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Contents for previous class
« Tracer Diffusion in Binary Alloys

D*,, gives the rate at which Au* (or Au) atoms diffuse in a chemically

homogeneous alloy, whereas D, gives the diffusion rate of Au when
concentration gradient is present.

1. Diffusion along Grain Boundaries and Free Surface

Grain boundary diffusion makes a significant contribution _ 5
D,, =D, +D,—:
only when D,6 >Dd. | (T<0.75~0.8T,)

gD,/D, can become so large that the apparent diffusivity is entirely
due to diffusion along dislocation.

 Diffusion in Multiphase Binary Systems

dx 1 ~, \0C.* «,  0C.°
V=—= D B _D B
dt (c:Bb—cBa){ @)= P, }

(velocity of the a/f interface) :
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Contents I1n Phase Transformation

_(Chl) Stk AEl%: Thermodynamics
=M (Ch2) & 4AF 2: Kinetics
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(Ch5) AMINIA Sl 24 HEH: Solid - Solid (Diffusional)

(Che) XU A2 LEA BHEH: Solid — Solid (Diffusionless)



Contents for today’s class

Chapter 3 Crystal Interfaces and Microstructure

AR e JeE ALEo] AE Afoliine] el Fopu
ol AANIAE FE & gl B A FHE BAF.

 Interfacial Free Energy

« Solid/Vapor Interfaces

« Boundaries in Single-Phase Solids
(a) Low-Angle and High-Angle Boundaries
(b) Special High-Angle Grain Boundaries

(c) Equilibrium in Polycrystalline Materials



3. Crystal interfaces and microstructure

e Types of Interface

vapor
1. Free surface (solid/vapor interface)

‘ solid ‘

2. Grain boundary (a/ a interfaces)
> same composition, same crystal structure

> different orientation

3. inter-phase boundary (a/B interfaces)

a | defect
O ®
<:> — energy )

> different composition &

crystal structure




3.1 Interfacial Free Energy
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3.1. Interfacial free energy

Interfacial energy (y ) vs. surface tension (F: a force per unit length)

1) work done : F dA =dG

2)dG =y dA+Ady Liquid /// /
—F=y + Ady/dA film 72
—\\ —aF

In case of a lig. film, dy/dA—O F=y (N/m=J/m? é/
Ex) lig. : dy /dA=0 : Why? Rearrangement(kuuﬂ 2)s gt €48t BHTE {

sol. : dy /dA + 0, but, very small value
_ Fig. 3.1 A hquid film on a wire frame.
At near melting temperature dy /dA =0



CO000
3.2 Solid / Vapor Interfaces % % 00000

* Hard sphere model

FIGURE 3.2
Atomic configurations on the three closest-packed planes in fec crystals: (111), (200), and (220)

- Fcc : density of atoms in these planes decreases as (h2+k2+l2) increases

For (111) plane  CN=12 [111]
v

# of Broken Bonds per atom at sur?ace’?



# of Broken Bonds per atom at surface? - 3 per atom

2005 - 5.G. Podkolzin




For (111) plane

# of broken bond at surface : 3 broken bonds
Bond Strength: € — for each atom : €/2

Lowering of Internal Energy per atom on surface: 3€/2 |

For (200) plane CN=12 /:) /) /d
< : » : »

# of Broken Bonds per atom at surface?
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For (200) plane

# of broken bond at surface : 4 broken bonds
Bond Strength: € — for each atom : €/2

Lowering of Internal Energy per atom on surface: 4&/2 |

CN=12

/T 1T O S
</ 5 -/
Y U =/ HY SR et
/Ll //J' _) /)
o \-J H \-.J

# of Broken Bonds per atom at surface?
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For (100) plane

# of broken bond at surface : 3 broken bonds
Bond Strength: € — for each atom : €/2

Lowering of Internal Energy per atom on surface: 3€/2

Heat of Sublimation (+sh in terms of 2 — L. = 12 N_ &/2

Energy per atom of a {111} Surface?

E.,=3¢e2=025L./N, Eq VS Y?
AHAAE 18] BA R a8 3] ZARX|S.
v interfacial energy = free energy (J/m2)
=y =G=H-TS
=E+PV-TS (:PVisignored)

—>v =E,, — TS, (S, thermal entropy, configurational entropy)

Pressssninsssssinnnasannns, E%>LHJ—?— E%Oﬂ ;‘g—-—‘g—- %_O/] ?-)‘é}\ég_i extra S %_.XH
—idy /0T =- S i: surface energy decreases with increasing T

0<S<3(mJ/m2K1) due to increased contribution of entropy 12



 Average Surface Free Energies of Selected Metals

Crystal TW/C *,r,,,::@m :
Sn 232 680 =74 o]g] ¥, near Tm
Al 6l 1080
Ag 961 1120
Aun 1063 1390
Cu 1084 1720
a-Fe 1536 200810
Pt 1769 2280
W 3407 2650

yof Sn: 680 mJd/m? (T, :232°C)
yof Cu : 1720 mJ/m? (T, : 1083°C)

Higher T,

>> stronger bond (large negative bond energy)

>> larger surface energy

C.F. G.B. energy vy, is about one third of v,

 The measured y values for pure metals near the melting temperature

v=0.15Lc /N,

J / surface atom

hlghT — high L, — high 7/sv 13



Surface energy for high or irrational {hkl} index

Closer surface packing > smaller number of broken bond > lower surface energy
HHOM 20{E Zghs {111} {200} {220} HE et 57t > v,y BA = =22 57t

A crystal plane at an angle 0 to the close-packed plane will contain broken
bonds in excess of the close-packed plane due to the atoms at the steps.

Surface with high {hkl} index
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cos e/a broken bonds

(cos©/a)(1/a) : broken bonds
from the atoms on the steps

Fig. 3.3 The ‘broken-bond’ model for surface energy.

(sin|©|/a)(1/a): additional broken ppnds
from the atoms on the steps



Es,=3€2=025Lg/N,

Surface energy for high or irrational {hkl} index
(cos©/a)(1/a) : broken bonds from the atoms on the steps
(sin|©J/a)(1/a) : additional broken bonds from the atoms on the steps

Attributing €/2 energy to each broken bond, E f

1 &l cosd Sill‘ﬂ‘ \/
E, = — +
Ixa 2 a a

B E(CDS G+ sin( ‘6' ‘ )) E-0 plot

a 2a’ SR

Fig. 3.4 Variation of surface energy as a function of &

 The close-packed orientation (6 = 0) lies at a cusped minimum in the E plot.

o Similar arguments can be applied to any crystal structure
for rotations about any axis from any reasonably close-packed plane.
* All low-index planes should therefore be located at low-energy cusps.

Equilibrium shape of a crystal? 15



Equilibrium shape: Wulff surface

Distance from center : y,, Wulff plane
Several plane A, A, etc. with energy v, , v,
Total surface energy : Ay, + Ay, ...

= > Ayy; =~ minimum

— equilibrium morphology

T2 BIEE S oSot=tH 78

Analytical solution in 2D is reported

How is the equilibrium shape
Aetermined? s :

Y = Minimumé v-6 plot

oeeeeeeeeessssmmaaseeeeesssesessssseme s eeeeeseeeee i Egy-0 diagram ELCt IEZT BI2
cusped minimum %A 0{2{2.
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Process of Wulff shape intersection for two cubit wulff shapes

L D

{a) Wulff Shape | (b} Wulff Shape |l

® @

(c) Unicn of L and |l {(d) Intersection of | and |l

Figure 1: The process of WuUlf shape intersection for two cubic Wulff shapes with displaced ariging and
rotated coordinate systems. Each individual shape has cubic symmetry m37 and [100] facets.
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Equilibrium shape: Wulff surface

(001
A Wulff plape ) y plot
= /
9.4 te (1) (b)
Fd i e Yoo1
” %
g e c
3 Y
N 1
(110)
0
{110} H 52
LIEFLLX] BiS
Equilibrium
shape

FCC 340 BHDY
1) HAZEO| (100} 2t
2 HSAE{111)2 7Y

Equilibrium shape can be determined experimentally by annealing
small single crystals at high temperatures in an inert atmosphere, or

by annealing small voids inside a crystal.

Of course when vy is isotropic, as for liquid droplets, both the y-

plots and equilibrium shapes are spheres.
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3.3 Boundaries in Single-Phase Solids

Grain boundary (a/a interfaces) Single phase - Poly grain
hkI)
L IR EC OO . 7

oloNo \/

> same composition, same crystal structure

> different orientation
(hkl)

NN s FHHE -

L]

| -_-_-_]

1) misorientation of lattice in two grains 2) orientation of grain boundary

= 7} oISt AT o| vt kto| OIF ZAX 2} QA Ho| vt T A

\



3.3 Boundaries in Single-Phase Solids

T ZWY A% TUSE FHUOE MYY Aoz WA YN

Rotation axis

)
Rotation
axis 7
Boundary
@) (b) plane
tilt boundary twist boundary
6 - misorientation 0 — misorientation
- tilt angle - twist angle

[ symmetric tilt or twist boundary

non-symmetric tilt or twist boundary 20



3.3.1 Low-Angle and High-Angle Boundaries
Low-Angle Boundaries

Symmetrical low-angle tilt boundary Symmetrical low-angle twist boundary
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Fig. 3.7 (b)

Fig. 3.7 (a) Low-angle tilt boundary, (b) low-angle twist boundary: O atoms in erystal below,
@ atoms in crystal above boundary. (After W.T. Read Jr., Dislocations in crystals, MeGraw-
Hill, New York, 1953.)
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tilt Bound_aries

Figure 1 - 23° symmetric tilt
boundary about a <001> axis. The
circles with dashed lines

represent one layer and the circles
with solid lines the other layer
of the AB....stacked {001} planes.
The atoms labelled A and B denote
the structural unit.

Figure 2 - 23® symmetric tilt
boundary about a <001> axis. A
represent one layer and 0 represent
the other laver of the AB.....

stacked {001} planes., The ledge
like character of the boundary is
shown by the dashed lines.
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twist Boundaries
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Figure 2. A screw dislocation; note the screw-like
'slip' of atoms in the upper part of the lattice
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Growth of Screw dislocation

26



Non-symmetric Tilt Boundary

=T I

[ ]

vectors are present. (After W.T. Read Jr.. Dislocations i Crystals, MecGraw-Hill,

New York, 1953.)

If the boundary is unsymmetrical, dislocations with different
Burgers vectors are required to accommodate the misfit.

In general boundaries of a mixture of the tilt and twist type,
— several sets of different edges and screw dislocations.

=
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3.3.1 Low-Angle and High-Angle Boundaries

— around edge dislocation : strain 1

Low-Angle tilt Boundaries
but, LATB ~ almost perfect matching
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3.3.1 Low-Angle and High-Angle Boundaries

— around edge dislocation : strain 1

Low-Angle tilt Boundaries
but, LATB ~ almost perfect matching

5] |
i __ —g.b.energy:y,, = E/unitarea
(energy induced from dis.)

* Relation between D and vy ?

0 7t |2 EHe 7P

Sin® =b/D, at low angle D7t OjS =iC}.

— D=b/© — v, Is proportional to 1/D

ﬁ — |ow angle tilt boundary

4
— Density of edge dis.
(cf. low angle twist boundary :;gc':'r'é'\}\'fdis.)

(a)

29



Low-Angle tilt Boundaries

—> 1) As ©increases, y,, 1

h o
1
I
N L Strain field overlap
— L
> — cancel out
1
1
I
J

— 2) v, Increases and the increasing rate of y (=d y/d ©) decreases.

— 3) if © increases further, it is impossible to physically identify the individual dislocations

10-15°

— 4) increasing rate of y,, ~0 *
Grain boundary
Energy Y

5) M{AZtH0| HF ot Me{e| #EO| =7Hsdi%| 1,

ZHUA O|AX| 7t LRIt SRS, Low

angle angle
Misorientation 6
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High Angle Grain Boundary

Grain
boundary
transition
zone

- high energy, high diffusivity, high mobility (cf. segregated gb) 5,



High Angle Grain Boundary

~ Low angle boundary

J 7 almost perfect matching (except dislocation part)

High angle boundary (almost)

— open structure, large free volume

* low and high angle boundary

high angle y,, = 1/3y5,, - Broken Bonds

Measured high-angle grain boundary energies

Crystal vy,/mJ m 2 T/°C Yo Ysv
Sn 164 223 0.24
Al 324 450 0.30
Ag 375 950 033
Au 378 1000 27
Cu 625 925 0.36

xuFe 756 1350 0.40
5-Fe 468 1450 0.23
Pt 660 1300 0.29
W 1080 2000 0.41

Esv M8 v, E 237N &
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