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Fundamentals of Crystallography

_IHow are atoms are bonded in a solid sate?

IMathematical representation of crystallographic points, directions, and
planes (2784, 289, 248 H)

EICrystaIIine crystal, single crystal / polycrystal (SHZ27d, CHE )

isotropy (& 2 d) and anisotropy (O] &)
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Reminder: Crystal structure of solids

Processing | —— Structure — | Properties —— | Performance

Figure 1.1 The four components of the discipline of materials science and
engineering and their interrelationship.

IWe have looked at ‘atomic’ structure — bondings / electron
configuration

JIWe now look at atoms in a bit bigger scale — the collection of
atom arrangements.

IThe manner the atoms (or molecules, ions) are arranged in
the 3D space is termed ‘crystal structure’ (23 1X)

QZY RS (A7 4 D)

HZIEZHAMZIHE,
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Reminder: Material properties are influenced by crystal structure

NN
image generated wih Crystal Viewer Lab on nancHUB erg .
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Objectives

AAX/ER AR 28 % I(_r;_ry aIIme)J-f H| 2 ™ & (non-crystalline
amorphous) A 22| X}0| = 2 H = UL},

AN &2 X[=7F =01 & M, TF2{ (unit cell) L{ O] O] X|=2t & X| Bt

LS 2] A
I:c';% = 12 4= QIC}

F2I A LY o] 2124 Z H(plane)2| 2| X|Z=(Miller index) S H7| & 2=

AL

Ct,
A ™ (single crytal)2} CFE E(polycrystal) M 2 & = = QUL
M= dEHO| M S (isotropy) 2t O|&d(anisotropy) 2| XtO| &

.1
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What do you mean by crystal?

JSolid materials — collection of ‘atomic’ bonds that are placed densely.
> O SERS| X == R ALSO| M SHA|" 2 O Of | &I,
>0l RIAIHHEEA =2 =7 &0l Hi B 0| & & 2{(long-range) 0{| A

O|F|XICtH Ot A2 E F2|= ‘B3 H(crystalline) M =2 E=LC}
FAutdoz DE G5 IEES MYz, O2|2 HE Z2|He

=
THQ RO BT E 2l v B Y

JHow the atom bundles are arranged in the 3D space?
»OEfM, 28 2= 0|2 A 478 & ML | |XH =2 0|2, 2Ah)<
Hi SO0 M Q| & af BE S 2A = 7L

HZIEZHAMZIHE,
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Crystalline material. Crystal. (&2°8)

X 2 2 (Atomic hard-sphere model): ®AHO| 2, 2AHE

ol X S} X|Eo Zto hihsE 122 M 75 EE—%" ol C

=
| O ®&l Xt (nearest atom)E2 Al £ = M 250 QI A 7P'<'5H:L

—

el
o2 22| X 2 (hard-sphere model)0f| =8t50] =9|S}HICE

Lattice (4 Al): array of points that represent the center of the
hard-sphere atoms; & At EEO| M FXZ2| S4E Q|
Y 0| 24X}

Reminder: R At7}HHEXM =22 3= 7| A Q1 H| HO| & 2(long- range )01 A

O|FXICHH O|2{st M2 E 22|= A E (crystalline) M =2 FELC} Y
Unit ceII (BH2E). Z8E =2 54, F=7|40| ULt &7 37y
A '—fEH—Hi’H._%EIE TR E THR7E ol 2t Helsl A y*

fgﬂ" 40| HE|SIC} T ™H 2 A8 otH, 22
‘YA AL Off CHSH A|ZHA © 2 AbH & = | I 2| 5}Cf, SII I

S 6= 50[ 210 U= S2t0| =0 Lt BE 2= LA 2 £=C0

HItER YA RINZ,

MATY %‘-5.*
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Atomic bonding — Repetition (periodicity)

Quartz: SiO,

(@)

Atomic
bonding

Courtesy of Amir C. Akhavan

Red sphere: Oxygen
White sphere: Silicon

4/12/18

(b)

Courtesy of Amir C. Akhavan

The participant atoms
are also shared with
another bonding basis

Courtesy of Amir C. Akhavan

(c)

(d)

Courtesy of Irocks.com

This can be repeated
many times in 3D
space

If this repetition
occurs many more
times?




Analogy to tiling

Translational symmetry

A={x+t | xeA}

Rotational symmetry

Rotational symmetry in crystal structure is related with
diffraction patterns of crystal structure

H7IEZ2HAMZIHE

4/12/18
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Rotational Symmetries and Crystals

i Sh AKX B et CHEES 718 2™ 22 EHA, o
nslati ion symmetry= AF-E010] EIS Gl O| Wit S| X 2| OF °H:|'.
= rotational symmetry= ...

Restrictions: 2-fold, 3-fold, 4-fold, 6-fold.

8-fold, 5-fold are not compatible
(thus cannot completely fill the space)

Mathematicians found a way to fill the space
with unit shapes with 5,8-fold symmetries

Dan Shechtman (2011 Nobel Prize in Chemistry)

Materials scientists found an actual crystal structures (later called quasi-
crystal) that has 5, 8-fold symmetries according to diffraction patterns

4/12/18
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Coordinate system for crystal structures

_J|c_|.__g__7;” (coordinate system): Cartesian Coordinate system
5t HO| QX2 45 O = LIEH ] ds
3KFR ZHEA| (x,y,z ZHHE) Ja1) 2
2| X o 74 *-—
2AHe ZhEA (6P, 9 E FE) P
B 2id 3 5
(-1.5,2357]

Y PRO|ME ARSI QK|S MTH R Z ESSY| Q8 FHEA I B

2ot Xt 7EAE 22|l= B8 A (crystal system)Ef 2 ELC}H ot 28 A= 2HHX
S0t ™A E HSHH, Ol = CHE 2 Y Unit cell2 &4 =L

= L] A = I—I
e e AT RNE, H

MAX] 2=



Crystal Systems #1 Introduction 27 7|

Unit cell: a repetitive volume which contains the complete lattice pattern of a crystal.

[THEfA, unit cells BISH 2= ALE00] &AtRl S7ts 29| XM= =+ AU

—

Warning:

a, b, and c are the lattice constants (4 X} &)

a, B,v: Interaxial angles, direction cosines between the three axes of unit cell.

__________________________________________________

HRF AL 5 b o (O] ALRFREAH)) 9F 7 Crystal system (& 3.1)
a Byt B8A 2 S7FE G2lotCt ' 14 Bravais crystal lattices

4/12/18




Crystal Systems #

Axial
Crystal System Relationships Interaxial Angles Unit Cell Geometry
Cubic a=b=c a=B=y=90°
@la
a
AT
=
|
Hexagonal a=b#c a=p=90°7y=120° el i ]|l i
A 1-a |
hexa-: forming compounds < ,a"
words having the sense of ‘6’ @
Tetragonal a=b#c a=B=vy=9° .
a

tetra-: forming compunds
words having the sense of ‘4’

4/12/18




Crystal Systems #2

X7
Rhombohedral a=b=c a=B=y#N° 1'.‘ -hedral: - 7H 2| H(H )2 = EI
(Trigonal) @
L a [~
rhombus: OS2 & (2=
Mol Zo[7t = ¢)
Trigonal: 'three’ equal and
equally inclined axes
: P Pseudoorthorhombic?| = 2+
Orthorhombic a¥b#*c a=B=y=90 c Ortho-: X12F (2 H12)
7
Monoclinic a#b#c a=y=90"#p Mono- : oo|-L|-
~clinic: (7| 2Ll
Triclinic a#b#c a*FBFy+FA° Trie: Ml

-clinic: (7| 2Ll

4/12/18




14 Bravais lattices

Crystal family | Lattice system
Primitive | Base-centered Body-centered | Face-centered Rhombohedrally-centered
triclinic
B #+90°
a¥c
monoclinic

C C

a ﬁ a B

b b
a*b*c a*b#*c a*tb#*c a*b#*c
orthorhombic

C] (o (& (o

a a a a

b b b b
a*c a*c
tetragonal

c C

a a

a a
y=120°
Y
rhombohedral q /
@ a
hexagonal —T
hexagonal d
a
a
cubic

4/12/18
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Point Coordinates (Unit cell Li{ 2| M &tH )

Translation: integer multiple ("2 ==Hl) of lattice constants

—> identical position in another unit cell

Fractional Lengths

Point Point
Number X axis y axis Z axis Coordinates
1 0 0 0 000
2 1 0 0 100
3 1 1 0 110
4 0 1 0 010
5 2 : 2 222
6 0 0 1 001
7 1 0 1 101
8 1 1 1 111
9 0 1 1 011
tz 5120
'
Unit cellO] 3K} § translational symmetry
B7H0| A ‘BH=EICE. unit —T
cell§ HO|EF s7H2 b y

CFE ‘Unit cell ] 7=,

HZIEZHAMZIHE,

NPSVE=S
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Crystallographic Directions (i)

Algorithm to obtain direction indices (p. 56)
1. x-y-z ZIHA S 2°3¢tCh Hold AlE=2 THel8e EAME|Z.

_|H
>
Z_
>
o
O‘
Ie)
U
i
_|
in

pt. 2 heac 4. 91o| ZHE XHo|Zt2 22|

1tail

v

5, LOICID 90| £8 SHAE Lie7iL o) 25 4=
LFEFGATE,

ox 6. 20| H4'HE S| X452 BO0LE 22|SHK| Y1 bracketS

pt.1 x,=0,y,=0,2,=0 AESHY LIEFHCE: [uvw]

pt. 2 x,=a,y,=0,z,=cl2
7. 257t JACHH overbar & AHESH0] LEEFHCE

a-0 0-0 ¢2-0  _, 41012 => 2,0,1 => [201]
a b C

HZIEZHAMZINE,

4/12/18 e
ﬁﬁwgq



Crystallographic Directions (ii)

P ' pt 1 Xy = a, Yy = b/2’ Z, = 0
— / | pt. 2 x, =-q, y2=b, z,=C

........... ‘ .. —d-a b _ b / 2 C— O
. S
y a b c

pt. 1: tail

X => -2 1/2, 1

X|#=(index)= H4:(integer)2 E 380
[CHEfA] 92| =Xt 250 59| 28 &9

1 X|4=Z bracket

o
o
| 2 minus 24 =X}

7| SFE.

— HESE K| =2 2 HE X
4,1,2 => [412] 7|§‘[ ]’01|7£1=|:_E S

—

210l overbarE At

o
Ol
H

4/12/18
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Crystallographic Directions (lii)

O|HAMl HiCH = =0 7l &
cubic unit cell LHO{| S} & &
7| 2 AL

0Ot

F XS ZHX| AN 2 A
IS A ER

0ot

Draw [110] direction, that
originates from 000 point

O| X 3.4

1. [110] leads to uvw of 1, -1, and 0. Practice) Let’s construct the

2.%0,Y0,Z20=0-a,0-b,0-c . .
% o = e @il e e direction step by step

HZIEZHAMZIHE,

4/12/18 .
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Family of equivalent crystal directions

—= 0l
L
= un
W Z o
>3 ol 10
5 o
.A
A
O —_
R
T
0 =
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10 T —_
=0 ._A.o _m
o _Aaﬂ —
1 gy S
N o
5 =
l o
5 S
2o =
100 . O
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e, N —
L_|oM — <X
U, o =
ol M @
HO_I ﬂ_A| >
7|_-_- — +
m> F 3
x5 ¥ 2
oo <0 2o
K5 uo 3
g W0 al.
KOx o7 Uud
aqo- L
:_o = =.__=._
2o 2 Mo
._OL_._._O @) ml_._._o
O~ O O

OfL| Ct.

A

Ct=rCt

=
—

[100] 2 [010]2 &S StLf, [001]2}
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g

7t?)
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Hexagonal Close-Packed (HCP) Coordinates System

- SO Z2, 55t Wk (equivalent direction)O| Z 20| Hef X|=F A X[ Gi=
AL M 7ICt
- Ol =0, S TR00|M [111] 1} [101] B2 SSOICE
« O|Z Miller-Bravais Xt HE A& A2 S| 2L == QULCt
* Miller-Bravais Xt H A= 370 2| =2 ©F H(basal ¥ 0|2t £5)0| 11, =79
ZtE £ 1202 2 {X|, LIHX| $t=2 1 HOj| 285k 0 2 &2 ZHH A O|Cf
X [u'v'w’]
[uvtw] in hexagonals
U,
' |
S~ H— 3xpel 271, 81K| 9 a7)2] % 12| 2
| | 42 474 2| K| == (47 2] coordinates)
I —
/)— '/T_ \\ I:I: E A 7 O X D >, = L_ _
R b, a72] K| 4= 5 Bt
=2 M O|X| KL} (t=-u-v)

120°

H7IEZHAXZIHE

4/12/18 Al_/tXH —CT;—



HPC Crystallographic Directions (ii)

z Find the [uvtw] of the direction marked as the green arrow
Of| X| 3.5 [uvw] 2} [uvtw] 2tA|
l:” xl_f_ | U Vt |_ basal |_—| al) aZ; a3 :j':_AOI-9—| H—-IlE'I
| | K==of AAEH, w= =1 H2kEICE
| | S
| , 3X|=A| = Miller-Bravais 4X| A £ M 2to= 2.
: : See Eqgs. 3.3a—3.3d
I I
: : c [UVW] - [uvtw]
| | .
| | |7
i . 1
¥ L u==QU-V)
§ j ~J -
al { v=2(2V-U)
a = a, t=(u=-v)

w=W
O X. [010] & Miller-Bravais 4X| A 2 H} L H,

1 1 1 2
u=—(0—1),v=§(2—0),t=§—

§,W=O

H7IEZHAXZIHE

4/12/18 Al_)tXH _g__é__ll_



HPC Crystallographic Directions (iii)

z
/
Determine indices for green vector
Example a, a, z
| | 1. Tail location 0 0 0
| | 5 Head location « a 0
| | 2. Normalized 1 1 0
| | 3. Reduction 1 1 0
I |
: : ; 4. Brackets [110]
: : a, 5. Convert to 4-axis parameters (eq 3.3a- 3.3d)
| Pt 1 1 1 1
J—p-—-1--K =—[2)1)-(N] == =—[2)(1)-(N] ==
> |y u 3[( )(1) = (1)] 3 v 3[( )(1) - (] 3
1 1 2
\<cjf =Grg)=5 w0
~ o a,

6. Reduction & Brackets
1/3,1/3,-2/3,0 => 1,1,-2,0 => [1120]

HZIEZHAMZIHE,

4/12/18 .
= AAXY 2t



[UVW] - [uvtw]

Example

1
u= 3 (2U =V)
Z . . . 1
/ Determine indices for green vector b= 5(2V _ )
a1, a,,z M=2 2 O| RO Zt7A 2 EOfef t=(-u-v)
a, a, z w=W
| | 1-1. Tail location -a -a 0
: : K 1-2. Head location O 0 C
2.  Subtraction a a C
3. Normalize 1 1 1
4. Reduction 1 1 1
5. Brackets [111]
6. Convert to 4-axis parameters (eq 3.3a- 3.3d)
1 1
u=5(2x1-1) v=z(2x1-1)
. 1 1
T 33 w=1

7. Reduction & Brackets

13,1/3,-2/3,1 = 1,1,-2,3 [1123]

4/12/18



[UVW] - [uvtw]

P 1
u= 3 (2U =V)
Z . . . 1
} Determine indices for green vector b= §(ZV _ )
a1, a,,z M=2 2 O| RO Zt7A 2 EOfef t=(Cu—-v)
a, a, z w=W
| 1-1. Tail location -a 0 C
: : K 1-2. Head location a 0 0
2.  Subtraction 2a 0 -C
3. Normalize 2 0 -1
4. Reduction 2 0 -1
5. Brackets [201]
6. Convert to 4-axis parameters (eq 3.3a- 3.3d)
1 1
u=3(2x2-0) v=3(2x0-2)
. 4 N 2
ERE w=-1

7. Reduction & Brackets

413, 213,-2/3,-1 = 4,2,2,3  [4223]

4/12/18



Example o e
P 1
u=gz 2U -V)
Z . . . 1
} Determine indices for green vector b= §(ZV _ )
a1,0z,z NI=2 2 O|FOTl XA = 20}t t=(-u—-v)
a, a, z w=W
| 1-1. Tail location 0 -a 0
: : K 1-2. Head location O a C
| | 2. Subtraction 0 2a c
| / | 3.  Normalize 0 2 1
: : ¢ 4. Reduction 0 2 1
: : a, 5. Brackets [021]
Ll 7 6. Convert to 4-axis parameters (eq 3.3a- 3.3d)
// > \\ 1 1
~NJ Y u=§(2><0—2) 17=§(2X2—0)
~~a a, ~ 373 w=1

7. Reduction & Brackets

203,403, -2/3,1 = -2,4,2,3 [2423]

4/12/18



[UVW] - [uvtw]

Example

1
u=gz (2U =-V)
Z . . . 1
} Determine indices for green vector v=2@V-0)
a1,0z,z NI=2 2 O|FOTl XA = 20}t t=(-u—-v)
a, a, z w=W
| | 1-1. Tail location 0 0 0
: : NS 1-2. Head location -2/3a -a C
| | 2. Subtraction -2/[3a  -a C
| | 3.  Normalize -2/3 -1 1
: : ¢ 4. Reduction -2 -3 3
: : a, 5. Brackets [233]
)'_ -\ | A 6. Convert to 4-axis parameters (eq 3.3a- 3.3d)
// > \\ 1 1
P u=3@x(=D+3) v=202x(=3)+2)
\%<§\ 1.4
~~a a, T3°3 w=3

7. Reduction & Brackets

1/3,-4/3,5/3,3 => -1-45,09 [1459]

HZIEZHAMZIHE,

4/12/18 e
o MATY 28



[UVW] - [uvtw]

Example

1
u=gz 2U -V)
Z . . . 1
} Determine indices for green vector b= §(ZV — )
ar,az,z M= 2 O| R 01T X HA 2 2Ot} t=(-u—v)
a, a, z w=W
| ! 1-1. Tail location 0 0 0
: : Y 1-2. Head location O -a  2/3c
| | 2.  Subtraction 0 -a 2/3c
| | 3.  Normalize 0 -1 2/3
| | ¢ 4. Reduction 0 -3 2
: : a, 5. Brackets [032]
)'_ O\ || 7 6. Convert to 4-axis parameters (eq 3.3a- 3.3d)
il \\\ v

1
u= §(2><(0) — (=3 v= %(2><(—3) —0)

\4\
< > t=—-1+2 w =2

7. Reduction & Brackets

1,2,1,2 = 1,2,1,2 [1212]

HZIEEY AT E )

4/12/18 N
—



HCP Crystallographic Directions (ii)

[UVW] - [uvtw] [UVW] « [uvtw] ?
u=%(2U—V) —+ 3u=QRU-V
v=%(2V—U) e 3v = (2V — U)
t=(—u-—v) v
w=Ww 6v = (4V — 2U)
-
6v + 3u = (3V)
-
2v+u =V

3u=2U-2v—u)

y
u + 2v = 2U — 2utv=U

HZIEZHAMZIHE,

4/12/18 .
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HCP Crystallographic Directions (ii)
j [1459]

| | 2ut+v="U 2X(-1)—4 =—-6=U

| C c ut2v =V —142x(—4)=-9=V
L\ 9=w=W
,V%&’\/\\ .
| —6,—9,9
—-2/3,—-1,1

HZIEZ Y AT E 7Y

4/12/18 Al AXH



(110) Plane referenced to the

T / origin at point O

z (001) Plane referenced to
the origin at point O

/ Other e\q/uivalent
y (110) planes
(b)

z
A (111) Plane referenced to
f / the origin at point O

Other equivalent
(001) planes

(a)

Other equivalent /
(111) planes

Adapted from Fig. 3.7, ©

Callister & Rethwisch 9e.

H7IEZ2HAMZIHE

4/12/18
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i)

A2 X|== (Miller index; 2& M| X|== hk,|I= E7|St0] LrEFLHT:

ic Planes (
2| £ indicesE &=Lt

Crystallograph

=

F

49 Hiz

Y| Z

d

»Reciprocals of the (three) axial intercepts for a plane.

> Cleared of fractions & common multiples ("8 ==; integer).

»All parallel planes have the same Miller indices.

e = X =
<O oty 2 5D
Suod T ==
gaM 0L o M W
A P
m oMy m_.o_/ﬂ.w_ Kir L MH =
SpX T o o1 E
omis NUT oz o K
S N (R T
© oF Tholo L &
Emo- o H & 0 O
=Ny Kir<o . .9 O
2ar OKo Zor e
oK- oot Swm=® T Rl
o O__._._l_ m_lLJn_”_ N — 7ﬂ - 40
o< Kk >x =9 n (AN
i< BN W
Zom Box s A,
os NMER JF o g
Sk MH Bl 14 = <l <
Qo] gl Ik _- o

=
o = " L A —_ Qru
ST Bk Worg, - ST ST 5
Sxher51 M=y o] or ¥ O]
£ OR0s O ) <1 <HI M o
= mﬂm_.om m..A_I_._._._ O Mm_ll_ K= =< ar
& S OTRToF o o o7 e 1 <l
STl FBI Tk © &
<L - 3 ™ < N ©

0




Crystallographic Planes (iii): exercise 1

4
example a b c
1. Intercepts 1 1 o0 ¢
2. Reciprocals 171 11 1w
3. Reduction 1 1 0 "y
a b
4. Miller Indices  (110) X
4
example a b c 1
1. Intercepts 1/2 o0 o0 C
2. Reciprocals 12 1/ 1/
2 0 0
3. Reduction 2 0 0 -y
4. Miller Indices  (100) a b
X

HZIEZHAMZIHE,

4/12/18 e
MATY S5t



Crystallographic Planes (iii): exercise 2

Z
example a b C c
1. Intercepts 1/2 1 3/4
2. 12 111 1534
Reciprocals 2 1 4/3 y
3. Reduction 6 3 4 b
X

4. Miller Indices  (634)

Family of Planes {hkl}
Ex: {100} = (100), (010), (001), (100), (010), (001)

4/12/18 e
MATY S5t



Crystallographic Planes (iii): exercise 3 (HCP)

JIn hexagonal unit cells the same idea is used

example a, a, az C
1.Intercepts 1 o -1 1

2. Reciprocals 1/1 1/ 1/-1  1/1
3. Reduction 1 0O -1 1

4. Miller-Bravais Indices (1011)

Ye.

HZIEZ Y AT E 7Y
AATY

4/12/18



Assignment

QWX 3y A=A
»3.12,3.16, 3.24

HZIE2HAMEINE,

4/12/18 e
MAKY 5SSt



Equivalent directions due to rotational symmetry

All crystal structures have ‘translational’ symmetry.

Crystal structures may have ‘additional’ symmetries.

Cubic crystal structure has three types of rotational symmetries:

(111) Pole

T

¥ ‘(IOO) Plans

(100) Pole and line
of sight

{(10)

Plane {(111) Plane

{110) Pole

[‘00] Direction [100] Direction

Four-fold Two-Fold Three_-Fold
Rotation Rotation Rotation

HZIEZHAMZIHE,

4/12/18 e
MATY S5t



Equivalence in family (due symmetries)

okl
o)l
Ot

18
Q.t
lfot
rlo
e

) AFO| | A 2] equivalence — translational symmetry

o
okl
L
18
Q.t
lfot
rlo
e

) AFO| 0| A 2] equivalence — rotational symmetry

Cubicl| 4%

[100],[010],[001],[100], [010],[001] = (100)
(110),(101),(011),(110),(101),(011) - {110}

MAX S
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Materials and Packing

Crystalline materials...
« atoms pack in periodic, 3D arrays

* typical of: -metals
-many ceramics

-some polymers crystalline SiO2
. . Adapted from Fig. 3.11(a),
Noncrystalline materials... Callister & Rethwisch 9e.

 atoms have no periodic packing *Si  ®Oxygen
» occurs for: -complex structures
-rapid cooling

"Amorphous" = Noncrystalline

noncrystalline SiO2

"Quasi-crystal” = ordered but not periodic “gared ton Fo. 3410




Schematic illustrations of crystalline, polycrystalline and amorphous materials

282 W PEPSES H| S & (=H| Z73 & noncrystalline)
Crystalline Amorphous
..’. |
XXX 7)
CAX X X
* Grain

* Grain boundary (23 & A|)
L AE R0 229 OfF & A ef§io]
CiH, HE EAM0M LI2&= A1} Z0
F S ZE=L. Single crystal (THE)

ol ox 1@
rm o> 19
O ot

rgre

The schematic illustration is shown for 2D space. Remember that an actual
crystal is in 3D space and the participant atoms must fill the 3D space.

HFIEZHAMNEINE, SES@S R

MAX) ZBHE
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Single crystal, Polycrystal

* Single crystal: TO|{ Tl Aj & A|H O] A7HO| ‘EMStLEE L &
* Polycrystal: O I = A[H S Crot HR{o| ZHEE &
a2 O
Silicon ingots S0 MHES0
LIEfLE= CHE S
HHE A & 2pAd Turbine blades
Eo|=x2 ‘ X P
@£ * "

(@) (b)

HZIEZHAMZINE,

© (d)
troduction to the Sti | Metallurgy, 2nd edition, Constable &
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Q: Why atoms are packed in an ordered manner?

Solidification: more

atoms are sticking to * Non dense, random packing ~ AEnergy
typical neighbor
¢bond length
& P i >
s e typical neighbor r
o :ﬁ: R bond energy

(@) (b)

typical neighbor

» Dense, ordered packing bond length

[ 18 & ;
|||||
; %g E L 1]
J
(© (d)
Adapted from W. Rosenhain, An Introduction to the Study of Physical Metallurgy, 2nd edition, Constable & H H
Company Ltd., London, 1915. typ|Ca ne |g or

bond energy

>
r

A: Dense, ordered packed structures tend to have lower energies.

HZIEZHAMZIHE,

NPSVE=S
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Points, Directions and Planes in unit cell

Octahedral

(10 <

Stiffness 2| 2aFd
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Anisotropy

QT EY 2o BAL SHE B
~EHY 74, 77| HE
-2 40| ek (S Wl ufat 240

A7 disko| et CHE == QUL
=2 HEE S21[100]0| L}, [111] O|LfOf| it} CHE Zf2 7HEICEH
| S2tX|= d2hH2 0|2 (anisotropy) 2t £ =Lt

o o
>0t B =, SFE 20| Pkt 2A SlE I S S(isotropy)2t ST,

SAY PR

o| O|gd2 2782 ThE d(symmetry)2F 2HA AL,
1 2

SURIH O 2 CfE 0| H2 AYTE U2 0|YA0| YT B

Table 3.3

Modulus of Elasticity
Values for Several
Metals at Various
Crystallographic
Orientations

4/12/18
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Dense and less dense crystallographic planes

(100)
Modulus of Elasticity (GPa)
Metal [100] [110] [111]
Aluminum 63.7 72.6 76.1
Copper 66.7 130.3 191.1
Iron 125.0 210.5 272.7
Tungsten 384.6 384.6 384.6

Source: R. W. Hertzberg, Deformation and Fracture
Mechanics of Engineering Materials, 3rd edition.
Copyright © 1989 by John Wiley & Sons, New York.
Reprinted by permission of John Wiley & Sons, Inc.




tropy

1ISO

Texture and an

2!; orientation)O|

5B

—_
(@)

JFRCHEr ] B

A™ MZ7F Mt A (texture)=

e Ct

2|l =6

Q0[2{et 82 2

Rolling
direction




Rolling direction

/

1 _—
Primary I M
winding T i
=i'lt/ ﬁé/ Secondary
L, — ﬁ/ winding
1 ! T
1 = -
: l\_ —a RO/~ [001] Direction
N e |
— *——-_j
B field

(100) 22FO| easy-

magnetization — X} 7| & O] O|
o = X ESHH HY 7|9 O|HtN S JIAI M 7| 4TS
Of| K| =4 0] ZOtEICE,

HZIEZHAMZIHE,
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