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Fundamental Concepts

Crystalline materials (2H % MZ)
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Unit Cells (Ef¢1%8) : @8x el Br5X 7|= B

Fig. 3.1 HaY A" FE(FCC)of
CHeF Bl £7] o
(a) Hard sphere unit cell
(b) Reduced-sphere unit cell
(c) Aggregate.
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Metallic Crystal Structures

> SR 37hx| 28 2%

Face-centered cubic (FCC) crystal structure
(MY AY 2 x)

Body-centered cubic (BCC) crystal structure
(MUY ZY 7%

Hexagonal close-packed (HCP) crystal structure

(SEZE A8 %)
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Table 3.1 Atomic Radii and Crystal Structures for 16 Metals

Crystal Atomic Radius® Crystal Atomic
Metal Structure® (nm) Metal Structure  Radius (nm)
Aluminum FCC 0.1431 Molybdenum BCC 0.1363
Cadmium HCP (.1490 Nickel FCC (0.1246
Chromium BCC 0.1249 Platinum FCC (0.1387
Cobalt HCP 0.1253 Silver FCC (0.1445
Copper FCC 0.1278 Tantalum BCC 0.1430
Gold FCC 0.1442 Titanium () HCP (0.1445
[ron (o) BCC 0.1241 Tungsten BCC 0.1371
Lead FCC 0.1750 Zinc HEE 0.1332

“ FCC = face-centered cubic; HCP = hexagonal close-packed; BCC = body-centered cubic.
» A nanometer (nm) equals 10~° m; to convert from nanometers to angstrom units (A),
multiply the nanometer value by 10.
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» Face-centered cubic (FCC) crystal structure
D HA7E LA o] B R[-t Hol F ool fX

QA 840 ZI0|: a

Atomic radius: R

a
a=2+/2R

(Ex. 3.1, R Z I} %)

1 x|&od 1/8 A7} 87H
34od| 1/2 X7} 674

> Unit celloll & 4712| X} 7F EAH
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- Coordination number (B{2{=)
- S KXt ME 510 S?;\Ii HALO| T
FCC X o Hi?IE 1

- Atomic packing factor (HAFSHEE)
2 unit cello| A A 771 X X[t RIIE 2

Volume of atoms in unit cell
Volume of unit cell

APF =

FCC x| APF= 074  (Ex. 3.2, REIE)
- maximum packing volume fraction (ZEICHE MR L2 )
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* Body-centered cubic (BCC) crystal structure
WA YA e JR[Hut YA el S Aol 2R

W W
T

Hard sphere unit cell Reduced-sphere unit cell Aggregate

oldtx]| H4o| ZI0|: a 4

H o T = a=—~R - o

Atomic radius: R ‘ J3 Kol 1/8 BXE7H 874
ClY RN V]

Coordination #: 8 > Unit cellodl 4K} 274 £
APF: 0.68

=
=
S
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 Hexagonal close-packed (HCP) crystal structure
WA 4718 B eEe BX|HI Salol |X

Coordination #: 12,

< X 3ot SHTo]| 242

=~

1/6 R 674, 1/2 B AF 174
F7HH: KX} 374

> Unit cellof X 67H XY

Aggregate

q c/a=1.633

APF: 0.74 (FCC2 5¢))
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MetalQ| 2T 74|4Af

Unit cell LH & At = —nA— AL

p:

VC NA — Avogadro
e

Unit cell2| £ x|
Ex. 3.3) #E2l(FCC #+Z)9| o[~ LT

Cu atomic radius: 0.128 nm
HRHZF: 63.5 g/mol

o
>.
1o
o
dl

035 _ g gagiem? cf.) 8.94 g/cm3 (2

- 3
(16+2R%)N , ~_ -

o,

Hl=
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Ceramic Crystal Structures

\ 27l O|&to| HARE L ME|0{ metal ECF S %
X AE T O|RAE M SFAE K| CHYF

Table 3.2 For Several Ceramic Materials,
Percent lonic Character of
the Interatomic Bonds

Percent Ionic
Material Character
CaF, 89
MgO i
NaCl 67 25 0|2 > cation (¥0[2)
Al,O4 63 A : o
SizNy 30
ZnS 18

SiC 12
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Ceramic A& 2| crystal structure £ &
T 0|29 electrical charge (F13H&)
& Z0|21} S0|29] relative sizeo 2|5 AH

[c : lonic radius of cation
r, : lonic radius of anion

LMo = . /r, <1

OtHEl #X: Z cation2 7+sEt
> Hi 9= (& ol2 0 QIHE S0

I Ol =
s -
|2 F)E re/ry ofl 2ls 2

Stable Stable Unstable
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Table 3.3 Coordination Numbers and Geometries for Various Cation-Anion
Radius Ratios frcp'r‘,]'

L uﬂrﬂmm'mn Lm‘l‘ﬂu—almmr Coordination
Number Radiuy Ravie Cieomelry

Y

3 0.155-0.225 ' ' HHT"I‘ 4 6 80|_| 7c=>| 7|_
ceramicsOl =&}

[ ]

i Y
4 (L225-41414
Ex. 3.4) Hi¢l=s 321 B2
; Z| A ro/r 74 0.155¢
S H At
B 0.732-1.0

Sonrce: W D Kingery, H. K. Bowen, and I R Ubhlmann, forroducion se Ceramics, 2nd
edition. Copyright @ 1976 by John Wiley & Sons, New York, Reprinted by permission of
John Wiley & Sons, Inc.
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Table 3.4 lonic Radii for Several Cations and
Anions (for a Coordination Number of 6)

Cation Ionic Radius (nm) Anion Ionic Radius (nm)

AP+ 0.053 Br- 0.196
Ba2* 0.136 Cl- 0.181
Ca?* 0.100 F- 0.133
Cs* 0.170 - 0.220
Fe?* 0.077 0>~ 0.140
Fe3+ 0.069 S2- 0.184
K+ 0.138
Mg+ 0.072
Mn2+ 0.067
Na* 0.102
Ni2* 0.069
Sit+ 0.040

Ti*t 0.061
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« Rock salt () *+&

: NaCl, MgO, MnS, LiF, FeO &

0.414 <r./r, < 0.732 <
Hi = 6

g0z S0|222 F8E
FCC AX7 sZ/FE 2

Fig. 3 5 Rock salt & 4™
Z= 9| unit cell.
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e CsCl (&tMlE) +=

0.732 <rolr, < 1.0 B2

BCCA & EO|X|gF 71 Ad
AT CIE

do|2d FO|ReE T/ EE
SC (simple cubic, EF&= 214

- - H O
HA 7} A3 AT e

/
f——_—

Fig. 3.6 Cesium chloride &
AT X 9| unit cell.
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 ZnS (Zinc blende, &3toted) &
. ZnS, ZnTe, SiC &

0.225 < r.lry < 0.414 H<

HH 2| =~: 4
(2 E O[22 AtHA| 9
= 210d |

74

0
oTTr =

ok
o
oY
rok
[0
>
\J
AL
9.'—'
lo
\J
AL

F Zn

|
/ [ \\ /7 \\ &\
- N o
I// s PN
/)’ D Ne.
( 4 _—

Fig. 3.7 Zinc blende &
AT ZE 9| unit cell.
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AX, 8 E8TZ O )
AN ‘ffz ) 5
m or p2| Zt0| 10| ot B2 % \‘%\\:\ P
/S NN
. CaF, (fluorite, &4), UO,, ThO, BN LoD
L TEP [ BF
rolra~ 0.8, HHR[=:8 P
P c
QI8 2| & Alof Ca?* I, e =k
o olatx|= ZAl0| Hlo U= -
O Cal+ O F-
. Unit cell 8712 cubeZ +4
ko1l 20|20z FAE Fig. 3.8 Fluorite & A7

SC ZAXF7} AL S RIEE| S{E) T Z= 9| unit cell.
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ABX @4A™1Xx

m=—n""p

2712 cationZt 17H2] anion2 Z 9 @ﬁ

|

|

|
0+

|

|

|

|

Ex.) BaTiO4 (Barium Titanate)

Ba2*, Ti**, O%

Ba?*= 8712 ¥ X|Hof /X

Ti4+E= B4, 0= 67112 THoi| ?[ x| & * s
Ba’*:8x1/8=1, Ti**: 1
0% :6x1/2=3 ot (e () oz
Ba:Ti:O =1:1:3
Fig. 3.9 Perovskite &
Fo|lee ztzt sc, 20| FCCc2 ZAX F x| unit cell.
A5 A E e
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Table 3.5 Summary of Some Common Ceramic Crystal Structures

Coordination
Structure Yembery
Structure Name Type Anion Packing  Cation Anion Examples
Rock salt (sodium chloride) AX FCC 6 W] NaCl, MgO, FeO
Cesium chloride AX Simple cubic 8 8 CsCl
Zinc blende (sphalerite) AX FCC 4 4 Zn8, §iC
Fluorite AX Simple cubic 8 4 CaF-, UO,, ThO,
Perovskite ABX; FCC 12(A) 6 BaTiOs, SrZrOs, SrSnO;
6(B)
Spinel AB2 X, FCC 4(A) 4 MgAl, Oy, FeALO,
6(B)

Source: W, D. Kingery, H. K. Bowen, and D. R. Uhlmann, Introduction to Ceramics, 2nd edition, Copyright (©) 1976 by
John Wiley & Sons, New York. Reprinted by permission of John Wiley & Sons, Inc.
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Ceramicl| & & H|A
Formula unit LH2| cation X2 Q| &

Formula unit LH2| anion & AtZFo| &

f
_ " (LAY A

Ve N

/ T Avogadro

yo,

Unit cellQ| B 1

Formula unit (3}2f 4] ER[)2| == (F, unit cell LH2| 3 2f 4] X} o| 7H=)

ex. NaCl, BaTiO,
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Ex. 3.6) NaCle| O|2%X AT

’ez(rNaH P‘C|—}+| Na*, CI- 25 FCC #+ZX
N4

2Ac = Ay, = 22.99 g/mol
YA, =Ag =35.45 g/mol

V.= a3
a = 2ya + 20,

4% (22.99 +35.45)g/mol

_ =[2.14g/cm*®
o [2(0.102x107"cm) +2(0.181x10~"cm)]® x6.02x10%% / mol \‘g/
___— Hl=

cf.) 2.16 g/cm3 (5HRI)
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Silicate Ceramics (TF&H3 Ml2H2)

KEH 7S S E (soil, rock, clay, sand)
Si*t, 0z Si2to 2 4t 3fEE
SiO* AHHA| =71 7|2 B2

Fig. 3.10 SiO,* AFTHA .

Fig. 3.11 SiO, unit cell

Silica (Si** 87H, Oz 167H).
SiO, ~ 3AtH network T+ &

AEYMY) W HEEY(RE) TE 2F TS
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Silicates

Si0 %, Si,0,5, Si;0.8 & CHY
4

Ca?*, Mg?*, AR+ & &0|20| 23l
M7 5do| E|ln o5 AetAlZ|=
odste &f
1= A.

e Simple silicates (Er&= THAH)

TEMo= Che, TRIE 72X

ex.) Mg,SiO,, Ca,MgSi,O,
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Carbon

C+F8H polymorphic formO| £ &H

Carbon2 23t AH= metals, ceramics, polymersoi|l &35t X|
ofg. £Q40| MEt2lo|22 MElBlez & £ Q2.

* Polymorphic form (S & 0|4

= Ol ZHFRE X 7

=

o

* Allotropy (& 2%l)):

Ef): &2 =2&2lM

g

Zol4

ofl M A7 17021 B

O

Carbon&| polymorphic form (or allotropy)

: Diamond, Graphite, Fullerenes, Carbon Nanotubes



Materials Science & Engineering

Chapter 3. Metallic and Ceramic Structures

Diamond
Metastable (£ 2HS) C polymorph

- “Diamond cubic”

- — =
JbE e 2, UNEE 24

Graphite (£2)

Diamond E.C} stable

Carbon
atom
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Fullerenes
Ceo ~ 207H2] S2f5 1t 1271 2]
UHOR THE T

19854 274, “bucky ball”

—
fullerenes: 0| 718 X E &3

Tube ZZE0| nm 37| (<100nm)

Mz S 2= 7HE 1
CIFZE: 50 ~200 GPa
QIHEIEE: 1 TPa 0|4
. Single-walled CNT (EF&l=4 CNT)
. Multi-walled CNT (CHES 54 CNT)

> BrAof b efof et M=o &

Carbon nanotubes (CNT, EtA LI & H)

Fig. 3.18 Cg, (buckminsterfullerenes).
B RERELECEY &5
B SH SR SR SR SR S

Fig. 3.19 Carbon nanotube®| 7+ =.

BFHEE CNTZF UJUZ(TV, 2LIE, LCD §2| 20kl M& 7tsd0| 8).



Materials Science & Engineering Chapter 3. Metallic and Ceramic Structures

Crystal System (Z2HA)

HI

. Unit cell geometry0| CCH2}

=
1T

Lattice parameters

Fig. 3.20 Unit cell2| Z 0|2}
Zrof CHt Hof.
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Table 3.6 Lattice Parameter Relationships and Figures Showing Unit Cell
Geometries for the Seven Crystal Systems

Axial

Crysral Systeos Relationships Interavial Angles Unir Cell Geometry
IBTLY, A
- : |-:I1r|I\:rI|:r|:. JIL ! mit } Cubic ITmb=e a=fi=y () I . (O=I Hol- xo-l 74')
i L 'i / .:}x‘_
%, _.T
T : o
B o oo emsemyem (S EH)
(&} R4 bF A 7
: > :' letragonal a=hge o= f=1)="10) ""u O O O

~ Rhombohedral a=b=¢ o=f=yp£LN :ﬁ,‘?' (AI‘ (=] I' x'l 7:”)

L
) { Trigonal )

L ) Crrihorhombic atwhee o m fi ey ) (AI_ Hol-xo-|7:”)
f:r} Monoclinic a#bte o=p="00%5p (EI-AI'xo-I74|)
1{)1;%“'
r:.’i Triclinic a#b#e cFE Ay N :III"-I ':I'!'fll'lrl.-. (IAZII- AI- xO-I 74')
- 5
p
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i) i¢9| M2t 0| B2 8 FotHLE L=
iv) =T K|l 2o - (overban 2 £ 7|

v) =8 2 EelsK| et 50 7

Fig. 3.22 Unit cell LH2]
[100], [110], [111] & &
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1) 1,0,% => 2,0,1 => [201]

2) -1,1,1 => 1,1,1 => [111]

Cubic ZEH MM CIE2 S7HY.
[100], [100], [010], [010], [001], [001] > familyE < >&Z E7|: <100>
EE Bt cubic Z™HAMIME X|ol =M, 2501 A0l 22 X|+=&= St
ex) [123] & [213]
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Crystallographic Planes (24 &% &)

“AXE A H E 7| (Miller index):

4
rr
b
I
{0
2
I
3
<
D
=
L
fu
FH
N
(@)
<

Ex.) J&4 &2 Z2-™| Miller X[ ?
MM 1,1, 0 > Qe 1/1,1/1, Lo > EFAHEHS:1,1,0
> . Miller x| (110)
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example a b C Z
1. Intercepts 1/2 00 o0 C
2. Reciprocals 1/%2  1/o 1/
2 0 0
3. Reduction 1 0 0 .
b Y
4. Miller Indices  (100) a

Cubic 2470 Cl&2 S7H4.
(010

(100), (100), (010), (070), (001), (001) => family={ 2 E7|: {100}

(Ex. 3.12) & (Ex. 3.13) -—- Z4 X} E20{8 4.



Materials Science & Engineering Chapter 3. Metallic and Ceramic Structures

Close-Packed Crystal Structures (X A™HTX)

Metals

FCC & HCP: APF=0.74

Close-packed plane stacking
(ZEHHS)

5 ¢ ME fIRl[EBorC
(b)BS @ M3 {x|l= AorC

(b)
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HCP X 9| ME &= M:
ABABABAB...
(X2l Z2do| of 2T OtCH EHS)

Fig. 3.30 HCP A&7 X 0| X2
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>

FCC X 9| M= &=A{: ABCABCABC...
(HAre| Zzdo| o 30tCH BF=)

(a) (b)

Fig. 3.31 (a) FCC 7E='7"'—_rl7< (s] &".3 —’.._*—A-| (b) FCC __rL7<9|. xolnd XM=
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Ceramics

Z2UHE 2 0|2(anion)2E FHA|I7 HE
&2 Hl S 7k(interstitial sites: YA 370 cationg ? x| AlIE

=
=1
==

Tetrahedral

Fig. 3.32 Anion 712 & El T ALO|Q] AEHA| EE= EHHA| 3740
cation 7t 7} & %|&t.
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AHEEZ| o & %X|5HE cation2] HI | ==: 4
x| of Y| %x|5H= cationl| HIS=+: 6

Z} anion0d| CHal 172 EHA| YX|7F 2Rt
‘ 2702 AFHA| {|X|7F E R E
- M2t AEF o ¥ E O|xle F 24
1) ZUMHo| == Mof [}2F FCC or HCP
2) Interstitial site(& & SZH ol cationO| RHX X |= & &

Ex.) 2
Cubic symmetryO|H Z& X & E §0|20]{111}2! FCC i
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Fig. 3.33 BX|™E AIE & A(rock salt) 2E = cationO| interstitial
octahedral position0il Z &Y
(CF17HE Na* 1707} EHA fxloll EA > &o|2:F0[=2=1:1).
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Single Crystals (EH2%H)

. 8N HA e =7 I’“, BF=2 HiEO| A Z A0l 23
%7‘._5}7414 oHH*XI ot 11 O|F 0%l A
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Polycrystalline Materials (CFHEH M)

CHE 2o ZHE I A - many small crystals (grains: 28 2))o| =&

Fig. 3.35 CtEHE A= 9

® ST 1td:(a) 2™ =}
(b) 8%, (c) & =&, (d) |

4 & Al B04X[E= grain

boundaries).

2
oz

fe) (el)
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Anisotropy (O|&f )

> 2H0| Yol met CHE 7

Table 3.7 Modulus of Elasticity Values for
Several Metals at Various
Crystallographic Orientations

Modulus of Elasticity (GPa)

Metal [100] [110] [111]
Aluminum 63.7 126 76.1
Copper 66.7 130.3 191.1
Iron 1250 210.5 2024
_Tung_sten 384.6 384.6 384.6

cf.) S H(isotropy): &0l 2t7|gl0| =2&0| &7

Z™Y iEE L > o|e M1 (F, triclinic X7t o|2hd &)

Zt grain2 O|Y A& O|2tE grain aggregate SEMHE E¢l.
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Noncrystalline Solids

N\

o
I
0
A
Q

o
0
A
-0
0
ot

(amorphous)

Silicon atom
(O Oxygen atom

° 9
> 9
i

e o e

?

A W 2 W 2

¢

e 0 e _o e e

fet) b)

. HMOIM STA| 2L HIHE THE HEA B
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Silica glasses

> H|HZ& silicaZ Bt= {2

SiO, ~ Network former (84 A)

CaO or Na,O ~ Network modifier
(‘HEA: network 4 7HZ)

TiO, or Al,O4 ~ Intermediate

(B 7HAI: Siet x|, network 2HE 3}

HeR|o B7HRE R0l Hay W

- O
HEE XF0{ 7SS S0I6HH &

@ sitt O 0%

Fig. 3.41 Sodium-silicate glass
ol AM2| o|2 {|X| 7HEF .
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