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Structure, Processing & Properties

(Fe-0.4 wt% C)

Hardness (BHN)




Aluminum oxide may be transparent, translucent, or
opaque depending on the material structure.

Single crystal | olycrystal: Polycrystal:
: low porosity high porosity

€, = true strain (6.€
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viscosity (12.7)
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electron 11 n=3, =0, m;=0, ms=+% DI‘—%
electron 10 n=2, =1, my=+1, mS=H%
20 /{EIE{:H‘DHQ n=2, l=1, m=+1, m5=+%
{electrons n=2,1=1, m=0, mg=—3
—— lelecron7 n=2,1=1, m=0, my=+3
elecron6 n=2,1=1, m=-1, m_g:—%
electron5 n=2,1=1, m=-1, m3=+%
252 electron4 n=2, [=0, m=0, msz—%
{electronS n=2, =0, mi=0, ms=+%
152 electron 2 =1, =0, m=0, ms:-%
{electmnl n=1,1=0, m;;y=0, mg=+3
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Hydimgen H 1 15!

Hedivim He 2 15"

Lithinm Li 3 152!

Bervllinm Fe 1 1525

Boron B 5 1525 2p'

Carhan £ R 1572572

Mitrosen i T 15 25" 2p’

Olxygen i B 15 25 2pt

Fluorine F 4 15 25" 2p"

Mo Poes 10 15 25 2p"

Sexfium M 1 172 2p3 ¢

Magnesium Mg 12 1572572053

Aluminm Al 13 1F 2 2pb 3P !

Silican Si T 157222 340
Phosphons P 15 152 2ptisapt

Sulfur 5 1i 157252253 3

Chlarine cl 17 1°2%2pb3 1

Argan Ar 18 1572522053 13 o
Potssium K 1 192 2pY 3 P ¢
Calcium Ca 21 157252 2p"3 #1 Fl 7
Sezndiurm S 21 1° 22 3 1 A M
Titanium Ti 2 17262253 1 A 2
Vanaclium v 21 1525 2p 3 A0 g™ 5
Chromium cr 24 15725223 9 Fa !

(N FTRTRTREES M 25 1525 2pf 3 # 0 g2 5
Trean Fe kil 1525 2p 3 50 oA 5*
Cabalt o 77 172 Ep 3 ] A A
Mickel i i Tk Te ¥t Py
Copper Cu 20 1525 2t a8 3 pf 0l M !
Line n an 1525 2pta £ 0 o2 ' M 5~
Galliom Ga k]| 1525 2pt 3 £ 0 o M s !
Cermanium G 32 1525 2pt 3 80 o0 M s
Arsenic Ax kK 152 2t 3 3 o0l M pr
Seleniwm S kL 1525 Ept a8 o M
Bramine BEr 5 15 25 2p 3 3 o N ) e
Krypian Kr k{1 1" 25 Bt 38" 3 o0l M

2 When some elemenis covalently bond, they Form sp hybrid borels. This is espe

ity o 1w e e
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SR B4 (High Resolution Electron
Microscopy, HREM) #HZEIMER 4K+ B F 90 He7) .
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= ;L% JE #1 % (periodic Table of the Elements)
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1 75 = Atomic number Manmetal z
H Cu =— Symbal He
1.::-;:;::. I:I’L G350 __ Atamic weight Iléﬁ. I'l.;ﬁ. gﬁ. 'I.I'E:A 'u'!.ﬁ. .1_[1:;33
Li | Ee Ehuola: B C N o F Ne
B.030 [ 20122 T0.BTT | 12.011 | 14.007 | 16999 | 19.8BE | 20.183
11 12 13 14 16 18 17 L=
Na | Mg Vil Al Si P 5 Cl Ar
£2.89490 | 24.312 g IVE VB VIB VIIE F % B IE 253082 | 28086 | 30674 | 32.084 | 36.4B3 | 30.948
18 20 21 22 23 24 25 26 7 2B 29 | 11 kF 33 34 36 foc)
K. Ca =1 Ti W cr hn Fe Cao i Cu in Ga Ge As S8 Br Kr
38102 | 4008 | 44,955 | 4790 | BOS42 | 51.225 | B4.538 | 55247 | B2RB33 | B2.T1 B63.54 | 8537 | BB.72 12,68 | 74.822 | TA.BE | TB.A1 33.BO
a7 38 =] 40 41 4z 13 dd a5 4 47 4B 458 BO 61 RZ B3 2|
RE Sr b Ir ME: Ko Tc Fu Eh Pd Ag Cd In =n Shb Ta I ¥e
B5.4T7 | BT62 | 24.01 B1.22 | 92.51 bE.B4 (=4 10107 | 10287 10E4 | 10787 | 11240 | 114.B2 | 11869 | 121.76 | 127.60 | 126.80 | 137.30
EE BE Rare Te 73 T4 15 TE T TE 18 BEQ a1 B2 B3 24 BE 25
Cs Ea earth HF Ta W Re Qs Ir Pt ALl Ha Tl Ph Ei Fo AL Rn
13291 [ 137.34 | series | 178,42 | 1B0.8E | 18385 | 186.2 1902 182.2 | 1B6.02 | 19587 | 20069 | 204,37 | 207.19 | 208.8B | [270) 214 [22Z]
g7 B At
Fr Fa nide
(223) | (228 | series
57 BB 59 B0 &1 B2 63 B 66 (5] &7 (5} i) o T
Rare carth s=ries La Ce Fr M Pm am Eu | Th Dy H Er Tm b= L
138.81 | 14072 | 140097 | 144.24 | [145) | 18036 | 167.9E | 15726 | 168.92 | 182.B0 | 164.93 | 1&7.26 | 16B.93 | 173.04 | 174.97
a9 =4 91 B2 B3 =1 =15 = 5 BT =] =] 120 1001 102 103
Actinide series A Th Fa Ll Mp Fu Am Cm Bk Cf Es Frm i Mo Lw
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Coulombic bonding force

Schematic representation of ionic
bonding in sodium chloride (NacCl).



/" Shared electron
—w— from carbon

Shared electro r1__
from hydrogen

Schematic representation of covalent
bonding in a molecule of methane
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van der Waals 77785 &
a) MW= b)) EMFEAE
c) JiF (871 I8 van der Waals
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Van der Waals bonds
have to be broken
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Hydrogen
bond

Schematic representation of hydrogen
bonding in water and hydrogen fluoride
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& (anisotropy )







b

A
N ¥ g
& > Fey
QYo
3 1 A R
b

T b 2h3K 6 T AR LR




su AR5 3E ah AR 2t bt

RN F fa 14~
B FHEF AL e 5 ZHEL A
BoR | AEREEEE | BAERRNEA
-2 -1 71 1 -] [ 1
A i ATE — T A& T ALY s




— {ﬁééﬁﬁﬁéﬁlk@l
=+ AL

R A 1447







AR ) S HES s T







BTN S K

=]
HH




g B =) =%} aFb#c, a # B #y #90°

JiCa LR

As, Sh, Bi




Triclinic
(=4
Monoclinic

(R

Orthorhombic
(TEAT)

Tetragonal

(V977)

Cubic
(5LJ7)

a=b=c
o=B=y=90°

Trigonal

(=)

Hexagonal

a=b=c
o=P=y<120°
#90°, #60°

a=b

Qi) B=y=90°, a=120°

== Crystal System_q

Bravais Lattice










(1) sheFeEE947 2

a. HE I AARE, AL S eg 3
—[E & AR B, TR ah 50 A Ak
FrAdh, VAT e i AR A AL AR
o) K E A%

b. it/R.&0E—ALOP, f£H-P4T
T2 an =) AB;

c. fEOP EREFE & & 05 L 69—
‘= &P, B P& dg A Eu vV W

d. 3 u’, v’ , WA A gz EE A ULV, W
ol 1, 24 [uvw]. %=Xu, v, w
bR TME, WHF T TR
ey 7, 4e[1 0], [1 115,




AL i R
a. HHHFTXL: RRMEPAT. FE@—HKG A 4
B it R FHF B, RTF— G Aa R

c1p .

c. wn ¥ EAFRMHR—EAE. FHuvwk

=N\

= o T SR AR, ARG LR
o HED F AR, rf'n:&ﬁ)daa

<100>: [100] [010] [001] [100]I010] [0O1]

<111>: [111] R11] [11Q11) @p11] L1y
L11][111]






(2) dnd@FEEAIATFE

a. A 0 L eh B — 1 & B E
iR 8 g g A A AT, VA AT gy
fitL 6% A KAE A A ARdh o KB H 5,

TRe s AR R Bk I S d
E;

b. KAFAF Z ah 0 /£ = /> a4 _LE &4 A
BB x,y,z wRiZammEmLG AR

ARF-FA4T, W ALFE A oo
c. RABIEAIEIE - h’ kI,

d. ¥ h’ k’, I’ A4 sz #2 hkl; 0
0, ieH(hkl)e %&b, k, 1FE
—Xh RAE, W R 5T A
o, e (10), (11) %,

L




X T @3 H IR

a. FediE . KRE—E-FAT0endm (F5548F), =2k
FHFEEER TARL) ;

b. 009&3L: &5t e 4h-F4T;
5 am® E @, W hutkv+1w=0;

T, B AR ) 48 48044 dh @) A dh & o4 T AR B
, BPlhkI] L (uvw) . fe2 bk & & JF] T HE dh

AR R T 5 LARR) , @ A 3 % A
%, AMRTAME, ZEMed AR ESAaEm. A (h
KT &=,










{111} planes in cubic crystal

111} Planes
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[100] =[21 10]

[110] =[1120]




Plane A
l.a,=a,=a;=> ,c=1
2.1/a, = 1/a, = 1/a; =0, 1/c =1
3. (0001)

Plane B
l.a,=1,a,=1,a;=-1/2,c=1
2.1/a, =1,1/a, =1, 1/a;,=-2,1/c =1
3. (1121

Direction C

/ > >

Direction D

. Two pointsare 0, 1, O and 1, O, O.
.0,1,0,-1,0,0=-1,1,0

- [110]or[1100]
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Fig. 2.22 For the
hexagonal crystal system,

(a) [0001]. [1T00], and [1120]
directions, and (b) the (0001),
(1011), and (1010) planes.
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1.4 3R 84 HAK4E M) B AT 454

RARSH: RF. BFRRT AEBER KK
(crystal structure) % FRAET

1.4.1 & FBamiIREH
(1) =Fr3A oh 25 64 sh AR 4E Ay

5 I <5 dm A 45 A 2R 7Y

w8 7 7 44 (face-centered cubic, “fcc”) ;

o 52 75 454 (body-centered cubic, “bec”) ;

% Heox 7 464 (hexagonal closed-packed,
“hcp”) .
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EXAMPLE PROBLEM 2.2

(1)Show that the atomic packing factor for the FCC
crystal structure is 0.74.




2) R 454) (body-centered cubic, “bec” )
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3) %HE>xF 4#)(hexagonal closed-packed, “hcp”)
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EXAMPLE PROBLEM 2.2
(2)Show that the atomic packing factor for HCP is 0.74.

2R\/_

BC =2Rc0s30° =

6R2x/_ 2R 1.633 =12+/3(1.633)R®

3
_Vs_ 8 g9

V, 1243(1.633)R’®




= AP A 0GB & ShARZE A N 4

LNy AR YT fce bee hcp
i iR 1 2 4 2 6
gk =32 =%a roja
IR 12 8, (8+6) 12, (6+6)
BEE 0.74 0.68 0.74
5 % I {111} {110} {0001}
B A 1) <110> <111> <1120 >

I



Each {111} planes is bounded by
three <110> directions

<110> on illlf Plane
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E Packing of the fcc crystal (ABCABC...)
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Packing of the hcp crystal (ABAB...)
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Packing of the bcc crystal (ABCABC...)
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Packing of the sc crystal (ABCABC...)
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Tetrahedron
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o= Octahedral sites

4R

I

| r+R=—a
” ‘:

(o i 1)




M Tetrahedron

= [=(2R)

DE

Center of tetrahedron, o,
oD = (3/4)DE

r:OD—R:%DE—R
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f J\ AR ] B 4 0.414
CC

U T A ) B 8 0.225
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bece AT AR o 0.633 <110>
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(3) &tk sy R 5

A knowledge of the crystal structure of a metallic solid
permits computation of its theoretical density p through
the relationship

P = (2.5)




EXAMPLE PROBLEM 2.3

(D Copper has an atomic radius of 0.128 nm, an FCC
crystal structure, and an atomic weight of 63.5 g/mol.
Compute its theoretical density and compare the answer
with its measured density.

SOLUTION
_ A, DA,
VN, (L6R°V2)N,
(4 atoms/unit cell)(63.5g/mol)

yo,

" [16+/2(1.28 <10 cm)? /unit cell](6.023x 10%atoms/mol)
=8.89 g/cm®



(@ Determine the density of BCC iron, which has a
lattice parameter of 0.2866 nm, and an atomic weight
of 55.847 g/mol.

SOLUTION

_ NA,
VN,

(2 atoms/unit cell)(55.847 g/mol)

0

- (2.866 x10°cm)®/unit cell](6.023 x10**atoms/mol)
= 7.882 g/cm”®



(3 Zirconium has an HCP crystal structure and a density
of 6.51 g/cm? .

(a) What is the volume of its unit cell in cubic meters?

(b) If the c/a ratio Is 1.593, compute the values of ¢ and a.

SOLUTION
nA
(a) V, =—2
PN ,
~ (6atoms/unit cell)(91.2 g/mol)
(6.51g/cm)®(6.023x10*°atoms/mol)

=1.396 x10"*cm®/unit cell
=1.396 x10"? m*>/unit cell




(b) c/a=1.593. Since a = 2R, then, for HCP

 3v3a’%c  343(1.593)a°
2

YA =1.396 x10**cm°/unit cell

Y3

B 22 -3y |
2(1.396x10%°cm®) —3.23%x10%cm = 0.323nm

3./3(1.593)

¢ =1.593a =(1.593)(0.323nm) = 0.515nm
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Table 2.4 lonic Radii for Several Cations and Anions
(for a Coordination Number of 6)

ITonic Radius Tonic Radius

Cation (nm) Anion (nm)
AlPT 0.053 Br- 0.196
Ba?*t 0.136 Cl~ 0.181
Ca®" 0.100 F~ 0.133
Cs* 0.170 I~ 0.220
Fe?+ 0.077 02" 0.140
Fe3*t 0.069 Se- 0.184
K+ 0.138
Mg?* 0.072
Mn?* 0.067
Na* 0.102
Ni2+ 0.069
Sitt 0.040
Tit* 0.061




Stable

Stable

Unstable

Fig_ 2 4 Stable and unstable
anton—cation coordination
configurations. Open circles represent
anions; colored circles denote cations.
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IR 22 T b SR T B TR (P )
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VU T A O R B 1 0.58 0.33
JUHAR OV B 1 0.71 0.58
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1) AXBL S 454
a. CsCIZ! 454 (cesium chloride)
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b. NaCIZ g5H)(sodium chloride )
e /ry, =0.414 ~ 0.732

0,1 g g

1, 72 0,1

o Fae?
+079°® 0’
o 2ay®

BCArZ N 6:6, BRI B 2088 (4-Nat Fl44Cl-
)
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e. Nickel Arsenide (NiAs) Structure

h.c.p. As with octahedral Ni

Y 4
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c. B-JiaE(7éhA)ELS 1 (cristobalite)

SiO, MIEHR R R R, B TR, EAIE4:2.
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Summary of AX> structures

SIiO,, BeF, silica structure CN=4:2
TiO,, MgF, rutile structure CN=6:3
CdCl,, Cdl, layer structure CN=6:3

PbO,, CaF, fluorite structure CN=8:4
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Fig.2.9 A unit cell for the perovskite crystal
structure.
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Perovskite - an Inorganic Chameleon

ABX; - three compositional variables, A, B and X

= CaTiO, - dielectric

= BaTiO; - ferroelectric

= Pb(Mg,;3Nb,,;)O; - relaxor ferroelectric
= Pb(Zr,,Ti,)O; - piezoelectric

= (Ba,,La)TiO; - semiconductor

= (Y, 5Ba,;3)CuO,, - superconductor






Furthermore,

o _1-3/2 _ 0.155

V312




2)Show that the minimum cation-to-anion radius ratio for
a coordination number of 6 is 0.414.

SOLUTION
GF =2r,
FH =GH =r, + 1,

—2 —2 —2
GH +FH =FG




3) Compute the APF for CsCl using the ionic radii in Table2.4
and assuming that the ions touch along the cube diagonals.

SOLUTION
r.. =0.170nm,r_._ =0.181nm

el

2r.. +2r, 2x0.170+2x0.181
_ NE V3
- =0.405nm

=== : 3
:-F*_" APF. _V, _ 0.0454nm™ _

(= V., - (0.405nm)° -

a=

0.684




(5) BTk H
n'(ZA. +ZA,)
A

P = (2.6)

cN




EXAMPLE PROBLEM 2.6

On the basis of crystal structure, compute the theoretical
density for sodium chloride.

SO I_ UT I O N |+2(rm++rcl_;.:-1
2A. = A, =22.99g9/mol "
XA, = A, =35.45g / mol

Ve=a’=(r_, +2r )

N'(Ava + Au)
(2r . +2r )N,

b 4(22.99 + 35.45)
[2(0.102x1077) + 2(0.181x 10 7)J*(6.023 x 10%)
=2.14g/cm’

p:







Fig. 2.10 A
silicon-oxygen (SiO%7)
tetrahedron.
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Fig. 2.12 Five
silicate 10n structures
formed from SiOf”
tetrahedra.
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Fig. 2.14 The structure of
kaounite clay. (Adapted from W. E.
Hauth, “Cryvstal Chemistry of
Ceramics,” American Ceramic Society
Bulletin, Vol. 30, No. 4, 1951, p. 140.)

Al (OH) 4%F Layer 4
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1.4.3 a55# (carbon)

A HAR T AR ot s, TS =N
0.018% (Wt), =160 7HFE LK.

(1) &Rz (Diamond)

FIGURE 2.16 A unit cell for
the diamond cubic crystal

) —— structure.



Sphalerite (ZnS) vs Diamond







(2) Cg, (fullerene)

60k S 1 2H B 20N 7S eI RI124 T ook, 3t
60~ Tii /5 ke siefullerene EK

Metal

Fig. 2.18 The structure of a Cg,
molecule.
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1.4.5 B9 (59T ) %% (Polymer Structures)

(1) AR

/i

maTiE MRS R R TSRS
: JRHIARRS 7 7 AR K (0104 KIS

Y, XHREGYEERY

BATH LSS TN ST Rk

Bl
BAAA: HLIr PAFAE AR RS s
(monomer) {ERIFEARHIG; BAEMES
#1CH,=CH, , CH,=CHC1%%,

e YA AT
VIR IR )5k o



W AR TRER E R R FEA R,
(mer units) [—CH2 —CH2 —1

FIGURE 4.1 For polyethylene, (a) a schematic
representation of mer and chain structures, and (b)
a perspective of the molecule, indicating the zigzag
backbone structure.
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(a) polytetrafluoroethylene

i (b) polyvinyl chloride

(c) polypropylene
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witn: REALM 0T

N AR LIS TATIT

XUBAR G IE AR I i K 0 18, BN

N[CH,=CH]—s= — CH,— CH),

Cl

Cl




r4

PRt RE: T2t S TSR

iellesullen fess FHRF o9 o B T8 o 3 00 1
HRAN AR TR
(number-average molecular weigh)
relative molecular mass %ﬂiﬁiﬁjﬁ‘?)ﬁ%(weight-average
molecular weight).

Mn — Z Xi M i (4.3a)

molar mass

Muw=> WM, (4.3b)



EXAMPLE PROBLEM 4.1

Assume that the molecular weight distributions shown in Figure 4.3
are for polyvinyl chloride. For this material, compute

(a) the number-average molecular weight;
(b) the number-average degree of polymerization;

(c) the weight-average molecular weight.

03— 03—
c 02— _ 02—
g e
& =
= -
5 2
= 010+ R =
. ] L] ]
0 5 10 15 20 25 30 35 40 0O 5 10 15 20 25 30 35 40
Molecular weight ( 103 g/maol) Molecular weight (1 03 gimaol)
(al (i



SOLUTION (a)

Table 4.4a Data Used for Number-Average Molecular
Weight Computations in Example Problem 4.1

Molecular Weight Mean M,

Range (g/mol) (g/mol) X; x; M.
5,000- 10,000 7,500 0.05 375
10,000- 15,000 12,500 0.16 2000
15,000- 20,000 17,500 0.22 3850
20,000- 25,000 22,500 0.27 6075
25,000- 30,000 27,500 0.20 5500
30,000- 35,000 32,500 0.08 2600
35,000- 40,000 37,500 0.02 750
M, = 21,150




SOLUTION  (b)

m = 2(12.01g /mol) + 3(1.01g / mol) + 35.45g / mol
=62.50g / mol

- M. 21.150g/mol

= =338
m 62.50g / mol

N

n




SOLUTION  (c)

Table 4.4b Data Used for Weight-Average Molecular
Weight Computations in Example Problem 4.1

Molecular Weight Mean M,

Range (g/mol) (g/mol) W, w; M.
5,000- 10,000 7,500 0.02 150
10,000- 15,000 12,500 0.10 1250
15,000- 20,000 17,500 0.18 3150
20,000- 25,000 22,500 0.29 6525
25,000- 30,000 27,500 0.26 7150
30,000- 35,000 32,500 0.13 4225
35,000- 40,000 37,500 0.02 750
M, = 23,200
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Fig. 4.9 Schematic representations of
(a) Random copolymers

(b) alternating copolymers

(c) Block copolymers

(d) Graft copolymers
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Fig. 4.10 Arrangement of molecular
chains in a unit cell for polyethylene.
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(1) RAeo ez h

Fig. 4.11 Fringed-micelle model
of a semicrystalline polymer,
showing both crystalline and
amorphous regions.



Cr = DENETEE (LR )
UG = AkHEpEER
I o= b

P G0 S s

SB= %1 ffiKeller)

S0 e ﬂn,ﬂ;

8K = ’Nﬁ*f“mmu}
V= ’!'-’_'..r\.

IR

CF

.




Ficure 4.12

Electron micrograph

of a polvethylene single
crystal. 20,000, (From
A. Keller, R. H.
Doremus, B. W,
Roberts, and D.
Turnbull, Editors,
Growth and Perfection
of Crystals. General

Electric Company and
John Wiley & Sons,
Inc., 1958, p. 498.)
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Ficure 4.14

Schematic
representation of the
detailed structure of a
spherulite. (From John
C. Coburn, Dielectric
Relaxation Processes in
Poly(ethylene
terephthalate),
Dissertation, University
of Utah, 1984.)

Spherulite surface

Lamellar
chain-folded
crystallite

Tie molecule

Amorphous
material




FiGURE 4.15

A transmission
photomicrograph (using
cross-polarized light)
showing the spherulite
structure of
polyethylene. Linear
boundaries form
between adjacent
spherulites, and within
each spherulite appears
a Maltese cross. 525X,
(Courtesy I, P. Price,
General Electric
Company.)
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