT RVEHR HE — RATEK P& (R —DMEE B,
XUCLRARIERLL, B A N AR AR .

These tie lines extend across the two-phase region and terminate at the phase boundary lines on either side. To
compute the equilibrium concentrations of the two phases, the following procedure is used:

UCIERE A BT o I AH X R TP AP I A e, TS AH B~ ER AT RARI LR I

(1) Atie line GEHzZE) s constructed across the two-phase region at the temperature of the alloy.

(2) The intersections(3Z X 1) of the tie line and the phase boundaries on either side are noted.

(3) Perpendiculars (FEE[f]) are dropped from these intersections to the horizontal composition axis, from
which the composition of each of the respective phases is read.

(D HEBLREY, EEEMIREL FREMAEX . (2) BFEEEBRELMPMNAAHELAMAE S, (3) %M
FR) 8 B Ao X 8 i T B 3 7K P B o i ) T e SR
Amount of Each Phase (The Lever Law) ALAT @

In single-phase regions, the amount of the single phase is 100% . However, in two-phase regions we must
calculate the amount of each phase. If the composition and temperature position is located within a two-phase
region, the tie line must be utilized in conjunction with a procedure that is often called the lever law, which is
applied as follows:

FERAHDX, FAHR) & ESE 100% . JRMM, 7EMAH X IRA T2 S MR AR & . an SR -1 R T AR
X, FERRLHE AL G — A R OIALAT 2 AR, SR .

1) The tie line is constructed across the two-phase region at the temperature of the alloy.

(2) The overall alloy composition is located on the tie line.

(3) The fraction of one phase is computed by taking the length of the tie line from the overall alloy composition to
the phase boundary for the other phase, and dividing by the total tie line length.

(4) The fraction of the other phase is determined in the same manner.

(L)EELINESL, fEEERIREZ EREMAHX .

QBN G BRIy AL TIEREL .

Q)Hh— P SRR, R AN G SR RS AN M A B ERRAEE, B DU S
R

Binary Eutectic Systems - t3t i

Another type of common and relatively simple phase diagram found for binary alloys is shown in Figure 1.20
for the copper-silver system. This is known as a binary eutectic phase diagram. Three single-phase regions are
found on the diagram: a,f, and liquid. The a phase is a solid solution rich in copper; it has silver as the solute
component and FCC crystal structure. The Bphase solid solution also has an FCC structure, but copper is the solute.

5 — T DL AR RIAR O f7 5010 e & e B RO SR AL 18] 1.20 B AR -HRAH B o X2 AR P A RN 1 — a3k it
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HE. MHE A=A o #IX, AKX, FRAHX . o RS S0 EEAE, B8 G ERE TS
HRIFINA O ST B SRS . B AR A R 0 S 7 454, (B 2 i
The solubility in each of these solid phases is limited, in that at any temperature below line BEG only a limited
concentration of silver will dissolve in copper (for the a phase), and similarly for copper in silver (for the  phase).
The solubility limit for the a phase corresponds to the boundary line, labeled GSA, between the o /(o + Band o /(o +
L) phase regions; it increases with temperature to a maximum (wAg = 8.0% at 779°C) at point B, and decreases
back to zero at the melting temperature of pure copper, point A (1085 ‘C). i %4 [ AH 4 AH () VA i 782 A TR 1 -
T T S ] 4 A AN AH R AR A R ZEATATAIR T2k BEG R L T WA A BR & & AR 2 e Ca AHD
H, [EIREH A A RS E AR (BAED e o AHIRIA AR EE AR PR AT S SR 4R, Arid N4 CBA, fE a
XA Ca+ B) FHIX, Fa FHIXH (o + L) MIXZIE. EhEEE SR R E B 5 (WAg=8.0%,
FE779°C), SRIGAEIRETH B AL R AR IR (1085°C, sl A) INFEMGHIE.
At temperatures below 779 “C, the solid solubility limit line separating the o and a + [ phase regions is termed a
solvus line ([&l#448) ; the boundary AB between the a and o + L fields is the solidus line. The maximum solubility
of copper in the (B phase, point G, also occurs at 779°C. This horizontal line BEG, which is parallel to the
composition axis and extends between these maximum solubility positions, may also be considered to be a solidus
line; it represents the lowest temperature at which a liquid phase may exist for any copper-silver alloy that is at
equilibrium. 7EIREART 779°CHE, BRI Mo Fla +B AHIX A FEARBRZFRE B L o Fla + L AHIX 2 81
ek AB J[EIFHZE . B AHH LB R KVEMEE, G Al (WEURAE 779°C). /KL BEG, “FAT T Wisrfl, JF
fbFa AHFIR AR KIS EEALE 2 18], WAl DLV E R — KB, BT —Fr-F S MR &<
REAFAEVBURH O SRR TR
There are three two-phase regions found for the copper-silver system: a + L, p+ L, and a + P. The a andPphase
solid solutions coexist for all compositions and temperatures within the o +Pphase field; the o + liquid andp+ liquid
phases also coexist in their respective phase regions. Compositions and relative amounts for the phases may be
determined using tie lines and the lever law.fil—4RAHE AT AFR B =APIAHIX: o+ L, B+ L, o+P. o FHEHEAE
B AHE A AILAE T (a +B8 ) MBI S ARG N o M W, BAH. MO AE TAES H I
FADX Y o A I R L AMIRL AT & AR 72 B0 2% A R AL BN N 25 1

The liquidus lines AE and FE meet at the point E on the phase diagram, through which also passes the horizontal
isotherm line BEG. Point E is called an invariant point, which is designated by the composition CE and temperature
Te .An important reaction occurs for an alloy of composition CE as it changes temperature in passing through Te.
Upon cooling, a liquid phase is transformed into the two solid a and P phases at the temperature Te ; the opposite
reaction occurs upon heating. This is called a eutectic reaction, and Ce and te represent the eutectic composition
and temperature, respectively. CaE and CBE are the respective compositions of the a andPphases at Te. The
horizontal solidus line at Te is called the eutectic isotherm. 4 I HH i AHZE AE Fl FE 28 T &1 /KPS 261 /5 Eo
E SRR — AR S, X2HmR A Ce MR Te k) (38) M. A4&MCN CE SNG4, ME e
T, IR 2 Te I A — DN EE RN .
RN, FEIREEDY Te WHBAH AL BE AR o FIREIAH P RANAH:  INFAIE S AH SR SR o IR R Dy 3 it e
Ce fll TE R FIL SR ML B E . CoE A1 CBE ZIEFE N Te i o A B A% E RIS . EEN TE
BRI 7KF [ AR AR 3 B SR 2

The Iron-Iron Carbide (Fe-Fe3C) Phase Diagram

Of all binary alloy systems, the one that is possibly the most important is that for iron and carbon. Both steels
and cast irons , primary structural materials in every technologically advanced culture, are essentially iron-carbon
alloys. iy —Jc3bit &, BRIKG BT RE R A M — Ao ANAIBEER, (CIIAROCR Tk A i) - ZE L5 A RL G
BEULHTD), AT AR TR S <.
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A portion of the iron-carbon phase diagram is presented in Figure 1.21. Pure iron, upon heating, experiences

two changes in crystal structure before it melts. At room temperature the stable form, called ferrite , or a iron, has a
BCC crystal structure. Ferrite experiences a polymorphic(% JEZ5 1) transformation ([R5 PE445) to FCC
austenite, or y iron, at 912 “C. This austenite persists to 1394 “C, at which temperature the FCC austenite reverts
back to a BCC phase known as § ferrite, which finally melts at 1538 ‘C. &k & & AHKEM—&B 2w 1.21 Fis.
LI TERAG T ) T PR R AR5 M o . E=IR MRUERIE, FRONERRAE o 2, BAHLL
Ji ARG o BREARAE 912°CIN & 7 — A2 S REAS, O AT 0 3L T7 AR EE 6 I BRI, BliFRy Bk. 1X
Tt B AR — ELAF B 21 1394°C, FEULIREE T B IRIA R R B — D BA OS850, B0 BRERIERIME. ©
BRI AAE 1538°CIE1L
The composition axis in Figure 1.21 extends only to 6.70% (wc); at this concentration the intermediate compound
iron carbide, or cementite (Fe3C), is formed, which is represented by a vertical line on the phase diagram. Thus, the
iron-carbon system may be divided into two parts: an iron-rich portion, and the other for compositions between
6.70% and 100 %(wC) In practice, all steels and cast irons have carbon contents less than 6.70% (wC); therefore,
we consider only the iron-iron carbide system. Figure 1.21 would be more appropriately labeled the Fe-Fe3C phase
diagram. 7EE] 1.2 (1) e Bl A E A We=6.70 %6 Ab o 75 LU TR B 1140 & VDI R A 2%, BRPR 21514 (Fe3C),
‘EHAMHE L We=6.70% I ELZE. B, BRGERGET UMD sS85k, 580N
TR 6.70% F 100 %K. fESLE, FrA WA ARSI S BN T 6.70%, K, EATHEE
Fe-Fe3C 1A % . 4 1.21 AESE & #MIFR7N Fe-Fe3C AHIE.
Carbon is an interstitial ([E]Bf) impurity in iron and forms a solid solution with each of o and § ferrites, and also
with austenite. In the BCC a ferrite, only small concentrations of carbon are soluble; the maximum solubility is 0.
022% (w) at 727°C. This iron-carbon phase is relatively soft, may be made magnetic at temperatures below 768 C,
and has a density of 7.88 glem3.5 2 2k (1) —MAIBRA 5T, I35 o 8 TRERMA. BRI R T B4 7EAR
OALTTE o SRR, RABUNIBRIRIE R TR, SORKIEAREN 727°CI & kE Dy 0.022% . X ALK
FHAHXT R, £ 768°C LA N AT BESRAF AL, %0y 7.88 g/em3.

The austenite, when alloyed with just carbon, is not stable below 727 °C. The maximum solubility of carbon in
austenite, 2.14% (w), occurs at 1147 °C. This solubility is approximately 100 times greater than the maximum for
BCC ferrite. Austenite is nonmagnetic. B [Gfk, && A& nR R AWoLER, KT 127CH 2 e, 7F
1147°CH, BAE B IRAR P IR MR B KA 2.14% o IXANEMRFEAE ELAR OO ST T S5 K10 o BB AR BRI
i PRI ABL 100 £ o BE AR TEREVERY o
The 6 ferrite is virtually the same as a ferrite, except for the range of temperatures over which each exists. Since the
5 ferrite is stable only at relatively high temperatures, it is of no technological importance.f& 1 & £k & AA 7L IR
FEJEHIEE o BRI &, 8 BB a SRR AR LF— 16 Ry 8 BR 3R AR AT EAR B S TR T A AR E 1Y,
P LEAEROR B B

Cementite (Fe3C) forms when the solubility limit of carbon in a ferrite is exceeded below 727°C. Fe3C will
also coexist with the y phase between 727 and 1147°C. Mechanically, cementite is very hard and brittle. 7t 727°C.LA
T 4 o BRERAR TS I E VA AR IRIN, LT tHiBERIK. £ 727°CHI 1147°C 22 [8] Fe3C HIH Sy
AT Jieptkne b, A2 IR H a8 B
One eutectic exists for the iron-iron carbide system, at 4.30% (WC) and 1147°C. For this eutectic reaction,

1.2
the liquid solidifies to form austenite and cementite phases. Of course, subsequent cooling to room
temperature will promote additional phase changes.
A eutectoid invariant point exists at a composition of 0.76% (WC) and a temperature of 727°C. This
eutectoid reaction may be represented by
1.3)
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or, upon cooling, the solid y phase is transformed into a iron and cementite.Fe-Fe3C A R, TEEIKEN
4.30% (WC), ifitJEoh 1147°C 1) miAFAEILGRA L XTI SR, WO BEE A= sl e RN TR A . 249K,
I8 v A0 2 S R 2 (e At AR A A e
ERREN 0.76%, N 727 CHIS— DA I il AR BT PLH A 1.3 2o, BEE R T
I FH B AR R AR A AR A B o RS B A

1.3.6.2 Phase transformations
Mechanical and other properties of many materials depend on their microstructures, which are often

produced as a result of phase transformations. These transformations are divided into three transformations. In one
group are simple diffusion-dependent transformations in which there is no change in either the number or
composition of the phases present. These include solidification of a pure metal, allotropic transformations, and
recrystallization and grain growth. ¥FZ#4RHK) /)22 AH AR PEBEBGR T E N TR S5 1), IXAEAE R AR 45 R
P REEHHAR A S =K. —RR A Y B ARAR , AR AE A B A R A B . IR A AR
A m e, RV AR, AR R R OR

In another type of diffusion- dependent transformations, there is some alteration in phase composition and often in
the number of phases present; the final microstructure ordinarily consists of two phases. The eutectoid reaction,
described by Equation 1.3, is of this type. The third kind of transformation is diffusionless, wherein a metastable
phase is produced. A martensitic transformation, which may be induced in some steel alloys, falls into this category.
FE 5 — PR BOARAR , AAAEAH CIRAF B HOAHZH ORI AR A ER H 7 A — L8508 . de 2% 1) B i 21
A S AT OB, AT RE 1.3 PR i, IR AR SRR HY, KA AR
AP — 2SN AT R TS A 5 IR AR s T X — 3K

Consider again the iron-iron carbide eutectoid reaction, which is fundamental to the development of
microstructure in steel alloys. Upon cooling, austenite, having an intermediate carbon content, transforms to a
ferrite phase, having a much lower carbon content, and also cementite, with a much higher carbon concentration.
F5 R ER-I AL Bk (Fe-Fe3C) Y FL AT S B, X A2 & NI MO A M R R HOARAS . W Rl e, A — P R B & &
R B R AA B AR i 5 B AIRAT 22 Bk R AR, AR ik B B v RV B A
Consider an alloy of eutectoid composition ( wC = 0.76%) as it is cooled from a temperature within the 7 phase
region, say, 800°C, that is, beginning at point a in Figure 1.22 and moving down the vertical line xx' . Initially, the
alloy is composed entirely of the austenite phase having a composition of 0.76% (wC) C and corresponding
microstructure.As the alloy is cooled, there will occur no changes until the eutectoid temperature (727°C) is
reached. Upon crossing this temperature to point b, the austenite transforms according to Equation 1.3.
FEILH o & e (WC=0.76%), FINERM v HIXNHIREITIER T, i iife 800°CH, MK 1.22
A a JHRTREE B XX [F NS ], a2 H We=0.76 % C ZH R B ERAARAH FIAH B2 ) fovE 4
LM FEEGEARN, BABERELE, HBRRIHRE (727°C). B iREZS B A5, RIE71E 1.3
BRI AR
The microstructure for this eutectoid steel that is slowly cooled through the eutectoid temperature consists of
alternating layers or lamellae of the two phases (o and Fe3C) that form simultaneously during the transformation.
In this case, the relative layer thickness is approximately 0.8 to 1. ZZ18 ¥ &1l FEHT IR I FEHT4AN 520 24 4,
FEAZ B 02 B IR I ZE AR AR R FE v RIS FE R o A1 Fe3C AR« ERXFMEBNL T, X EEEL 08 £ 1.

This microstructure, represented schematically in Figure 1. 22, point b, is called pearlite because it has the
appearance of mother of pearl when viewed under the microscope at low magnifications. Mechanically, pearlite has
properties intermediate between the soft, ductile ferrite and the hard, brittle cementite.#11Fd 1. 22B i n B ACR FIIX
FORZER,  BRRNEOEE, POVERIRME R BB TSN, RABHREIIMMAN. WHEE, 2ot
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The alternating a and Fe3C layers in pearlite form because the composition of the parent phase is different from
either of the product phases, and the phase transformation requires that there be a redistribution of the carbon by
diffusion.

Bt LA B o F1 Fe3C 2, UM BRI R 587 A2 BN R, 1 T AR AR 1) 75 Sl 3 ok AT 1
7rHg.

Consider a composition CO to the left of the eutectoid, between 0.022% and 0.76% (wC); this is termed a
hypoeutectoid alloy. Cooling an alloy of this composition is represented by moving down the vertical line yy' in
Figure 1.23. FHEILHTHL M5 8 CO HIA 4, 7T 0.022%F1 0.76% (WC) i), #EFRATILN &
&0 EN A SIIAHEFERE 1.23 HiREEZ yy 1 F ol k&

At about 875°C, point c, the microstructure will consist entirely of grains of the 7 phase. In cooling to point d, about
775 °C, which is within the a+ y phase region, both these phases will coexist as in the schematic microstructure.
Most of the small o particles will form along the originalygrain boundaries. The compositions of both o and
yphases may be determined using the appropriate tie line.7£ 875°C /47, C £, fOW &5 F40°Ks 58 4= HH oy AH RO 2H At
RHAZE D £, £4 775C, Coty) MW, KRG RE BRI PRRRE —HE . RZHUMT o KT
SV JER y SR I e o Ay AHIRIRLSY, TS A A B () R 2R 0 -

While cooling an alloy through the a+yphase region, the composition of the ferrite phase changes with temperature
along the o-(o-+y) phase boundary, line MN, becoming slightly richer in carbon. 24&4 4 #E at+y FHX N, 2
R B BEIREE (B W o Caty) FHFE—Z MN 224k, TRk & B8 A ER.

On the other hand, the change in composition of the austenite is more dramatic, proceeding along the (o+ y) —y
boundary, line MO, as the temperature is reduced. Cooling from point d to e, will produce an increased fraction of
the a phase and the a particles will have grown larger. 55— J7 i, Bl 2 iz FE (1) FEAIC, B8 EGAAR il o0 ) 508 S0 i il 3%
WA Coty) AHFD y AHIAL A ZE MO 347, M\ D SAHZE E £, o AHITEHISRINIE B o K2k,
As the temperature is lowered just below the eutectoid, to point f, all the y phase that was present at temperature Te,
(and having the eutectoid composition) will transform to pearlite, according to the reaction in Equation 1.3.

There will be virtually no change in the o phase that existed at point e in crossing the eutectoid temperature—it will
normally be present as a continuous matrix phase surrounding the isolated pearlite colonies.

Thus the ferrite phase will be present both in the pearlite and also as the phase that formed while cooling through
the o+y phase region. The ferrite that is present in the pearlite is called eutectoid ferrite, whereas the other, that
formed above Te, is termed proeutectoid ferrite. [ i B AR BB T ILATIR AL R F A3, IR E Te FAEER (3
AIHTEED A v M RRIE AR 1.3 P H RN AR EOGA . R IATRER, E AH) o M) LT
A, B VERN— S R IR 5856 IO BROG IR SEREAFE . BRI, Bk AARA AU AE BR O i
FAAE, RHNER oty X R AE DB AEA B HOGIR TP AR R BRER AR O LT Bk A4, i AR AR iR 2
Te DA BT RHIHAR 9 Fe S EpT B R Ak .

Analogous transformations and microstructures result for hypereutectoid alloys, those containing between 0.76%
and 2.14% (wc) carbon, which are cooled from temperatures within the y phase field. Consider an alloy of
composition C1 in Figure 1.24 which, upon cooling, moves down the line zz'.

At point g only the v phase will be present with a composition C1. Upon cooling into the y+ Fe3C phase field, say,
to point h, the cementite phase will begin to form along the initial y grain boundaries. This cementite is called
proeutectoid cementite. ZSARIAHAE GO LI KA (FikEN 0.76% F1 2.14% (WC) ) dth& 4
Ry A X B EE R ENT R ) . FREE] 1.24 s A CL &4, R AR ES Z2Z' N #3). £
G HRAH I CLHY y AHAFAE . A E] v+ Fe3C HIMHX G, RIE|H i, EBBAHRIEAE A v AH & FIT
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RIE R LB BAREAR N eI EITIEBRAR .
The cementite composition remains constant as the temperature changes. However, the composition of the austenite
phase will move along line PO toward the eutectoid. As the temperature is lowered through the eutectoid to point i,
all remaining austenite of eutectoid composition is converted into pearlite. Thus, the resulting microstructure
consists of pearlite and proeutectoid cementite as microconstituents. ;BB 7y, B IR AL RAFAAS . SR
1M, SRR I A BCIIE 4k PO B JEATAHZUAR A . B IR BE B A, 8 MR FE 3 A0 i I, PR AR
IR RS20 1) SR AR AR I RO A . PRIE, A B A 3 R B G AR A it E SE 3R AT s B AR ALl

In addition to pearlite, other microconstituents that are products of the austenitic transformation exist; one of these
is called bainite. The microstructure of bainite consists of ferrite and cementite phases, and thus diffusional
processes are involved in its formation. Bainite forms as needles or plates, depending on the temperature of the
transformation. & 1 BROGAR, SEAT HA Fh B IR AR AR AL BRI R B AR AE, b 2 — RO IR A . DI A&
AR R A SRR AL, I ERTE e S G Y 8o . TR RTE A SHIRER R, BT
FHAZ (iR o
Another microconstituent or phase called martensite is formed when austenitized iron-carbon alloys are rapidly
cooled to a relatively low temperature. Martensite is a nonequilibrium single-phase structure that results from a
diffusionless transformation of austenite.

The martensitic transformation occurs when the quenching rate is rapid enough to prevent carbon diffusion. Any
diffusion whatsoever will result in the formation of ferrite and cementite phases.

T3 IR R B AR D9 B AR, A B AR R R B < DR v 20 B — N A IR B IR B TE . 5 IR — A
AP RAR SR, R R R E AR BUHAR G IR . 5 IRARAR AR R A AE VR JGRFERR, 2 LA 1B RS H R 15
LT o AR B BUOHOR: K AR AR 2R 3R AR AR AS AR AH BT O A2

2 Materials
2.1 Ferrous Alloys (p.1 1&1Thk)
More than 90% by weight of the metallic materials used by human beings are ferrous alloys. A 2&1# F ()8 3d 90%
RN Up S P
This represents an immense family of engineering materials with a wide range of microstructures and related

properties. XAEH B R TIEMEHIFKEER A 1Z I BT G AR DS JE& .
As a practical matter, these alloys fall into (73>4) two broad categories based on (#2#f) the carbon in the alloy
composition. SEFR b, XL SARYE 1A G R IR 7 PR R
Within the steel category, we shall distinguish whether or not a significant amount of alloying elements other than
carbon is used. FEANELIS, FATRLIX 732 7548 FHAH B2 I BR R LAY & o0 K
A composition of 5.0% total non-carbon additions (747 will serve as (7] LA#Z 2. .£fH) an arbitrary boundary
between low alloy and high alloy steels. & 51k £ 5.0 % (1 AE S N4 1T DL BN A SR & & SN 2 B T &
A HIVEHT
These alloy additions are chosen carefully because they invariably bring with them sharply increased material
costs[1]. XLEEEICRARGITATANPRLL, KU AT W AL AR T A 1R KR #ED
They are justified only by essential improvements in properties such as higher strength or improved corrosion
resistance. A7 A I 0 EE A SO R REEAT 23 2S, T v AR PR Bt )T e
Modern industry needs considerable quantities of this metal, either in the form of iron or in the form of steel. Hift
b A BB R R A G )R, TR AR R AR B AN

A certain number of non-ferrous metals, including aluminum and zinc, are also im-portant, but even today the
majority of our engineering products are of iron or steel. — &% H FI9E8: & )8, Wiasa, &, WEZE, (HEMEE
AR, TATR 2 BUTRE ™ b ik B
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Moreover, iron possesses magnetic properties, which have made the development of electrical power possible.

AN, BREAR AR, OSSR IR R O AT RE .
The iron ore* which we find on earth is not pure. It contains some impurities that must be removed by smelting. &
ATHEHBIR B3R BN A AN R A . B S — il i iRk 2 0 0.
Blasts of hot air enter the furnace from the bottom and provide the oxygen that is necessary for the reduction of the
ore. HEIEHIAETMRERHEANY ", SEOE ARSI A D .
The ore becomes molten, and its oxides combine with carbon from the coke.
The non-metallic constituents of the ore combine with the limestone to form a liquid slag™*.
This floats on top of the molten iron, and passes out of the furnace through a tap*.
The metal which remains is pig iron*.
Rk, MELEMM S ERTIRES G . ISR AR SAKA%E, TERBESE* . RIS EEFAL
BoK B3, R ARk . SRR SRRk
We can melt this down again in another furnace-a cupola*-with more coke and limestone, and tap it out into a
ladle* or directly into molds. This is cast iron. $AITH 5 2 BIEE R AA KA LE 55— MR IR HRL, PR
TEEEEAE R . X,
But it possesses certain properties that make it very useful in the manufacture of machinery.(H'e; B & - 2ehe i, f#
FAEN Uk 3 75 T AR A H
In the molten state it is very fluid, therefore, it is easy to cast it into intricate shapes. Also it is easy to machine it.
B, EAEMRERES N IERRY, IRBESIEBREZRIIER . At ERAESHINTAE.
These non-metallic constituents of cast iron include carbon, silicon and sulphur, and ([7]F) the presence of these
substances affects the behavior of the metal. X LL{E5 R PEE M EFEIK, FERIGR, C([FB), XLLY) 5 IIA77E
S <2 Ja (15
Iron which contains a negligible (7] ZHB&[H) quantity of carbon, for example, wrought* (RJ#% ) iron behaves
differently from iron which contains a lot of carbon [2].3L 1 & ik & 1] A 2B AT AR 8k, Blinml ek,
FEPEAS A 6 & R E R R [2] -
The carbon in cast iron is present partly as free graphite and partly as a chemical combination of iron and carbon
which is called cementite [3]. However, iron can only hold about 1.5% of cementite. Any carbon content above that
percentage is present of the form of a flaky* graphite. 554k H FIBRER 2 15N H B A S8 471E . R Ix —

B B DL S8 B S E .
We make wire and tubing from mild steel ({i&f% 4% dwith a very low carbon content, and drills and cutting tools from
high carbon steel. FATMRBRANTFBI LA FE M, BN 2B S TTH] 7] A
* Carbon Steel
A plain carbon steel (fixZ4X) is one in which carbon is the only alloying element. %242 —F R S HWAE N
HEICHRMN.
The amount of carbon in the steel controls its hardness, strength, and ductility. 498k 1S & 55 © RIREEE, 98
RN EE
The higher the carbon content, the harder the steel. Carbon steels are classified according to the percentage of
carbon they contain. 75tk 2 P ERAEEE Bk = o DR AN DAL Sk E I 73 80026

They are referred to (#%4) as low, medium, high, and very-high-carbon steels. ‘& 14z 73 AARERAN,  THRRAA,
e AR A v T A

Low-carbon Steels fikH%4X

Most of them do not respond to any heat treating process except case hardening*. ‘EAI1 Kk ZH A& G AL T, £
B REEAGER AL o

These steels have a carbon range from 0.30 to 0.45 percent. They are strong and hard but cannot be worked or
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welded as easily as low-carbon steels. XESHf & B EAE 0.30 . 0.45 2 ). "EA MR AT &, (H2 00 Tk
AR R BEFR A AN AR AN
Successful welding of these steels often requires special electrodes, but even then greater care must be taken to
prevent formation of cracks around the weld area [1]. 3% 75 28K FRFIR AR 267 B R ID IR R IX AL, B
BE, WEARH NG, A AR X FDE RS
Steels with a carbon range of 0.45 to 0.75 percent are classified as high-carbon and those with 0.75 to 1.7 percent
carbon as very-high-carbon steels. (E.#)
As a rule, steels up to 0.65 percent carbon can be welded with special electrodes, although preheating and stress
relieving techniques must often be used after the welding is completed [2].38 % 15, S E4E 0.65 — R [KANHAS
AT LR R R PR SR b AT 14, RN 7 R FOUR AR, F5 Vi B 2 b PR
Carbon is the principal element controlling the structure and properties that might be expected from any carbon
steel. BOEAEHISHIAMPERER EEICR, EREMEMTRRN 1 .
The influence that carbon has in strength-ening and hardening steel is dependent upon the amount of carbon present
and upon its microstructure. &£ 55 A HX R AR A0 HR Hh (1) 52 00 B e T FLAEBRAN vh 1R RGO S5 44
Slowly cooled carbon steels have a relatively soft iron pearlitic* microstructure; whereas rapidly quenched carbon
steels have a strong, hard, brittle, martensitic microstructure. * 35 ¥ ) IBRAN A BRI BR GRS #y, Tk
B KBANA — AR, SR, etk S IR 4.
In carbon steel, at normal room tempera-ture, the atoms are arranged in a body-centered lattice*. Tk Z=WNIEEE T,
JEF BRI A O R
This is known as(#*{E /) alpha iron. X##r Aa 4k
Each grain of the structure is made up of layers of pure iron (ferrite) and a combination of iron and carbon. The
compound of iron and carbon, or iron carbide*, is called cementite*. 45> i [ 45 1) #1052 f 2k Gk Angk
IR SV EA RN . BB EY), BRI Ek, s
The cementite is very hard and has practically no ductility. RS, JLT%A Bk,
In a steel with 0.8 percent carbon, the grains are pearlitic, meaning that all the carbon is combined with iron to form
iron carbide. EHkEAE 0.8 MY, AR BROGIK, RIARAE A BER & MR 45 SRR TR R Y o
This is known as a eutectoid* (FEAfTf#7)  mixture of carbon and iron. X R AR AR
If there is less than 0.8 percent carbon, the mixture of pearlite and ferrite is referred to as hypoeutectoid. 41 5-5% &
BT 0.8, BROGHIIERARIR S YA AT .
An examination of such a mixture would show grains of pure iron and grains of pearlite as shown in Figure 2.2. iX
TR SV ALV BoR 2B BRI B ok, aniE 2.2 s
When the metal contains more than 0.8 percent carbon, the mixture consists of pearlite and iron carbide and is
called hypereutectoid <& H & it 0.8% [MHk, TR & 2 R BROGAR AR B A3 R Ayt L afr
In general, the greatest percentage of steel used is of the hypoeutectoid type, that which has less than 0.8 percent
carbon. PR, A& & A 2 EU i R AN R 2K T 0.8 %6 O MEFLHTAN .
An alloy steel is a steel to which one or more of such elements as nickel, chromium*, manganese, molybdenum*,
titanium*, cobalt*, tungsten*, or vanadium* have been added. & &M = &H —PekEZ LR, W, 5, 4k,
B, B, Bh 45, BULCCININENEL .
The addition of these elements gives steel greater toughness, strength, resistance to wear, and resistance to
corrosion. IXEEHANK TR T A EE A FWINE, SREE, MWEEEME, Wi
Alloy steels are called by the predominating ( =%:ff]) element which has been added. & 4:4M DA 3= Z I T
EqEZR

Most of them can be welded, provided special electrodes are used. & 11191 ik 2 Hor] UK, AEHRRRAGHLRR R
g .
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The common elements added to steel and their effects are explained as the following. % W.JGZ I ANEER 5 152
M .
The addition of manganese to steel produces a fine grain structure which has greater toughness and ductility. £41]
BT A BT SR EE A, 3k B ORI RIS JE
Manganese always presents in steel to some extent because it is used as a deoxidiser. #fifE4N G — & KR,
BRI EAT Dy — o i 225 156 7
When quantities of chromium are added to steel the resulting (5% J) product is a metal having extreme hardness
and resistance to wear without making it brittle [3]. Chromium also tends to refine the grain structure of steel,
thereby increasing its toughness. #H N K5 LG, AR RS &, BRSO . T4k
T RRLZE R, TG I LB

It is used either alone in carbon steel or in combination with other elements such as nickel, vanadium,
molybdenum, or tungsten. ‘&2 HR Bl E At s 23k [ Cand, 1, 4H, 89D ILEAEG AER
The addition of nickel increases the ductility of steel while allowing it to maintain its strength. 5% 7340 1 40944
FISEFEME, RIS RE a8 IR EF L om
When large quantities of nickel are added (25 to 35 percent), the steels not only become tough but also develop
high resistance to corrosion and shock. 421 K& (25% % 35% ), ANAMGRBEIG N, AF 38 ISP ol
AL .
Tungsten is used mostly in steels designed for metal cutting tools. %% % F T4 J& VI 1) JJ B 51 4R
Molybdenum produces the greatest hardening effect of any element except carbon and at the same time it reduces
the enlargement of the grain structure. 4572 BBk LASME T A oz A SR ) o 3R, RIS IS TR 8
L5 K4 ) 5

The result is a strong, tough steel. XA i, 1 5 15 55 = 1R

Although molybdenum is used alone in some alloys, often it is supplemented by other elements, particularly
nickel or chromium or both. EAAFELE & G PR R AT I I, R BUIB AR LAHARITE, Rl 2 Bel
B B SR A
Vanadium is a strong carbide forming element. 41/& S&ERACITE T E .
Addition of this element to steel promotes fine grain structure when the steel is heated above its critical range for
heat treatment. XN H R X AP IT IR DAAMG AR TR, (R AR AN, a4 T L S b B
T InFART o
Titanium is a strong carbide-forming element. It is not used on its own, but added as a carbide stabiliser to some
austenitic stainless steels. K& —FEiib BT R . AR H SRREH, BIE AT EFIINAR]— Lk
B RARAERN
2.1.3 Cast Irons
As stated earlier, we define cast irons as the ferrous alloys with greater than 2% (w) carbon.
WRTATA, BATE SCNKT 2% (W) RN H i &4
They also generally contain up to 3% (w) silicon for control of carbide formation kinetics 4l 134 i & A =ik 3%

(WD BIREAE eI i3l 7 .
Cast irons have relatively low melting temperatures and liquid phase viscosities*, do not form undesirable surface
films when poured, and undergo moderate shrinkage* during solidification and cooling [1]. %%k B A ELEARFIE
SFIVBARRG I o BV I AN AN TR EER R, I FLAE [ A A4 A A o il 4 o 2
The cast irons must balance good formability of complex shapes against inferior mechanical properties compared to
wrought alloys. FREGIE & e, FEaTA SR TR BB, R EAT 5 AU .
A cast iron is formed into a final shape by pouring molten metal into a mold. #52k i &R B2 SE 15 Rl 4 )8
FENARE
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The shape of the mold is retained by the solidified metal. Inferior mechanical properties result from a less uniform
microstructure, including some porosity*. FH T~ [l < @ 5 B R AR AR B o AR5 BIMLIE BESE BcAS K3 5T 1
WO S, ALHE— L fL>
Wrought alloys are initially cast but are rolled or forged into final, relatively simple shapes (in fact, "wrought"
simply means "worked"). 5 & 4 W15 1 0 5 5 2 6 BUABE HoR 1, A XS R R ATIEAR (s b, <BhE”
RRRR I TAE
White iron has a characteristic white, crystalline fracture surface. 08 — MM, ©F AGREEHEIO.,
Large amounts of Fe3C are formed during casting, giving a hard, brittle material % i i £ th 7 K & (1) Fe3C 11,
il — e, HaAA Rk

Gray iron has a gray fracture surface with a finely faceted /M) structure. K 58k B RS AT CH /NI
SODREY AY/SEN. [
A significant silicon content ( wsi = 2% ~ 3%) promotes graphite (C) precipitation rather than cementite ( Fe3C).
— S E (WSI=2% ~3%) Refedtas (=) frili, HHEERA (Fe3C) FHik,
The sharp, pointed graphite flakes contribute to characteristic brittleness in gray iron. 288 R A SBTE AL T 2K
PR MEME I RE S
By adding a small amount( w = 0.05% ) of magnesium* to the molten metal of the gray iron composition,
spheroidal graphite precipitates rather than flakes are produced.[2] i#id/> & Mg (w=0.05%) 0% K485
fksmb s g, B RERRA SBPTEmA 2 7oA £
This resulting ductile iron derives (#25) its name from the improved mechanical properties. K8E 2438 FIHLAK
PEREBRBEFEHRIL N T o
Ductility is increased by a factor of 20, and strength is doubled. ZEREMERIN T 20 £, SRS hn—1% .
A more traditional form of cast iron with reasonable ductility is malleable* iron, which is first cast as white iron
and then heat treated to produce nodular* graphite precipitates[3]. 45 & 24 13 1 1K) 8 AL Gt T2 201 85 k& T
k. EEEBERE NS, RE AT BN ERIR A BT .

Non-ferrous Alloys
Although ferrous alloys are used in the majority of metallic applications in current engineering designs, non-ferrous
alloys play a large and indispensable C/ANHJEEHE) role in our technology. As for ferrous alloys, the list of
non-ferrous alloys is, of course, long( (AZ 1, 782D and complex. We shall briefly list the major families of
non-ferrous alloys and their key (F 22/ attributes (%) . Aluminum alloys are best known for low density
(% FZ) and corrosion resistance .Electrical conductivity, ease of fabrication, and appearance are also attractive
features. Because of these, the world production of aluminum roughly (Z4%) doubled in one recent 10-year
period. Ore (§™) reserves (Zij&) for aluminum are large (representing 8% of the earth’s crust) and aluminum can
be easily recycled.
FEIAR TAR BT Bk & < AR SN P e E 2, (ERAE Tk oAt Ja R4 B K AN AT BaR i 4R
Mo M TEREERY, AOERIMELEREL HEIM . T HEAR RIS H 5] LR i i 32 2
L FERE . B0 E <l T BAREE BRI R bk, 5 r P DA K R G o T A2 e AR R F) AR P T AR R K
PN IERBUONXEEARHIE, ERdrHEWI, fRrEt R LA BEAZE T 8. B RmERL (4
AR &R A RN 8%) T HLARZE 5 EE R
Magnesium alloys(#:%4:) have even lower density than aluminum and, as a result((5itt, M), appear in
numerous structural applications such as aerospace (fii=*) designs. Aluminum is a fcc (face-centered cubic [fi-C»
SLJ7émM% ) material and therefore has numerous (12) slip systems, leading to good ductility. By contrast,
magnesium is hcp (hexagonal close-packed 47577 fiA%) with only three slip systems and characteristic
brittleness.
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H T8 S % L e ZAC, B R BEVF 2 i Bt S MR o SR T2 — i O Sz 7 &5
s HEAZMER R%, DETAEGRIFMERE. HELZ T, SEREH N TENERIFR A =4
AR, PrCLEEUE.
Titanium (%K) alloys have become widely used since World War 1. Before that time, a practical method of
separating titanium metal from reactive oxides and nitrides(%&f£#7) was not available. Once formed, titanium’s
reactivity works to its advantage. A thin, tenacious ('"2Jf¥]) oxide coating forms on its surface, giving excellent
resistance to corrosion. This “passivation” Cffift) will be discussed in detail later. Titanium alloys, like Al and
Mg, are of lower density than iron. Although more dense than Al or Mg, titanium alloys have a distinct (B2 [#))
advantage of retaining strength at moderate service temperatures, leading to (5:£() numerous aerospace design
applications. Titanium shares the hcp structure with magnesium leading to characteristically low ductility. However,
a high temperature bcc (body-centered cubic 440> 3777 f:#% ) structure can be stabilized at room temperature by
certain alloy additions such as vanadium(#/l).
H G IR TR BRI KA S T G152 32 B o EHT,  BA BRI M S B E A SR E SR (1)
AATER . R—HIER, Bt Bos AR S Ry . FEER IR A — E M B0 AR, R TR LA R
SRR . R IE A <" BTV . KA S, BEERME R, BRI E K. BAREE
FLBRAIE R, EAETR T, BRE SR R AA YR s, HORERA T Ak B SR
—FERA NI B ERERE NN FE R AR M. A, BRI R IEME S, il rE
OGS R R T AT DA R4 B A
Copper alloys possess a number of superior properties. Their excellent electrical conductivity makes copper alloys
the leading (3% f#)) material for electrical wiring. Their excellent thermal conductivity leads to applications for
radiators (E{##5) and heat exchangers. Superior corrosion resistance is exhibited in marine(#ifif1) and other
corrosive environments. The fcc structure contributes to their generally high ductility and formability. Their
coloration is frequently used for architectural (4 F-f#)) appearance. Widespread uses of copper alloy through
history have led to a somewhat confusing collection of descriptive terms. The mechanical properties of these alloys
rival(354+) the steels in their variability(7] 42 £). High purity copper is an exceptionally soft material. The addition
of 2 w beryllium (%) followed by a heat treatment to produce Cu-Be precipitates is sufficient to push the tensile
strength beyond 1000 MPa.
W& BA - RANARIVERE. RAFH)T BIEEH &SROy EER B AR, RIS AR5 H AL
IR AN IS TP AR DAL o AR R A0 B e e 2 A AR A P PR S 45 LA L. THL O Z5 A A 1940 5 4
HA RIFIIE et 3 HAEH ) T e . AT 5 2 TS0 M. J sk BAR-& 62 N 281
T2 NBERR TR R T . X GAUMERE R T AR PR AT B8 SANULH . 202 H AN — R R A4
Ko RN S AN 2W 8K 243 21— M ho o B2 1S 1000MPa FIRR 9B A0 AR B AT H 20 o
Nickel alloys have much in common with copper alloys. We have already used the Cu-Ni system as the classic
example of complete solid solubility. Monel is the name given to commercial alloys( L)% 4) with Ni-Cu ratios
(EEf)  of roughly 2:1 by weight. These are good examples of solution hardening. Nickel is harder than copper,
but Monel is harder than nickel. Nickel exhibits excellent corrosion resistance and high temperature strength. Zinc
alloys are ideally suited for die-castings due to their low melting point and lack of corrosive reaction with steel
crucibles (3H1%) and dies (F21.) . Automobile parts and hardware ( F1.4: %% J.) are typical structural applications.
Zinc coatings on ferrous alloys are important means of corrosion protection. This method is termed as
galvanization(¥%££).
BEe5WeERAWZMRIRHTT . FIanfE CLATE B T RIS KRR R 4. SR E
tey 2. 1 DNESMONSEM & 4. R E TR MG 7. SRR AR K, (HJ2 52 & e i
BIEER . SR TR AR G BTN R b ik DL AR =il B RAFR SRR . B RS R L gkt
BEA G R A A RS, T DMRSE & T 86 IR o ds BRI S5 MR ] . FEA (i<
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VR RAE )RR MR R AR . IR BT ERR N

Lead alloys (#:#4:) are durable and versatile materials (fif FH (K38 F#4#). The lead pipes installed by the
Romans at the public baths in Bath, England, nearly 2000 years ago are still in use. Lead's high density and
deformability combined with a low melting point adds to its versatility (% F14:) . Lead alloys find use in battery
grids(#t#%) (alloyed with calcium or antimony %), solders &%} (alloyed with tin), radiation shielding (& 5 5% %),
and sound control structures(7 & %l £5#4)). The toxicity(E:14) of lead restricts design applications and the
handling of its alloys .

By A et — M FH 2 Fli@ b4 k. 2000 SERTS S AR E B2 EAE AL = T e E BRI ES
I B AT DL AR AUMR T e 2 M. BG4 2 N T st i et JRRE, 4w B &
B 2y, AR T )R 1 PR ) ™ b R P R e < n T

The refractory (i ‘K 1), £ 1¥]) metals include molybdenum(%H), niobium (#2) , tantalum (£H), and tungsten (£5).
They are, even more than the super-alloys, especially resistant to high temperatures. However, their general
reactivity with oxygen requires the high temperature service (/& {E)NL) to be in a controlled atmosphere or with
protective coatings.

M KA RLEAEEE . Fe. BH A4S . ARATTHOT KO L i & e i 20y, JUHPimIRIERE . 2R, A AT 5 S 2
A N AW AN BOE R R I i Al AT

The precious metals(i% 4:J&) include gold, indium (i), osmium(#k), palladium(4),  platinum(%f1), rhodium(%%),
ruthenium (%7), and silver. Excellent corrosion resistance combined with(B%5/I7]) various inherent properties([iil &
FIPE ) justify GIERH... & IE 24 ME ) the many costly applications of these metals and alloys. Gold circuitry
in the electronics industry, various dental alloys (#FHH 4D , and platinum coatings for catalytic converters(+
firh 5 N 5 45 %5 ') are a few of the better-known examples.

RO, R L . B BT IR RIF AR i A A R IE X e R A S TR
e A N R AB AT B o BIANAE B 5 b e b BB AR, 2 P R e A A B S RE A TP AR R AR —
L6 B 9 44 1 B

F=7 welding

1. Aunion between two pieces of metal rendered plastic or liquid by heat or pressure or both. A filler metal with a
melting temperature of the same order of that of the parent metal* may or may not be used.

T T o) <5 e N A I S B Y A O S T B R AR R, I ERE AN S B HE R AL IR B S A
.

2. A localized coalescence of metals or nonmetals produced either by heating the materials to the welding
temperature, with or without the application of pressure, or by the application of pressure alone, with or without the
use of a filler metal.

I AR B R EER I, SRS B ANy, BE RN Ay, S AN A SR A < e R SE I <
ARG R A .

3. In fusion welding, a heat source melts the metal to form a bridge between the components.

FEVERAT S, PRIEIR AL B SR SR T B A R 1 i

4. Airin the weld area can be replaced by a gas which does not contaminate the metal, or the weld can be covered
with a flux.

R DX ) 2 AT DR At < i e SUARARE Bl P07 s R AR AP AR

5. Choosing the most suitable process requires consideration of a number of factors, including type of metal, type
of joint, material thickness, production constraints, equipment availability, labour availability, labour costs, costs of
consumables, health, safety and the environment consideration.
EHRAGELZHEFZEHZHR, HPhUfEa RN, B8N, MRER, A& rmam, i
Bk, ATHISTENT), SElA, T AEAE R 2 A B A
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6. It has for many years been one of the most common techniques applied to the fabrication of steels.

VR ARk, FyNEESR R T 9485 4 1 e R B ik — e

7. In addition to heating and melting the parent material the arc also melts the core of the electrode and thereby
provides filler material for the joint.

B 7 InEFIRI AL RER, A E AR SRR, BRI IR e kR R R R

8. The flux and electrode chemistry may be formulated to deposit wear- and corrosion-resistant layers for surface
protection.

JRFFRZACE A 508 (IREE) & @ Rt B i 15 vh ) R JE A 0%

9. At higher currents high deposition rates may be obtained and the process is used for downhand and
horizontal-vertical welds in a wide range of materials—include earth-moving equipment, structural steelwork, weld
surfacing with nickel or chromium alloys, aluminum alloy cryogenic vessels and military vehicles.

IR AT DA R R R R, XA L2 T 2 AR AR, PR R AR R R LR, G
Hy, REERMBEABRBERNEE, B IRIRS S ZEH 28,

3,1,2,3 iR SRR IR (GTAW)

PR T SRR AR, Wl 3.7 Fs,  FERRINK 2 B AR oA I EIUR (TIG).,

TEESHRAE M SRR IR, 4EREAE TR RIS A S AR (] (1) FR I 28 I A B IS A e Sk X 3. FEIAE ORI R
I ANR AT KT R SR PR R e . B IR BN 1] 3.8 . FSMEIIUE T2 W FHRES: (D
PR R RAE AR SRR T (2) BEEZ AN R (3) MR 61 (4) Bkl
FLAC T () A s o AN 3k 5 o FE A1

MR T2 N A TR 2 TREMERE:, BFASHN, B68MEtEe)E, ingk. SRE kS aR
PR T2 EREs ShE T HST N T RS, BIAKR R LA T35, A7 R i3 & 1
i,

3.1.2.4, FETIE

PR PR AR R A Al P g e A S e e s b ) /N FLA AR R R BE R R RO 0 DR R I A R S S T
5. Nkl 3.9, SRS IVER Y ol AL A E S A Bk X0, XA LI AE AN AR IR R Sk e A LA
B AE I (R B o AR R T RIS 36 R R, AR 2R R S A 21 B 2 R -

B TIURMKEIR 2Rk 0 T2 A el H % E FINE S BB TL. SRS B3,
WILET T & BIEA, N T T aaEEE

SFETINL 0 s R R TR R, (AR RSEE TN T2 BA DN R A

I FELL LIRS e M 4

SR AR G AR EE A R [ 1) 5

SRR G R AR LA R B

REFLIE R T R

LR TR FORRE AT AR AR, T A B I B DL AR A B E A R A AT
Z IR .

3.1.2.5 2005 22 IR

W 3.10 AR, 250822 ST YIR & @ KA & 780 T & s . 20 R 22 raglUE T MR S5 1Ak
SRR IRAREL, SRR 3.1 s . i 250 R 2 i — o fE R RO T U B, AR AR s s
7, K U BREE CRA RO 4R 22, B fedd i Pk s Ll AR 220k BB 75 RF . mlE i gh i, Wil 3.12
B, Wl RES P2 AR B B BT Sy BUFE M A TR AR ), T BRREAT IR AR B A LAk AR . MY ) AR 22
HAEAE 0.8mm-3.2mm.
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GTAW £ G IR maintain ZERF joint $23k sustain FF4E: fuse JA4k electrode #5%% deposition rate &%
HFE Plasama Welding 452 1§ constrict Y&4i torch &4 solidify #E[& current FE7 directionality 2 [A)3h
flux J257]

VY Casting

1.0Only the advent( i ¥ of industry sponsored (¥ 8) . 3= 7 Jresearch in the past 10 years has brought any effective
degree of understanding of what happens in the one fiftieth of a second(50 4> —#}) or so available for mold
filling. (f81%%)

e £ 10 B, FUA TR AT R A 48 1Tt — A R R R R A T A Ak
BRI

2. From this research has come a practical system for preengineering (#] 25 ] fill time and gate area in relationship
to(5++- 1% R) metal temperature, die temperature, and casting configuration.

FER WA A 1 — IR E FE BT 1R), 5 1 XA < il e, M RIS, B R 4 M 2 1A 5% AR K S
PETT

3. These systems, too, have provided the springboard*(#k#ix) for further industry supported research to reduce the
minimum wall thicknesspossible in large zinc* die casting.

XEEHIF FT O Ja R TV SRR 5 Tl oK B 56 1 L 4 v 1) s /N BE JEE AT T S it 17 i

4. Research on this subject continues with the help of modern instrumentation (#£# ) and high-speed
photography (= 5 A)

FEIX T3 T BRI FEAE IR 2 A e LSRR HROR B S ) T 45 LA 2.

5. The term "shot speed"(JE4fi# ) is used to describe the velocity of the metal injecting plunger, expressed in
(F-+-3&7R) feet per minute or inches per second.

SESC TR F R G R R A A R, HI SR B IRD R . “ IR 2E T R R JE AR
TEEE, AR CIRBE T BCIRSHEL” PR

6. The term "temperature gradient” refers to the difference between the surface and subsurface die temperature.
B “TRERRRE” FEARPE LR 5 R TH 18] R 22

7. More recently, the cold chamber process utilizes a piston and cylinder into which the metal charge (43 &k} for
each cycle is ladled.

B, WEEH TZMANGEMENE (5D, FRIEHNEEER (ahemE) IR =T,

8. As with any other process(FIME- ] H & 1) 1. 2 —#F), die-casting has its limitations as well as its advantages. For
one thing, it is rarely economical to use multiple part ( t JL#B4> 41 5% cores such as are normal in the permanent
mold casting of auto pistons.

HRELZME, KA )RR RN SA R, 5%, BRIET b2 5020486 B REEIR
RN ZERAALTH]
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9. Further, in considering what alloys are castable, the piston cylinder fit*(it & )and also the temperatures involved
must be taken into account (&) .

B, BEEEHENE, TEEIRREC G, L% IS G R L IR A

10. Almost since the beginnings of the process, engineers and practitioners* have wondered, conjectured*, and
guessed at what was happening as the die cavity filled.

JUT R MRS T 20IEF G, THREMAAMY s AR R, s D AN A R 5 B s R BN R AR T A 4. 1
A b, ARATIEAS B AR S5 T PR S LRI 0 T BT R A X R T2

11. The result was two diametrically opposing concepts

G5 R RIS L P A

12. Itis most interesting that high-speed movies taken of water injected into plastic molds a few years ago confirm
Frommer’s concept

A B B LV A S A K S NSRS B il AR 2 1 D I

13. Real scientifically research based on metal flow in die-casting did not move forward until researchers at now
introduced the concept of water analogy of metal flow. They used clear plastic molds and shot-sleeves to study the
action of the water with high-speed photography.

FLIE R 85 7 v & @ I sh O RHF I REAF 7 ELEI/E Dow (MO BRI 51N T /KB4 @ i sh & 2
JEAA TR MUATIHE s SRR B FE BT A W ) SRS ELRT L S48 R T FEK B8 80

14. The water analogy studies confirmed that the metal stream, in virtually* all instances (££ % S2Fr 1% ), did
leap from the gate orifice as a jet, as Frommer had predicted.

IS FUUESE T )@ inal, ERFSLPRIEI T, UM s B D i, IR0 B2 M S .

These include the freezing point(4: )& %t 15)

15. Equating fills time, cavity volume, and a chosen gate velocity gives gate area.

XL SR )RR TE SR BRI (8] AT R VP B KA . A=V (FHFR ] B R — AN S e ik i (1 7e 7Y
TR DA S L 7R HE X T AR

16. So, with 10 years of concentrated research on the subject of metal flow, the Die Casting Research Foundation
(DCRF) was able to develop a viable* system (#J47f)J53%) of gate sizing.

WL R A e i TSR IRs T |, AR T RN RN T, AN CEIRRE T
—ESZHMEIRA R,

17. The factors that are "plugged in" (... %) to the DCRF system include: (1) casting configuration in terms
of relative thinness, expressed as pounds per square foot of total surface area;

Y5 DCRF #iR A ZAHCHI A 2 4G 1 3450 b, e A 7 RS RE, 1XANERE A7 s RS2 1)
BRI R, 2 56BN AR BT 2R B (NIRRT R R AN SRR AN BB 7D 3 DRI A <5 iR B
18. Members who produce plating (F£8%) quality zinc die castings have found by experience that they must make
an adjustment to about 60 percent of the fill time (is) determined by incorporating (£5% ) the factors listed above.
PR IR SR A P AR A P R R B, X1 i BIR & ASR 3R Fr E O se BE I [A], AT T 0K X AME TR B Oy
‘B 60%-

19. How many die casters have, in years past,(f£id %)% H ) selected a plunger/sleeve size because it held
sufficient metal, then made defective* (- [ 1] )shot after shot, not realizing that the limited plunger speed would
never produce a quality part?

e 208 Ard, 2 /D55 TAVERFE B RN A B R E R B RA N EW e ? 4R ML H 2
AR EAR B o ATV R R B 20 2 T A R S B PR AN, SR A AN T RE A H AR
Ml o

20. Industry has not yet conducted (i#£47 ) sufficient systematic research to be able to predict where to place the gate
or how to distribute the gate area.

AR S Bz ) 1AL 09 48 03 3
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21. Each new job is a challenge to the mold designer as to (5¢F-) where to place the gate and how to aim it to

provide proper metal distribution.

FTRR TR R, Zer DAL B AR S & B T, X TEBmAmNE 2 — 12~

R S o

22. Boxes with flanges*(i% =%) are subject to G& 5z )similar problems. It is surprising to some that the most difficult

shape to fill with good surface finish is a flat plate (*F-4i) .

A S BT T e AR R, 3 N2, SR B R ¥5 1 J SR e A 5 AR AR THTRELRE 152 )

KPR AF -

23. With the advent of (Fti% ... [1H EL/ZI5K) industrial research in metal flow, the nature of metal flow and die

filling is becoming better understood. With this better understanding in hand,(#E &I 538 1 &R KIm shirt 2

J&i) the die caster is becoming more adept*(#4&k 1) at directing (5] '5) the gate stream logically and scientifically
CRH A& 2D

B ) < S AL Al ) AR 78 B0 B, AATT <8 JeR It 2 A0 s 4% 78 T A B R A PUBSRBR R 221 o 1E2 45 28 T 1,

JE 6 TAER AT & B 5| 3 <5 R 0 7 T 32 43 B I #Es .

24, What was happening was that as they enlarged the gate area they reduced the gate velocity, virtually canceling

the possible benefits of their efforts at redirection.

RARIFHE RS DAY R A GRIE AR, RT3 R, SERs LWt bR 1 AR e S Ty ) b

fR55 AT Be R A 2 AL

25. Researchers who have explored the influence of gate velocity at some length (bb#% V4l have frequently

reported a "no man's land” in the velocity scale.

Ay U BRI T 7 R D < B R s g AT E T e e 2 ki, fEe Rl R B, kA

N it

26, In an effort to understand further the role of gate velocity, the DCRF is currently spon-soring additional work

under Wallace at Case Western Reserve University. By means of (fk%E, f&B)F) high-speed photography (5 000

frames/sec), the influence of velocity on the nature of the metal stream emerging from (H ... #1) the gate orifice

is being studied. At this time several things have been learned

TR IR AT A e 1 4 JR e T S M e AR ., DCRF HHITTE Case Western Reserve K2%i0 K

TN TAE . AEBh T mnE B AR, AATTIEAE R 785 BT P 5e LA 1 & @ e . 7R 3R] N

ATEAT T4 ) LITRER -

5.2.1upsetting

Upsetting is defined as “free forming”, by which a workpiece segment is reduced in dimension between usually
plane, parallel platens(#4). It also includes coining and heading. Closed-die forming(i4 %), shape upsetting(F&
R, RFECR), or die heading involve tools which contain the intended shape wholly or in part.

5.2.1 §ifH

BURLE Xy« AR THAN-FAR ) 820 ROE 2N B AR 7. ARG IS BRI, P R . B0k
MO TIN5 2 0 T B RE A AN FUHTIR 1) 4 Bl 4

Upsetting is of interest for theoretical studies as a model process. Among the processes of metal forming it
represents a basic process which can be varied in many ways. A large segment of industry depends primarily on the
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predominant application of upsetting processes. Parts produced are screw, nuts, rivets, nails, and bolts.

O BRI B AR R R A RIS T2 — AN AT, Al LLEE AR 2 5ok .
K& Dol FZAKERR T Z R . HER = i iR e24T . B8 EBE HIET . 471 18k,

Although upsetting has great significance for metal forming, research remains to be done with regard to
stresses and deformation which occur during the process. This is due to significant difficulties which result from the
transient nature of the process and the difficulty of defining friction conditions between tool and workpiece.

SOE RN R O R AR B, (FR RTINSy N R 5E. 1XZ&m T
PRI PR TR T A 1) 52 25% (R PR AR 0 T 5 ) B R DR e

Upsetting is a transient forming process, that is, streamlines and flow lines do not coincide during forming.
Material flow, characterized by streamlines(Jit £ 7) and flow lines(Z£ /i k), can be made visible through grid
lines or photos of light dots. Both the state of motion and the deformation distribution are affected more profoundly
by friction than by temperature and strain rate. The severity of friction increases for large reductions and for
workpiece with initially high diameter-to-thickness ratios. For such cases good lubrication becomes especially
important.

oM AR, BRI SIE R b &R 2 S sh 77 A — 2. PR SRS s AT I8 I < i Ak
AR B 7 kRN, B A A I AR T . (RSB IREREERa T W), B amiigs)
RS S BEEAN AR A B R B R . RARTE AR B AR PR AR R B R, i FIRERE, RA
ENEE EE Sl

Deformation distribution can be determined by micro-hardness scanning. A distribution is obtained which had
previously been provided qualitatively by Siebel: deformation is concentrated on an area, which extends diagonally
outward from the center of the sample. In hot upsetting, the distribution of local deformation becomes more
uniform with increasing tool contact speed [0.445m/s]. This is indicated by diminishing bulging(ii#2, ™) of the
peripheral (4} 1)) surface. However, cold upsetting with high tool contact velocities [0.1445m/s] results in a
deformation distribution which is less uniform in the upset direction, but more uniform perpendicular to it.

AR T ) 73 AT BE A% 18 1 B lRE T 400 7€ o 7 AR SE AT Siebel & PEMUFR AR 73 AT P AE— A X3,
I O ZRI R 2 AMEAR . FEIEI D, R AR B o AT e A TR GE 2 (0. 445m/s THHE N SE 42 .
I gD SO B R R R W . SR, FER U, SR T HEGE L (0. 1445m/s] 2 S BB TT 714 T 70 A
AY5), BFEFEE TR EEEE A,

The contact areas expand by both sliding and fold-over(Ei %) of parts of the free surface onto the die face. By
choosing the inclination of the platens sliding can be influenced, resulting in a change of the relative amounts of
sliding and fold-over. In hot upsetting the increase in tool-workpiece contact area of cylindrical samples is greatly
dependent upon work material, tooling, initial diameter-to-length ratio, and strain.

Pl X FEA BT B B BT R A S R W PRI AR BE R, JF 51T RS AT B AR X AL
B R T, BES TAB BAE TR e i DX R DR S T AR L. BR . Bah ittt
7o

5.2.2 Forging

The term advanced forging techniques is used here to describe processes which either produce a much more
accurate surface finish or aim at achieving special mechanical properties. In many cases the processes discussed
aim at making improvements in both of these directions. Particular impetus(z) /7, #f&) for the development of
advanced techniques and processes in the areas of primary forming and forging has come from the aerospace
industry and its rapid development over the past 40 years. The need to manufacture highly stressed airframe and
engine components led very rapidly to the combination of specific primary forming and forging and forging
processes. Exactly how many “new techniques” have been created in this way is difficult to estimate, but it is true
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to say that more and more applications are now being found in other fields too, such as in automobile and machine
tool manufacture, as a result of the increasing pressure to save time, material, and energy.

5.2.2 fRiE

FoHARERA

“HRIEBOE TR LA IR A7 — SR T v (R I B ) TR B BRTEREM T E . EVFZHIET,
X TEMPHRAE TR AT IR 21 . 1% 40 5, W40 R 5 180aE WU 1 e dEBOR P 75 1 i s 15K
AR ool R FEAS B (g A i o i) vt o 2 (UL B AN R STL B A ) 75 22, S S B0 1 R iR AR 1)
gitr. JUHARM ARG G T 5808 TZ NS GG E R . BHER AL IR AT e 2 A B2
TRIRRER, (i T2 E] L ORI RE R 0 s SRR, ARy SHUME RIS AT LA SE RER 1% 7
H 2 RN .

BIRS AR

The term precision forging is used to describe closed-die forging processes in which manufacturing accuracy
with regard to shape and dimensional tolerances as well as surface finish exceeds the normal standards by such an
amount that at least one finish-machining operation can be saved.

“RE TR TEAR . R A ZE AR ' v AR A 3G hs P32 SR 1 5 B o of 10 P A B
TZ, #DREb T —ERELZ.

Precision forging differ from conventional forgings in the following respects: the draft angle is 0° or close to
this value, tolerances are narrower, length and width tolerances including offsetting are typically only half those of
conventional forging, and thickness tolerances are reduced to about two-thirds of their former values.

FE LA T3 T RN R TA G RGO RN T R e s, AZEHFHEN, KESEE
NFEFRRAFEGBIGER—F, BN ZE G BME S5 A 250 2/3,

The manufacturing processes used in conventional and precision forging are similar in principle. Precision
forging may be considered as an intermediate stage between closed die forging with and without flash. In order to
reduce the die load, provision has been made for flash on the web, although the flash thickness must be kept to a
minimum. This may be achieved by accurately controlling the weight of the intermediate forging. The flash is
subsequently removed by sawing.

JE U _EA% GG SRR G AR LR AR o KE Bt B A D9 Jo BRI P SRR TRDIR S . N T
AR AR, R EARMEER, (HBRLAUE E /N o IX 07 12 BV A 1R A A ) o Ta) 850 1 b
BISRSEIL . Ff J5 B s AR D) R .

A kind of precision forging without side draft is a part of an aircraft window made of aluminum alloy. The
component is subjected to a complex of tensile and torque stresses corresponding closely to the stresses in the
fuselage shells of the aircraft.A conventional forging requires almost complete machining on all sides. Value
analysis showed the great economic savings of using a precision forging which eliminates all the machining
required except for the machining of the fixing holes. Furthermore the elimination of surface machining improves
the mechanical properties of the component with respect to fatigue and stress corrosion since the grain flow is not
interrupted. Draft on precision forging is reduced from 5° to 1.5 ° , the minimum web thickness are also
smaller. The length and width tolerances, on the other hand, are the same as with conventional forging, although
offsetting is reduced and the demands on flatness are higher. A further consideration is the need for exact and even
trimming, since no residual flash is permissible either on the outside or on the inside of the part.

— IR R B R N FAE S B E G . AR E RN S I RGER, 5 NS R BT
SR JJEAUAHAE . ARS8 R HRGE T AT A S BN T BB A R W TR R R SR 40T B
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THERPTA BRI LRREE, B 1AL TAb . BeAh, SRS N L RE COE Sh AR B2 98 557 FSE D JB 1k ) /g 2 e
FEAB IO PAEREE 5 b3 1.5, HB/NBIRERELL 3. 05mm AAE T (LGRS 6. 35mm, id L2 FIHE 4>
JE AR AN e 53— T71H, SERMEIR D SO PR R ER i, KA Z SR AZ SERBIEHE.
RN FERG AT RE R 2 B, RN ANEAE LA A SRR T A Fo VR BRI AR AE

High precision forging may be considered a special case of precision forging. Through high-precision forging
components can be produced ready for assembly to an accuracy normally only achieved by machining. High
demands are made not only on dimensional and shape accuracy, but also on surface finish, but this not just with
entire workpiece or a major part of it, as in the case of turbine blades. Thus it is possible to make a
distinctionbetween precison and high-precision forging, even though the boundary is blurred.

RSB ARG R T AR o 38 SRS SR AR 2 T A R C S IR BRI RS FE o AU RS R RRS
T TG FEA R EER, X S BRI R E AN 0 RS RN, T 2 R B AR Bl A B R
SITE I, B EeHL e B CA X 7 RS A AR ARSI RE I, BT T ) SR L AR

In high-precision forging the conditions must be respected even more closely than with precision. In particular,
the following points must be observed.

b5 R B AR A B im0 B ) SR AR D AT HE R s <, JE IR DUR T LS i 5

(1) High-quality finish of the die cavity, corresponding at least to ISO quality IT 8.

(1) R GiE RS, A L RS 3 5 2 22/ Bk ) [ bRt 178 2

(2) Reduction of tool wear suitable choice of die material. Avoidance of scale formation through rapid heating
of the workpiece, heating in an inert atmosphere(t51£<%%), or forging in the warm condition (i.e., at reduced
temperature). Attention must be paid to good agreement between intermediate and final shapes.

(2) B LA E R EADRR D T B . ] DU Podt B TR AR 7R
IR T R AR S A it e S A BRI TE ko

(3) Precision control of both die and workpiece temperature.

(3D ARfe 428 fhl) A5 B AN A HR 2

(4) Precision control of the volume of the starting material. In addition, the material should be clean and free
of surface defects. In some cases this may necessitate machining prior to forging.

(4 FERFEHRIEPREI . BRIEZAE, FPRLNG W, JF HCH RMEGE . JELE 0T, HRiGZal
AR e BT N L

It is necessary to avoid oxidation and decarburization as far as possible during heating, forging, and heat
treatment. In order to improve surface finish after forging and heat-treatment operations, parts are usually pickled
and then polished.

FENNFA BB AN AR AD BN AT i 3 S S A AN B B 0 ) . FLJE N T IR SR DG, TR
RV AR G o

5.2.3 5Ll

The rolling process belongs to the compressive deformation processes, and has been classified based on
kinematics, tool geometry, and workpiece geometry.

LA TZJE T H AR R 4g A A2, IR IEa) . JTRJUTRAR. T LRTRAR 7326

Rolling can be defined as a compressive deformation process in which there is either a continuous or a
stepwise deformation with or more rotary tools (rolls). Additional tools, such as mandrels, guide blocks, and
support bars, may also be used in the rolling process. The force transmission is achieved either by power-driven
rolls or by the workpiece transport.

FUHIAT LAE SO — M — AN ERE AN ) T H (FLERD EATIEL M B0Z D Y R AR . — S84 T
B, Glanofh, SHCHISCIER, EEGS R WA se ). a2 B ) ) iR B AR e
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Based on kinematics, the rooling process can be classified as follows: longitudinal, cross, and skewed(#}). In
longitudinal rolling the rolled workpiece moves through the rolling gap perpendicular to the axis of the rolls,
without rotation about the workpiece axis. Cross rolling is characterized by rotary movement of the workpiece
without translational motion. In skewed rolling a combination of both rotary and translation movements of the
workpiece occurs.

HFaEahys, LTy L, Bedl, RL. EGFELEI b, Bl L A A I I L A ) R
BT, &A% TR . MmFLH RRE RS L EiEs), WA TRIEs). R %L
W, AR A F R A A28 .

The tool geometry is another characteristic that can be used to classify the rolling process. The process of
rolling where the rolls have along their contact surface either a cylindrical or a conical(#£/%) form in the rolling
gap is termed flat-rolling. If the contact surface of the rolls deviates from the cylindrical or conical form, the
process is called profile rolling.

JIEHITEARAE 55 Hb—A> 7T LA RN 5L T AT 70 MR o FLARIR A At AT P At 7 %L ) T o o £
(A3 T BRI HE T BT B AL I RS, AR O~ R L) o SR AL P 25 ik e 2 163 A 2 B R T 0, Lo
FEMEIR N FLILEL ) o

The rolling process can be further classified depending upon whether a solid or a hollow workpiece is rolled.

FLI T ARS8 LA A2 52 138 72 T 2 kAT i — 25 432K

The process of sheet rolling is convenient for defining the various basic parameters. Furthermore, the sheet is
the form of starting material that is used for many processes of tensile, compressive, and combination forming. The
characteristics (dimensional accuracy, forming behavior, and surface quality) and thus the manufacturing conditions
of the sheets are very important for their optimum use in the various deformation process.

B FLHI R R R e AR Z AR S BRI (E. Seoh, iR eiE, T2 hir. K40
MAE IR E&F RIS, BORHIRAE ROPFERE, o PERe, RmpisE) MsliE &, xT
BORLRERE e AL O T AE 8 B2

5.24 HIE

Owing to the fibrous structure developed in the extrusion direction, the mechanical properties of extruded
products are directionally oriented (mechanical anisotropy). The anisotropy may be caused in different ways, such
as a straight-line arrangement and linking of the heterogeneous structure elements in the extrusion direction
(geometric anisotropy) , banding of the structure, or the creation of preferential orientation(¥:4LHX ) in the
crystals (texture). The practical consequence of mechanical anisotropy is generally a reduction in strength at a right
angle to the extrusion direction, which, however, is unimportant in most cases.

T AES R I A AEE SR TR, H AR E e A J7 R (R ) ) o & [a) PR AT AN )
J7 B0, B &R HES RIS R T A RIZR S M R e UMM & i), HAMES, 5
AR TP SR IR BT (B D o AU R 75 17] S P PR S o S 485 SR 2 £E 5 455 e 7 1) 3 L 1) 77 ) 2 P )
A%, R, HAE R ENL T IFAEE,

Recrystallization plays an important part in determining the structure of extruded products, not only in
materials that recrystallized during deformation (e.g., copper, brass), but also in those subject to dynamic recovery
during extrusion (e.g., aluminum and aluminum alloys). Recrystallization may in part be superimposed on the
recovery processes during extrusion. It may, on the other hand, only begin after deformation when the deformation
rate is greater than the rate of the recovery and crystallization processes, thus causing no major reduction in work
hardening.
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The grain formed by recrystallization may vary considerably in size, both in the direction of extrusion and at a
right angle to it.The size depends on the type of material, the strain imparted, and the temperature. Large strains
lead to a smaller grain size, high temperatures during deformation tend to increase grain size. This results in an
irregular structure and thus variations in the mechanical properties. This takes the form of an increase in strength
from the center to the edge of the cross section and from the beginning to end of the extrusion (assuming no
subsequent heat treatment is performed). Variations in strength across the cross section can mostly be overcome by
the use of larger strains.
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Coarse grain may be found in the boundary layer of the extrusion when a critical value of residual stress still
remains after recovery or recrystallization. Above all, this has been observed in aluminum-copper-magnesium and
aluminum-magnesium-silicon alloys after solution heat treatment. The coarsely recrystallized layer is thinnest at
the beginning of the extrusion and thickens toward the end. The material properties are very different in the
coarse-grain zone from those in the extrusion core. Thus, for example, corrosion resistance is less, and the strength
in the extrusion direction is also reduced. In contrast to the typical characteristics of extruded products (anisotropy),
extrusions with coarse-grain zones may exhibit higher strength in the transverse direction than in the direction of
extrusion, even though the structures in the coarse-grain zone may have grains parallel to the extrusion direction.
Coarse-grain zones tend to cause surface roughening during subsequent forming operations and lead to the
formation of cracks during quenching.
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Heat Treatment

6.1.Heat Treatment of Steel $HASALIR

We can alter the characteristics of steel in various ways. In the first place, steel which contains very little carbon
will be milder than steel which contains a higher percentage of carbon, up to the limit of about 1.5%.Secondly, we
can heat the steel above a certain critical temperature, and then allow it to cool at different rates. At this critical
temperature, changes begin to take place in the molecular structure of the metal. In the process known as
annealing*, we heat the steel above the critical temperature and permit it to cool very slowly. This causes the metal
softer than before, and much easier to be machined. Annealing has a second advantage, it helps to relieve any
internal stresses which exist in the metal. These stresses are liable to occur through hammering or working the
metal, or through rapid cooling.Metal which we cause to cool rapidly contracts more rapidly on the outside than on
the inside. This produces unequal contractions, which may give rise to distortion or cracking. Metal which cools
slowly is less liable to have these internal stressed than metal which cools quickly.
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On the other hand, we can make steel harder by rapid cooling. We heat it up beyond the critical temperature,
and then quench* it in water or some other liquid. The rapid temperature drop fixes the structural change in the
steel and this hardened steel is more liable to fracture than normal steel. We therefore heat it again to a temperature
below the critical temperature, and cool it slowly. This treatment is called tempering*. It helps to relieve the
internal stresses, and makes the steel less brittle than before. The properties of tempered steel enable us to use it in
the manufacture of tools which need a fairly hard steel. High carbon steel is harder than tempered steel, but it is
much more difficult to work.
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These heat treatments take place during the various shaping operations. We can obtain bars and sheets of steel
by rolling the metal through huge rolls in a rolling mill. The roll pressures must be much greater for cold rolling
than for hot rolling, but cold rolling enables the operators to produce rolls of great accuracy and uniformity, and
with a better surface finish. Other shaping operations include drawing into wire, casting in molds, and forging.
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6.2.Principle of Heat Treatment of Steel $NASRAMEFIE

Theoretical study of heat treatment steel was initiated by the discovery of the critical points in steel made by D.
K. Chemov in 1868. Chemov's assumption that the properties of steels are determined by the structure and that the
latter depends on the heating temperature and rate of cooling has been generally recognized. During the decades
which followed the researchers were engaged in establishing the relationships between the structure and the
conditions of its formation (mainly the heating temperature and cooling rate). The principal achievements in the
theory of heat treatment were, however, made in 1920's and 1930's.
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Metallurgists have gradually come to the conclusion that the type of structure (its texture*, properties, etc.) is
determined by the temperature of its formation. It has become clear that the processes occurring in heat treatment
can be explained by studying the kinetics* of transformations at various temperatures and the factors affecting the
Kinetics.
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These concepts formed the basis of extensive experimental work undertaken by S. S. Steinberg and coworkers
in 1930 ~ 1940. They collected a vast experimental material which has constituted the basis of the modern concepts
on transformations in steel and the theory of heat treatment of steel.
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Studies in the same direction were started by many researchers in other countries at the same time or
somewhat later. Among the pioneers in this field, the names of R.F. Mehl and E.C. Bain (USA), and F. Esser, and H.
Hannemann (Germany) should be mentioned first;They carried out numerous and detailed studies into the kinetics
of transformations in various steels. The nature of hardened steel could only be examined by using X rays and other
methods of physical analysis of metals (electron microscopy?*, internal friction*, etc.).
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Numerous works of G. V. Kurdymov and his followers, and a number of other foreign metal-physicists have
revealed important peculiarities* in the fine structure  CF5ZH45#)) of steel.
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The theory of heat treatment of steel is understood as the analysis of the processes of structure formation (on
transformation) and the particularities of structural state of alloys (in non-equilibrium)Here the theory of heat
treatment of steel , based on the general theory of phase transformations in undercooled systems will be discussed.
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6.2.1.Formation of Austenite BRE{FRIAZRE

The transformation of pearlite into austenite can only take place on a very slow heating as follows from the
Fe-C constitutional diagram. Under common heating conditions, the transformation is retarded and results in
overheating, i.e. occurs at temperatures slightly higher than those indicated in the Fe-C diagram.
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When overheated above the critical point, pearlite transforms into austenite, the rate of transformation being
dependent on the degree of overheating.
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The time of transformation at various temperatures (depending on the degree of overhearing) shows that the
transformation takes place faster (in a shorter time) at a higher temperature and occurs at a higher temperature on a
quicker heating.
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For instance, on quick heating and holding at 780°C, the pearlite to austenite transformation is completed in 2
minutes and on holding at 740 C, in 8 minutes.
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Irrespective of the heating rate, the transformation occurs immediately after the passage through the
equilibrium critical point; the temperature interval on heating determines not the physical beginning and the end of
the transformation, but the temperature interval within which the main mass of pearlite changes to austenite.
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The end of the transformation is characterized by the formation of austenite and disappearance of pearlite
(Ferrite* + Cementite*). This austenite is however inhomogeneous even in the volume of a single grain. In places
earlier occupied by lamellae (or grains) of pearlitic cementite the content of carbon is greater than in places of
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ferritic lamellae*. This is why the austenite just formed is inhomogeneous.
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In order to obtain homogeneous austenite, it is essential in heating not only to pass through the point of the
end of pearlite to austenite transformation, but also to overheat the steel above that point and to allow a holding
time to complete the diffusion processes in austenitic grains.

N T BRAFI S B AR, I F R o AN 7 R RO AR AR i B IR R 2 TR, T L AR IR IR
T — B TR B ECAA SoRL 9 Al s

The rate of homogenization of austenite appreciably depends on the original structure of the steel, in particular
on the dispersity and particle shape of cementite.The transformations described occur more quickly when cementite
particles are fine and, therefore, have a large total surface area.
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6.2.2.Coarsening of Austenite Grains BAFG{SERHIAYEL

At the beginning of pearlite to austenite transformation, the first grains of austenite form at the boundaries
between the ferrite and cementite--the two structural constituents of pearlite. Since these boundaries are very
developed, the transformation starts from formation of a multitude of fine grains. Therefore, at the end of the
transformation the austenite will be composed of a great multitude of fine grains whose size characterizes what is
called the original austenitic grain size.
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Further heating (or holding) upon the transformation will cause coarsening of Austenite grains. The process of
grain coarsening is spontaneous, since the total surface area of grains diminishes (the surface energy decreases) and
a high temperature can only accelerate the rate of this process.
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In that connection, two types of steel are distinguished: inherent fine grained and inherent coarse grained, the
former being less liable to grain coarsening than the latter.
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The size of grains formed in steel by heat treatment is called the actual grain size.
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Thus, a distinction should be made between: (1) original grain, i.e. the size of austenitic grains immediately
after the pearlite to austenite transformation; (2) inherent (natural) grain, i.e. the liability of austenite to grain
coarsening; and (3) actual grain; i.e. the size of austenitic grains under given particular conditions.
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The size of pearlitic grains at the same temperature of the austenite to pearlite transform-ation depends on that
of the austenitic grains from which they have formed. Austenitic grains grow only during heating (but are not
refined in subsequent cooling), because of which the highest temperature a steel is heated to in the austenitic state
and the inherent grain size of that steel determine the final grain size.
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The properties of steel are affected only by the actual grain size and not by the inherent grain size.If two steels
of the same grade (one inherently coarse grained, the other fine grained) have the same actual grain size upon heat
treatment at different temperatures, their properties will also be the same; if otherwise, and many properties of the
two steels will also be different.
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Coarsening of austenitic grain in steels has almost no effect on the statistic characteristics of mechanical
properties (hardness, rupture* resistance, yield* limit, elongation), but can appreciably reduce the impact
toughness*, especially at a high hardness (low temperature tempering). This is due to the fact that grain coarsening
raised the ductile to brittle transition temperature.
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Whereas the actual grain size affects the properties of steel, the inherent grain size is decisive for the processes
of hot working.
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Inherently fine-grained steel is insensitive to overheating, i.e. intensive grain coarsening begins at appreciably
higher temperatures than in a coarse grained steel. For that reason, the temperature interval of hardening for the
former is substantially wider than that for the latter.
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Inherently fine grained steel can be rolled (or forged) at higher temperature and the process (rolling or forging)
can be finished at a higher temperature without danger of forming a coarse grained structure. As a rule, all grades of
killed steel (£E##+4M) are made inherently fine-grained and all rimming steels (i3 #%4M) | inherently coarse grained.
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6.2.3 Descomposition of Austenite BAFG{HSHIS R

The austenite to pearlite transformation is essentially the decomposition of austenite into almost pure ferrite
and cementite.
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At the equilibrium temperature, the transformation is impossible, since the free energy of the original austenite
is equal to that of the final product, pearlite.
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The transformation can only start at a certain undercooling when the free energy of the ferrite carbide mixture
(pearlite) is lower than that of austenite.
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The lower the transformation temperature, the higher the degree of undercooling and the greater the difference
in free energies and the transformation proceeds at a higher rate.
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In the pearlite transformation, the new phases sharply differ in their composition from the initial phase; they
are ferrite which is almost free of carbon, and cementite which contains 6.67 percent carbon. For that reason the
austenite to pearlite transformation is accompanied with the diffusion*, redistribution of carbon. The rate of
diffusion sharply diminishes with decreasing temperature; therefore, the transformation should be retarded at a
greater undercooling.
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Thus, we have come to an important conclusion that undercooling (lowering the transformation temperature)
may have two opposite effects on the rate of transformation.
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On one hand, a lower temperature (greater undercooling) gives a greater difference in free energies of
austenite and pearlite, thus accelerating the transformation; on the other hand, it diminishes the rate of carbon
diffusion, and thus slows down the transformation. The combined effect is that the rate of transformation first
increases as undercooling is increased to a certain maximum and then decreases with further undercooling.
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At 727°C (A)) and below 200°C, the rate of transformation is zero, since at 727°C the free energy difference is
zero and below 200 <C the rate of carbon diffusion is zero (more strictly, too low for the transformation to proceed).
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As has been first indicated by I. L. Mirkin in 1939 and then developed by R. F. Mehl in 1941, the formation of
pearlite is the process of nucleation of pearlite and growth of pearlitic crystals.
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Therefore, the different rate of the pearlite transformation at various degrees of under-cooling is due to the fact
that undercooling differently affects the rate of nuclearion N and the rate of crystal growth G.At temperature A;and
below 200°C, both parameters of crystallization N and G arc equal to zero and have a maximum at an undercooling
of 150 ~ 200°C.
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It follows from the foregoing that as soon as the conditions are favorable, i.e. austenite is undercooled below
Ay, the diffusion of carbon is not zero, centers of crystallization appear, which give rise to crystals. This process
occurs with time and can be represented in the form of so called kinetic curve of transformation, which shows the
quantity of pearlite that has formed during the time elapsed from the beginning of the transformation.
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The initial stage is characterized by a very low rate of transformation; this is what is called the incubation*
period. The rate of transformation increases with the progress in the transformation. Its maximum approximately
corresponds to the moment when roughly 50 percent of austenite has transformed into pearlite. The rate of
transformation then diminished and finally stops.
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The rate of transformation depends on under-cooling. At low and high degrees of undercooling the
transformation proceeds slowly, since N or G are low; in the former case, owing to a low difference in free energies,
and in the latter, due to a low diffusion mobility of atoms. At the maximum rate of transformation the Kinetic curves
have sharp peaks, and the transformation is finished in a short time interval.
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At a high temperature (slight undercooling), the transformation proceeds slowly and the time of the incubation
period and the time of the transformation proper are long. At a lower temperature of the transforma-tion, i.e. a
deeper undercooling, the rate of transformation is greater, and the time of the incubation period and of the
transformation is shorter.

FERRIRE N CMIEAR DD, HASRRGERN, ZF WMl &8RRI R K. 7£—BE1RH
TR TRHTHAR, SR RRI W B, R AR ok, 2 IR A2 BT FH A I 1) 23 4 4

Having determined the time of the beginning of austenite to pearlite transformation (incubation period) and the
time of the end of transformation at various degrees of undercooling, we can construct a diagram in which the left
hand curve determines the time of the beginning of the transformation, i.e. the time during which austenite still
exists in the undercooled state, and the section from the axis of ordinates* to the curve is the measure of its stability.
This section is shortest at a temperature of 500 ~ 600°C, i.e. the transformation begins in a shortest time at that
temperature.
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The right hand curve shows the time needed to complete the transformation at a given degree of undercooling.
This time is the shortest at the same temperature (500 ~600°C). Note that the abscissa* of the diagram is
logarithmic*.This is done for more convenience, since the rates of formation of pearlite appreciably differ
(thousands of seconds near the critical point A; and only one or two seconds at the bend of the curve).
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The horizontal line below the curves in the diagram determines the temperature of the diffusionless martensite
transformation. The martensite transformation occurs by a different mechanism and will be discussed later.
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Diagrams of the type we discussed are usually called TTT diagrams (time temperature transformation), or C
curves, owing to the specific shape of the curves. The structure and properties of the products of austenite
decomposition depend on the temperature at which the transformation has taken place. (B [GA& 5 fi%)
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At high temperatures, i.e. low degrees of undercooling, a coarse grained mixture of ferrite and cementite is
formed which is easily distinguished in the microscope. This structure is called pearlite.
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At lower temperatures, and therefore, greater degrees of undercooling, more disperse and harder products are
formed. The pearlitic structure of this finer type is called sorbite.

AR N GEfid v, AR U 2 SR HBTRE 7=, X SE A0 I BROGAARRR R IR

At still lower temperatures (near the end of the C curve), the transformation products are even more disperse,
so that the lamellar structure of the ferrite cementite mixture is only distinguishable in the electron microscope.
This structure is called troostite.
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Thus, pearlite, sorbite and troostite are the structures of the same nature (ferrite + cementite) but a different
dispersity of ferrite and cementite.
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Pearlitic structures may be of two types: granular* (in which cementite is present in the form of grains) or
lamellar (with cementite platelets).
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Homogeneous austenite always transforms into lamellar pearlite. Therefore, heating to a high temperature sets
up favorable conditions for the formation of a more homogeneous structure and thus promotes the appearance of
lamellar structures. Inhomogeneous austenite produces granular* pearlite at all degrees of undercooling, therefore,
heating to a low temperature (below AC; for hyper-eutectoid* steels) results in the formation of granular pearlite on
cooling. The formation of granular cementite is probably promoted by the presence of undissolved particles in
austenite, which serve as additional crystallization nuclei.
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Initial heating to a temperature up to 900°C gives lamellar pearlite, with more disperse* structure being
obtained at lower temperature.
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The structure of the same steel at the same temperature of transformation but upon a low temperature heating
(780°C) is granular pearlite. Cementite grains that are formed in the structure are finer at a lower temperature
transformation.
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Consequently, the size of cementite particles depends on the temperature of austenite transformation and their
form depends on the temperature of heating (the temperature of austenitization).
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The transformation at temperature above and below the bend of the C curve differ in the kinetics and the shape
of decomposition products.
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Above the bend of C curve, i.e. at small degrees of undercooling, the transformation begins from a few centers
and pearlitic crystals freely grow to interference.Below the bend of C curve there forms an acicular microstructure,
since acicular platelets cannot grow freely and the transformation mainly occurs through the formation of new
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crystals.
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As indicated above, the rate of isothermal transformation of austenite is determined by the rate of nucleation
and crystal growth, N and G.
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The rate of crystal growth is quite sensitive to various changes in the steel structure and can be strongly
affected by the metallurgical nature of the steel, the degree of deoxidization, the presence of undissolved particles,
the homogeneity of austenite, and the size of austenitic grains. The presence of undissolved particles increases the
value of G, since these particles serve as additional nuclei.
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The value of G diminishes with increasing size of austenitic grains. Crystallization nuclei appear mainly on
grain boundaries, therefore, the conditions for nucleation are worse in coarse grained steel where the extent of grain
boundaries is smaller.

I 5 DL AR R RS R 185 it A A 2 1 B BRI D o S iz EE IS A B, Bk, £
im T B LU/ INRRE R, TR SRR R E

The factors mentioned have, however, no effect on the nucleation rate, N. The value of N depends only on
steel composition and for a steel of a given composition, is a natural characteristic depending only on the degree of
undercooling.
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We have discussed the austenite to pearlite transformation in steels whose composition is close to eutectoid. If
the content of carbon in a steel differs from the eutectoid value, the pearlite transformation will be preceded with
the precipitation of ferrite or cementite (as follows from the iron carbon constitutional diagram)
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In hypoeutectoid * steels, the transformation of austenite begins with the formation of ferrite and the saturation
of the remaining solution with carbon, and in hypereutectoid steels, with the precipitation of cementite and
depletion* of the austenite of carbon. [Under equilibrium conditions, the decompo-sition of austenite into ferrite
and cementite (pearlite transformation) begins when the content of carbon in austenite, remained upon precipitation
of excess ferrite or cementite, corresponds to 0.8% carbon.
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The eutectoid which forms from under-cooled austenite and has a concentration differing from the eutectoid
value is called quasi*-eutectoid. The quasi-eutectoid in hypereutectoid steels contains more than 0.8 percent carbon
and that in hypoeutectoid steels, less than 0.8 percent, the deviation from this value being greater at a lower
temperature of transform-ation. Therefore, the lower the temperature of transformation, the less the excess ferrite
(or cementite) precipitates before the pearlite transformation begins. At temperatures near the bend of the C curve
and at lower temperatures, decom-position of austenite begins without precipi-tation of excess phases.
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If we take a hypereutectoid steel instead of hypoeutectoid, the decomposition of austenite at small degrees of
undercooling will be preceded with precipitation of cementite.
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If the cooling rate is higher, the transform-ation has no time to proceed in the upper temperature range, the
austenite will be undercooled to a low temperature and will transform into martensite, such a cooling will result in
hardening.(# ‘) Therefore, to harden steel, it should be cooled at a high rate so that austenite has no time to
decompose in the upper temperature range.
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The lowest cooling rate needed to under-cool austenite up to martensite transformation is called the critical
rate of hardening. If a steel is to be hardened, it should be cooled at a rate not less than the critical. The critical rate
is lower for steels whose curve of the beginning of transformation passes farther to the right. In other words, with a
lower rate of austenite to pearlite transformation, it is easier to undercool the austenite to the temperature of
martensite transformation and the critical rate of hardening will be lower.
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If cooling is done at a rate slightly below the critical, the austenite will undergo only a partial transformation
in the upper temperature range and the structure will consist of the products of transformation in the upper
temperature range (troostite) and martensite.

U RAERAAR Tl s 2 A N v 2, A A D 0 B R AR 22 g v il X AR AR A o AN 5 A 4 e v T
IR AH AR 1) i BRA D A IRARZH A

The critical rate of hardening can be determined from the diagram of isothermal decomposition of austenite.
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This analysis shows that a simple superposition* of cooling curves on the isothermal diagram of austenitic
decomposition can give only an approximate quantitative estimation of a transformation occurring in continuous
cooling.
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More accurate estimations of the transform-ations at a continuously varying temperature are made by using the
so-called thermo-kinetic, or anisothermal* diagrams of austenite transformations, which character-ize the
transformation at various cooling rates.
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Though isothermal transformation diagrams can give us much knowledge on the nature of transformations, the
transformations can only seldom be achieved under isothermal conditions in practice.
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With a very quick transformation, the process of decomposition is attained. This is why the isothermal
transformation diagrams are quite inaccurate for holding times less than 10s.
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When large sections are heat-treated, it is impossible to meet another important condition essential for the
construction of a diagram, i.e. quick cooling to the given temperature. Isothermal austenite transformation
dia-grams are of great theoretical significance but are superseded* by anisothermal diagrams in practical cases of
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selecting heat treatment conditions.
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It is possible in laboratories to imitate the conditions of cooling large massive articles and in various
quenching on small specimens.During cooling of specimens, the points of the beginning and the end of
transformations are determined by dilatometric* (by changes in the dimensions of specimens) or magnetic
(austenite is non-magnetic and its products are magnetic) method. The experimentally found cooling curves and the
points of transformation are then plotted in a temperature time diagram and the sections of like transformations are
combined into regions.
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Up to this point, we have considered only schematic diagrams of austenite transformation. For exhaustive*
information on the transformation a particular grade of steel, however, curves is made of both types of the diagram
and of some additional data: grade and composition of the steel, heating temperature, austenitic grain size,
properties (at least hardness) of decomposition products, and proportion of the constituents.

FIHAT YL, RATHE RO B RARAHAR s B A B o SR, T4k W A0 B8 TR A B2 A
FH 22 b e 7R R A R — LE AN R - B SE RANE )« IR B . BRERAAR RRL R . - e e (&2
ERED ARy B ELA)

AR S Bz ) 1AL 09 48 03 3



