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clll-lzl = It

135S (vacancy)2F & A (interstitial) 2 (defect)
20N M EZ2 7t 7HK| & SS(vacancy) Q| i A 4t
0| 34t 0 A BHEFE| = & Z 8 (point defect)

K| (K| 2t substitutional, & & interstitial)

=AM RSO 2FM A FAVFOHEL, 4 240 2
| =4 JAH|=E Al dors S

72| (dislocation)
»>Zr e LE (edge, screw dislocation)
Aol del7], 89l =4

2= A (grain boundary)

XA (twin; twinning)

U

o ox OH

E
=

A

L
I
=

o L
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Imperfections in Solids

> UM CHE Z7dE(crystalline) =W 0l|l= A A7 etk HEHE H{E |0 QLD
7185
> OfX|2F X B2 M=z 023t 0| A QI Y EOf| A SHO{Lt AL,
> dgt(defect)t =2t M (imperfection)
o 1XI&HA
o 2Xt&AH
o 3XtRH
> Jefot A2 BAlI5H| flet R 0|3 dA 7=

« Can the number and type of defects be varied and controlled?

* How do defects affect material properties?
* Are defects undesirable? Can we make use of them?

B2 RS2 M20|M LALE|Z MOICH X BHOIA UK HEfol 2RO

LS 11— — O 1—

DM 2 HHYEAM 20| LEELLEY| & BHCE (CHS )
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Patterns in Knives

ZZEe| Al Y2l valyrian
steel= &{O|LCt.
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Defects

> dAtSS (Vacancy) == (impurities) ...
> T 2| (dislocation)
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Solidification

Versaon: viis Directory: homesmagma/MAGMAS0IUZ | 6205

oF

Continuous casting

Fll_Temp 001 Cyc-8 t-69ms P-2.01% " G » 2
12 2! AVE 4

http://ekkinc.com
http://www.magmasoft.com.sg/en/

mAD HY M S YHO|A|:
http://www.posco.co.kr’Thomepage/docs/kor5/html/product/exper/s91c5000103p.html
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Imperfections in Solids

Solidification- result of casting of molten material

»2 steps
<Nuclei form (224 4)
<»Nuclei grow to form crystals — grain structure (& FL|)

O =

§ 82

622

@ N g G823

5588

i oy

5538

53 o

o = é%éé

/ Q

2 g2 2§

. . ) 2852

nuclei \ crystals growing grain structure EEE5
liquid Adapted from Fig. 6.20 (b), Callister & Rethwisch 9e.

Crystals grow until they meet each other
(boundary; ZA)
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Examples of how contrast
can arise

Light rot all callected
by the microscope

Stehed grain boundary

Schematic of microsoope image

& .

Ciflerent armaunms of light
are collected by the bens

Gralns with different
arienitationg
are etched differently

WEHE, HY




OM examples.

part
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Polycrystalline Materials

Grain Boundaries
JRegions between crystals

Transition from lattice of one region to that
of the other

QSlightly disordered (2 At Hi € 2| 2|40
‘OFsi TI” 77

JLow density in grain boundaries
> high mobility (FI£ & A=2| &2 0| iiHE)
> high diffusivity (20| W)
> high chemical reactivity (2SI X| &2 Z T[N

f?\ngle of misalignment

| High-angle

| grain

boundary

Small-angle
— grain
boundary

ﬁ\\ngle of misalignment

—
220 20 7tsd =3)

oz

A=
O|C}.

ot

Adapted from Fig. 6.14,
Callister & Rethwisch 9e.

OF X, MES| 51 g SO M 28 F=Lh0f| XA A2
20| dA= o UL Crfet 220 Chol o ZOFL A}
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Types of Imperfections

Vacancy atoms (& X}53)
Interstitial atoms (& 21 H)
Substitutional atoms (X|2tH)

Point defects (& Z2 %)

Line defects (X123

Dislocations (T %)

Area defects (HZ %)

Q)
-
QL
=
o
O
c
=
Q
©
—.
@
77
N
0
r
2

Volume defects (£ 1| Z %)
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Point Defects in Metals

28

Self-interstitial

 Vacancies (53):

-vacant atomic sites in a structure
(QI-I:HoH[|-EI=| xS _T'_I7_|-)

—

- T1AA

distortion
of planes

Vacancy

o Self-interstitials:

-"extra" atoms positioned between atomic sites
(SFEHCHE HI K QLofof & 2ol 7|YE..)

diStortiOn v‘( - )‘ * ‘ ‘ Adapted from W. G. Moffatt, G. W. Pearsall, and J. Wulff, The
- - Structure and Properties of Materials, Vol. |, Structure, p. 77.
of planes Y =l Copyright © 1964 by John Wiley & Sons, New York, NY.
P ~ \ ) * * * Reprinted by permission of John Wiley & Sons, Inc.

self-interstitial: = %= L | close-packed [F2HA self-interstitial 0| & 7tsd =Lt

4/30/2025 MzI/HE Y




Equilibrium Concentration: Point Defects

- JAX} ZS(vacancy)O| 9l= 278E 1K Z ItE= A2 Aol 27+s0|| 7HALE
- 20 et B 2IY EMStE (B, equilibrium) 332 77t EetZICE,

Svante
No. of defects Acti\‘/gtion energy (242} 0| HX]) Arrhenius
No. of potential - = exp [_Qv]
0. of potentia — =
defect zites —N K
P 4
Boltzmann's constant
(1.38 x 107%° J/atom-K)
(8.62 x 10™ eV/atom-K)
Each lattice site
is a potential
vacancy site
Qv Qv Qv
N, @ T 1 ﬁi _ET exp(—ﬁ>‘r
N eXp( kT)
oM BY 22 =5 (ﬂ)gf 2= (T)9| ZHAH? 2. Z7t0 o8l x|+ 2 Z (exponentially)
N

& s 37t
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Measuring Activation Energy
Ny

v
N KT

* How can we measure Q, ?

In (&) 4
Ny * N S_IO"FI)e vk
N Mapping to a |
linear space
exponential
dependence! —>
TR 2% K) =K
T
. =0 M| trend& £ &
concentration - MY HI™MAIO| 7|72 & 2 QICt

2 & #H310f [HE vacancy
I (sE)E 5H

4/30/2025



Estimating VVacancy Concentration (£He| B2t F£9|)

L —_

 Find the Equil. # of vacancies (N,) in 1 m3 of Cu at

« =Xl Z=ZH: N, =6.02x1023 atoms/mol

p = 8.4 g/lcm3
Ac, =63.5g/mol | Q,, = 0.9 eV/atom
N
v o= Am_3|(11" copper N o 10-2
£ 552 2E(&k) N
8.62 x 10° eV/(atom - K)
1 m® < copper atoms 7 | [= = _ ST 2 ) x 21 HjctE ) = ®at __?_El o=+
N =(2 ) xN, =T =(FAYET)xT (FagEs) ~(FExgg)2ET
52 A =2 ol al
H|CE 2 A) — =T N - T O 1 _ =T =
FHeES) (gaﬁﬂl) DR e E == Ml Ty e Ak
© gak

— 8-4[9/Cm3] 3 23 [atom; — % 6.02 X 1023[m0l cm3] . [m3] ) atoms]
= 535 Lg/moll ® 1 [m3] x 6.02 x 10 — T 635 /

8.4 93 mol ; atoms
—— X 6.02 X 10%° [—=-m°-

~ 635 cm3 mol

N, =27 x107% x 7.96 x
10%8[atoms]
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Point Defects in Ceramics (i)

oF0|2
o —
D o
« Vacancies (HAl &)

-- vacancies exist in ceramics for both cations (¥ 0|+) and anions (%O| %)
« Interstitials (A 24 2

-- interstitials exist for cations

-- interstitials are not normally observed for anions because anions are large
relative to the interstitial sites

9 9 9 J * 1 9
B X X
o J e J - J o J . W Icr;s;ir(;rt]itial
3) 53) 5? 5? 3& 02 caton
D°D0Do DO ToDe  m s
7 . Wuff, The Structure and Properties of
") 9 J J, [ J 9 J 9 J Materials, Vol. 1, Structure, p.78. Copyright
D° DD ORDD il

Anion
Vacancy

0jo
©
rfo
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Point Defects in Ceramics (il

M2ty Zeto Eost= XIS 2 o| 24 (MolE L. m2tA Agt
T+ & 1&g I, M7|5’d £ (electroneutrality)E 11216l O StC}.
Zsto| ® (pair)2 LtELCE.
* Frenkel Defect
-- a cation vacancy (¥0|2 &3&) - cation interstitial (Z0|2 &l &) pair ().
« Shottky Defect

-- a paired set of cation and anion vacancies — (&

O

|2
—

OH
OH
gjo

0|2 BE )

°9 P J}J °P929°:9°0 Shottky
\)‘ s J bl J — J 9 J U—“ Defect ; -
°WoP°YP°Y? 29°Q o W.G. Metfog, G0 Postsal and .
3 3 b a2 ) WuIff, The Structure and Properties of
: )») _ )0 ) 9 )0 ) @ * X ) 9 Materials, Vol. 1, Structure, p.78. Copyright
3 > . ] ) . 3 ©1964 by John Wiley & Sons, New York.
(* ) \J 9 J \)(,’" ‘Q\J J J Q J \) J ggr?;inltsg )by permission of John Wiley and
J°0°020°20°0°¢ N
- : ) : Frenkel

.J»JJJJJ\ OJJJJ\)J Defect

« Equilibrium concentration of defects « e

Qu/kT
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O/ — =1 =
- 20| gl 50| EXstV| &= &, ot SF2 /A= O|FO T =3t 550
=MV | = 0% S0t R &2 == (impurity) 32 2|5 JAS0| =X SHC
- S9N BEE AMEEE a5 HEES Ea(aloy)y - SEot SES 47| fI6HAM

=278 B € Xl (host material)0fl & 7I5t™ 101-&H|(solid solution)Lt 22| &f(second phase)0| &=}

« Solid solution of B in A (B7F A 0] 2Y&HA A0iQl= 1K) |
Q20 ™e

l
|
".‘.“ " I | = Solution (2H|)

0 0060 . ! « Liquid, Gas, Solid
: = Solvent (£0f)
!
|
|

Substitutional solid solution Interstitial solid solution
(e.g., Cuin Ni) (e.g., CinFe)

= Solute (%)

 Solid solution of B in A plus particles of a new
phase (usually for a larger amount of B)

Xl © @)
o4 Second phase particle 'g' EI TEI X|'7|' 'g' I:IH EI X|'O'"
i3t -- different composition _T'_%E E jg =9

-- often different structure.
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Hume-Rothery rule (-2 52| B &)

Conditions for substitutional solid solution (S.S.)

_JHume — Rothery rule
»1. Ar (atomic radius) < 15%
»2. Same crystal structure for pure metals

»3. Proximity in periodic table
<i.e., similar electronegativities (H|==%t 7| S8 &)

William Hume-Rothery OBE FRS

< Atoms with dissimilar electronegativites tend to form B e
. o] = . . - metallurgist and materials
a chemical compound (2t =; T&E ionic 242 [} ) scientist who studied the

constitution of alloys.

>4. Valency (2 X7}

«&21 07t €2 @ At7k(valency)& ZHEICHH 2HES
7

E - =

2/ Y)E |_L—=|
B 25 86 7tsd0] 1 9| 8RR ECLHH =0t

—

23
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Octahedral

o Tetrahedral

Tetrahedral <

111

LOs 0 62T g0 i,

Octahedral Site




2“8 (chemical composition) H 7| &

a2 =4 (composition - 2 5=)5 ®7| 5t= L.
2 A H| (weight percent, wt%) @I XHH| (atom percent, at%)
HH e= FAHO Chet £78 A4 FAHEEHH|) &z TH 2o & =2 vs. 5 A4 S=H|)
Q.O|FH 2t 50| a2t b A= O|R0 H U= Oj... n, = mg,/A,
C, = ——2% % 100 (wt%) Cl = x 100 (at%)
“my+my ° Ng + Np

Ng B my,/A, m, - Ap

4/30/2025



Ol &

wt %—>at % 22| £ Hat

97 wt % Al & 3wt % Cuz O|FOZl alloy2| at % ?

Cai=97, Ccu=3
C' _ Ca'Ab C’ _ CAI'ACU, _ 97%Acu
T C, AL+ Cy- A, AL Cu Ay ¥ Coy - Au | | T 97% - Ay + 3% - Ay,

I = 0
97% - 63.55 g/mol Cyp = 98.7 at%

~ 97% - 63.55 g/mol + 3% - 26.98 g/mol

Cl, =100 at% — Cy,

4/30/2025



Plastic anisotropy and dislocations

Bubble raft model

(A Dynamical Model of a Crystal Structure, Lawrence Bragg;
John F. Nye, Proc. Roy. Soc. Lon.)

https://youtu.be/UEB39-jlmdw
Experiments with the Bubble Model of Metal Structure 1952

Sir Lawrence Bragg, W.M Lomer, J.F. Nye



https://youtu.be/UEB39-jlmdw

M 2| (dislocation; CHHE A Q!

Hel d&w)
M 2| (dislocation)

- Z'"d ™2 (edge dislocation)

. LIAM A

M M 2| (screw dislocation)

Extra half-plane
Burgers vecto / p

Q| HT| [{H|
— o= T
AX7L O B K| o550l
Edge 3 O or
disltl?cation- w - - ZI| Xl- % OO:I E
ine ) 0"
— = — L
L =Y 510 oy
HAAZHE X2 XY
Adapted from A. G. Guy, Essentials of Materials

Science, McGraw-Hill Book Company, New York,
NY, 1976, p. 153.

Burgers vector (b):
A 20 2fsl Z-d5t= 4

74
distortion)2| 27| %! &eFZ LIELL:

4/30/2025
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Imperfections in Solids

M= M X3 0| A (electron microscope)2 2 2& 7ts.

Ot cf *P"OHH &2 0] TFO[C.

. — Fig. 6.12, Callister & Rethwisch 9e.
— (Courtesy of M. R. Plichta, Michigan

0.2 em Technological University.)

4/30/2025



1L

A'™ 2%t (interfacial defect)

QA 2 (CIE 28 71X, £
ChE 29 3= =2/ot=
SAH)

> 2|8 H ™ (surface)

» B E A (grain boundary)
> 2t A ™ (phase boundary)
> EHEA (twinning)

»>M 5 ATt (stacking faults)

- |F #HO| E2H AXts W0 " At=1F H| u3i= O
Z|Ciete| 2gteS THOHA| oLt

- =2t 28 JH= 2 O|HX|E 2oL, ME=
Of2fot & & O X| &S Zx|22fotdq oLt

4/30/2025



Z™E A (grain boundary)

OAH Agt (Ef%o a7 T& Es Small-angle grain
CIE 478 giefs E2|ot= boundary
7C:>| |E) —{ b~
— S | |
> Q2 H ™ (surface) || l
> B A (grain boundary) |l ]
%I Of /ANEN
> &A™ (phase boundary) N jLO_I ; = \\Lj/f’}[
> 88 Al (twinning) '-I_!;J 7Hrii T[]
»>M 5 ATt (stacking faults) =c " '° \\ \i\ /

f?ngle of misalignment

L
X High-angle
6-5 F—bogur r?éinary \\ \\ /
Small-angle \ \ |

— grain
ﬁ boundary

4/30/2025



x
=
(e
=
D
Wn
D
o
O
-
S
o
D
)
=

H ™ (surface)

» B A (grain boundary)
> 2t A ™ (phase boundary)
> EEA (twinning)

»>M 5 ATt (stacking faults)

Fot

|Z=& (gray cast iron)
oA ™

courtesy of C. H. Brady and L. C. Smith, National
Bureau of Standards, Washington, DC (now the

National Institute of Standards and Technology,
Gaithersburg, MD).
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Stacking Faults

07 P A (2 2 PE, E
[HS AN wars Bajots
A75)

> &A™ (phase boundary)
A EA (twinning)
>Ns det (stacking faults)

= B0

Stacking Fault

4/30/2025



_Void
_ICrack
J(unwanted) 2"? phase

#

' ‘e
LI o P et I ¢
’,4 "‘L)'b‘
q‘. ‘Q-' R 4
.‘\;‘ n \. ’
. .
- s 11‘ . -'0:'- | » > - ! " <
= e ; | : S . . A e -
- .;' . N » . \' o 57 y

Figure S, ol foomed by moduane e 3 carbon sieel exposed 1o 2 Bydrogen atmospdere a1 high teopecatere The carbades 1o the poacha
A Doen cllmdnaied by ceonton widh the dadrogen Fhotognpd coomesy of T.L. Jda Siivdn

. "J \
p

»
-
¥
"
J

https://str.linl.gov/str/JulAug02/Becker.html
http://www.scielo.br/scielo.php?script=sci_arttext&pid=51516-14392004000100015
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oid|d &

a7|z= e, 80
> A A|E (macroscopic): SO 2 ATt = Q2 HEE F AH Y
> O] A& (microscopic): 210|4 (microscope)= AFE5lOF Al H 7150t 22 A7 Y
>micron: 107 m (Ot0|=2 &, 0O}O0| 3 2 0|E{, micro meter)
> Microstructure (O| M= A]): 40| Z S AHESHOF A& 7tset M ze| &

. oo O =
% Grain, texture, M &5 S5.

ACtAE M=o d20| = = 02
» Grain size
> Texture — grain2| 29|
> Grain2| S Ef

>MH=EF
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aotodilE 2H&H (optical microscopy)

SE

A EH (BE)AIE; =
HEA} HEA

o HEAIS[*HR O = O|N| =& THES

o HFAF HR2 HEALE Q| K}O|Of
O| 8} LtEHLCE,

e Useful up to 2000X
magnification.

« MEotAIE FH[ZFER
(metallography; = &sh):

— Polishing (¥ 0}) removes surface

features (e.g., scratches)
— Etching (4 Z) changes

04

Y Polished and
etched surface

crystallographic planes

; 4 X5} O Al ZF 51 E A
reflectance, depending on crystal =S e 01(|3 (2 kA o o ':Iﬂ:-’i = ?_OI
orientation. =2t RICH ofZto HAXIIL il Tts.
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ical Microscopy

Opt

Microscope

|

0l

p: W Xto| FIH==

M: 20| 4 Hj

o
=

RO

"

pd
=10

il
<0
Il

National Bureau of Standards, Washington, DC (now the

National Institute of Standards and Technology,

[Fig. 6.20(b) is courtesy of L.C. Smith and C. Brady, the
Gaithersburg, MD).]

Fig. 6.20(a) & (b), Callister & Rethwisch Ye.

| |
100 pm
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Microscopy

Optical resolution ca. 100"m = 0.1 ym = 100 nm

For higher resolution need higher frequency
agstein|E o =0 Hi=2 20004}
QMR LS| 12X @4 50| HS 0/NE &2 B 275
QXL 40[E?

> Xt2| wavelengths: 3 pm (0.003 nm)

“»(Magnification - 1,000,000X)
»Atomic resolution possible
»Electron beam focused by magnetic lenses.

AT AL 0| g HA
> 51t (transmission); Transmission Electron Microscope (TEM)

»>Z=Ar (scanning); Scanning Electron Microscope (SEM)
> Al B &l (scanning probe): Scanning Probe Microscope
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SEM: application to fractography

Ductile fracture under ‘shear’

SHEO R SO0jLH B Y
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Scanning Tunneling Microscopy (STM)

« Atoms can be arranged and imaged!

Photos produced from the
work of C.P. Lutz,
Zeppenfeld, and D.M. Eigler.
Reprinted with permission
from International Business
Machines Corporation,
copyright 1995.
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Diffraction
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