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Contents for today’s class Thermodynamic factor

: I _ _ . 9Ny
« Atomic Mobility @—@RTF F=+s XB)

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.



Q: What conditions high-diffusivity paths’
(grain boundary, dislocation) diffusion is important?

Grain boundary diffusion makes a significant contribution D =D +D 0
: | b y:
only when D, 06 >Dd. | (T<0.75~0.8 T,) d

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.



2.7. High-diffusivity paths

Real materials contain defects.
= more open structure mm) fast diffusion path.
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2.7.1 Diffusion along grain boundaries

Atoms diffusing along the boundary will be able to penetrate much
deeper than atoms which only diffuse through the lattice.

In addition, as the concentration of solute builds up in the boundaries,
atoms will also diffuse from the boundary into the lattice.

Metal A Metal B

Al

Composite between plastic matrix and a continuous network of Al sheets

Weld interface

* The effect of grain boundary diffusion combined with volume diffusion.

: Rapid diffusion along the grain boundaries
— increase in the apparent diffusivity in the materials as a whole



2.7.1 Diffusion along grain boundaries

Q Q

D, =D, exp(-—— D, = Dy, eXp-
| | VS b bo
0 RT RT
more open structure Qb ~ Y2 Q|
TABLE C;s;al Structure 1 Dm;mzs - : Q,/RT,, VS —gl ~18
2.3 Boa 18. 10.0 in fcc and hep metals
- B 670 11.7
Hep | 54.8 - 108
10_6 Tm 1 Tml/z ] '1.‘7“;/3

Temperature dependence 10-10 |

1) Dliq ~ DpnearT,, 10~14

2) With decreasing T,

D,/Dy |

10—18

Diffusion coefficient, m?/s

10722
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el T e L
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FIGURE 2.25 Temperature dependence of typical lattice and grain boundary self-diffusion
coefficients for fcc metals. 7,, is the melting temperature. (Based on data in A.M. Brown and
M.E. Ashby, Acta Metall., 28:1085 (1980) assuming grain boundary thickness, ¢ =0.5nm.
Dotted line drawn for d = 50 um. Data for diffusion in the liquid is from N.A. Gjostein, Diffusion,
Amer. Soc. Metals, Metals Park, OH, p. 241 (1974).)



2.7.1 Diffusion along grain boundaries

Impurities and solutes in _
dilute solid solution tend to —> i~ ( D,  lattice
segregate to grain boundaries

Surface

1) at equilibrium, the mole fraction ]ifb) ~ Cypy— €y Y
of solute in the solute on the A
boundary, X 2, is greater than the > Jp D, boundary

mole fraction in the adjacent a v T

NCb

grain, Xg (Xlsj‘ > Xfé‘) 2

2) As the temperature decreases,
the ratio x2/ X% increases.

)
|:> Segregation (concentration gradient)

Concentration

Segregation ratio, s, s = C/ C I(b)

in terms of concentrations expressed
as amounts per unit volume.

In the case of self — diffusion, § = 1 Distanice froin SAcEice

FIGURE 2.26 Model for diffusion of a surface deposit into a metal or alloy through the grain and
along a grain boundary. Grain boundary considered to be a film of thickness & in which the diffusion
coefficient is D,,. Line C;, shows the concentration of the diffusing species in the boundary, line Cy;
the concentration in the lattice adjacent to the boundary, and C; the concentration in the lattice far
from the boundary. C,/C; = s, the segregation factor.



2.7.1 Diffusion along grain boundaries
FIGURE 2.27 Types of grain boundary vs. lattice diffusion kinetics.

depending on grain size, temperature and segregation factor

Type A Type B Type C
d < /Dt s K /Dt K d JDit K s8
Grain size Diffusion distance in the lattice
1 1 ¢ 1
Small grain size & Dy, > D, At sufficiently low temp.
D, = qséD,/d d
1 1 1
1 1 1
< > — | | < >
D,t JDit JDpt
Poly crystalline metal behaves Leakage from the grain boundaries Diffusion distance in the lattice
macroscopically like a single crystal only affects a very small fraction of can be so small that leakage from
having an effective diffusion coefficient the grain volume. The effects of the GB is essentially nonexistent.
equal to the weighted average of the lattice diffusion are limited to the The GB phase is effectively isolated
boundary and lattice diffusivities: near-surface region. from the adjacent lattice.

D, =sfDp+ (1—sf)D,
f: volume fraction of GB =qd/d

(. geometrical factor related to grain shape




2.7.1 Diffusion along grain boundaries
D, = qséD;/d — when s =1 (self-diffusion), D}, can be obtained from 3 different conditions.

For impurity diffusion, S > 1 and, like D, itself, it also varies exponentially with Temp.
Usually, the temp dependence of S will be unknown, which makes it impossible to determine D,
for impurity diffusion from experiments in the A and B regimes alone. But, measurement at various

temp in the C regime allow the determination of 6D, — extrapolation — temp dependence of S
Temperature, °C

i 700 500 300 200 150
10 s B R T T T T T

-, ) varies over the range ~2-1000
10T i sDy, es over the range studied
5 i Y (see Excercise 2.11).
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FIGURE 2.28 Results of tracer impurity diffusion of silver in copper grain boundaries assuming
0 =0.5nm. T, =1085°C (1358 K). (Data from tables in S. V. Divinski, M. Lohmann and Chr. Herzig:
Acta Mater. 49:249-261 (2001).)




Combined diffusion of grain boundary and lattice
: What conditions grain boundary diffusion is important?

Assumption: GBs are perpendicular tot the sheet, steady-state diffusion, Concentration
gradient§ in the lattice and along the GB are identical,

| o ; dc
: ' : Jg - —D[ -t
Iﬁ I — /}, dx
5 dC dC
f f ——t Jy=—Dj—=—sD,~ "
d dx dx
+ /,_, d Kd - é+d~=d &forunit depth,
X
D6 + D,d \dC
J=(J16-1+ J,d-l)/(d+5)=:—(s = )—‘
d dx
) Cb= SCI
C A___C'____Cll ................................................ .E ,..b ................... 5...5.....
] W P I Y W)
- f or: Di bd
>
& : grain boundary thickness~0.5nm * Thus, grain boundary diffusion
d: grain size makes a significant contribution
D,,, : apparant diffusivity only when SDo > Dld'
10

Fig. 2.29 Combined lattice and boundary fluxes during steady-state diffusion
through a thin slab of material.



The relative magnitudes of sD, 6 and D,d are most sensitive to temperature.

_ Q Q
Dy, = Dy, eXp(—R—_kI)_) D, =D, eXp(—ﬁ

Decreasing temperature —-

_Ql2.3R T AT e LT T L oTavEvEvavavaTHI

SDb‘

(T<0.75~08T,) Due toEQb < Ql,é (Q, =0.5Q))
—~ D

log D

the curves for D,and sD,6/d cross
in the coordinate system of InD versus 1/T.

) ¥
1T GB diffusion is dominant increases a so/d increases.
Fig. 2.27 Diffusion in a polycrystalline metal.

=) Therefore, the grain boundary diffusion becomes predominant
at temperatures lower than the crossing temperature.
(T<0.75~0.8 T,)

The diffusion rate depends on the atomic structure of the individual boundary =
orientation of the adjoining crystals and the plane of the boundary. Also, the
diffusion coefficient can vary with direction within a given boundary plane. 1



The dotted line in the following Figure indicates that for self-diffusion (s=1) in an fcc
metal with a grain size of 50 um (=10°6) this would be the case below about 0.6 T,,).

Im Tm/2 Tm/3

10-°

10—10 L
10—14 _
10—18

10—22 "

Diffusion coefficient, m?/s

10—26

Ton/T

FIGURE 2.25 Temperature dependence of typical lattice and grain boundary self-diffusion
coefficients for fcc metals. 7, is the melting temperature. (Based on data in A.M. Brown and
M.F. Ashby, Acta Metall., 28:1085 (1980) assuming grain boundary thickness, 0 =0.5nm.
Dotted line drawn for d = S0 um. Data for diffusion in the liquid is from N.A. Gjostein, Diffusion,

Amer. Soc. Metals, Metals Park, OH, p. 241 (1974).) 12



2.7.2 Diffusion along dislocations

] & | L

iEEae s ﬂ Total area of
e 1 pipe = g per unit area
= 5/ : 7 of lattice
=" = |
Ly = C — D
B = | >
Dislocation/y.-.T : D

-
)
S A
, *
L/ Unit area

Composite between plastic matrix and Al wires
Fig. 2.30. Dislocations act as a high conductivity path through the Iattice.

D

app = ? hint) ‘g’ is the cross-sectional area of ‘pipe’ per unit area of matrix.
mpo| Lot 7| X9 FEHA

O . w 7]

13



ex) annealed metal ~ 105 disl/mm?2; one dislocation(+) accommodates
10 atoms in the cross-section; matrix contains 103 atoms/mm>.

g = cross-sectional area of ‘pipe’ per unit area of matrix

At high temperatures,
diffusion through the lattice is rapid and gD /D, is very small
so that the dislocation contribution to the total flux of atoms is very small.

the curves for D,and gD_/D, cross in the coordinate system of InD versus 1/T.

At low temperatures, (T<~0.5T,)
gD,/D, can become so large that the apparent diffusivity is entirely
due to diffusion along dislocation.

14



Q: How can we formulate the interface (a/[3, B/VY)
velocity in multiphase binary systems?

V= dX { ( ) aCa _ E)(,B) a(:Bﬁ} (velocity of the o/ interface)

dt  (C2- c:”)

15



2.8 Diffusion in multiphase binary systems (T} 29 7| 9] SHAL

16



Tlh

2.8 Diffusion in multiple binary system

A diffusion couple made by welding
together pure A and pure B A B

What would be the microstructure l
evolved after annealing at T, ?

A hypothetical phase diagram

— a layered structure

containing a, B & .

Draw a phase distribution and composition profile
in the plot of distance vs. Xz after annealing at T,.

!

Draw a profile of activity of B atom, P
in the plot of distance vs. ag after annealing at T,.

Distance —»

G

Distance —»

A or B atom— easy to jump interface (local equil.)

— wa %= uaP, waP=p,Y at interface

(aAa: %B, QA\B — qD\y) Flg 231(C)

K
ge)
o<
>€

A possible varlatlon of activity of B(gg)

\ﬁ
\

$

\

0 ag —

117



Complete solution of the diffusion equations for this type of diffusion couple is complex.
However, an expression for the rate at which the boundaries mover can be obtained as follows.

How can we formulate the interface (a/(3, Bly) velocity?
If unit area of the interface moves a distance dx,

a volume (dx[1) will be converted § < o
from o containing Cg® atoms/m?® [ %e" = =e']
to B containing CgP atoms/m?. (Cg —Cg)dx . shaded area

Cp

B e ikt R i e
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o which quantity?
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Fig. 2.32. Concentration profile across the a/f interface and its associated movement assuming diffusion control.



Local equilibrium is assumed.

. aflux of B towards the a flux of B away from the
. interface from the B phase . interface into the o phase

acﬁ § § 0C?

-
T Q
[

In a time dt, there will be an accumulation of B atoms given by

2 0C _ 93
I _ %—f=—Dgf = 5t T ox | e _
- [Jg-da] dt : 2 : dCalx

........................ { (D('B)aCb]_ (_D( )BCa]}dt_(Cb Ca)dx

Accumulation of B atoms during dt
dx 1 0C.* <, .. 0C.°
=—=————<D(a ) -D(B)—
dt  (C,°-C.%) ox
(velocity of thex ,H interface)

19




Contents for today’s class Thermodynamic factor

+ Atomic Mobility @:@RTF F =@+ jl';‘)yf)

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 D, >D, > D, ¢ A > A > A

Grain boundary diffusion makes a significant contribution D

only whenD, 6 >Dd.| (7<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 _ {D ( ) 0Cq OC (velocity of the a/p interface)

dt (Cﬁ Ca) 20




* Homework 2 : Exercises 2 (pages 108-111)

until 18t Ooctober, 2023

21



Contents in Phase Transformation

Background

to understand
phase
transformation

Representative
Phase
transformation

(Ch1) Thermodynamics and Phase Diagrams

(Ch2) Diffusion: Kinetics

(Ch4) Solidification: Liquid - Solid
(Ch5) Diffusional Transformations in Solid: Solid - Solid

(Ch6) Diffusionless Transformations: Solid - Solid

22



Contents for today’s class

Chapter 3 Crystal Interfaces and Microstructure

1) Interfacial Free Energy

2) Solid/Vapor Interfaces
3) Solid/Liquid Interfaces

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

6) Interface migration

23



Q: Types of interface in metallic system?

24



* Types of Interface

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

1. Free surface (solid/vapor interface)

2. Grain boundary (a/ a interfaces)

> same composition, same crystal structure

> different orientation

vapor

. Important in vaporization and

‘ solid condensation transformations

: Important in recrystallization,

1.e. the transformation of a
highly deformed grain structure

into new undeformed grains,
and following grain coarsening
and grain growth

3. inter-phase boundary (a/f interfaces) : “Important role in determining the kinetics
of phase transformation/ complex”

> different composition &

crystal structure

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

O ®
O

—> defect

—> energy’!

25



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

26



3.1. Interfacial free energy

Interfacial energy (y: J/m?)

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

vapor . i : (excess free E arising from the fact
— G=G,+ yA that some material lies in or close

— Gy + G :
‘ solid ‘ SRR to the interface)

interface

27



3.1. Interfacial free energy

Interfacial energy (y: J/m?)

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

vapor . i : (excess free E arising from the fact

— Gpuk T Ginterface — G=G,+ yA that some material lies in or close
‘ solid ‘ e to the interface)
Interfacial energy (y) vs. surface tefn,sioﬁ (F: a force per unit length)
1) work done : FdA=dG " ///
2)dG =y dA+Ady 2 Liquid //
film —
) &
LF=y +Ady/dA \>/
In case of a lig. film, dy/dA =0, F=y (N/m = J/p?) 2
Ex) lig. : dy/dA = 0 Why? Maintain a constant surface structure by rearrangenent
(1ndependent S A, Bl 3 A NGuid fli6R 3 Wit Trame.

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

At near melting temperature dy/dA=0 - F=y (N/m = J/nm?)
(high enough atomic mobility) 28



Q: Free surface (solid/vapor interface)?

(a) Egy Vs ¥ ?
Extra energy per atom on surface £ H oL A]

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

Esy=3€2=025Ls/N, —> pg,=0.15Lg /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

29



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 (h2+k?+I2) increases

00000,
o S 2
00000,

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)/2 where a is the lattice parameter.)

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

R4

# of Broken Bonds per atom at surface?>’



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

2005 - S.G. Podkolzin

31



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 /u‘ /J /J
<+ < <

# of Broken Bonds per atom at surface? 32



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 1

3
(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 N_g/2
. . . d
(Latent heat of melting + vaporization)

Energy per atom of a {111} Surface?
Eq,=3€2=0.25L, /N, GioiLny = Egyvsy?

“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.

(1 mole of solid = 12 N,)

y interfacial energy = surface free energy < Gibb’s free energy (J/m?)
—-y=G=H-TS
=E + PV -TS (if PV is ignored) (Egy T Y1)

—vy =E_,, - TS, (S, thermal entropy, configurational entropy)
surface>bulk Extra configurational entropy due to vacancies
—i 0y /0T = - 8 i: surface free energy decreases with increasing T

----------------------------- o

0< S <3 (mJ/n?K-1) due to increased contribution of entropy 34



*EgyVvsy?

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

Eqy=3€2=025L/N, —> 9y, =0.15Lg /N, J/surface atom

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

TABLE 3.1 Average Surface Free Energies of Selected Metals

Crystal T, (°C) 'yw{m] m ?)
Sn 232 T
= = o, Tm
Al 660 1080 g 0|23, near
Ag 961 1120
Au 1063 1390
Cu 1084 1720
o-Fe 1536 2080
Pt 1769 2280
W 3407 2650
yof Sn: 680 mJ/m (T, :232°C) cf) G.B. energy y,, Is about one third ofy;,

yof Cu : 1720 mJ/n# (T, : 1083°C)

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

35



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} — vy, will increase
along the same series (if different entropy term is ignored)

A crystal plane at an anqgle 0 to the cIo’se-packed plane will contain broken
bonds in excess of the close-gacke’d}blane due to the atoms at the steps.

4”’ /,
° ° ° _ -~ 4
Surface with high {hkl}.index iﬁ j
. - /\l' I : %)
n R T 2 N G
et oo o e L] g
ot R A L ) 8
Rt IR IR T g
LA LT o
.... al
---- 3
i —
J =
—| a |« £

N
cos 0/a broken bonds
Fig. 3.3 The ‘broken-bond’ model for surface energy.

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

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



Surface energy for high or irrational {hkl} index

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

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

Attributing €/2 energy to each broken bond,

!

| / :
SRR )
Ixa 2\ a a
z—:(cc}s 0 + si11( ‘5 ‘ ))

2
2a

A

E

E-O plot | By =3e2=025L3 N,

-

- 0 + 0
Fig. 3.4 Variation of surface energy as a function of 8

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

index planes they can even disappear.
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Q: Free surface (solid/vapor interface)?

(a) Egy vs Yy ?
Extra energy per atom on surface

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

Esy=3e2=025L4/N, —> 1y, =0.15Lg /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

38



Equilibrium shape: Wulff surface

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

— Construct the surface using v, 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; , Y,
Total surface energy A+ A,y ...

=Y A Y, — minimum

— equilibrium morphology

. can predict the equilibrium shape of

an isolated single crystal

How is the equilibrium shape
deterMmiN@d? .. sesesssseseessanaes 5

crystal shape

&

_____ — e

v-0 plot
Due to entropy effects the plot are
less prominent than in the Eg,-0 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 4

\

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

Figure 1: The process of YWulff shape intersection for two cubic Wulff shapes with displaced onginzs and
rotated coordinate systems, Each individual shape has cubic symmetry 37 and [100] facets.
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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 v is isotropic, as for liquid droplets, both the y-
plots and equilibrium shapes are spheres.

(001)
A Wulff plane P y plot
./ )
INVZ X
B (111)
Y VA Yoo /
/ \Ya a
\
\ Y(111) e L e "
110) Equilibrium shape of FCC crystals
o0
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

plane whose normal lies in

the direction OA. 41

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



Q: Free surface (solid/liquid interface)?

Faceted interface vs Diffusion interface (non-faceted)

Ys. = 0.45 y, (= 0.15ys,) for the most metals
(fcc & hcp~0.55y, / bcc~0.3 y,)

> Ysv> YsL + Y

42



Interphase Interfaces in Solid (a/PB)

3.3 Solid /LICIUId Interfaces: consequences for the structure and energy of the interface

Faceted interface Rather narrow transition zone approximately one atom layer thick
~ same as solid/vapor interfaces, i.e., atomically flat close-packed interface

: some intermetallic compounds, elements such as Si, Ge, Sb, and most nonmetals

?f ol
i**l
b et ey 0 Bl e
‘& ! A _ ‘ttnnnnaniln-iiitmii L)
-;.;.; ‘B #l-'l |l|i*|iljil1#11-.;.1:¢t|§l5.11
FAR AR st e R seN banny LA B
¢ﬁ|-i+i14#¢tit #-iﬁi

» _'.';r, .rﬁi *ﬂ.".-

.8 LR L Ll ui--i-'r.#i
'ltiwiliqp-iiajitqmatiiili lt*i#lltlit LR LA LT A LA X R E RN T L
s h b b A TR L L EY RN TR L 8. AEhhaan ;';:_ B EabeN vy
A L R Sy L e s Y e AL ' s gaeesials
(R ETI AL R L L ii‘?'ii*i;‘illiiiiifiiiiiiti.'i R AR LR LY
e At g gt e s titida et aiasatan Can s ge gasin [ L IITTIY &N

(c) (b) Solid

Fig. 3.6 Solid/liquid interfaces: (a) atomically smooth, (b) and (c) atomically rough, or diffuse interfaces.

Diffusion interface (non-faceted) Rather wide transition zone over several atom layers

: most metals, L;/T, ~ R (gas constant) ~automatically rough & diffuse interface 43



Primary Ag dendrite B’-SnSb intermetallic compound
in Cu-Ag atrix in Sn(Sb) solid so_l_u_tiqr_\_

el ' -+ ATy T

ot
F

LA
P ara

(a) Non-faceted (b) Faceted
- Free E ~do not vary with - Strong crystallographic effects
crystallographic orientation - Solidify with low-index close-packed facets

- y-plot ~ spherical 44



Primary Ag dendrite B’-SnSb intermetallic compound

in Cu-Ag eutectic matrix in Sn(Sb) solid solution
Weight Percent Antimony
1200 — o ., SO S [N . N S . S S .
11 I:II:I—; 1oa49] 630.735*C
1 . 003 3
10003 Liguid SEE
196149 |~ L
200 B 500 / 3
S o0 il o
2 ] % 55 4 = E I ®. w00 (sk) f
B 700 - g
E EDD—E B E 1004 / & / L
"~ ] L . @l
] 19681 0
500
] ! Zﬂ" E
] — ] (pSn)
4003 | 3 p
; T— _
0% — {  (so
znn: u-c_‘i.ﬁ{ .........................
0 10 20 30 40 =0 60 70 20 a0 100 0 0 s 30 s 0 &0 0 0 90 100
X atamic Percent  Cu Cuy Sn Atomic Percent Antimony Sb
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* Broken bond model — calculation of the E of solid/ liquid interface

0.5L;/ N, — 0.45L;/ N, (1e=n a9 44)  at equilibrium melting temp.

Table 3.1. Relationship between Maximum Supercooling,
Solid-Ligquid Interfacial Energy and Heat of Fusion®

Interfacial

Energy o oy ATyax
Metal {eres/em#) (eal/mole) oyl Ls {deg) HS
Mercury 244 206 .53 7

Gallium 55.9 o8] .44 Th

Tin RN 720 0.42 115

Bismuth 54 =20 .33 Hi

Lead 33.4 479 .54 =i

Antimony 101 1450 (.50 135

Germaninm 181 2120 0.35 297 Y
Silver 126 1240 (.46 227

Gold 132 15320 0.44 230 G5 ZZ% GL
Copper 177 13060 (.44 236

Manganese 206 1660 0.48 308

Nickel R 1 =60 .44 314

Cobalt 234 [ 00 (.44 Aall

Iron 204 [ S0 0.45 205

Palladium 200 1350 0.45 332 -T 88
Platinum 240 2140 0, l ] r||.| m

@ Data from D, Turnbull, J. Appl. Phys., 21, 1022 (1950] 1]]1 Ref. 3.

e T, S*

Yo =045 LJ/N, (=0. 15y5\,)
for the most metals N Eni— S —>7 2000 L -

(fCC & hcp~0.55 L/N,_ / bcc~0.3 LJN, ) Distance across interface

..................................................... ; o
st > YsL t Yo ¢ ; y ; *

interfacial energy, y




4.1.4. Nucleation of melting

Although nucleation during solidification usually requires
some undercooling, melting invariably occurs at the

equilibrium melting temperature even at relatively high rates
of heating.

Why?

In general, wetting angle =0 ——> No superheating required!
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Melting and Crystallization are Thermodynamic Transitions

Solidification: Liquid — Solid

<Thermodynamic>

- Interfacial energy = AT

Liquid T Solid

A

No superheatlng required!

vapor

o Interfaaal energy :> No A7y

Meltlng quwd <— Solid

49
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Contents for today’s class 1) Interfacial Free Energy

(a) Egy VS ¥V ?

Extra energy per atom on surface: ® of| L X]
Interfacial energy (y: J/m?)

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

vapor . i : (excess free E arising from the fact
— Gbulk + Gmterface _ — G = GO + yA that some material lies in or close
solid | e to the interface)

“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.

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

—Yy =E,, - TSSV (Sq, thermal entropy, configurational entropy) (ESV T-vy71)

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

— ay I9T = - S i: surface free energy decreases with increasing T

0<S<3 (mJ/n12K'1) due to increased contribution of entropy

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

Esy=3€2=025L/N, —> 1y, =0.15Lg/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

E

Attributing €/2 energy to each broken bond,
N

1 & cos@ 51'11‘6"
Eg = _l +
lxa 2 L a i J
_ glcos @ + sin( ‘*9 ‘ ) E-0 plot | En=3a2=025L,m,
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 vy is plotted versus 0 similar cusps are found (y-0 plot), but as a result of
entropy effects they are less prominent than in the E-0 plot, and for the higher
index planes they can even disappear. >1




Equilibrium shape: Wulff surface

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

— Construct the surface using v, 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; , Y,
Total surface energy A+ A,y ...

=Y A Y, — minimum

— equilibrium morphology

. can predict the equilibrium shape of

an isolated single crystal

How is the equilibrium shape
deterMmiN@d? .. sesesssseseessanaes 5

crystal shape

&

_____ — e

v-0 plot
Due to entropy effects the plot are
less prominent than in the Eg,-0 plot,

and for the higher index planes they
can even disappear



Interphase Interfaces in Solid (co/B) 3) Solid/Liquid Interfaces

3.3 Solid /LICIUId Interfaces: consequences for the structure and energy of the interface

Faceted interface Rather narrow transition zone approximately one atom layer thick
~ same as solid/vapor interfaces, i.e., atomically flat close-packed interface

: some intermetallic compounds, elements such as Si, Ge, Sb, and most nonmetals

Eliilitﬁlvii

il-"#**l‘Ii!iiiﬁ+1+-ilillti'1ii.ﬂ |ﬂp# !iili l-ll'll¥l|i!
R nnAn A AN EE R TLRE  e  E YA R LN 1}11'I'lliiliii.-'lirl#f
'1111iliqp-iiiliiqmitiiiliiltﬁi#lltl!# LS AL AL ER AN R LR T L L
ERT RIS R K AR T ‘-.'-l'*f gy FRBke g®. Sgheeak ll'_ '!il AE wd i-‘l:illlj-"
j#*ﬂi****ii'l*it.i titiriqllrtintt‘ii-ithniﬁ*i*itlti;trillii
(R ETI AL R L L iI‘?'ii*!“illigiit#!iiiii**."ilil R AL RS
2 AR LRSI RS ARR B R AR AR AR s at e s AR st s ARt idn W R LRI

(c) (b) Solid

Fig. 3.6 Solid/liquid interfaces: (a) atomically smooth, (b) and (c) atomically rough, or diffuse interfaces.

Diffusion interface (non-faceted) Rather wide transition zone over several atom layers

: most metals, L;/T, ~ R (gas constant) ~automatically rough & diffuse interface 53
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Chapter 3 Crystal Interfaces and Microstructure
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2) Solid/Vapor Interfaces
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5) Interphase Interfaces in Solid (a/3)

6) Interface migration



Contents for previous class 1) Interfacial Free Energy

(a) Egy VS ¥V ?

Extra energy per atom on surface: 1 of| L X]
|nterfacial energy (y: J/m?)

— Gibbsfree energy of a system containing an interface of area A

vapor i : (excess free E arising from the fact
— Gbulk + Gmterface _ — G = GO + yA that some material lies in or close
solid | e to the interface)

“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.

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

—Yy =E,, - TSSV (Sq, thermal entropy, configurational entropy) (ESV T-vy71)

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

— ay I9T = - S i: surface free energy decreases with increasing T

0<S<3 (mJ/m'ZK'l) dueto increased contribution of entropy

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

Esy=3€2=025L/N, —> 1y, =0.15Lg/N, J/surface atom 3
(" 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 bondsfrom the atoms on the steps

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

E

Attributing €/2 energy to each broken bond,
N

1 & cos@ 51'11‘6"
Eg = _l +
lxa 2 L a i J
_ glcos @ + sin( ‘*9 ‘ ) E-0 plot | En=3a2=025L,m,
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 vy is plotted versus 0 similar cusps are found (y-0 plot), but as a result of
entropy effects they are less prominent than in the E-0 plot, and for the higher
index 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 centery,

— Construct the surface using v, 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; , Y,
Total surface energy A+ A,y ...

=Y A Y, — minimum

— equilibrium morphology

. can predict the equilibrium shape of

an isolated single crystal

How is the equilibrium shape
deterMmiN@d? .. sesesssseseessanaes 5

crystal shape

&

_____ — e

v-0 plot
Due to entropy effects the plot are
less prominent than in the Eg,-0 plot,

and for the higher index planes they
can even disappear



Interphase Interfaces in Solid (co/B) 3) Solid/Liquid Interfaces

3.3 Solid /LICIUId Interfaces: consequences for the structure and energy of the interface

Faceted interface Rather narrow transition zone approximately one atom layer thick
~ same as solid/vapor interfaces, i.e., atomically flat close-packed interface

: some intermetallic compounds, elements such as Si, Ge, Sb, and most nonmetals

Eliilitﬁlvii
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(c) (b) Solid

Fig. 3.6 Solid/liquid interfaces: (a) atomically smooth, (b) and (c) atomically rough, or diffuse interfaces.

Diffusion interface (non-faceted) Rather wide transition zone over several atom layers

: most metals, L;/T, ~ R (gas constant) ~automatically rough & diffuse interface 6
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Chapter 3 Crystal Interfaces and Microstructure

1) Interfacial Free Energy
2) Solid/Vapor Interfaces
3) Solid/Liquid Interfaces
4) Boundaries in Single-Phase Solids

5) Interphase Interfaces in Solid (o/f)

6) Interface migration



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



3.4 Boundaries in Single-Phase Solids: definition

Grain boundary (a/a interfaces) Single phase - Poly grain
hkI)
L L1000 00 7

ololo \/

> same composition, same crystal structure

> different orientation (axis-angle pair)
(hKl)

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

570 At 2R ET WA of. & A2UH The AR A H YAHY] FHIA 9

2 v g
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3.4 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

Rotation

——— axis
#"-'ﬂhf \

Boundary Boundary
Fig.3.9 (a) plane (b) plane
tilt boundary twist boundary
0 — misorientation O — misorientation
— tilt angle — twist angle
Axis of rotation: parallel to the plane of the boundary Perpendicular to the boundary

[ symmetric tilt or twist boundary 10

non-symmetric tilt or twist boundary



3.4.1 Low-Angle and High-Angle Boundaries

Low-Angle Boundaries

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

0
— I _
ARmRES =
L e
1 —4
»
Iplb
— 0
L 1 -
— -
B p—
ke
(a) (b)
Fig. 3.10 (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

11



tilt Boupdaries

- :
P T T

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

° a4 ° A, A
Fa O A Pl 0 A
° a4 & o
Figure 2 - 23° symmetric tilt L A 5 A& o
- B &
boundary about a <001> axis. A R C S Al 3 Y
represent one layer and 0 represent """E’au.._,&*__'i "O-. A
the other layer of the AB..... O i
stacked {001} planes. The ledge ® Q """""""""""""""""""""""""""""""
like character of the boundary is - d _‘__*_‘E}_A..,.--a‘, l &"9;4 ___________
shown by the dashed lines. &_ﬁ,_,.@w*“ﬁ' A--O"T
........... B A D G Fa¥
A O ° a 0 ° o
a © A
a © a ©
@] A © Al
a © a O
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twist Boundaries

ve e
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| hﬂ?’ﬂ'ﬁi" 0! oL 0L 0f ©

n...g,ﬂg,g B d
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Figure 2. A screw dislocation; note the screw-like
'zlip’ of atams in the upper part of the |attice
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Screw dislocation

Institut fiir Hllgemeiné Fhysilk:, TU Wien

15

Institut fiir Allgemeine Fhysil;, TU Wien



Growth of Screw dislocation

16



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

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

Non-symmetric Tilt Boundary

~T

=

'hh._"_‘-‘-‘__
—
/

; T
g
1 —
] ”% T
|

| ] =

17 Sl

-

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




Fig. 3.11 The formation and dislocation content of an asymmetric tilt boundary.

Burgers circuit

| | |
S KB H
ams edP, : e szidfe
S
.=II=-!"AI===I====II= £iiE
Ve 117 : : l
[t
SaISESppasEaitis it |
okt 18.1 :
(f) A
b,
b, S =
v
Ve
Ve
B
3.0b, | \
v N
-1 F
,‘/ 2.1b2
s
(h) |

Probe vector

Misfit B = 3.0b, + 2.1b,

Boundary crossed by P contains three dislocation with burgers vector b, and two dislocation with b,.
— A vector 10P will be intersected by 51 dislocations.

0
B = |p| - 2sin (E) = |p| - 6 (for small valueof ) or B= z n;b; 18
i

\
>
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3.4.1 Low-Angle and High-Angle Boundaries

Low-Angle Tilt Boundaries — around edge dislocation : strain 1
0
- B but, LATB ~ almost perfect matching
: \ Burgers vector of
\.L — the dislocations N
—>
1 b . O 2
1, sin — = b2
177 2 D
\
\1L ] .8 6
SIN— = —
— 2 2
Angular riiis-orientation _
_ across thg boundary b
| L D E -
T &

(a)

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

~ depends on the spacing of the dislocations (D)
19

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



3.4.1 Low-Angle and High-Angle Boundaries

Low-Angle Tilt Boundaries — around edge dislocation : strain 1
0
- B but, LATB ~ almost perfect matching
b L _
AL —f — g.b.energy :y,, — E/unitarea
ue — (energy induced from dis.)
p-b
— 0
L * Relation between D and y ?
1L —] L s
SinB = b/D , at low angle Verysmall6-

s Very large D
— D=b/8 — vy, is proportional to 1/D

(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) 20



10°-15°

Grain boundary
energy, Y

—> 1) As @ increases, y,;, 1

Low High
) L angle angle
L -
L Misorientation 0
n \ - Strain field overlap
—> n
— cancel out
1
1
1
J

— 2) Y4, increases and the increasing rate of y (=d y/d 8) decreases.
— 3) if 0 increases further, it is impossible to physically identify the individual dislocations
— 4) When 6 > 10°-15°, increasing rate of y,, ~0

5) When 8 > 10°-15°, Grain-boundary energy ~ almost independent of misorientation
21
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Fig. 3.12:Rafts of soap bubbles:

the boundary with the smallest

the high-angle boundaries have a disordered structure:in which individual dislocations

cannot be identified. Large area of poor fit/relatively open structure/highly distorted

isorientation is made up ofia row of dislocations; whereas
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High Angle Grain Boundary: 6 > 10°-15°

Grain-
boundary
transition

zone

— Broken Bonds

— high energy, high diffusivity, high mobility (cf. gb segregation) 23



High Angle Grain Boundary

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

High angle boundary (almost)

— open structure, large free volume

* low and high angle boundary
high angle y;,=1/3 y5, — Broken Bonds

Measured high-angle grain boundary energies

Crystal v (mJ m™?) T (CC) 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
o-Fe 468 1450 0.23
Pt 660 1300 0.29
\% 1080 2000 0.41

24
* Likeyg, 7V, IStemperature 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

25



Not all high-angle grain boundaries have a disordered atomic structure.
For certain axis-angle pairs and grain boundary planes, it is possible to have
grain boundaries with fewer broken bonds and a less open structure.

—> Special high angle grain boundary = formation of @ (coincident site lattice)

« symmetrical tilt boundary

~38.2 °

 a small group of
atoms are repeated
regular intervals
along the boundary.

~relatively little free volume

Fig. Special grain boundary: two dimensional example. 26
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) ©o 0 0o o000 000 OCOOldOOO0OO0OOOOO
Two cubic 0 0o 0o 0o o 0co0o00ocoo QOO DODOOOOO
crystal lattices cooo0oo0o0o0o0o0o0o0coodOOODOOOOO
with the same cooocoooco0oo0o0ocoodO0ODOODOOAO
lattice parameter cooo0oo0o0000000o0000O0O0O00ODODN
0o 0 00000 0000 ood0D0O0O0ODO0OOOOAO3
0 0o 0o 000 000 o0 0o o000 DODOOOAO
00 00O0OOCOCOOOCOOODNDDODDODODDODOOODO
o0 000O0OO0OOGCOOOCOCODONDODOODOOOOO
© 00O 0OO0OCOOOO OO0 O
[100]
© 0O 0 0 0O 0 0 0 O O 0 0o O
©O 00O OO O OCOGO OGO OO0 O Lo[OlO]
(a)
Rotated by 36.9° a® .0 e
X DSC
X5« lattice
,S(),R
CcLS , (
(coincident site lattice) ° o ® gﬁ@‘&%ﬁfp‘b\gpﬁ‘p
o ?p‘%j’;’p ‘gj’cf’gj%\q’dj”o
One CSL point out of a total of W 2 U (b,. )
p ° \q:)d \Q‘)@t \\Q)C?ZPO\\‘O o

five lattice points for either lattice o ‘b\!"gj ‘b‘:d'cp
= Greek uppercase sigma ), = 5 o), c‘b\q’dfggcb\ el

(inverse of the relative density of CSL points) ¢

(b)

FIGURE 3.14 (a) Two-dimensional section perpendicular to [001] through two cubic crystal lat-
tices with the same lattice parameter. Lattice points are identified by circles and squares to aid their
identification. (b) The lattices have been rotated by 36.9° with respect to each other and superim-
posed to form a dichromatic pattern. The filled squares mark the positions where the lattice points
coincide. The dashed lines mark the square £5 CSL. (c) An enlarged detail of four CSL unit cells with
the square DSC lattice marked by dashed lines.
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The CSL just describes the orientation relationship oy DiSplacement shift complete
between the lattices of the two grains.

The CSL points are positioned on the grain
boundary depends on the orientation of the
boundary with respect to the CSL.

For ¥ =5, highest possible density of CSL points
~ along the line AA

Referring to the unit cell of the simple cubic lattice
Denoted by the open circles, the line AA
corresponds to the plane (210).

(Solid line) ayr

@
GB(210) @

0@
5’
5,

To specify the crystallography of a
special grain boundary: to give CSL
and axis-angle pair concerned
together with the orientation of the
grain boundary plain in each grain

(a) (b)

FIGURE 3.15 (a) The atomic structure of a grain boundary formed by dividing the lattices in Figure
3.14 along the line AA, i.e., the (210) plane of the lower grain, and locating one atom at each lattice
point in both grains. (b) A detail showing a possible atomic structural unit that repeats itself along
the boundary concerned.



« The dislocations that take up the deviation from a perfect CSL orientation can have
very small Burgers vectors when compared to dislocation in the lattice of the grains.

= magnitudes equal to the length of the sides of the fine square mesh (=% [120]) in Fig 3.14(c)

« Small angle grain boundary ~ showing small angular deviations froma }; 1

The CSL and DSC lattice correspond to the crystal lattices, and the Burgers vectors of
the grain boundary dislocations have the same magnitudes as the crystal lattice vectors.

* In the case of low angle grain boundaries, the dislocations are known as primary
dislocations, while the dislocations taking up the deviation from the perfect CSL are
called secondary dislocations. In the case of the CSLs with ), > 1, the primary
dislocation are so close as to be indistinguishable from each other.

29



« ), is always an odd number.

Y. = 1 means that the two lattices are in the same orientation.

Y. = 3, two twin-oriented grains with fcc lattices give the next highest density

of coincident lattice points.

Twins are commonly seen in annealed fcc metals and alloys!

(. (. :. 2.. :.{(. l.{l. (.

) O O O O -
(JIC 0 IIC I JI( )) .l .) O) .)
(..(O (L CO O OO O

.) . .’ . {.)

) O O) O
AR A
(L) (. (. (. (. (. (. (0

& & & -

Saieaieaenenieesienenes

ﬁﬁhasssﬁﬁh
& @& & o

| & & ) |

(L JC )3 .) .) .) ( )¢ (¢ )C J)
(CCT OO OO
P OO0 OOPOOOW

(c) B
FIGURE 3.18 Boundaries in twin-related fcc metals. (a) Coherent twin boundary parallel to( 111)

as seen from the [110] direction. All atoms in the boundary plane are on coincident lattice sites.
Stacking sequence ABCA in each twin is marked. (110) sections through the fcc unit cells of each
twin are indicated in grey. (b) Incoherent twin boundary parallel to ( 1T2) as seen from the [110]
direction. Only every third boundary site is coincident to both lattices. (c) The dichromatic pattern
formed by the two twin lattices. Sites on every third ( 11 l) plane are coincident, i.e.,, X = 3. (d) An fec
unit cell showing relevant planes and directions. Line PQ is the intersection of the planes ( 11 1) and
(110) and lies in the direction [l 12].
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(b) Special High-Angle Grain Boundaries
: high angle boundary but with low vy, ,,

Twin boundary # coherent twinning plane

‘mmhﬁtent
bﬂﬂndaﬁ
L _ s - ._ _ _ _T;W_lnl'lll_lg
'y ¢ plane
Rows of
atoms
a) Coherent twin boundary b) Incoherent twin boundary
symmetric twin boundary asymmetric twin boundary
— oW Yy, . — low Yy, .
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
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Twin boundary
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(b) Special High-Angle Grain Boundaries

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

A
| Incoherent
: twin
|
- |
|
|
|| «— Coherent twin
o -
(0) -0 eI

Table 3.3 Measured Boundary Free Energiesfor Crystalsin Twin Relationships
(Units mJ/m?)

Coherent Twin-  Incoherent Twin- Grain-Boundary

Crystal Boundary Energy Boundary Energy Energy
Cu 21 1498 623
Ag . 81 << 1126 < 377
Fe-Cr-Ni (stainless steel type 304) : 19 : 1209 : 835
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3.4.3 Grain Boundary Energy of Pure Metals

D 7/ oC 49 & Most high angle GB~ same E Coherent twin boundary: Y, 3 boundary at

"""""""" the misorientation angle of 109.5°(=2x54.74°)
@) Ycu > Ya1( Tmeu(strong bond E) > Tp) VS Yeu = Yai at'y 3 (+ SFE¢y < SFE 4)
Grain boundary plane Grain bgundary plane
g s s s S s £ T8 a € g% s
= ) & & & ) g == = z &8 3
1200 - . : | | ; 1000 S | TR —!
] —e— Copper : ! —e— Copper ) : !
1 —©— Aluminum | I | i Al | ;3 L1.1 L.9
1000 I I | | :
; | 800 - | :
800 _ |
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v T T
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Misorientation angle, 8 (degrees) Misorientation angle, 6 (degrees)
(a) (b)

FIGURE 3.19 Energies of symmetric tilt boundaries in aluminum and copper at 0 K calculated

using interatomic energies. (a) Rotation axis [001], (b) rotation axis [ITO} (Reprinted from M. A.

Tschopp & D. L. McDowell, Asymmetric tilt grain boundary structure and energy in copper and alu-

minium, Philosophical Magazine, 87:3871-3892 (2007) with permission from Taylor and Francis.) 26



Asymmetrical Incoherent Twin Boundary (AITB)
"Stepped structure” <

Lers —=
= Step of SITB and terrace of CTB L/I\\ __q_)_& - —I'" el p— ?IZ
T8 o= _
Yaire = YcrB * €0SD + Ysi7p - SInQ _—-=" Lare | B\ SITB
CTB N\ SITB

-~ relatlvely IOW y FIGURE 3.20 The step and terrace structure of an incoherent twin boundary inclined at an angle
¢ to the CTB. SITB, symmetrical twin boundary; AITB asymmetric twin boundary.

SITB = symmetrical incoherent twin boundary CTB = symmetrical twin boundary
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(a) (b)
FIGURE 3.21 Asymmetric tilt boundary energies at 0 K predicted using Equation 3. 16 (a)
Aluminum with }/CTB =75.2mJ/m? and Vst = 354. 4mJ/m?. (b) Copper Yers = 22.2ml/m? and
Ysire = 700mJ/m? as given in reference. In the case of copper above 60° inclination, atomic model- 37
ling (ab initio) calculations indicate a deviation from Equation 3.16 as shown by the dashed line.



* Special high-angle grain boundaries with relatively low energies ~ associated
with CSL orientations btw grains/ not correlate with CSL density along the boundary

- GB free energy (~H) decrease with increasing temperature due to entropy effect.

Atomic calculations show that the energy of a grain boundary decrease by about
two-thirds between 0 K and the melting point.

- Width of the grain boundary (~activation energy for grain boundary diffusion)
changes depending on temperature.

* Grain boundary energies scale in proportion to the shear modulus multiplied by
the lattice parameter. (".- Grain boundaries ~ comprising various dislocation
networks — the line energy of dislocations scales as the shear modulus)

& Grain boundary energy correlates with the melting temperature (~bond strength).
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3.4.4 Grain boundary energy of dilute binary alloys

Grain boundary energy can be expected to change on alloying.
There will be a higher concentration of solute at the GBs, and the interaction
of the strain files of the solute and boundary will lower the GB energy.

A simple way to modelling GB segregation is to treat the boundary as a separate phase.

Free Energy per mole

=
“e
——
ﬁ'&

0 X¢ X2 Xs — 1

A S
FIGURE 3.22 Free energy diagram for solid @ phase and grain boundary phase b for a binary alloy
of A containing solute S. X§ is the mole fraction of solute in the a grain and XZ¢ is the content in
the grain boundary. ¥ is the grain boundary energy of pure A and the length of the vertical arrow
(distance between the tangents), ¥’, the grain boundary energy of the alloy.
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A grain phase a and a boundary phase b,
If we transfer dN, moles of solvent A and dNs; moles of solute S from the grain to the GB,

(3.17) dG' = (ug- uz)dN, - ([,lg- us)dNg = 0 (" Metastable equilibrium btw grain and GB)

If total quantity of atoms in the boundary is constant, dN, + dNg =0
(3.18) -~ (uf- up) = (M3~ p§)
If we assume that the grain and boundary phase follow the regular solution model,
=G5 +0%(1—X%?%+RTIn X§ b =Gh+0b(1—X5)?+RT In X}
(3.19) Ha =Gy ( 4)° + RT In X} Ha =Gy ( 4) n X,
b _ ;b g b b2 b
p¥ = G¥ +Q* (1 — X¥)% + RT In X¢ Hs = Gg+ Q7 (1 —Xg)” + RT In X

where, Q% and QP : the difference in A-A and A-S bond energies in the grain and GB,
and X, + Xs = 1 for each phase.

320 AGy = (G2~ GE) — (G4 65 + (P -0 > pon —0 =Ky [C20
' P AV amxh T a-x PR

then substituting Equations (3.19) into Equation (3.18)
and ignoring small terms:

If X¢ and X2 are small, the terms (1 — X%) and (1 — X2) can be ignored:

X%exp{—AG,/RT)} Here, AG,=Gibbs energy of segregation

~usually negative (In regular solution, strong A-S bonding in the
GB, week A-S bonding in the a phase, In real solution, increasing size
misfit btw solute and matrix; varies with temp. and atomic structure
(misorientation btw the grains and the orientation of the GB plane)

Solute tends to segregate to the boundary to reduce the overall free energy of the system

(3.22) Xox~
1+ XSexp{—AG,/RT}




) ¢4 X< —AG
(3.21) S S p { b }

= ex
1-x2 @@-Xx9 RT

If X¢ and X2 are small, the terms (1 — X%) and (1 — X2) can be ignored:

X%exp{—AG,/RT} Here, AGpL=Gibbs energy of segregation

~usually negative (In regular solution, strong A-S bonding in the
GB, week A-S bonding in the a phase, In real solution, increasing size
misfit btw solute and matrix; varies with temp. and atomic structure
(misorientation btw the grains and the orientation of the GB plane)

Solute tends to segregate to the boundary to reduce the overall free energy of the system

(3.22) b
Xs¥ 1+ X%exp{—AG,/RT}

e Equations (3.21) and (3.22) show how grain boundary segregation decreases as
temperature increases, i.e.,, the solute ‘evaporates’ into the matrix.

e A large size misfit btw the solute and matrix leads to a low solubility of the solute in the matrix —
AGj becomes more negative and GB segregation becomes stronger as the solubility of the solute decreases

e GB enrichment ratio, X2/ X% tends to increase as the solubility of the solute in the matrix decrease.
In the case of low solubilities, X2/ X% can be several orders of magnitude in size reaching even 104
for example in the case of carbon and boron in bcc ferritic iron.
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Derive an expression for how GB segregation affects the GB energy.
: the GB energy is the decrease in free energy that occurs if the atoms in the boundary
rearrange themselves into the crystal structure of the o phase ((u} and u2) = (u% and u%))

If there are m4 moles of A atoms and n2 moles of S atoms in the boundary, the
decrease in free energy is: Fig. 3.22
b i
n (s - p§) + n(ps - ) = MG+ (ug - pf) = n’ (U] - 1) . x a2
E
where, n? is the total number of moles of boundary (nf + n%) E‘: ‘o ! : G
S A G
. GB le - b ay _ b _ ,,a\ — .,/ é l GA i b
: energy per mole : (g - pg) = (Us = ps) =V 3 us G Hs } ,
Ry ! ¥
’ \ us

—~
.UJ
N
W

~

0 ||l xS Xt Xs — 1
A 5
where, § is the thickness of the boundary phase and /2 is the molar volume of the boundary,

assumed to be independent of the boundary composition. ¥2,/8 is the area of GB containing 1 mole.

GB energy per unit area |y =(ug -pu$)8/Vh  Jim?

In a similar way, b .
GB energy per mole for pure A is y}, i.e. G%- 6% and per unit area|Yo = (G4 - G3)6/Vy, Jim?

(3.24)
GB energy for binary alloys y =y, - %T In {1+ XSexp(—AG,/RT)} | (3.25)
Since In (1+x) - x as x— 0, for very dilute solutions, i.e., metals containing impurities
The rate of change of GB energy with increasing X¢ is given by
d 6RT
=2 exp(—AG,/RT)} | (3.26) 42
X% vb




SRT
Vi

GB energy for binary alloys y =y, -

In {1+ XSexp(—AG,/RT)} |(3.25)

Since In (1+x) - x as x— 0, for very dilute solutions, i.e., metals containing impurities
The rate of change of GB energy with increasing X¥ is given by

d SRT
a;(’g 7 exp(—AGp/RT)} | (3-26)

« The stronger the tendency for solute or impurities to segregate to the grain boundary,
the greater is the reduction in the GB energy. Note that, in the case of impurity contents, is
essential the same as the total impurity content in the alloy.

For example, Putting §=0.75 nm, V2 =7 cm3, R =8.314 J/mol-K and 7 =773 K (500 C) gives
X§ = 1,650 J/m? for AG,= -50 kJ/mol, which is a strong free energy of segregation.

In such a case, an addition of just 0.0001 mole fraction (0.01 atomic %) would reduce
the GB energy by 165 mJ/m?, which is an appreciable effect considering that random

high-angle GB energies are typically of the order of 1,000 mJ/m?.

Putting the same value of AG, into Equation (3.22) predicts that the enrichment ratio X2/ X%
is 2,000 giving the mole fraction of solute in the boundary as 0.2.
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Contents for today’s class

3) Boundaries in Single-Phase Solids
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. i A |
(a) Low-Angle and High-Angle Boundaries : ="'="."
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3.4.4 Grain boundary energy of dilute binary alloys

Solute tends to segregate to the boundary to reduce the overall free energy of the system

X%exp{—AG,/RT} Here, AGp,=Gibbs energy of segregation

~usually negative (In regular solution, strong A-S bonding in the
GB, week A-S bonding in the o phase, In real solution, increasing size
misfit btw solute and matrix; varies with temp. and atomic structure
(misorientation btw the grains and the orientation of the GB plane)

Xb~
7 1+ X%exp{—AG,/RT}

GB energy for binary alloys y =y, - % In {1+ XSexp(—AG,/RT)} |(3.25)

Since In (1+x) - x as x— 0, for very dilute solutions, i.e., metals containing impurities
The rate of change of GB energy with increasing X¥ is given by

d ORT
a;’g =- 75 eXp(-AGy/RT)} | (.26

* The stronger the tendency for solute or impurities to segregate to the grain boundary,
the greater is the reduction in the GB energy. Note that, in the case of impurity contents, is
essential the same as the total impurity content in the alloy.

For example, Putting §=0.75 nm, V2 =7 cm3, R =8.314 J/mol-K and T =773 K (500 C) gives
X§ = 1,650 J/m? for AG,= -50 kJ/mol, which is a strong free energy of segregation.

In such a case, an addition of just 0.0001 mole fraction (0.01 atomic %) would reduce
the GB energy by 165 mJ/m?, which is an appreciable effect considering that random ;¢

high-angle GB energies are typically of the order of 1,000 mJ/m?.
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