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. Unit 1

Fundamentals of
Engineering Materials

Lesson1 The Crystal Structure of Metals

Why are some metals hard and others soft? Why are some metals
brittle, while others are ductile and can be shaped easily without
fracture? Why is it that some metals can withstand high temperatures,
while other cannot? We can answer these and similar questions by
studying the structure of metals—that is, the arrangement of the atoms
within metals. The structure of metals greatly influences their behavior
and properties.

Knowledge of structures guides us in controlling and predicting the
behavior and performance of metals in various manufacturing processes.
Understanding the structure of metals also allows us to predict and
evaluate their properties. This helps us make appropriate selections for
specific applications under particular external and environmental
conditions such as force and temperature.

In addition to atomic structure, various other factors also influence the
properties and behavior of metals. Among these are the composition of the
metal, impurities and vacancies in the atomic structure, grain size, grain
boundaries, environment, size and surface condition of the metal, and the
methods by which metals and alloys are made into useful productso.

When metals solidify from a molten state, the atoms arrange
themselves into various orderly configurations, called crystals. This
arrangement of the atoms in the crystal is called crystalline structure. The
smallest group of atoms showing the characteristic lattice structure of a
particular metal is known as a unit cell. It is the building block of a crystal,
and a single crystal can have many unit cells®.

brittle MK
ductile #HH
fracture W%

arrangement HE%

impurity #%)&

vacancy L7

solidify k&
molten state A
crystal 4%
crystalline &84
lattice structure
SRA& 25K
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Here are three basic atomic arrangements and some of the metals that
use each:
1. body-centered cubic (BCC)—alpha iron (o#k) , chromium (4§) ,
molybdenum (£8) , tantalum (4) , tungsten (4%) , and vanadium (41) ;
2. face-centered cubic (FCC)—gamma iron(y2k), aluminum(45), copper
(47 , nickel (42) , lead (45) , silver (4R) , gold and platinum (41) ;
3. hexagonal close-packed (HCP)—beryllium( 4§), cadmium(%%), cobalt
(£4), magnesium, alpha titanium (4K) , zinc (4%) , and zirconium (%%)
These structures are represented by the illustrations given in
Figs.l.l-l'.3. Each sphere in these illustrations represents an atom. The
order of magnitude of the distance between the atoms in these crystal
structures is 0.1nm (10®%n). The models are known as hard-ball or
hard-sphere models; they can be likened to tennis balls arranged in
various configurations in a box. The way in which these atoms are
arranged determines the properties of particular metal. We can modify
these arrangements by adding atoms of some other metal or metals, known
as alloying; it often improves the properties of the metal®.

Layer Sequence

Fig. 1.1 Body-centered cubic

Unit Cell

Layer Sequence

Fig. 1.2 Face-centered cubic

body-centered cubic
RS
face-centered cubic ]
LT

hexagonal
closed-packed
EHANT

illustration 1 &
hard-sphere model fi#
2 %ic)

be likened to

54
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Fig. 1.3 Hexagonal close-packed

As shown in Fig.1.1, each atom in the bcc structure has eight
neighboring atom. Of the three structures illustrated, the FCC and HCP
crystal have the most densely packed configurations. In the HCP structure,
the top and bottom planes are called basal planes.

The reason that metals form different crystal structures is to minimize
the energy required to fit together in a regular pattern. Tungsten, for
example, forms a BCC structure because that structure involves less
energy than other structures do. On the same grounds, aluminum forms a
FCC structure. At different temperatures, however, the same metal may
form different structures, because of a lower energy requirement at that
temperature. For example, iron forms a bcc structure (alpha iron) below
912°C (1,674°F) and above 1,394°C (2,542°F), but it forms a FCC
structure (gamma iron) between 912 °C and 1,394 °C.

One important characteristic of a crystalline structure is its atomic
packing factor. This is calculated by assuming that all the atoms are
identical spheres, with a radius large enough that each sphere abuts the
next®. The atomic packing factor is the proportion of space filled by these
spheres.

Assuming one atom per lattice point, in a simple cubic lattice with
cube side Iength a, the sphere size would be % and the atomic packing
factor turns out to be about 0.524 (which is quite low). Similarly, in a BCC
lattice, the atomic packing factor is 0.680, and in FCC it is 0.740. The
FCC value is the highest theoretically possible value for any lattice,
although there are other lattices which also achieve the same value, such
as HCP.

As a rule, since atoms in a solid attract each other, the more

basal plane 22

on the same ground

R, W

atomic packing factor

JR T HER R
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tightly-packed arrangements of atoms tend to be more common. (Loosely
packed arrangements do occur, though, for example if the orbital | hybridization

hybridization demands certain bond angles.) The BCC and FCC, with | #4348, & (FEHO
their higher densities, are both quite common in nature.

Notes

(O In addition to atomic structure, various other factors also influence the properties and

behavior of metals. Among these are the composition of the metal, impurities and vacancies
in the atomic structure, grain size, grain boundaries, environment, size and surface
condition of the metal, and the methods by which metals and alloys are made into useful
products. & T RTF&#4, SMHEERSENEBIRFENATA, MERBIENK K
FHEMTRFRE], SRORN, SRAR, B, 2RAORIREREURE
JE AN &l A = I B R A R T

(@ When metals solidify from a molten state, the atoms arrange themselves into various orderly

configurations, called crystals. This arrangement of the atoms in the crystal is called
crystalline structure. The smallest group of atoms showing the characteristic lattice
structure of a particular metal is known as a unit cell. It is the building block of a crystal,
and a single crystal can have many unit cells. 2948 NI TFURBEE I, JRT4 L&
HFATREFTHS, BRATEEARZ Nk, S P R R HE5 i ik 454 .
BEAR DL 4 B A M MR E M BN R T IR . (OURR AL AR Do SRR
AR T, —BIRALAT AR 2 B A R

(® We can modify these arrangements by adding atoms of some other metal or metals, known

as alloying; it often improves the properties of the metal B Al TREE 7R N Al —FhER L FF
&R —E TR LS, MBAIFTAMESE, BEEFRRERIIMELE.

@ This is calculated by assuming that all the atoms are identical spheres, with a radius large

enough that each sphere abuts the next. &I, BRHFTHENETHEMFARBRGEF2

RER, REFNREBAME.

Exercises

1.

Questions for discussion

(1) What is unit cell?
(2) What does BCC mean?
(3) How do we improve the properties of the metal?
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2. Translate the following into Chinese

(1) We can answer these and similar questions by studying the structure of metals—that is, the
arrangement of the atoms within metals.

(2)The reason that metals form different crystal structures is to minimize the energy required to
fit together in a regular pattern.

(3) The FCC value is the highest theoretically possible value for any lattice, although there are
other lattices which also achieve the same value, such as HCP.

3. Translate the following into English

i RS EOSTT RTHEREY R

Coordination Numbers and the Structures of Metals
The coordination numbers of the four structures of metals are summarized in Table 1.1. It is
easy to understand why metals pack in hexagonal or cubic closest-packed structures. Not only do
these structures use space as efficiently as possible, they also have the largest possible coordination
numbers, which allows each metal atom to form bonds to the largest number of neighboring metal
atoms.

Table 1.1 Coordination Numbers for Common Crystal Structures

Structure Cootdination Number Stacking Pattern

simple cubic 6 AAAAAAAA:
body-centered cubic 8 ABABABAB-+*
hexagonal closest-packed 12 ABABABAB:--
cubic closest-packed 12 ABCABCABC:+*

It is less obvious why one-third of the metals pack in a body-centered cubic structure, in which the
coordination number is only 8. The popularity of this structure can be understood by referring to Fig. 1.4.

Fig. 1.4 A body-centered cubic structure
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The coordination number for body-centered cubic structures given in the table above counts
only the atoms that actually touch a given atom in this structure. The figure above shows that each
atom also almost touches four neighbors in the same plane, a fifth neighbor two planes above, and a
sixth two planes below. The distance from each atom to the nuclei of these nearby atoms is only 15%
larger than the distance to the nuclei of the atoms that it actually touches. Each atom in a
body-centered cubic structure therefore can form a total of 14 bonds—eight strong bonds to the
atoms that it touches and six weaker bonds to the atoms it almost touches.

This makes it easier to understand why a metal might prefer the body-centered cubic structure
to the hexagonal or cubic closest-packed structure. Each metal atom in the closest-packed structures
can form strong bonds to 12 neighboring atoms. In the body-centered cubic structure, each atom
forms a total of 14 bonds to neighboring atoms, although six of these bonds are somewhat weaker
than the other eight.

Lesson 2 Properties of Metalsin
Different Conditions

The appearance of more than one type of crystal structure is known

as allotropism or polymorphism (meaning “many shapes”). Because | allowopism FIF7#/%
the properties and behavior of a metal depend greatly on its crystal | Polymorphism =2 4

structure, allotropism is an important factor in the heat treatment of

metals and in metalworking and welding operations“.

Cold-, Warm-, and Hot-working
plastic deformation
U

recrystallization F£5 &

Cold working refers to plastic deformation that is usually, but not
necessarily, carried out at room temperature. When the deformation is
carried out above the recrystallization temperature, it is called
hot-working. “Cold” and “hot” are relative terms, as we can see from
the fact that deforming lead at room temperature is a hot-working
process, because the recrystallization temperature of lead is at about
room temperature. As the name implies, warm-working is carried out at
intermediate temperatures. Thus warm working is a compromise | intermediate FIEIH]

between cold-and hot-working,.
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The temperature ranges from these three categories of plastic
deformation are given in Table 1.2. In terms of a ratio, where T is the
working temperature and Ty, is the melting point of the metal, both on
the absolute scale. Although it is a dimensionless quantity, this ratio is
known as the homologous temperature.

Table 1.2 Homologous temperature ranges for various processes

Cold working <0.3
Warm working 03t00.5
Hot working >0.6

Working Hardening (Strain Hardening)

Although the presence of a dislocation lowers the shear stress

required to cause slip, dislocations can:

1. become entangled and interfere with each other; and

2. be impeded by barriers, such as grain boundaries and impurities and
inclusions in the material.

Entanglements and impediments increase the shear stress required for
slip. Entanglement is like moving two humps at different angles across a carpet;
where they cross, the two humps interfere with each other’s movement, and
their combined effect is to make it more difficult to move the carpet,e

The effect of an increase in shear stress that causes an increase in
the overall strength of the metal is known as work hardening or strain
hardening. The greater the deformation, the greater the number of
entanglements, hence an increase in the metal’s strength. Work
hardening is used extensively for strengthening metals in metalworking
processes at ambient temperature. Typical examples are producing
sheet metal for automobile bodies and aircraft fuselages by rolling,
making the head of bolt by forging, and strengthening wire by reducing
its cross-section by drawing it through a die®

dimensionless quantity
TRANE

homologous temperature

X LR B

melting point

dislocation 451
slip 1775
entangle ZE%5
impede 758
inclusion &7

work hardening

I TRELL

strain hardening [ ZFHE
k.

ambient J&

aircraft fuselage Hl&
forging i

die BLR
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Plastic Deformation of Polycrystalline Metals

If a piece of polycrystalline metal with uniform equiaxed grains
(having equal dimensions in all directions) is subjected to plastic
deformation at room temperature (cold-working), the grains become
deformed and elongated. The deformation process may be carried out
either by compressing the metal, as is done in forging to make turbine
disk or by subjecting it to tension, as is done in stretching sheet metal to
make a car bodyo.The deformation within each grain takes place by the
mechanisms described in following section for a single crystal.

During plastic deformation the grain boundaries remain intact, and
mass continuity is maintained. The deformed metal exhibits greater
strength, because of the entanglement of dislocations with grain
boundaries. The increase in strength depends on the amount of
deformation (strain) to which the metal is subjected; the greater the
deformation, the stronger the metal becomes. Furthermore, the increase
in strength is higher for metals with smaller grains, because they have a
larger grain-boundary surface area per unit volume of metal.

Anisotropy (Texture). Figure 1.5 shows that, as a result of plastic
deformation, the grains in Fig.1.5(a) have elongated in one direction
and contracted in the other. Consequently, this piece of metal has
become anisotropic, and its properties in the vertical direction are
different from those in the horizontal direction.

(b) after deformation

(a) before deformation

Fig. 1.5 Plastic deformation
Many products develop anisotropy of mechanical properties after
they have been processed by metalworking techniques. The degree of

anisotropy depends on how uniformly the metal is deformed. Note, for
example, that the ductility of the cold-rolled sheet in the transverse

uniform equiaxed grain 3
itk

elongate 81
tension F7{H

intact RAKSYH
mass continuity ¥4
s

anisotropy

&R 3

contracted % £ H
vertical direction
FEHH W

horizontal direction
KFF 1

ductility ¥t
transverse *ﬁrﬁl
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(vertical) direction is lower than that in its rolling (longitudinal)
direction.

Anisotropy influences both mechanical and physical properties of | transformer 252§
metals. For example, sheet steel for electrical transformers is rolled in | magnetic-hysteresis loss
such a way that the resulting deformation imparts anisotropic magnetic | BFHE
properties to the sheet. This arrangement reduces magnetic-hysteresis | preferred orientation
losses and improves the efficiency of transformers. There are two | B{LEKA
general types of anisotropy in metals: preferred orientation and | mechanical fibering
mechanical fiberinge. I é4d

Notes

(D The appearance of more than one type of crystal structure is known as allotropism or
polymorphism (meaning “many shapes”). Because the properties and behavior of a metal
depend greatly on its crystal structure, allotropism is an important factor in the heat
treatment of metals and in metalworking and welding operations. A JFEEIH—FLL L
RIS RMRARER LRARZRN (BEREZMES). BAERNHEESFIE
TEB R T AL, REREFHESEIEE. SR TREZEEPE—
REBEXZWEBERIER.

@ Entanglements and impediments increase the shear stress required for slip. Entanglement is
like moving two humps at different angles across a carpet; where they cross, the two humps
interfere with each other’s movement, and their combined effect is to make it more difficult
to move the carpet. EZEFIREREE N T () WBHARRBIN T EEREE RERH
AN i MR E S [0 95 — SR ERIZ S, MEAIAEE, XM MESERETEMN
et ER B A LAAE 50

@ Typical examples are producing sheet metal for automobile bodies and aircraft fuselages by
rolling, making the head of bolt by forging, and strengthening wire by reducing its
cross-section by drawing it through a die. $2%! (N TEE{L) MBI FUEErT=IREEEF
KHIHLE BT RSB AR B LI vk, A r=ige Sk it By I BIE 77 %, DARCA RS
JB £ B T SR AR 52, it R IR R 22 AR Rl B 22 R EE AR

@ The deformation process may be carried out either by compressing the metal, as is done in
forging to make turbine disk or by subjecting it to tension, as is done in stretching sheet
metal to make a car body. T FREITT LR K464 B J7ik, WMAEA =R LEL N
Bk, WAISRARTE, R IREEER & B R T HBRELSI %,
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® Anisotropy influences both mechanical and physical properties of metals. For example,
sheet steel for electrical transformers is rolled in such a way that the resulting deformation
imparts anisotropic magnetic properties to the sheet. This arrangement reduces
magnetic-hysteresis losses and improves the efficiency of transformers. There are two
general types of anisotropy in metals: preferred orientation and mechanical fibering. &[]
RS mE B E R, Flan, ATRESKNERKRM GESA) £
HIE R B LA AR e & R R R R GE, R AT DA DR S, 1R
HARRNEE. SRPHERFE—RATIABTHEA: BRI AN TA4%ELL.

Exercises

1. Questions for discussion

(1) What is hot-working?

(2) What does work hardening mean?

(3) Illustrate an example of work hardening.

2. Translate the following into Chinese

(1) “Cold” and “hot” are relative terms, as we can see from the fact that deforming lead at room
temperature is a hot-working process, because the recrystallization temperature of lead is at about
room temperature.

(2) The effect of an increase in shear stress that causes an increase in the overall strength of the
metal is known as work hardening or strain hardening.

(3) The deformed metal exhibits greater strength, because of the entanglement of dislocations
with grain boundaries. The increase in strength depends on the amount of deformation (strain) to
which the metal is subjected; the greater the deformation, the stronger the metal becomes.

3. Translate the following into English

MR WM BES AT A

Solid Solutions and Intermetallic Compounds
Most of the solutions chemists work with involve a gas (such as HCI) or a solid (such as NaCl)
dissolved in a liquid (such as water). It is also possible to prepare solutions in which a gas, a liquid,
or a solid dissolves in a solid. The most important class of solid solutions are those in which one
solid is dissolved in another. Two examples of solid solutions are copper dissolved in aluminum and

carbon dissolved in iron.
The solubility of one solid in another usually depends on temperature. At room temperature, for
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example, copper doesn’t dissolve in aluminum. At 550°C, however, aluminum can form solutions
that contain up to 5.6% copper by weight. Aluminum metal that has been saturated with copper at
550°C will try to reject the copper atoms as it cools to room temperature. In theory, the solution
could reject copper atoms by forming a polycrystalline structure composed of small crystals of more
or less pure aluminum interspersed with small crystals of copper metal. Instead of this, the copper
atoms combine with aluminum atoms as the solution cools to form an intermetallic compound with
the formula CuAl,.

CuAl, is a perfect example of the difference between a mixture (such as a solution of copper
dissolved in aluminum) and a compound. The solution can contain varying amounts of copper and
aluminum. At 550°C, for example, the solution can contain between 0 and 5.6% copper metal by
weight. The intermetallic compound has a fixed composition—CuAl, is always 49.5% aluminum by
weight.

Intermetallic compounds such as CuAl, are the key to a process known as precipitation
hardening. Aluminum metal packs in a cubic closest-packed structure in which one plane of atoms
can slip past another. As a result, pure aluminum metal is too weak to be used as a structural metal in
cars or airplanes. Precipitation hardening produces alloys that are five to six times as strong as
aluminum, and make an excellent structural metal.

The first step in precipitation hardening of aluminum involves heating the metal to 550°C.
Copper is then added to form a solution, which is quenched with cold water. The solution cools so
fast that the copper atoms can’t come together to form microcrystals of copper metal.

Comparing a solid with a brick wall has one major disadvantage. It leads one to believe that
atoms can’t move through the metal. This is not quite true. Diffusion through the metal can occur,
although it occurs slowly. Over a period of time, copper atoms can move through the quenched
solution to form microcrystals of the CuAl, intermetallic compound that are so small they are hard to
see with a microscope.

These CuAl, particles are both hard and strong. So hard they inhibit the flow of the aluminum
metal that surrounds them. These microcrystals of CuAl, strengthen aluminum metal by interfering
with the way planes of atoms slip past each other. The result is a metal that is both harder and
stronger than pure aluminum.

Copper dissolved in aluminum at high temperature is an example of a substitution solution, in
which copper atoms pack in the positions normally occupied by aluminum atoms. There is another
way in which a solid solution can be made. Atoms of one element can pack in the holes, or
interstices, between atoms of the host element because even the most efficient crystal structures use
only 74% of the available space in the crystal. The result is an interstitial solution.




