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Contents for today’s class Thermodynamic factor

« Atomic Mobility @=@RTF F=(1+ dln;B)

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.

+ High-Diffusivity Paths EDS >D, >D,i 4= A >A >A

Grain boundary diffusion makes a significant contrlbutlon D _ 5

only when D,8>Dd.| (T<0.75~0.8T,)

2. Diffusion Along Dislocation

At low temperatures, (T <~0.5T,,)

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

« Diffusion in Multiphase Binary Systems

a ~ B
V = dX { ( ) @C (3C (velocity of the a/p interface)

dt (Cﬂ CZ) 2




*Homework 4 : Exercises 2 (pages 111-114)

until 1st exam

1st exam : October 17, 2021 6 pm — 8 pm
33-1 dong 228, 327, 328, 330, 331 ho

Good Luck!!



Contents In Phase Transformation

(Ch1) Thermodynamics and Phase Diagrams
Background

to understand (Ch2) Diffusion: Kinetics
phase

transformation | :(cph3) Crystal Interface and Microstructure

b——

(Ch4) Solidification: Liquid — Solid

Representative
Phase
transformation

(Ch5) Diffusional Transformations in Solid: Solid —» Solid

(Ch6) Diffusionless Transformations: Solid — Solid




Contents for today’s class

Chapter 3 Crystal Interfaces and Microstructure

1) Interfacial Free Energy

2) Solid/Vapor Interfaces

3) Boundaries in Single-Phase Solids
4) Interphase Interfaces in Solid (a/)

5) Interface migration



Q: Types of interface in metallic system?



» Types of Interface

Basically three different types of interface are important in metallic system:

1. Free surface (solid/vapor interface) Vapor . yoortant in vaporization and
solid condensation transformations

2. Grain boundary (a/ a interfaces)

: Important in recrystallization,
i.e. the transformation of a
highly deformed grain structure
. . i into new undeformed grains,

> different orientation and following grain coarsening

and grain growth

> same composition, same crystal structure

3. inter-phase boundary (a/B interfaces) : “Important role in determining the kinetics
_ - of phase transformation/ complex”
> different composition &

o
crystal structure O @ — defect
O —) energy |

— First, consider simple interfaces, (1) and (2) in this chapter



Q: Interfacial free energy, Y VS Surface tension, F?



3.1. Interfacial free energy

Interfacial energy (y : J/m?)

— Gibbs free energy of a system containing an interface of area A

vapor R : (excess free E arising from the fact
— G= GO +: 1 A that some material lies in or close
‘ solid ‘ """"" * to the interface)

— Gbulk + Ginterface



Melting and Crystallization are Thermodynamic Transitions

Solidification: Liquid — Solid

<Thermodynamic>

- Interfacial energy = AT

Liquid Tm Undercooled Liquid Solid

No superheatlng required!

vapor

» Interfacial energy = No AT

Melting: Liquid <«— Solid -
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3.1. Interfacial free energy

Interfacial energy (y : J/m?)

— Gibbs free energy of a system containing an interface of area A

vapor oo : (excess free E arising from the fact
— Gbulk + Ginterface — G= GO +iy A that some material lies in or close
‘ solid ‘ __w= 1o the interface)

-
-

Interfacial energy (y) vs. surface ten/sieﬂ'(llz: a force per unit length)

1) work done: FdA=dG .-~ } //
2)dG =y dA+Ady w Liquid / /
film __‘\ /4 .
P2y AN A >
In case of a lig. film, dy /dA=0,F =y (N/m:J/mZ)/

sol. : dy /dA # 0, but, very small value

At near melting temperature dy /dA=0 - F=y (N/m =J/m?)

(high enough atomic mobility) 12



Q: Free surface (solid/vapor interface)?

(@) Eq, VS Y ?
Extra energy per atom on surface: £H ofj 1 A]

* The measured y values for pure metals near the melting temperature

Eey=3€2=025Ls/N, —> 7o,=0.15L,/N, J/surface atom

(~ surface free E averaged over many surface plane, S effect at high T)

(b) Equilibrium shape: Wulff surface

. Polyhedron with the largest facets having the lowest interfacial free energy

13



3.2 Solid / Vapor Interfaces

* Assumption: S/V interface —» Hard sphere model/ uncontaminated surface
(In real systems surfaces will reduce their free energies by the adsorption of impurities.)

- Fcc : density of atoms in these planes decreases as (h?+k2+l?) increases

OO0
w S 2
COOCO

Fig. 3.2 Atomic configurations on the three closest-packed planes in fcc crystals; (111), (200), and (220).

( notation {200} and {220} plane has been used instead of {100} and {110} because the spacing of
equivalent atom planes is than given by a/(h%+k?+12)1/2 where a is the lattice parameter.)

For (111) plane  CN=12 [111]

R4

14
# of Broken Bonds per atom at surface?




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

2005 - 5.G. Podkolzin

15



For (111) plane

# of broken bond at surface : 3 broken bonds

Bond Strength: &€ — for each atom : €/2

Excess internal energy over that of the atoms in the bulk: 3€/2 1

For (200) plane CN=12

# of Broken Bonds per atom at surface?

) )
7 0 1T o S
g \-.J E \-.J
e _/
N B iy S SRR S J
S
/T 0 T O 4t
g \.J : w.)
) )
¥ ey (* ¢ SRS J
J:
-

16



For (200) plane CN=12

# of Broken Bonds per atom at surface?

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

Excess internal energy over that of the atoms in the bulk: 4&/2 117

(excess internal energy of 4e/2 over that of the atoms in the bulk)



For (111) plane

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

Extra energy per atom on surface: 3&/2

Heat of Sublimation (&3 in terms of €? — Ls = 12 Na el2

(Latent heat of melting + vaporization)

Energy per atom of a {111} Surface?
E., =3¢€2=0.25L_/N, Gioit,N) = Eg,VSY?

“Approximated value” due to assumptions, 1) 2"d nearest neighbors have been ignored and
2) strengths of the remaining bonds in the surface are unchanged from the bulk values.

v interfacial energy = surface free energy < Gibb’s free energy (J/m?)
—y =G=H-TS

(1 mole of solid = 12 N,)

=E+ PV -TS (if PVis ignored) (Eqy Ty 1)
— 'y = Eg, v (Ssy thermal entropy, configurational entropy)
----------------------------- surface>bulk Extra configurational entropy due to vacancies

— 8y I0T = - S i: surface free energy decreases with increasing T

0<S<3 (mJ/m 2K-1) due to increased contribution of entropy 18



*Eo Vs y?
SV
* The measured y values for pure metals near the melting temperature

Esy=3€2=025Ls/N, —> 7o,=0.15Ls /N, J/surface atom

(. surface free E averaged over many surface plane, S effect at high T)

« Average Surface Free Energies of Selected Metals

e
PELETS
. L

Crystal T CC) { Yov mJ m?)
Sn 232 T 680 o,
= HE, T
Al 660 1080 4 o{2{&, near Tm
Ag 961 1120
Au 1063 1390
Cu 1084 1720
5-Fe 1536 2080
Pt 1769 2280
W 3407 2650
yof Sn: 680 mJ/m2 (T, : 232°C) cf) G.B. energy g, is about one third of y,,

y of Cu : 1720 mJ/m? (T, : 1083°C)

* Higher 7,, — stronger bond (large L) — larger surface free energy (y.,)

hlghT — high L, — high 7/SV 19



Surface energy for high or irrational {hkl} index

Closer surface packing — smaller number of broken bond — lower surface energy

# of broken bonds will increase through the series {111} {200} {220} — y., will increase
along the same series (if different entropy term is ignored)

A crystal plane at an angle 0 to the clo,se-packed plane will contain broken
bonds in excess of the close-packe’dfﬁlane due to the atoms at the steps.

Surface with high {hkl} index —5 3
,/,/'/’ /\’I‘; ‘.l.. -
’/ \-\ ."-..‘ ~“-..’¢ .“-.:’:‘ ..'. 3 N o
J eng R S B =
0“\1\ .._I. -] | A 3
e ..:.:‘ .‘: ‘‘‘‘‘‘‘ E
l ; I‘.’~ ;“‘:."' = > 'E
‘‘‘‘‘‘ 8
“““ E
J =z
—| a |« £

A4
cos 0/a broken bonds
Fig. 2.2 The ‘broken-bond’ model for surface energy.

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

(sin|@|/a)(1/a): additional broken bonds

20
from the atoms on the steps



Surface energy for high or irrational {hkl} index

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

(sin|@]/a)(1/a) : additional broken bonds from the atoms on the steps

Attributing €/2 energy to each broken bond,

™

| / :
ol efese )
Ixa 2\ a a
z—:(cus & + Sill( ‘5 | ))

7
2a

A

E

E-O plot | e, =3e2=025L N,
|

_ 0 + 0
Fig. 3.4 Variation of surface energy as a function of 6

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

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.

If yis plotted versus 0 similar cusps are found (y-8 plot), but as a result of
entropy effects they are less prominent than in the E-8 plot, and for the higher

index planes they can even disappear.

21



Q: Free surface (solid/vapor interface)?

(@) Egy vS vy ?
Extra energy per atom on surface

» The measured y values for pure metals near the melting temperature

Esy=3€2=025Ls/N, =—> 7o,=0.15L, /N, J/surface atom

(" surface free E averaged over many surface plane, S effect at high T)

(b) Equilibrium shape: Wulff surface

. Polyhedron with the largest facets having the lowest interfacial free energy

22



Equilibrium shape: Wulff surface

* A convenient method for plotting the variation of y with surface orientation in 3 dimensions
* Distance from center : vy,

— Construct the surface using vy, value as a distance between the surface and the origin when measured
along the normal to the plane

Wulff plane ™,

Several plane A, A, etc. with energy vy, , v,
Total surface energy : Ay, + Ay, ...

= > A;y; — minimum

— equilibrium morphology

: can predict the equilibrium shape of

an isolated single crystal

How is the equilibrium shape
determined? T IRy :

R ———
> Ay, =Minimum:
i= i y-0 plot

crystal shape

Due to entropy effects the plot are
less prominent than in the Eg,-6 plot,
and for the higher index planes they
can even disappear



Process of Wulff shape intersection for two cubic Wulff shapes
. Polyhedron with the largest facets having the lowest interfacial free energy

L D

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

® @

(c) Union of | and | (d) Intersection of | and Il

Figure 1: The process of WuIf shape intersection for two cubic Wulff shapes with dizplaced origins and
rotated coordinate systems, Each individual shape has cubic symmetry m3m and [100] facets.

24



Equilibrium shape: Wulff surface

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.

(001)
A Wulff plane P y plot
\ )
A7 [
B (111)
P e \ . Y (001) /
4 \ YA C
AN
\ Yaw “Equilibrium shape of FCC Is”
(110) quilibrium shape o crystals
0
Cannot appear {110} 1) Square faces {100} and
plane in FCC crystals
2) Hexagonal faces {111}
o The length OA represents the
Equilibrium free energy of a surface
(a) shape

A possible (110) section through the y-plot of an fcc crystal

plane whose normal lies in
the direction OA.
25



Q: Grain boundary (a/ a interfaces)

= Boundaries in Single-Phase Solids

(a) Low-Angle and High-Angle Boundaries
(b) Special High-Angle Grain Boundaries

(c) Equilibrium in Polycrystalline Materials

26



3.3 Boundaries in Single-Phase Solids: definition

Grain boundary (a/a interfaces) Single phase - Poly grain
hkI)
L I RCAONO R 7

ololo \/

> same composition, same crystal structure

> different orientation
(hkl)

NN\
.

i

1) misorientation of the two adjoining grains 2) orientation of the boundary plane

70 AR AP HEN GHALO] of. F 2UH T AY 2R LAE] G BA 07



3.3 Boundaries in Single-Phase Solids

: The lattices of any two grains can be made to coincide by rotating
one of them through a suitable angle about a single axis.

* Relatively simple boundary: relative orientation of the crystals and the boundary
Rotation axis

e ‘
' i
| : |
: | I Rotation
R 7 - axis
<# Hf »
Boundary Boundary
(a) plane (b) plane
tilt boundary twist boundary
0 — misorientation 0 — misorientation
— tilt angle — twist angle
Axis of rotation: parallel to the plane of the boundary Perpendicular to the boundary
[ symmetric tilt or twist boundary 28

non-symmetric tilt or twist boundary



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

Symmetrical low-angle tilt boundary Symmetrical low-angle twist boundary

0
b —
=
a B —_ 1
1 -
e —
__D | é
— §)
2( n ] -
p—
-
-
] b
(| ke
~—1
(a) (b)
Fig. 3.7 (a) Low-angle tilt boundary, (b) low-angle twist boundary: O atoms in crystal below, @ atoms in crystal above boundary.
An array of parallel edge dislocation Cross-grid of two sets of screw dislocations

29



tilt Bour;daries

PR N R

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 laver
of the AB....stacked {001} planes.
The atoms labelled A and B denote
the structural unit,.

L= S
0‘ Y O Fa
O o)
A Fa o a A 0
o
Fay 0 A & n A
° a5 4 0o
Figure 2 - 23% symmetric tilt | a O a a O
boundary about a <001> axis. A el SR il 3 Y
represent one layer and 0 represent D ! 0L
the other layer of the AB..... - E ’
stacked {001} planes. The ledge Q@ ’_@ ........................................
like character of the boundary is e S ﬁ.-_-"f'ﬁ“‘ . a -0
shown by the dashed lines. &,_.,.....--E)"*'""'&h A-O°T
........... o o A
A © a O
O A
a a O a ©
A QO A ©O
o a © o 4
o & O o & 0
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twist Boundaries
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Figure 2. A screw dislocation; note the screw-like
‘zlip’ of atoms in the upper part of the lattice




Screw dislocation
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Growth of Screw dislocation

34



Non-symmetric Tilt Boundary

n'
| :' Chf‘“
’ ’H”/\ﬂlr
T !

H; =
] , H Fhs—

)
S

Fig. 3.8 An unsymmetrical tilt boundary. Dislocations with two different Burgers vectors are present.

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. -



3.3.1 Low-Angle and High-Angle Boundaries

Low-Angle Tilt Boundaries — around edge dislocation : strain 1
0 :
-~ but, LATB ~ almost perfect matching
‘ |
b | Burgers vector of
\1l — the dislocations s
—>
T b . 0 2
n N sin — = .é
\
n —t . 8 0
SIN— ~ —
2 2
Angular rgiis-orientation N
_ across thé boundary b
| |.L D E -
| 0

(a)
Energy of LATB ~ Total E of the dislocations within unit area of boundary

~ depends on the spacing of the dislocations (D) 36

(For brevity, the distinction between internal E and free E will usually not be made from now)



3.3.1 Low-Angle and High-Angle Boundaries

Low-Angle Tilt Boundaries — around edge dislocation : strain 1
0
-~ l but, LATB ~ almost perfect matching
|
g \
\L f — g.b. energy : y,, — E /unit area
1 (energy induced from dis.)
l b
— 0
\ * Relation between D and y ?
L — s
Sin@ = b/D, at low angle Verysmall -

Very large D
— D=b/0 — Y4p. IS proportional to 1/D

— Density of edge dlslocatlon in low

'I angle tilt boundary iy o 6’

(a) (cf. low angle twist boundary — screw dis.)

Energy of LATB ~ total energy of the dislocations within unit area of boundary

~ depends on the spacing of the dislocation (D) 37



10°-15°

: : A |
Low-Angle tilt Boundaries |
FusEEEEEEEEEEEEE I
yocd ) |
---------------- 'g :;...
2 B |
o T |
£ 5 |
—> 1) As @increases, v, 1 & |
Low | High
N N angle | angle _
I
L Misorientation 6
L Strain field overlap
- > —> 4
— cancel out
1
I
I

J

— 2) y,,, Iincreases and the increasing rate of y (=d y/d 8) decreases.
— 3) if @ increases further, it is impossible to physically identify the individual dislocations
— 4) When 0 > 10°-15°, increasing rate of y,, ~ 0

5) When 0 > 10°-15°, Grain-boundary energy ~ almost independent of misorientation
38
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High Angle Grain Boundary: 8 > 10°-15°

Grain- (
boundary
transition

zZone

— Broken Bonds

— high energy, high diffusivity, high mobility (cf. gb segregation) ,,



High Angle Grain Boundary

~ Low angle boundary
J - almost perfect matching (except dislocation part)

High angle boundary (almost)

— open structure, large free volume

* low and high angle boundary

high angle y,,=1/3v5,, — Broken Bonds

Measured high-angle grain boundary energies

Crystal v (m] m™?) T (°O) Yb/Vsv

Sn 164 223 0.24

Al 324 450 0.30

Ag 375 950 0.33

Au 378 1000 0.27

Cu 625 925 0.36

v-Fe 756 1350 0.40

6-Fe 468 1450 0.23

Pt 660 1300 0.29

w 1080 2000 0.41 41

* As for ysn. 7, 1S temperature dependent decreasing somewhat with increasing temperature.



Q: Grain boundary (a/ a interfaces)

= Boundaries in Single-Phase Solids

(a) Low-Angle and High-Angle Boundaries
(b) Special High-Angle Grain Boundaries

(c) Equilibrium in Polycrystalline Materials

42



(b) Special High-Angle Grain Boundaries |
: high angle boundary but with low v, -

Twin boundary # Twinning plane

lncohe’ient
bnundaﬂ
- _ _Twinning
plane
Rows of
atoms
a) Coherent twin boundary b) Incoherent twin boundary
symmetric twin boundary asymmetric twin boundary
— low v, | — low vy,
Atoms in the boundary Energy of twin boundary~
are essentially in very sensitive to the orienta- .

undistorted positions tion ¢ of the boundary plane



Twin boundary

JJJJ;J_=

29099 290

2909 /(20 jjj

Y% LL

3 003 20009
R YW TW RE pw
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Twin boundary

N

45
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(b) Special High-Angle Grain Boundaries |

¢) Twin boundary energy as a function of the grain boundary orientation

A
| Incoherent
: twin
|
- I
|
I
|| «— Coherent twin
| — : >
(c) -0 ti @

Table 3.3 Measured Boundary Free Energies for Crystals in Twin Relationships
(Units mJ/m?)

Coherent Twin- Incoherent Twin- Grain-Boundary

Crystal Boundary Energy Boundary Energy Energy
Cu £ 21 1498 623
Ag 8 << imel < a7y
Fe-Cr-Ni (stainless steel type 304) i 19:; 1209 : 835:




(b) Special High-Angle Grain Boundaries Il

Two grains ~ a rotation about a (100) axis <  a rotation about a (110) axis
1.5
30F

& 25
g 10} %%-'%;'— 0-3T— %@\
- / Oi[) ETE% h%\‘]li 20~ ﬁ % ’{;\
= % %’
= 1.5
=]
3] AT Y
- OF
%
& Most high angle GB~ same E\| 05

N R N T R R B A T N N N R R

(a)

0

20 40 60 80

Misorientation, 0 deg.

(b)

0 20 40 60 80 100 120 140 160 180
Misorientation, 0 deg.

Fig. 3.13 Measured grain boundary energies for symmetric tilt boundaries in Al (a) When
the rotation axis is parallel to (100), (b) when the rotation axis is parallel to (110).

Why are there cusps in Fig. 3.13 (b)?

In FCC metal, several large-angle orientations with significantly lower energies
than the random boundaries. 48

¢ =70.5° ~ coherent twin boundary (next page), others ~ not well understood
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< Boundaries in Single-Phase Solids >
(c) Equilibrium in Polycrystalline Materials

1) GB intersection: Balance of 1) boundary E & 2) surface tension

GBs in a polycrystal can adjust themselves during annealing
to produce a metastable equilibrium at the GB intersections.

2) Thermally Activated Migration of Grain Boundaries

- Grain coarsening at high T, annealing due to metastable equilibrium of GB

3) Kinetics of Grain Growth

- Grain boundary migration by thermally activated atomic jump

- Mobility of GB ~ GB structures and GB segregations
i.e Normal grain growth <—> Abnormal grain growth

4) Effect of second-phase particle on GB migration: Zener Pinnin
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Chapter 3 Crystal Interfaces and Microstructure

1) Interfacial Free Energy
2) Solid/Vapor Interfaces

3) Boundaries in Single-Phase Solids
4) Interphase Interfaces in Solid (o/p)

5) Interface migration



Contents for previous class 1) Interfacial Free Energy

(@) Eg, VS Y ?

Extra energy per atom on surface: 29 of| 4]

Interfacial energy (y : J/m?)

— Gibbs free energy of a system containing an interface of area A
vapor It : (excess free E arising from the fact

— G = GO +: "Y A that some material lies in or close
‘ solid ‘ """"" * to the interface)

— Gy + Ginterface

“Approximated value” due to assumptions, 1) 2"d nearest neighbors have been ignored and
2) strengths of the remaining bonds in the surface are unchanged from the bulk values.

v interfacial energy = surface free energy < Gibb’s free energy (J/m?)

— 'Y - E — TSsv (SSV thermal entropy, configurational entropy) (ESV T— Y T)

----------------------------- Surface > Bulk Extra configurational entropy due to vacancies

—>i ay [oT = - S i: surface free energy decreases with increasing T

0<S<3 (mJ/m K1) due to increased contribution of entropy

* The measured y values for pure metals near the melting temperature

Eey=3€2=025Ls/N, > 7o,=0.15L,/N, J/surface atom .

(" surface free E averaged over many surface plane, S effect at high T)



Contents for previous class 2) Solid/Vapor Interfaces

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

(sin|@)/a)(1/a) : additional broken bonds from the atoms on the steps
A

Attributing €/2 energy to each broken bond, -

™

| ¢ :
S L sin/6) J
C 1xa 2 L a a
— S(CDS 0+ Siﬂ( ‘H | ) ) E-O plot | ey =3e2=025LN,
2a° - 0 o

Fig. 3.4 Variation of surface energy as a function of 6

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

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.

If v is plotted versus 0 similar cusps are found (y-8 plot), but as a result of
entropy effects they are less prominent than in the E-8 plot, and for the higher
iIndex planes they can even disappear. 4




Equilibrium shape: Wulff surface

* A convenient method for plotting the variation of y with surface orientation in 3 dimensions
* Distance from center : vy,

— Construct the surface using vy, value as a distance between the surface and the origin when measured
along the normal to the plane

Wulff plane ™,

Several plane A, A, etc. with energy vy, , v,
Total surface energy : Ay, + Ay, ...

= > A;y; — minimum

— equilibrium morphology

: can predict the equilibrium shape of

an isolated single crystal

How is the equilibrium shape
determined? T IRy :

R ———
> Ay, =Minimum:
i= i y-0 plot

crystal shape

Due to entropy effects the plot are
less prominent than in the Eg,-6 plot,
and for the higher index planes they
can even disappear



Contents for previous class

3) Boundaries in Single-Phase Solids

10°-15°
: : A !
(a) Low-Angle and High-Angle Boundaries |
© < 15°: total energy of the dislocations within & :
unit area of boundary g ; I
© > 15° :impossible to physically identify the - :
individual dislocations — strain field G | _
overlap — cancel out jrfg‘i‘; : i‘gﬁ
Broken Bonds — high angle y,, =13 y5), Misorientation 8
(b) Special High-Angle Grain Boundaries
: high angle boundary but with low v, ,, \
: Incoherent
“Co\\etent twin
ibnu“c\aﬂ :
- I
-- — _Twinning |
plane |
|| «— Coherent twin
s i -
() L

— twin boundary

Atoms in the boundary are essentially in undistorted
positions ~relatively little free volume



Q: Grain boundary (a/ a interfaces)

= Boundaries in Single-Phase Solids

(a) Low-Angle and High-Angle Boundaries
(b) Special High-Angle Grain Boundaries

(c) Equilibrium in Polycrystalline Materials



(b) Special High-Angle Grain Boundaries |
: high angle boundary but with low v, -

Twin boundary # Twinning plane

lncohe’ient
bnundaﬂ
- _ _Twinning
plane
Rows of
atoms
a) Coherent twin boundary b) Incoherent twin boundary
symmetric twin boundary asymmetric twin boundary
— low v, | — low vy,
Atoms in the boundary Energy of twin boundary~
are essentially in very sensitive to the orienta- 3

undistorted positions tion ¢ of the boundary plane



Twin boundary

JJJJ;J_=

29099 290

2909 /(20 jjj

Y% LL

3 003 20009
R YW TW RE pw




Twin boundary

N

10



! ™ e iy
rraEL P b AR EROT s oD
- T TS EEETE R SRS RN TR Y
T I L I I TS T E RIS AT R R SR o
'*ht**!li?!li'*‘{..%: !
T r T E E E R E R T RS T T L
TEEES NN R R E R BT S L S R L
il N ey & % F RS =W OE PR OEEWRY Y O RE
- s O E T R = g o own oW ws §F wm =gy g ey S
Lk - B R W e O R R R A A TEE RECRE T A R S e S TR
R = e R S g e aigs L s BN
e S ETE TR N N T N S W At R T
e R R W R o o s m e T il W :

SRR LN A N BN R L
_I.l:fl.l..l_l# llill#?ll.nhﬁ'

5 ittt T haie R e it
L e e Ir-r:iirtrﬂrr ) nu..ﬂf
. N

g iy, Ty ©- -y o W A
. S S

4y - B vy et i B N,
A ey N S My -
D
il

b |

e gl B et . dapeile By, . Ba
S i, gy S Al g Ayt Wy

i e ¢ PPCARDB S EP ¥R DO WD
. LR RN - E R LR T L 2 SLE B B X X ol
LA L R P S X E L S S & R L F B SN CLIE B NN

. B o2 2 2 L o b o b 5 B B B G o b o Jh b Bl i b L

p Lo B B R R S B B i B H B LR
LS B R TR E RN R R - SRR R R R S SRR R L
e itk e i oL B S R —

B ahE s g ad Rt Ay et AL BRBE~Y s aw s o &

L e RNy e L T L E R T g -

._h......".l__r.ln_r..l* By ___l_ L__.u_________ ﬁl_..l LR
g iy g A g - _!
e By mewem W AL Ry W B T w3
T R R e e B T N ...I..'.I_._{l...-__._

e e e e e u.b_..__.-._.ux.n.u.. T A .

o e i ey T

C e e Rl e iy dg e e By
e i e ey Myt e, s By By,
LA Rt e B, it i, P
I #?ﬁ-__...r.._f...l..l._fl_.l...r.fi
du, iy Ny aF...._._._..._r_..q,_.J_.
L A ey e i e

Tl -
awe
e bW
'T'E B
N

Twin boundary



(b) Special High-Angle Grain Boundaries |

¢) Twin boundary energy as a function of the grain boundary orientation

A
| Incoherent
: twin
|
- I
|
I
|| «— Coherent twin
| — : >
(c) -0 ti @

Table 3.3 Measured Boundary Free Energies for Crystals in Twin Relationships
(Units mJ/m?)

Coherent Twin- Incoherent Twin- Grain-Boundary

Crystal Boundary Energy Boundary Energy Energy
Cu £ 21 1498 623
Ag 8 << imel < a7y
Fe-Cr-Ni (stainless steel type 304) i 19:; 1209 : 835:




(b) Special High-Angle Grain Boundaries Il

Two grains ~ a rotation about a (100) axis <  a rotation about a (110) axis
1.5
30F

& 25
g 10} %%-'%;'— 0-3T— %@\
- / Oi[) ETE% h%\‘]li 20~ ﬁ % ’{;\
= % %’
= 1.5
=]
3] AT Y
- OF
%
& Most high angle GB~ same E\| 05

N R N T R R B A T N N N R R

(a)

0

20 40 60 80

Misorientation, 0 deg.

(b)

0 20 40 60 80 100 120 140 160 180
Misorientation, 0 deg.

Fig. 3.13 Measured grain boundary energies for symmetric tilt boundaries in Al (a) When
the rotation axis is parallel to (100), (b) when the rotation axis is parallel to (110).

Why are there cusps in Fig. 3.13 (b)?

In FCC metal, several large-angle orientations with significantly lower energies
than the random boundaries. 13

¢ =70.5° ~ coherent twin boundary (next page), others ~ not well understood



| S
©
©
c
=
(o]
0
=
=
©
(9}
-
)
(V)
S
£
P
wv
°

o

>
o

v

=
0 Y
. c

- ]
) o O 4w
= Q0 O =

S v

© © m © 1

ial grain boundary: two dimension

Fig. 3. 14 Spec

A E

U] AR PRI F910] AR} =



Contents for today’s class
< Boundaries in Single-Phase Solids >
(c) Equilibrium in Polycrystalline Materials

(@ GB intersection: Balance of 1) boundary E & 2) surface tension

GBs in a polycrystal can adjust themselves during annealing
to produce a metastable equilibrium at the GB intersections.

(@ Thermally Activated Migration of Grain Boundaries

- Grain coarsening at high T, annealing due to metastable equilibrium of GB

® Kinetics of Grain Growth

- Grain boundary migration by thermally activated atomic jump

- Mobility of GB ~ GB structures and GB segregations
i.e Normal grain growth <—> Abnormal grain growth

@ Effect of second-phase particle on GB migration: Zener Pinning




Q: Grain boundary (a/ a interfaces)

= Boundaries in Single-Phase Solids

(a) Low-Angle and High-Angle Boundaries
(b) Special High-Angle Grain Boundaries
(c) Equilibrium in Polycrystalline Materials

@ GB intersection: Balance of 1) boundary E & 2) surface tension

GBs in a polycrystal can adjust themselves during annealing
to produce “a metastable equilibrium at the GB intersections”.

16



(c) Equilibrium in Polycrystalline Materials
Microstructure — determined by how the different GBs join together in space

|:> Examine how the possibility of different GB energies affects the microstructure

of a poly crystalline material

%k*‘

Fig. 3.15 Microstructure of an annealed crystal of austenitic stainless steel. 17

: contains high-/low-angle GBs as well as (in-)coherent twin Bs with different GB energies



Poly grain material: consider the factors that control the grain shapes!

Two grams a plane (GB), three grains: a line (grain edge), four grains: at a point (grain corner)

;\ 2) Conditions for equilibrium at a GB junction

by considering the forces that each B exerts on the junction

.ES #. Moving

Y
% Unit width
P >

Forces, F, & F, acting at O and P
1) FX = Y (Eq. 3.3) F, ¥ to maintain the B in equilibrium

2)F, ?

| R P is moved at a small distance (3,)
1) Why GBs exist at all in annealed

materials? A.work done by : F &,

B. increase boundary energy caused
by the change in orientation 860 ~ | (dy/d@) &6

A dy

Equilibrium ~ Mater. with no GB
" G.B.=high-E regions -» G 1T

: never a true equilibrium structure do

= o, ~1dO) .
— GBs in a polycrystal can adjust Fy 8y | (dy/d8) 86 (5, )

themselves during anneall_n_g tf’ N Fy = dy/d® torque force |GHE. ydependentone
produce a metastable equilibrium ) ) g
at the GB intersections.




Incoherent
twin

-

(c)

(1) (2) \
AN

| F, =dyrde

F, = dy/d0 ~ torque >0

If the GB E is dependent on the orientation
(3) of the B, a force dy/d0 (>0) must be applied
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ to the ends of the boundary to prevent it

\\\\\\\\\ rotating into a lower energy orientation.

UA E7t QA g ol o £, 3] [ 5HA] ¢Far
torque =0 +A13171 Y3l AA O cuspZHA] Eo1F7]+= Aol
oi-3sh= & A&
— There is little effect of orientation  If Pulling force, F, > (dy/d©),, — Rotating

—> How metastable equilibrium? — force (torque) 19

Minimumy ~torque =0 No rotation!




If the boundary E is independent of orientation,

* General high angle boundary : dy/d0 = 0 (GB behaves like a soap film)

— Under these conditions the requirements for metastable equilibrium at junction
between three grains is that the boundary tensions y,3, Y,3, Y1, must balance.

3) The balance of GB tensions for a GB
intersection in metastable equilibrium

Y13 V23 — V31 _ V12
smm@, smmé, siné,

(Eq. 3.13)

Grain 3
if all GBs have same GB energy independent
Vs 4 b o Grain 1 of boundary orientation
1
0 - 0 =120°
‘ Eq. 3.13 applies to any three boundaries
Grain2 vz i.e. grain 1~ different phase to grain 2 & 3.
Ex) If the solid-vapor energy (ysy) IS Vsv Yo vapor 1
the same for both grains, 0 w v
::l apor
& Solid
2¥ o CDSE =¥, Solid
grain 2 grain 3

(Here, presence of any torque terms ~ neglected)

One method of measuring GB energy: Yb

: anneal a specimen at a high temp. and Fig. 3. 18 The balance of surface and

then measure the angle at the grain boundary tensions at the intersection
intersection of the surface with B. of a grain boundary with a free surface.



* Junction between coherent and incoherent twin boundary segments
showing the importance of torque effects

Incoherent
twin

: the orientation dependence of twin boundary E, Fig. 3.13b - i

— Itis energetically favorable for twin boundaries to align themselves ~— Coherent twin
parallel to the twinning plane. © -0 + 0 —

— If the boundary is constrained to follow a macroscopic plane that is near but not exactly
parallel to the twining plane, the boundary will usually develop a stepped appearance
with large coherent low-E facets and small incoherent high-E risers.

— does not minimize the total twin boundary E but minimize the total free E

]



* Junction between coherent and incoherent twin boundary segments
showing the importance of torque effects

(b)  Coherent ‘!‘ Torque forces

s Incoherent sk

- -
Ye .~ Incoherent
Yi
(c) [ P

LT Ve ;'é‘;
It

: s e
(a) twin B in a thin foil specimen as imaged in the TEM, (b) & (c), the coherent and incoherent segments of the twin B.

At the coherent/incoherent twin junction as shown in (b),
incoherent twin B tension, y; must Likewise, coherent twin B tension,y, However, since v, is usually very small,

balanced by a torque term must balanced by a torque term the incoherent interface need only lie
"""""""""""" in a rather shallow energy cusp.

fy, < dy/de: Ye = dy;/d0O

From energy consideration,

if (metastable) equilibrium exists at P in Fig. (c), then a small displacement such as that shown should either
produce no change or an increase in the total free energy of the system, i.e. dG>0

considering unit depth a small displacement 8y at P will increase the total free E by an amount

dG = | (dy/d6) 80 -y, &y > 0 ('8, ~1d0) = iy <dy/do:



Q: Grain boundary (a/ a interfaces)

= Boundaries in Single-Phase Solids

(a) Low-Angle and High-Angle Boundaries
(b) Special High-Angle Grain Boundaries
(c) Equilibrium in Polycrystalline Materials

@ Thermally Activated Migration of Grain Boundaries

: Grain coarsening at high T, annealing due to metastable equilibrium of GB

23



Considering factors of G.B. growth
(a) Pinning particle
(b) 2"d phases
(c) Anisotropic o, M
(d) Impurity (solute) drag
(e) Strain energy

(f) Free surface

24



GB intersection: Balance of 1) boundary E & 2) surface tension

3.3.4. Thermally Activated Migration of Grain Boundaries

If the boundary is curved in the shape of cylinder, Fig. 3.20a,
it is acted on by a force of magnitude y/r towards its center of curvature.

Therefore, the only way the boundary tension forces can balance
in three dimensions is if the boundary is planar (r =) or if it is
curved with equal radii in opposite directions, Fig. 3.20b and c.

Balance
in three dimensions

Net Force due to Surface Tensioné ~_

7& 7

Fig. 3. 20 (a) A cylindrical boundary with a radius of curvature r is acted on by a force y/r
(b) A planar boundary with no net force. (c) A doubly curved boundary with no net force.

A random grain structure is inherently unstable and, on annealing at high temperatures, the
unbalanced forces will cause the boundaries to migrate towards their centers of curvature. o5



a) Direction of Grain Boundary Migration during Grain Growth

For isotropic grain boundary energy in two dimensions,

Equilibrium angle at each boundary junction? — 42(Q° 3 boundaries intersections

Equilibrium angle at each boundary junction in 3D? — 1(09°28’ A corner formed
by 4 grains

Morphology of metastable equilibrium state — Migration during annealing

Effect of different boundary curvatures
in two dimensions

Boundaries around Grain < 6

, grain shrink, disappear

Boundaries around Grain = 6 ‘Q N L
- equilibrium oAty
Boundaries around Grain > 6 ’d l N

; grain growth T

Fig. 3. 21 Two-dimensional GB configurations, The arrows indicate
the directions boundaries will migrate during grain growth.

) Reduce the # of grains, increase the mean grain size, reducing the total G.B. energy
called grain growth (or grain coarsening): at high temperature above about 0.5 T,



Grain Growth (Soap Bubble Model)

Fig. 3.22 Two-dimensional cells of a soap solution illustration the process of grain growth. Numbers are time in minutes.

27



Example of Grain Growth simulation in 3D

28




b) Grain Coarsening at High Temp. annealing (above about 0.5 T,):

The atoms in the shrinking grain detach themselves from the lattice on
the high pressure side of the boundary and relocate themselves on a

lattice site of the growing grain.

Boundary
motion

Grainl T Grain2 —_—

(a) 3§ — (b)
Fir. 3. 23 (a) The atomic mechanism of boundary migration. The boundary migrates to the left if the jump rate
from grain 1 — 2 is greater than 2 — 1. Note that the free volume within the boundary has been exaggerated for clarity.

(b) Step-like structure (=™ %) where close-packed planes protrude into the boundary.
29




* Grain coarsening at high T annealing curvature ~ AP ~ 4y

— metastable equilibrium state

# | size 1 Grain A __ Grain B
High- energy grain Low- energy grain ngh energy Low energy
\ I ...................................................
_AG=2Vy/r~Ap | GibbsThomson Eq
Unit area —— A J L .L B . effect of pressure difference by curved boundary
N | SO s .. :
SO \ N == Driving force for grain growth : F
Ry \ If unit area of GB advances a distance éx, # of moles

Grain boundary  of material that enter grain B
Fig. 3.25 A boundary separating grains with different free energies e
is subjected to a pulling force F. SX (l/Vm)

. . AG
1) Pulling force per unit area of boundary : = (Nm?) (Eq 3.18)
Applies equally to any boundary whose migration causes Vm

a decrease in free energy, i.e. during recrystallization,
the boundaries btw the new strain-free grains and the
original deformed grains 30

Free energy difference per unit volume



Q: Grain boundary (a/ a interfaces)

(a) Low-Angle and High-Angle Boundaries
(b) Special High-Angle Grain Boundaries

(c) Equilibrium in Polycrystalline Materials

® Kinetics of grain growth

- Grain boundary migration () by thermally activated atomic jump

AnvV,? ( AGGJAG' ---------------------------------------------------------------------------- g
= exp| —

v ~ AG/V,, driving force :

M : mobility = velocity under unit driving force ~ exp (-1/T)
rate of grain growth dD/dt - 1/D) , exponentially increase with T

14
— Q - k tn ( Experimental: n << 1/2, %2 at pure metals or high Temp.)

- Mobility of GB~ affected by both type of boundaries and GB segregation
or 2" phase precipitation

i.e Normal grain growth <—> Abnormal grain growth 31



2) How fast boundary moves? : Grain Growth Kinetics
Effect of the driving force on the kinetics of boundary migration
Grain boundary migration by thermally activated atomic jump
*(1) — (2) : Flux 1

(1) atoms in probable site : n, o ‘
Vibration frequency : v, g N
A, : probability of being accommodated in grain (2) : 0 \/,}G
— A,n; v, exp(-AG?¥RT) atom/m?s =], , — i (2)_1_ -
*(2) —() : Flux : o o

Distance
— A n,v, exp[-(AG2+AG) /RT] =J,_,
When AG=0, there is no net boundary movement.
A,n; v;=A,;n,v, = Anv

When AG >0, there will be a net flux from grain 1 to 2. (For a high-angle GB,A;=A;~1)

(A, n; vi=A,n,v, = Anv)

Jo = J1ay = S5y = Anv exp(-AG?2/RT) [1- exp(-AG/RT)] 32



Ji .y - Jr1 = AnVexp(-AG#/RT) [1- exp(-AG/RT)]

« If the boundary is moving with a veloaty v, the above flux must also be equal to

J=ve.Cg = V/(V,/N,) (V./N,: atomic volume)
Diffusion flux

If AG is small [AG << RT] — Apply Tayler expansion to exp (- AG/RT) term

|\|a RT RT Vm .........................................................................
.......................................................................... -~ F = AG/Vm
M: bili f boundary,
or v =M-AG /Vm i.e.,nt1l?e vgo:ity 3:2; L)llnit driving force
2 a . a
where M = ANV Vo, exp AST exp AR
N, RT R RT

exponentlally increase with temp

—> The boundary migration is a thermally activated process.
(A7 o1 5-2 2ata] Y 2edst 2) %

o v =



* Kinetic of grain growth

1) driving force F = AG/V,, — v=M(AG/V,) Boundary velocity

Pulling force M : exponentially increase with temp.

Mean grain size (diameter) : D

| Mean radius of curvature of boundary : r
W / if D o< r,

T

Mean velocity : V = aM (AG/V,))=dD/dt  (AG =2yV,/r)

OLM(Z’Y/D) =dD/dt (o = proportional constant ~ 1)

V (rate of grain growth) ~ 1/D , exponentially increase with T

34



Mean velocity : v = oM (AG/V ,)=dD/dt (AG =2yV_/r)
= (IhI(Z'{D) =dD/dt (o = proportional constant ~ 1)

Integration of previous eq. from D, to D,

DA .-, Single phase

D
— |D dD =] 2aMydt )

> 4 With particle

dispersion

— Y% (D? - D,?) = 2aMyt
— (D?-D?) = 4aMyt = kt
— D?=D_.% + kt >t

r = average radius of particles
f, = volume fraction of particles

— D = k'tn (experimental : N << V2, V2 in very pure metals or only high temp.)

Slngle ph ase " the velocity of GB migration, v is not linear function of AG.
--------------------------------------- — M is not a const. but varies with AG and thus also with D.
— Variation of M in alloys could arise from solute drag effects.
(M in alloy is relatively slower than that of pure metal)
35



Whose mobility would be high between special and random boundaries?

By considering grain boundary structure, (Mobility depending on GB structures)

[ High energy G.B. — relatively open G.B. structure — High mobility

Low energy G.B. — closed (or denser) G.B. structure — Low mobility
Samel(gféging force Ex) 1) coherent twin boundary

But, . ~ almost entirely immobile
Ideal “ Real .... -~ 3 ~ 0 Special
ﬁ ~ boundaries

-1

2) The other special boundaries are
usually more mobile than random
high-angle boundary. Why?

~ . A

A 36°—42° (111)
\3\' 23° (111) A

26°-28° (100) O

§\ 0O Less sensitive to impurities

~

0.1
If the metal were “perfectly” pure

the random boundaries would
have the higher mobility.

‘Random’ Decreases rapidly with
{ grain boundariesincreasing alloy content

0.01 3 More sensitive to impurities

t

— Due to differences in the interactions
of alloy elements or impurities

with different boundaries 0001

Rate of grain-boundary migration at 300°C mm min

t.

Increasing Sn contents —>

] l 1 l 1 I
0 0.002 0.004 0.006 36

Concentration of tin, wt%

Migration rate of special and random boundaries at 300 °C
in zone-refined lead alloyed with tin under equal driving forces




Grain boundary enrichment ratio B, ~ X,/

108
10t —

100 u%e—Sn Fe—5n _

vEe-Cr ro i /
yFe—Mn

4yFe-Ni 08pe_sj

8

o

- AISI 334? -5b ]

AG,, tendency for segregation,
and GB enrichment ratio, X, /X,
increase as the matrix
solubility decreases.

[FFe-N SFe-p
C, Mn steel-Sb

o5, YECP

c A,°¢Fe—51
u—Au

l I I I

1

1072 107*
Atomic solid solubility %,

<Increasing GB enrichment with decreasing
solid solubility in a range of system>

X, : matrix solute concentration/ X,_: boundary solute concentration
AG, : free energy reduced when one mole of solute is moved to GB from matrix.

— The high mobility of special boundaries can possibly be attributed to a low solute drag on
account of the relatively more close-packed structure of the special boundaries.

* Solute drag effect

In general,
G, (grain boundary E) and mobility of
pure metal decreases on alloying.

~Impurities tend to stay at the GB.

Generally, AG,, tendency of seg-
regation, increases as the matrix

solubility decreases.

= AG, :
: X, =X, ex =K
N 0 pRT'

Xp/Xy: GB enrichment ratio

- Decreases as temp. increases, i.e.,
the solute “evaporates” into the matrix

Low T or A Gbﬁ X, ﬁ Mobility of G.B.ﬂ
— Alloying elements affects mobility of G.B.




Normal Grain Growth

e Grain boundary moves to reduce
area and total energy

e Large grain grow, small grains shrink

e Average grain size increases

e Little change of size distribution

Frequency

>

Grain diameter

Ref. Hillert ACTA Mater. 13 227 (1965)

38



Abnormal Grain Growth

(high mobility of special GBs — development of recrystallization textures)

O Discontinuous grain growth of a few selected grains
- Local breaking of pinning by precipitates

- Anisotropy of grain boundary mobility Y
- Anisotropy of surface & grain boundary energy & 4
- Selective segregation of impurity atoms e
- Inhomogeneity of strain energy gf Pl

_ —p

1 Bimodal Size distribution Grain diameter

L DA
B




Abnormal Grain Growth

ex) Si steel = improvement of “soft magnetic property”
= discontinuous grain growth or secondary recrystallization

e

RAL,

A
3 ' C
b § ! e "a't*‘

Fig. 5.48. Evidence for the preferential formation of (110){001]-oriented grains
by secondary recrystallization in 5% Si-Fe (Graham [1969]).

Figure 5.87 Optical micrograph showing abnormal grain growth in a fine grain
steel containing 0.4 wt' carbon. The matrix grains are prevented from growing
by a fine dispersion of carbide particles that are not revealed. Magnification

% 135, (After Gawne and Higgins 1971. Courtesy of the Metals Society.)




Q: Grain boundary (a/ a interfaces)

= Boundaries in Single-Phase Solids

(a) Low-Angle and High-Angle Boundaries
(b) Special High-Angle Grain Boundaries

(c) Equilibrium in Polycrystalline Materials

@ Effect of second-phase particle on GB migration
. Zener Pinning

.................... DA _ - Single phase
— 4r : -
max ~
3f, o
--------------------- f ‘ .
With particle
dispersion




Schematic diagram illustrating the possible interactions of
second phase particles and migrating grain boundaries.

pinning by particles

dragging




Pinning by particle

0.5um

43



A 2 o] EA o) AUl HAb pinning pressure
Effect of Second-Phase Particles
on GB migration

>y
O

P
N
j
O

O o
Driving force ~
for grain growth

Interaction with particles Zener Pinning

Iy

Derive the expression for the pinning effect of grain boundary migration
by precipitates.

7 Siné vSirne since 7ysin{#} = force per unit length

— T T N ey,

i circumference
line of contact

Dragging force so that at 6 = 45°

|

Maximum force exerted by a single particle
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Interaction with particles Zener Pinning

f,= volume fraction of randomly distributed particles of radius r

. . f
N, = NUMber of particles per unit volume N=—"—
4amr’
3
"-~ i -
4 4 \, If the boundary is essentially planar,
‘~~-' l“; "'
H L7 _ _ 2
Ninteract = 2MNiora = 3f,/27r
' ,‘ "\‘ Mean # of particles intersecting unit area of a random plane
P :
A R
) Sem? Given the assumption that
{ a all particles apply the maximum pinning force,
A
.,"'\} the total pinning pressure
i A y
P S 3f 3f
P=—"5 7ry= 74
: 2 21
—>
2r This force will oppose the driving

Only particles within one radius (solid circles)  force for grain growth, 27//5
can intersect a planar boundary




Interaction with particles Zener Pinning

pinning pressure
O ﬁ 0O

"

'\q/
O ®
Driving force
for grain growth D

— F =2y/r = AG/V_, (by curvature)

* Effect of second-phase particles

on grain growth

: Stabilization of a fine grain size during he
at high temp. — large volume fraction (f

very small partlcles (rl).

fyer

3f, —_— 3f,y

27r° 2r
This force will oppose the driving

P=

force for grain growth, 27//D .
_ .............. 4r

2—7/ — 3fV7/ — EDmax =

D 2r : 3f,

Driving force will be 1nsuff1c:1ent to overcome the drag
of the particles and grain growth stagnates.

For fine grain size

— a large volume fraction of very small particles

D\ _. Single phase
.77 5 D=kt
L
4 With particle
dispersion
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Summary for today'’s class Equilibrium in Polycrystalline Materials

« Thermally Activated Migration of Grain Boundaries:

Metastable equilibrium of grain boundary (Balances of 1) boundary E + 2) surface tension)

— real curvature (AP — AG: Gibbs Thomson Eq.) —* F = 2'Y/I‘ = AG/Vm (by curvature)

. . . . (Pulling force per unit area of boundary)
— Grain coarsening at high T annealing

o Kinetics of Grain Growth

- Grain boundary migration (v) by thermally activated atomic jump

2 N I P
Boundary velocity :y4y— ANVVy, _AG 4G iV ~ AG/V,, driving force
E NaRT RT Vm ........................................................................
o ~ F = AG/V,,

M : mobility = velocity under unit driving force ~ exp (-1/T)
rate of grain growth D/dt ~ 1/D , exponentially increase with 7

’ b A . Single phase
— Q = k tn(ExperimentaI: n << 1/2, Y at pure metals or high Temp.) e

~

f

- Mobility of GB~ affected by both type of boundaries _- .

With particle
dispersion

and GB segregation or 29 phase preC|p|tat|on

Ex) Effect of second-phase particle - Zener Pinning — 4r :

il 4




Summary for today’s class

e Grain Growth

- Normal grain growth <{—>  Abnormal grain growth

(high mobility of special GBs
— development of recrystallization textures)

—>

—e— e = = = e =

@
£

Frequency
Frequency

Grain diameter
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