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Chapter 3  Mechanical Properties 369

FIGURE 9.2-7

Specimen geometries used
for tensile testing: {a} cylin-
drical and (hi flat speci-
mens. {Source: Copyright
ASTM. Reprinted with per-
mission.}

|<— Gage length —*I

(a}

i‘— Gage length —>|

{b) /

tensile testing of metals, and then describe the corresponding procedures for ceramics and
polymers (testing of composites is descri]:ed in Chapler 14).

Figure 9.2—7 shows two specimen gecmetries recommended by the American Society
for Testing and Materials (ASTM) for tensile testing of metals. The choice of specimen
geometry and size often depends on the product form in which the material is to be used
or the amount of material available for samples. A flat specimen geometry is preferred
when the end product is a thin plate or sheet. Round—cross section specimens are pre-
ferred for products such as extruded bars, forgings, and castings.

As shown in Figure 9.2--8a, one end of the specimen is gripped in a fixture that is
attached to the stationary end of the testing machine; the other end is gripped in a fixture
attached to the actuator (moving portion) of the testing machine. The actuator usually
moves at a fixed rate of displacement and thug applies load to the specimen. The test
usually continues until the specimen fractures.

During the test, the load on the specimen is measured by a transducer called a load cell;
the strain is measured by an extensometer (a device for measuring the change in length of

Stationary
end of test
machine

Specimen Ors | ————— —
|
!
— Gy f——— t { :
) | ! | Necked
é : ; : region
7] | { |
I | |
| | |
i | |
! | |
I | |
| I ]
Direction of Ew Ea &
actuator motion Strain (&)
(a) {b} (e}

FIGURE 9.2-8 Tensile testing of materials: {a) a complete setup for tensile testing of metals, {h) stiess versus strain behavior obtained from a
tansile test, and {c} the formation of a “neck” within the gage length of the sample.
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392 Part il Properties

FIGURE 9.4-2

Some typical load/crack ge-
ometries and their corre-
sponding stress intensity
parameters: (&} a tunnal
crack, {b} a penny crack,
(e} a wedge-opened crack,
and (d} an eccentricaliy
foaded crack,

K = (P¥a Bw)¥(ap)

semi-infinite body. Although these geometric correction factors are beyond the scope Of
this text, we note that omitting their use, or, equivalently, assuming a geometric correction
factor of 1, always leads to conservative design estimates, '
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particle

{a) (b}
FIGURE 9.4-4 Toughening mechanisms for ceramics. [a} Microcracking—when the advancing crack enters the
micravoid, its length increases stightly but its crack tip radius increases significantly, decreasing the stress amplification
and correspondingly reducing the driving force for crack extension. (b} Residual compression at the crack tip—selacteq
regions of a microstructure are induced to expand in the vicinity of the crack tip so that a local state of compressign
counteracts the externally applied tensile siress.

microvoid, the tip radius increases by a much larger factor so that the ratio «/p in Equation
9.4-6 decreases significantly. Thus, aithough the crack blunting mechanism is different
in ceramics than in metals, the result is the same—a decrease in the driving force for
crack extension.

How can these microvoids be inserted into the ceramic microstructure? One method
is to obtain a microstructure that at elevated temperatures is composed of a roughly
spherical phase surrounded by a second-phase matrix. If the coefficient of expansion for
the spherical phase is greater than that of the matrix, then when the ceramic is cooled to
room temperature, the spherical phase will contract more than the matrix. If the phase
boundary is weak, this differential contraction results in the formation of a “gap” between
the two phases that displays the desired characteristics.

The same mechanism is occasionally used to stop crack extension in arge-scale metal
structures. If the tip of an advancing crack can be located using a nondestructive testing :
method, then one can drill a hole in front of the crack so that when the crack enters th
hole, its radius increases significantly. (This was used on the Liberty ships).

Let us return to the idea of a two-phase ceramic microstructure containing a spherica
second phase. Suppose that the spherical phase has a lower expansion coefficient than th
matrix. What happens when the ceramic is cooled from the fabrication temperature ¢
room temperature? As shown in Figure 9.4-4b, the spherical phase contracts less tha
the matirx. The result is that the matrix material located between two nearby second
phase particles is placed in residual compression.” A crack attempting to enter this volum
of the matrix phase will experience an effective reduction in the stress componeti
responsible for crack extension. The result is an increased toughness value for the ceramic,
Although there are other methods for toughening ceramics, they are all based on the samy
principles: decrease the driving force for crack extension, increase the amount of ene
required for crack extension, or both.

As an example of the effectiveness of these toughening mechanisms, pure Zirco
(ZrQy) has a K|, value of ~2 MPa—‘\/E, while transformation-toughened zirconia hf}
K. value of ~9-13 MPa-Vm. It is important to note, however, that while the mecha
described above can significantly increase the fracture toughness of ceramics, the datd
Appendix D show that even the toughest ceramics generally have Jower Ky values th
most metals.

. L . s
4 There are other methods for creating a volume expansion in the spherical second phase, but the 1€
is the same—the matrix between particles is placed in residual compression.
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H

xd are rather
tic deforma-
tic polymers
armoplastics
t of fracture

reasonable estimates of the fracture toughness can be obtained. An indentation on the sur-
face of cubic zirconia is shown in Figure 9.4-5, with cracks emanating from the corners.
Typical fracture toughness values for some common metals, ceramics, and polymers
bsorption in are given in Appendix D.
ra) are com-
bers longitu-

9,5 FATIGUE FRACTURE
=nergy of the :

Fatigue is the most common mechanism of failure and is believed to be either fully or
partially responsible for 90% of all structural failures. This failure mechanism is known
{0 eccur in metals, polymers, and ceramics. Of these three classes of structural materials,
ceramics are least susceptible to fatigue fractures. The phenomenon of fatigue is best
illustrated by a simple experiment. Take a metal paper clip and bend it in one direction
until it forms a sharp kink. The clip undergoes plastic deformation in the region of the kink
but does not fracture. If we now reverse the direction of bending and repeat this process
afew times, the paper clip will fracture. Thus, under the action of cyclic loading, the paper
clip breaks at a much lower load than would be required if it were pulled to fracture using
a monotonically increasing load. While the initial loading causes the metal in the paper
dip to strain-harden, repeated load application causes internal fatigue damage. In a
simplified view of this process, the plastic deformation causes dislocatiens to move and to
intersect one another. The intersections decrease the mobility of the dislocations, and
continued deformation requires the nucleation of more dislocations. The increased dislo-
cation density degrades the crystallographic perfection of the material, and eventually
microcracks form and grow to a sufficiently large size that failure occurs.

he American
r determining
-2, is used (o
K at fracture

(9.4-7)
en width, and

iics where the
ling K. values
le, difficult o
ing. To obtain
iently used. [
sng a diamond
ks can be méa-
1s geometry—

851 Definitions Relating to Fatigue Fracture

Figure 9.5-1 shows a typical fatigue load cycle as characterized by a variation in stress
~.asa function of time. The maximurii and minimum levels of stress are dencted by S;,,, and
Suins Tespectively.® The range of stress, AS, is equal t0 Syax — S_in» and the stress ampli-
tude, §,, is AS/2. A fatigue cycle is defined by successive maxima (or minima) in load or

.- ®The symbol § is used to represent engineering stress by most specialists in the area of fatigue. We have
erefore elected to employ this convention in our discussion of fatigue.

r9d

E-399, Annual

399

FIGURE 9.4-5

Vickers indentation in the
strface of a single-crystal
cubic Zirconia (Y,0,-stabi-
fized), Radial cracks are
used to calculate the frac-
ture toughness.,  [(Source:
Courtesy of Joseph K.
Cochran.)
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FIGURE 2.2-2 >

A highiy schematic iltustra-
tion of the probability den-
sity functions for electrons
in certain subshells of an
atom. Note that the s sub-
shells are radially symmet-
ric while the p subshells
{and all other subshells) are
fighly directional.
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determined by the value of the quantum number [ and is given by 2(21 + 1). Thus, the maxi-
imum numbers of electrons in an s, p, d, and f subshell are respectively 2, 6, 10, and 14.

The electron configuration represents the distribution of electrons within the permis-
sible energy levels. In the ground state, an atom’s electrons occupy the lowest-energy
subshells consistent with the Pauli exclusion principle. The subshells can be arranged in
order of increasing energy as follows:

Is, 2s, 2p, 3s, 3p, 4s, ad, 4p, 3s, 4d, Sp, 6s, 41, 5d, 6p, 7s, 5f, 6d . . .

In this notation, the number of electrons in each subshell is indicated using an integer
superscript on the corresponding letter. For example, a half-filled subshell with quantum
numbers n = 3 and [ = 2 would be designated as 3d°.

How can we use this notation to describe the ground-state electron configuration for
an oxygen atom that contains eight electrons? In the ground state the subshells will “filf”
in the order 1s, 2s, 2p . . . and the maximum number of electrons in s and p subshells will
be two and six, respectively. Thus, the ground-state electrgn configuration for oxygen is
1s*2s*2p*, indicating two electrons in each of the (filled) 1s and 2s subshells and four
electrons in the (partially filled) 2p subshell.

In addition to the quantization of cnergy, another key result of the wave model is that
the exact position of an electron within an atom can never be known. Instead, probability
density functions (PDFs) are used to describe the spatial location of electrons. As shown
in Figure 2.2-2, the shape of the PDF depends on the value of the quantum number /.
Note that not all the distribution functions are radially symmetric. The consequence of a
nonsymmetric PDF is that definite bond angles can be found in structures such as dia-
mond, organic molecules, and polymeric chains. We will see that these specific bond
angles influence the macroscopic engineering properties of the corresponding materials.

s orbitais‘ are spherically symmetric p orbitals have a dumbbell shape

z 4
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Chapter 2 Atomic Scale Structures

d. For CdTe, AEN = 2.1 — 19 = (2, Using the table in Appendix B, this corresponds to a
bond that is ~1% ionic, Therefore, the bonding in CdTe is either metallic or covalent.
Since the average number of valence electrons inCdTeis (2 + 6)/2 = 4, we predict the
bonding in CdTe is likely to be covalent.

.',,......--.-------1--------~|nln-------l-----------.--.-n..--.......--...-.----.g------.-..-----n----;--u-.--.-.--a----..n--------n--

2.4.4 Influence of Bond Type on Engineering Properties

At this point we can make a few preliminary observations concerning some of the me-
chanical and electrical properties of solids as a function of bond type,
» Consider the difference in the response of a metal and an ionic solid (ceramics and

of the reasons why ceramics and oxide glasses fracture easily. Such behavior is known as
brittle behavior.

{c]
FIGURE 2.4-5 A comparison of the difference in the atomic scale response of a metal and an ionic solid 40 a
hammer biow. {a} In an jonic solid before the hammer blow each jon is surrounded By oppositely charged fons.
(b} When the ions attempt to slip past one anather in Tesponse to the applied force, strong raepulsive forces develap
and lead to cracking. {e} In contrast, in a metal the electron cloud shields the positively charged atomic cares from
each other so that the repulsive forces do not develop,

3
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f TABLE 2.5-1 Latent heat of fusion, melting temperatures, and coefficients of thermal expansion for
3 some metallic elements.

. -
* Adapted from the CRC Handbook of Tables for Applied Engineering Science, copyright CRC
Press, Boca Raton, FL, 1979,

t Although silicon is not usually. considered a metal, it is included here for comparison.

sufficient accuracy to facilitate calculation of the absolute values of bond length, bond
energy, modulus of elasticity, and coefficient of thermal expansion, The values of these
properties for engineering materials are usnally directly measured in the laboratory.
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DESIGN EXAMPLE 2.5~2

The bond-energy curves for two engineering materials are shown in Figure 2.5--3. Your task is to
select the better material for use in each application described below.

FIGURE 2.5-3

A comparisor of the bend- |

energy curves for two hypo- “

thetical materials, A and B. |
\
1
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TABLE 2.6-1 The critical {+/R) ratio for each coordination number. (Note that the drawings are not to
scale))

fr+R)
1155

3 mini-
nis this
' results
\© anion estimate the CN of the anion. Once the CN of the smaller ion is known, the CN of the
see Fig- larget ion can be determined based on the cation : anion ratio, or the stoichiometry of the
become compound,
: 2.6-1.
3tricauy L e T T T e T T R
energet- EXAMPLE 2.6-1
‘hus, the Table 2.6-1 gives the ionic radius ratio range for CN = 6 as 0.414 = (r/R} < 0.732. Derive these
limiting values by investigating the critical geometry for CNs of 6 and 8.

ger than Solution
r smaller . .. , .

. The geometry for the crifical (minimum) r/R ratio for CN = 6 is shown in Table 2.6-1. If ¢

basis of ) ; .
the elec- represents the length of the edge of the cube, then when all of the ions are just touching each other
e in the a a .
B . r+R=-— nd R+ R=—
r® Using 2 a /3
Dividing the first equation by the second equation yields

y bonded
r(cation) rrrR _ 1
: used to 2R V2
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b. In the C;Hg molecule each H atom is bonded to one of the C atoms. Since each C atom
must form four covalent bonds, there is a single covalent bond bridging the two C atoms
(see Figure 2.6-3h).

. In the compound C;H,Cl each H and CI atom forms a single covalent bond with one of
the C atoms. Each C atom must form four covalent bonds, so that there will be a double
bond between the two C atoms (see Figure 2.6-3c).

. In silicon, each atom must be bonded to four other Si atoms, and the resulting structure
is similar to the diamond structure described previously (see Figure 2.6--2b).

LR L T T e T I P LY YT T I L) e L R L L R L R L T LTI A LLLLIT)

Covalent bonds are directional and are characterized by specific bond angles. The
bond angles can be determined by the geometry of the structure or vice versa. Shared
electrons, or bond pairs, and lone electron pairs constitute mutually repulsive negative-
charge centers that tend to separate as much as possible. As shown in Figure 2.6—4a, the
bend angle in g tetrahedral structure such as diamond is 109.5°, which places nearest-
neighbor C atoms (and their associated shared electron pairs) as far apart as possible in
space while satisfying the valency requirements. In contrast, when carbon is bonded to
only three other atoms (one of which involves a double bond), the resulting structure is
planar with a bond angle of about 120°, as shown in Figure 2.6—4b. The existence of
specific bond angles in covalent molecules is important in understanding the properties
of polymers.

3-D structure, with 2-D {planar) structure,
all angles = 109.5° with all angles = 120°

(a) (b}

FIGURE 2.6-4 A schematic illustration of covalent hond angles in two compounds: {a) the bond angie in & tetrahe-
dral structure such as diamond is 108.5% {b) when the C is bonded to only three other atoms {one of which involves
a double bond), the resulting struciure is planar with a bond angle of ~120°.
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EXAMPLE 2.6-4

Sketch the three-dimensional arrangement of covalent bonds in the H,O molecule.

Solution -

The geometry of the H,0 molecule can be envisioned by ‘placing the O atom at the center of an
imaginary cube and noting that its four pairs of electrons, two bonding and two nonbonding electron
pairs, must be spatially separated as much as possible. This separation, shown in Figure 2.6-5, is
obtained by placing the electron pairs along directions pointing to an alternating set of four corners
of the imaginary cube. The H atoms are positioned at two of the cube corners associated with the
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FIGURE 2.6-5 A schematic illustration of covalent bond angles in water. Note that the bond angle is 104.5'“, which
is slightly less than the tetrahedral angle of 109.5°. !

bonding electron pairs. The structure of H,O deviates slightly from this model, since nonbonding
electron pairs repel each other slightly more than bonding eleciron pairs. The result is that the
H—O0-—H bond angle is 104.5°--slightly less than the predicted 109,5°,

EANNAREMAERE Vi meRmERaNLR [LLTYTETTETY P LLLTF I T FREEERANRPEEAN (LI ET T T weEERumsRannar LI TP TP [T T TP T LT T UPE P TP Y

The shared electrons in a metallic bond are delocalized. Thus, the CN of an atom in
a metallic solid is determiried primarily by geometrical considerations. Indeed, many pure
metals (e.g., Al, Cu, and Ni), for which r/R = 1, have structures with a CN of 12;
however, several common pure metals such as Fe, Cr, and W have CNs of only 8, even
in their purest forms. :

Coordination numbers are useful because they describe the short-range order, defined
as the number and type of nearest neighbors, associated with a particular solid struc-
ture. All solids exhibit short-range order. As we expand the consideration to include
second- and higher-order neighbors, we find that there are two distinct types of solids.
Those that exhibit both short-range order (SRO) and long-range order are called crys-
talline materials while those with SRO only are termed amorpheus, or noncrystalline,
materials,

2.7 SECONDARY BONDS

Secondary bonds are fundamentally different from primary bonds in that they involve
neither electron transfer nor electron sharing. Instead, attractive forces are produced
when the center of positive charge is different from the location of the center of negative
charge. The resulting electric dipole can be either temporary, induced, or pérmanent and
can oceur in atoms or molecules. As shown in Figure 2.7-1 for Ar, a temporary dipole
is formed when the electrons, which are constantly in motion, are momentarily arranged
$0 as to produce an asymmetric charge distribution. The temporary dipole can then induce
another dipole in an adjacent Ar atom. The two dipoles then experience a coulombic force
of attraction. This type of bonding is responsible for the condensation of noble gases at
low temperatures and is known as van der Waals (or van der Waals—Landon) bonding,
Van der Waals bonds can also occur between symmetric molecules such as CH, and CCl,.

- The total attractive force between molecules due to the van der Waals bond generaily

increases as the number of atoms in the compound increases. Hence, large molecules can
have a large net attractive force. This phenomenon explains why the melting temperatures
of the hydrocarbons with chemical formulas C.H,,., increase as n increases.

49
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Tsolated Ar atom
(center of positive charge
same as center of negative charge)

Due to statistical nature of electron motion, occasionally
the center of negative charge is spatially different than
the center of positive charge (i.., a temporary dipole)

Secondary
bond

.

Temporary dipole at left can induce a dipele in
a neighboring Ar atom, result is a van der
Waals bond between the two Ar atoms

FIGURE 2.7-1 Formation of a temporary dipele in an Ar atom can induce a dipole in an adjacent Ar atom, This
type of secondary bond is known as a van der Waals bond.

Figure 2.7-2 shows the charge distribution in H,O, H,S, and NH;. These molecules
are permanent dipoles, because their center of positive charge (indicated by the symbol
&) is always different from their center of negative charge (§7). Permanent dipole bonds
are generally stronger than van der Waals bonds. One especially important type of
permanent dipole bond is the hydrogen bond, which occurs whenever a hydrogen atom
can be shared between two strongly electronegative atoms such as' N, O, F, or Cl. The
hydrogen bond is the strongest type of secondary bond, but it is still significantly weaker
than a primary bond. Hydrogen bonds hold the wood fibers in a sheet of paper together.

{al th) - (e)

FIGURE 2.7-2 A schematic iliustration of thres parmanent dipole molecules: (a} HyO, (b} HzS, and {c) NH,. The Xs -

represent the valence electrons from the B atoms and the #'s represent those from either 0, S, or N. The &% and 6~
symbols represent the spatial centers of positive and negative charge for the molecule. Note that nonbonding electron
pairs are local regions of negative charge and the isolated nucleus of an H atom is a local region of positive charge.
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Secondary bonds .
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FIGURE 2.9-1 The structure of polyethylene, PE: {a} the basic building block for PE is the C;H, monomer; {h) the
double bond in the monomer is “opened” so that (¢} many monomers can be linked together to farm the PE polymer
chain; {d} since the polymer chains are saturated, the only type of bond that can form between PE chains is the
secondary bonds.

energy of the system. Thus, the formation of a PE polymer chain from a collection of
identical monomers is a thermodynamically favored reaction. Note that in contrast to the
monomer, the PE polymer chain is saturated, so there are no additional sites for primary
bond formation. Thus, the only mechanism that remains for bond formation between PE
chains is secondary bond formation. Linear polymers that form melts upon heating, such
as PE, are called thermoplastic polymers.

The structure of rubber is fundamentally different from that of the thermoplastic
polymers. Careful examination of the generic hydrocarbon rubber structure in Fig-
ure 2.9-2a shows that the polymer chains contain an unsaturated double bond. The exis-
tence of this double bond within the macromolecule permits the formation of additional
primary bonds between chains (Figure 2.9-2b). The primary bonds between rubber
chains formed by the opening of the unsaturated double bonds are known as crosslinks.
When the crosslink density is low, only a small fraction of the double bonds have been
opened, and the individual polymer chains retain their identity. There are only a “few”
primary bonds between chains. As the crosslink density increases, the individual chains
lose their identity and the structure begins to resemble a three-dimensional network of
primary bonds. This 3-D primary bond structure is characteristic of many polymers that
do not form a melt, or thermoset polymers.

R
et
H

H poyble H| H " Crosslinks Remaining double
(primary bonds bonds are potential

g bonds g g H il

(] i between chains) crosslink sites
—C—C=C—(C—C—C=C—C— o
[ e e e R |
H H HHH
{al {b}

FIGURE 2.9-2 The strugiure of crossiinked nubber, The existence of double bonds along the length of the polymer
chains shown in part {a) permits the formation of crosslinks between chains, as shown in part {b). Note that in this
case the crosslinks are composed of short chains of sulfur atoms.
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11 moto & causa d’ogni vita
(Movement is the cause of all life)

Leonardo da Vinci

Design .... Is the fount and body of painting and sculpture
and architecture ... and the root of all sciences.

Michelangelo Buonarroti
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FIGURE 3.2-2 Three examples of Z-D patterns all created using the same rectangular lattice but each having a
different basis: {a) the basis is a single character; {b} the hasis containg a repeated character, and {c) the basis
- contains two charactars with different orientations. :
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A few sites from a body-centered cubic Bravais
Jattice. Note that it can be regarded either as a simpie
cubic lattice formed from the points A with the points
B at the cube centers, or as a simple cubic lattice
. formed from the points B with the points A4 at the
cube centers. This observation establishes that it is
indeed a Bravais lattice. :
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ELEHMENTS
- Table 4.2
. ELEMENTS WITH THE MONATOMIC BODY-CENTERED
CUBIC CRYSTAL STRUCTURE '
ELEMENT  a (A) ELEMENT  a (A) ELEMENT  « (A)
Ba 5.02 Li 3.49(78 K) Ta 3.31
Cr 2.88 Mo 3.15 Ti 3.88
Cs 6.05 (78 K) Na 423(5K) 3.02
Fe 287 Nb 3.30 @ 3.16
K 5.237(75 K) _ Rb 55%{5K)
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Three primitive vectors, specified in Eq. (4.3),
for the body-centered cubic Bravais lattice. The
lattice is formed by taking all linear combina-
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Figure 4,7 ) :
A more symmetric set of primitive vectors,
specified in Eq. (4.4), for the body-
centered cubic Bravais latiice. The point
P, for example, has the form p = 2a, +
a; + a;.
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 Figure 4.9

(6

A set of primitive véctors, as given in E'q. 4.5),
for the face-centered cubic Bravais Iattice. The

labeled pointsare P = a;, + a, + a,, 0 = 2azr,

R=2a, +aj,and §= —a, + a, + a,.

N

2% +9) I%C@a

' a
M=50 49, m=0+%, &=

Table 4.1
“ELEMENTS WITH THE MONATOMIC F ACE-CENTERED

CUBIC CRYSTAL STRUCTURE

ELEMENT a(A) ELEMENT g (A) ELEMENT g (A)
Ar 526 (42 K) Ir 3.84 Pt 3.92
Ag 4.09 Kr 572(8K})  5-Pu 4.64
Al 4.08 ) La 5.30 Rh 3.80
Au 4.08 Ne 443 (42 K) Sc 4.54
Ca 5.58 Ni 3.52 Sr 6.08
Ce 5.16 Pb 4.95 Th 5.08
£-Co 3.55 Pd 3.89 Xe(S8K) 620
Cu 3.61 Pr 5.16 Yb 5.49

Fe LATTICE , MO BASIS

0,§@+w,§@+m,§@+m (fec).
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76 Chapier 4 Crystal Lattices

SOME IMPORTANT EXAMPLES OF CRYSTAL STRUCTURES AND
LATTICES WITH BASES

Diamond Structure -[&C 7N Q% UQ{ {5/} o _CA‘ )

The diamond lattice!® (formed by the carbon atoms in a diamond crystal) consists of
two interpenetrating face-centered cubic Bravais lattices, displaced along the body
diagonal of the cubic cell by one quarter the length of the diagonal. Tt can be regarded
as a face-centered cubic lattice with the two-point basis 0 and (a/4) (% + § + %). The
coordination number is 4 (Figure 4.18). The diamond lattice is not a Bravais lattice,

Figure 4,18
Conventional cubic cell of the diamond lattice.
For ciarity, sites corresponding to one of the
two interpenetrating face-centered cubic lattices
are unshaded. (In the zincblende structure the
shaded sites are occupied by one kind of ion,
and the unshaded by another.) Nearest-neighbor
bonds have been drawn in. The four nearest
neighbors of each point form the vertices of a
regular tetrahedron,

because the environment of any point differs in orientation from the environments
of its nearest neighbors. Elements crystallizing in the diamond structure are given
in Table 4.3.

Table 4.3
ELEMENTS WITH THE DIAMOND CRYSTAL
STRUCTURE

ELEMENT CUBE SIDE a (A)

" C(diamond) _ 357 W o do M) oy
Si ' 5.43 -, 1,05 *HIP
Ge 566 o

®-Sn (grey) 6.49

é/use the word “lattice,” w1t110ut qualifications, to refer either to a Bravais lattics or a lattzce
with a basis,

C6b
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Figure 4.19
The simple hexa i ce.
i ‘ gonal Bravais lattice, Two-dimensi i i V
stacked directly above one another, a distance ¢ ap];srlto el rangular nets (shown in fnse) are
- a 3a
a = a%, a, = 52 +\/~TY5 a; = ci.
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Figure 4.20 -

The hexagonal close-packed crystal structure. It can
be viewed as two interpenetrating simple hexagonal
Bravais lattices, displaced vertically by a distance cf2
along the common c-axis, and displaced horizontally
5o that the points of one lic directly above the centers
of the triangles formed by the points of the other.
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ELEMENT @ {A) c cla ELEMENT a(A) cla
Be 2.29 3.58 1.56 Os 2.74 1.58
cd 2.98 5.62 1.89 Pr 3.67 1.61
Ce 3.65 596  1.63 Re 2.76 1.62
a-Co 2.51 4,07 1.62 Ru 2.70 1.59
Dy 3.59 5.65 1.57 Sc 3.31 1.59
Er 3.56 5.59 1.57 Tb 3.60 1.58
Gd 3.64 5.78 1.59 Ti 295 1.59
He (2\}() 3.57 583 .1.63 Tl 31.46 1.60
HI 3.20 5.06 1.58 Tm 354 1.57
Ho_ - 3.58 5.62 1.57 Y 3.65 1.57
- . La 3.75 6.07 1.62 Zn 2.66 1.86
Lu 3.50 5.55 1.59 Zr 3.23 1.539
Mg _ . .321 5321 . ..1.62. . — )
Nd 3.66 5.90 1.61 “Ideal” 1.63

HCP
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FIGURE 3.6-1

The locations of the inter-

stitial sites in the common
crystal strugtures: {a) octa-
hedral sites in FCC, {h} te-
trahedral sites in FCC,

{e¢} octahedral sitas in BCC,

{d} tetrahedral sites in BCC,

,(e) octahedral sites in HCP,
and (1) tetrahedral sites in
HCP.
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3.6.2 Interstices in the BCC Structure e chpns
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Like the FCC structure, the BCC structure also contains both octahedral and tetrahedral
sites. As shown in Figure 3.6—1c, the octahedral sites are located in the center of each face
and the center of each edge, giving a total of six sites per unit cell. The diameter of the
octahedral site cannot be determined by examination of the face diagonal. The BCC
structure is not a close-packed structure, and the atoms that surround the interstitial site
are not all equidistant neighbors. When the largest possible atom occupies the octahedral
position, the atoms touch only along {1 0 0) as measured from one central atom to
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80 Chapter 4 Crystal Lattices

The Sodium Chloride Structure

We are forced to describe the hexagonal close-packed and diamond lattices as lattices
with bases by the intrinsic geometrical arrangement of the lattice pomts A lattice
with a basis is also necessary, however, in describing crystal structures in which the
atoms or ions are located only at the points of a Bravais lattice, but in which the crystal
structure nevertheless lacks the full translational symmetry of the Bravais lattice
because more than one kind of atom or ion is present. For example, sodium chloride
(Figure 4.24) consists of equal numbers of sodium and chlorine ions placed at alternate
points of a simple cubic lattice, in such a way that each ion has six of the other kind
of ions as its nearest neighbors.!” This structure can be described as a face-centered
cubic Bravais lattice with a basis consisting of a sodxum lon at 0 and a chlorine ion
at the center of the conventional cubic cell, (2/2)(& + ¥ + ).

Figure 4.24
The sodium chloride structure. One type of ion is repre-
sented by black balls, the other type by white. The black
and white balls form mterpenetratmg fee lattices.

. Mice
ua, G;'f/‘ el 630«3 Feo
fec + Basrs 2 (et} M
z' .
v Ce
Table 4.5 _ _ ,
SOME COMPOUNDS WITH THE SODIUM CHLORIDE STRUCTURE
CRYSTAL  a(A) CRYSTAL  a(A) CRYSTAL  a(A)

LiF 4.02 RbF 5.64 Ca$ 5.69
LiCl 5.13 RbCl 6.58 CaSe 5.91
LiBr 5.50 RbBr 6.85° CaTe 6.34
Lil 6.00 RbI 7.34 Sr0 5.16
NaF 4.62 CsF 6.01 Sr$ 6.02
NaCl 5,64 AgF 492 SrSe 6.23
NaBr 597 AgCl 5.55 SrTe 6.47
Nal 6.47 AgBr 577 BaO 5.52
KF 535 MgO 421 BaS 6.39
KCl 6.29 MgS 5.20 BaSe 6.60 -
KBr - 6.60 MgSe 5.45 BaTe 6.99
K1 7.07 CaO 481

The Cesium Chloride Structure

Similarly, cesium chlioride .(Figure 4.25) consists of equal numbers of cesium and -
chlorine ions, placed at the points of a body-centered cubic lattice so that each ion

17 For examples sec Table 4.5, -
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Some Important Examples of Crystal Structures and Lattices with Bases 81

has eight of the other kind as its nearest neighbors.'® The translational symmetry

of this structure is that of the simple cubic Bravais lattice, and it is described as a
imond lattices as lattices : simple cubic lattice with a basis consisting of a cesium ion at the origin 0 and a chlorine
lattice points. A lattice . jon at the cube center (a/2)(X + ¥ + Z).
| structures in which the ‘

. . . Figure 4.25
*, but in which th‘e cry sFa,] The cesium chloride structure. One type of ion is repre-
y of the Bravais lattice 1 sented by black balls, the other type by white. The black -
tample, sodium chloride and white balls form interpenetrating simple cubic lattices.
gions placed at alternate i /
has six of the other kind : : s
ribed as a face-centered ‘T , A
‘at 0 and a chlorinejon £ ' ' C-S ce
QGBI
5 One type of ion is repre- i ' OR Rer — o Ccs
T tyPc by whitg. The black Table 4.6 . CLBIC —em B Dy .a‘.‘. 3 ) c.j'_
rating foc lattices. : _ SOME COMPOUNDS WITH THE CESIUM CHIORID
» : STRUCTURE -
g CRYSTAL a(A) CRYSTAL a(A)
q' ¥ CsCl 4.12 TiCl 3.83
3 x'¢g Fed) M ; CsBr 4.29 TIBr 3.97
Csl 4,57 TII 420
v Ce
The Zincblende Structure ‘
TRUCTURE Zincblende has equal numbers of zinc and sulfur ions distributed on a diamond lattice
A so that each has four of the opposite kind as nearest neighbors (Figure 4.18). This
CRYSTAL  a(A) structure'® is an example of a lattice with a basis, which must be so described both
Cas 560 because of the geometrical position of the ions and because two types of ions occur.
CaSe 5.91 - Table 4.7 :
g:g e 6.34 ;:;5 SOME COMPOUNDS WITH THE ZINCBLENDE STRUCTURE
- 516 .
Srs 6.02 CRYSTAL a(A) crYSTAL  a(A) CRYSTAL  a(A)
e o2 ' CuF 426 ZnS 541 Alsb 6.13
BaO 5'52 Cu(l 541 ZnSe 5.67 GaP 5.45
BaS ' 6. 39 CuBr 5.69 ZnTe 6.09 GaAs 5.65
BaSe - 660 Cul 6.04 cds 5.82 GaSb 6.12
BaTe 6‘ 99 Agl 6.47 CdTe 6.48 TonP 5.87
: BeS 4.85 HgS 585 InAs 6.04
BeSe 5.07 HgSe 6.08 InSb 6.48
BeTe 554 HgTe 6.43 SiC 4.35
MnS (red) 5.60 AlP 5.45

wmbers of cesium and MDJS‘E 582 AlAs 362

lattice so that each ion

**  For examples sec Table 4.6.

C l o ®" For examples see Table 4.7,
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| Table 4.3
DAHOND EiEMENTS WITH THE DIAMOND CRYSTAL
STRUCTURE
ELEMENT CUBE SIDE & (A)
C (diamond) 3.57 £ Titn
Si 5.43
Ge 5.66
o-Sn (grey) 6.49
Fe (Fm,a)+ Blssa)
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96 ) Part|  Fundamentals

FIGURE 3.9-1

A schematic illustration of
a polycrystalline sample.
The polycrystal is composed

Unit cell orientation
in Grain A

of many grains separated AT
by thin regions of disorder \\
known as grain boundaries. ]
Note that the unit-cell \ Y
\h____’/

atignment within grain A
{shown in the high- ! —— Grain boundary
magnification insert) is dif-
ferent from that in grain B.

Unit cell orientation
in Grain B

Many ceramic materials are also in the form of polycrystalline solids. With s
inorganic solids, such as silica, it can be relatively easy to cool the material sufficie
quickly that crystal formation does not occur. Hence, these materials may be ei
crystalline or noncrystalline (amorphous), depending on thermal history. The structw
noncrystalline and partially crystalline materials will be discussed in Chapter 6.

Polymers are unique in that because of the nature of long-chain molecules, they rz
form structures that are entirely crystalline. Hence, polymers are either semicrysta
or amorphous. Although there are no commercial single-crystal polymers, Spectra® f
one of the strongest materials known, has a structure similar to that of a single cry

Spectra consists of long polyethylene chains that are processed in such a way tha

molecules are highly aligned. Crystallinity is very high, and defects, principally ¢

ends, are randomly dispersed through the continuous crystal.

Few materials are used in a single-crystal form; however, those few are commerc
significant. Single-crystal materials have no grain boundaries, so they offer unique
chanical, optical, and electrical properties. Single-crystal quartz (SiO,) and perovs
are used as transducers in a variety of applications, such as in high quality receivers
pickups (phonograph cartridges). Single-crystal germanium and silicon are used e;
sively in the microelectronics industry. Single-crystal nickel alloys are used in tw
blades in high-performance jet aircraft. Sapphire (Al,O;) and diamond (C) single cry

C Z 7 are precious stones.

3.10 ALLOTROPY AND POLYMORPHISM

%
Many materials can exhibit crystal structures that change from one unit cell to an

- - 1. 1 o i [P S
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TABLE 4.4-1 Diffusion caefficients for selected systems
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EXAMPLE 4.4-4 : ) .

Explain each of these observations:

a. The activation energy for the diffusion of H in FCC iron is less than that for self-
diffusion in FCC iron.

b. The activation energy for the diffusion of H in BCC iron is less than that for the
diffusion of H in FCC iron.
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FIGURE 4.4-8

Diffusion coefficients of
various organic molecules
in natural rubber as a
function of temperature.
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FIGURE 10.3-8

Three methods for fabricat-
ing a pn junction diode:

(a) diffusion of an n-type
dopant inte a p-type sub-
strate, (b} diffusion of a p-
type dopant into an n-type
substrate, or {e) sequential
diffusion of n-type and p-
type dopants inte an intrin-
sic substrate.

FIGURE 10.3-10

The method for introducing
a controlled amount of a
dopant into a sificon sub-
strate: {a} the axidized
wafer, {h} the SiD, surface
oxide layer is removed from
the region 1o be doped,

{c} dapant atoms are intro-
duced ontc the surface, and
{d} the dopant is thermally
diffused into the underlying
silican.

FIGURE 10.3-11

A metaj-oxide-semiconduc-
for {M0S) capacitor.
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Structure
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Polyethylene

Folyvinylehlaride

Polystyrene

Polypropylene

Pelyacrylonitrile
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Applications
Clear film, flexible bottles

Floors, pipes, hoses
Containers {clear or foam), foys
Sheet, pipe, film, containers

Fibers—synthetic wool

Nonstick coatings, gaskets, seals

CH, CHg
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A comparison of the X-ray
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FIGURE 7,3-1

The idealized binary (A-B)
isomarphous system: {a) the
composition-temperature
phase diagram with associ-
ated definitions, and

{h} a similar diagram show-
ing the liquidus and solidus
temperatures for a specific
alloy of composition X;.
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d d. The total amount of & phase in the alloy at a temperature just below the eutectic tempey-
alure.

Totv { P r Eut Flowl = fP o gt = () 588 4 (0.280 = 0.868
9) +

=
a 2 Alternatively, since Lhe microstructure is composed of just two phases, « + 8. the iotal
: fraction of & must be given by:
Eut
OR A4 - ‘FF U FOul = | — f =] — (1132 = 0.868
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{  FIGURE 7.4-§

The Al-Si evtectic phase di- - f—Nb;
agram.  (Source: F. Shunk,
Constitution of Binary Al-
loys, McGraw-Hill. Repro-
ducad with permission of
MeGrave-Hilf )
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Representative microstruc-
tures of AL-Si alloys.
N . (a) The white areas are pri-

mary Al dendrites, and the
dark areas are the eutectic
constituent comprised of
Al + St {b) Oniy the ey-
tectic constituent is seen,
le} Primary Si is seen as
Blacky particies. The dark
needles and light areas are
the eutectic constityent.
(Courtesy of Ralph Mapoli-
tang,) : -
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FIGURE 7.5-2 (a} A binary peritectic phase diagram and the associated tarms used to describe regipps_m‘ a peri-
" ctic system, () & simple peritectic system showing the eguilibrium caoling of an alloy whose composition is the
Peritectic composition X, and {e} the corresponding cocling eurve for alloy Xp.
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FIGURE 7.5-3 4 simple peritectic diagram showing three specific alioy compositions. Refer to Fxample 7.5-1 for a B
discussion of this phase diagram,
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The Al-Ni binary phase
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GROWTH OF A PHAsE
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1. There is a time period, often called the incubation time, required to nucleate the '3_

AN AT . PO, O e ;
phase; the incubation time is a function of undercooling. No measurable phase -
U; transformation cccurs during the incubation time. :

wr 2. Once nucleated, the phase begins fo grow and there is a rapid increase in the

- *U’ amount ¢f new phase present.
Eventually, the growth rate of the new phase decreases because of either deple-

%{W\mﬁf\/ tion of selute or physical impingement of the growing phase.
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{a) i) 0.1 um ‘

FIGURE 8.2-13  The distribution of precipitates in an aluminum alloy: {a) precipitates that homogeneously. nuze.

ated, and {b} those that heterogeneously nucleated. In part a, the precipitates are the fine, pepperlike features that a[ei
scattered throughout. :

This example illustrates two key points: (1) altering the heat treatment has a signiﬁcali;t’
effect on the size and spatial distribution of the precipitates through its influence on t!ﬂ — HM'{" D@W
nucleation and growth rate, and (2) since macroscopic material properties depen : ,.-—) et popsdentt
strongly on the size and spatial distribution of the phases, heat treatment is a powerfui tog} @i
for modifying the properties of engineering materials. '
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FIGURE 8.3-2  Microstructure of pearlite formed at differant isothermal hald temperatures: (a) 655°C, (b} BOO°C, -~

le} 534°C, and {d) 487°C. Natice that the morphologies of the two-phase structure are similar but thair spacings : “:'-‘) -

decrease with decreasing isothermal hald {emperature. S,-,'-,-,)Qéab-]-- aidan
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FIGURE 8.3-6  Schematic of an isothermal transformation (I} diagram for a eutectoid stes.
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~(Source: A. F. Hehman, "Ferrous and Nonferrous Bainite Structures,” Metals Handbook, §th ed, pp. 194-98. ASM
‘}"nremarf'ona:‘, Materials Park, Ohic. Reprinted & permission of the publisher.)
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FIGURE 8.3-8 Progress of athermal martensitic transformation in an Fe-18 wt. % G afloy after cooling to (a) 24°C. (b} —60°C, and () -
{Source: G. Kraus and A. R Marder, The Morphology of Martensite ir
permission of the publisher.}
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1. An FCC to BCT transformation,
2. Distortion of the BCT laltice parameters (o malch those of the martensite. This - BT B O%
is called 1?-13__@_511'“01'11'01} afier the person who firg( proposed il e -
3. Rotation 10 produce the appropriate habit planes and directions between the : R Wd v - oY =277 ¢

martensile and the parent austenite.
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FIG.URE 8.3-% The relationshin betwesn the FOC + phase and the BCT martensite phase. Th.e possible sites for - e l DU
carbon atoms are focated at the X's, and the iron atoms are lacated at the open circies. To obtain the o phase from

T 0,
the 4 unit call, the ¢ axis must contract about 20% and the 2 axis must expand about 12%.
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FIGURE 8.3-10 Microstructure of a tempered martensite {spheroidite) in a steel with 0.7 wt. % C. {Source: Transactions of the Metallurgica
Society (272}, 1958, a publication of the Minerals, Metals & Materials Society, Wartendals, PA. Reprintad by permission of the publisher.)
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