Atomic Theory of Diffusion

Self Diffusion
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O A normal atom

® AT radioactive atom

Isotope is an element with the same number of protons but different number of neutrons



Atomic Theory of Diffusion
Reference: Shewmon, Diffusion in Solids, Chap.2

Q: How does atomic mobility relate to D?

- Assuming atoms jump left and right only

- Planes 1 and 2 are adjacent atomic planes

- N;: diffusing atoms/unit area on plane 1
N.: diffusing atoms/unit area on plane 2

- I": random jump frequency (jumps/second)

- T',=T,, (12 and 2—1)

Oh————-
wF————-

1 2
1 1
N,I'dt = (N,I",, +N,I',,)ot N,I'dt = (EN1F12 * EN1F10)5T

NZFBT = (NZFZI * N2F23 )3t NZFET = (lNzru * 1N2F23 )3t
Net flux from 1—-2 ° :

JTnet =J12 - J 24

Net flux from 1—2
JTnet =J42 = J5y

Random jump

- Crystal with concentration gradient in x-direction

- Number of atoms jumping out of plane in &t

:N1F12_N2F21 ...2F12:2r21:r :lNF —lN I :
| 7 1M1z 5 772721 Random jump
- EF(NI -N,) =ZR,W,=2R,w, 1 =15 =1
1 =2PW =7 (o)
- EOLF(C1 -C,) 1 =N

2



D =%a21“ a : jump distance
Diffusion in 3-Dimension D = %azr

Example 1: Carbon in a-Fe at 900C
D=10°¢ cm2/sec, =108 cm
->I"=1010 sec-!
Debye frequency =1013 sec™!, therefore

10" _ 1 (atom changes position only
10" B 1000 one out of 1000 oscillations)

Example 2: FCC and HCP metals near their MPs.
D=108 cm?/sec, a =108 cm
— ['=108 sec™!

10° — 1 (most of time, the atom oscillates
10 100000 about its equilibrium position)




Diffusion Mechanism in Solids - Atomic Approach

Vacancy mechanism: atom passing from an occupied site to an adjacent unoccupied site
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Vacancy formation ener

y (kJ/mol)

AG
N, =exp(-—
v =exp( RT
AS, AH,
=eX exp(—
p( R ) exp( RT)

AG, :the vacancy formation energy

Au

Al

Ag

Cu

BeO

MgO

NacCl

CaO

92.5

72.5

105

96

576

576

220

570

Al: N,(873K) = 4.6x10-5
ALO,: N(1873K) = 8.6x10-17

Interstitial Mechanism: atom moving through the crystal by jumping directly from one
interstitial site o another
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Question: How are I" and a related to D in real crystals with different
diffusion mechanisms?

Definition

v : vibration frequency

@: possible jump frequency
I": successful jump frequency




v . atomic vibration frequency at its lattice
Debye frequency ~10” ~10" sec™

@: possible jump frequency which is an activated
process and can be calculated by

(A) ®)

o_0O O O © O O ((C))O
O’6>O O ;O O 0.0
(?)

/e
(A) - ©

AG
w =vexpl(- RTm)

['= ZwP,

Z: coordination number

@' possible jump frequency

P,: the probability to find a vacancy,
which is equivalent to the
concentration of vacancy =N,



Diffusion without a driving force @ =vexp(- ARTm )

Diffusion with a driving force Distance

(b)
Figure 2.1 (a) Schematic diagram of a simple one-dimensional case representing the pair
potential energy of a row of atoms by combining the pair potential curves between every two
atoms. (b) To have a directional diffusion, we must intreduce a driving force to drive the
diffusion in a given direction. This can be represented by tilting the base line of the potential
energy. The tilting introduces a gradient of the potential energy, which is the driving force of

diffusion.



Vacancy formation enthalpy versus
melting point for various metals
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Vacancy formation enthalpy versus
melting point for various metals
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Effects of diffuser atom size on
diffusion in Fe (Interstitial diffusivity)

Diffuser | Radius | BCC @800°C | FCC @1100°C
(A) (cm?/sec) (cm?/sec)
H 0.46 2.7x10-4 1.9x10-4
C 0.77 1.7x10-6 6.7x10-7
N 0.71 7.3x10-7 3.8x10-7
B 097 | ------ 6.1x10-7




Diffusion coefficient (cm?/s)

Temperature (“C)
2000 1500 1200 1000 00 800 700 o600 300
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Ex. Vacancy mechanism in FCC
- af2 . -motion only along x direction

./4 - >/ -only 4 out of 12 nearest neighbors are on plane 2
| ‘ J, =4nP,m,
: Jy =4n,P, 0,
(|) 1720 Q Jnet =J12 = Jy
T =4P.o(n - n,)
O/_——E_/—"’-— ¢ LW =0, =0
y & <4 Random Jump
0 1 2 PVI = PV2 = PV
ST x a, n n
‘Jnet =4PVC()' 0( - 2)
2.4 %
2 2
a
Note =4Pw-—(C,-C,)
D=LloT & az%/ (FCC) :
6 2 4P . P (_ao ac)
p=L(Pyr=ape 2 2o
o puat®__piC
—T=12P0» (Z=12) V08— "

I'=7P,w
v . I ) 2
e o D Va)a()



Ex. Vacancy mechanism in FCC
- af2 . -motion only along x direction

./4 - 5/ -only 4 out of 12 nearest neighbors are on plane 2
¢ [=ZPw=8Pw
| o
O |a Q [, =T, =T =~ (8Pw)=4Pw
S =l =71 =3 BRW=4R
| o 1
/———f——,"— - J12 =nl,, = n1(4PVW) =—nl
/O é/ i
0 < 1 S 2 Jy =n1,, =n,(4Pw) = Enzr
X
Jet =d1n =y =4P0(n, —n,)
o, =0,=0 P, =P,=F
Note: 1 . =4Pw- STy _up . —°(c _C,)
: net v 2 & &
D——aF & o= A_ (FCC) 5
L 8 oo a, , a, oC , C oC
D=~(7=)T=aRo =4P w- > (——= =—P wa =—-D—
62 0 Y 2( 2 8x) Y ox OX

~T=12P0 (Z=12)
'=ZPw o Vo



D=Llgoor

605
o =3z,
I'=8N,w

BCC

D = % gao)z(Sva) = wN, a2

1
D=—a’
60[

G a=a,
[=6N,w
D=wN,a}

SC

Interstitial Diffusion
D = ywa?
P.=1
v + Structural factor



Interstitial Diffusion
Octahedral Site

BCC e eys| | I oor_ 12 .
T [] —_ — _ — — _ —
| P / D 6aF 6(2) (4w) 6a)a
L *lla 1
I ® '@ = —
| i O .Q. V4 6
i @O @0 ]
| : & Tetrahedral Site
Jou _ e _ _ _ _ - v
¢ & //j D—é a’T
O : Octahedral Site L1 1
@® : Tetrahedral Site +(—a)" >a=——-=a
( a) ( ) 2\/—
1
D= 4) = —
3 2\/— a)’ (4o)
_ 1
4 12
FCcC Octahedral Site
D:lazf
a 6
I'=12w
D——( ) (120) = wa’
V2

y=1



T Sites




D=wN,a;

A
N, = exp(- RGV ) : thermodynamic equilibrium
AS AH
=eX Y)exp(- ==
P(—r)exp(- &=
AG :the vacancy formation free energy
AG Arrhenius Activation
W = vexp(-—m Analysis
RT \
AG  :the migration activation energy
. In (Do Jeke, Slope:-Q/R

Vacancy Mechanism R

D =avexp(— AGV)ex (- AGm) a /

or P R P Ry £
AS_ + AS AH  + AH
= a2y exp(So om (- AT T A
RT >
1/T
=D, eXP(_F\?—T
Interstitial Mechanism D =ya’vexp(- ARGT'“)
AS, AH
= ya,v exp( R )exp(— RT )

= D, exp(— F\?—T)




Activation energy for self-diffusion
versus melting point for various metals
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Activation energy for self-diffusion
versus melting point for various metals
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Self Diffusion

bcc rare earth

bee alkali

Metal carbides

becce transition metals

hep

fce metals
Graphite

Alkali

halides

| IndiumT
Oxide
Trigonal
Ice
Diamond cubic
| | | | | | | ]
10-16 10715 10714 10713 10712 10~ 10719 107°

(a)

Melting point diffusivity, D(T,,)/m? s~

1

Diffusivity at melting point




Self-diffusion

[ Diamond cubic |
Ice
Carbides
| Oxides |
Alkali
halides
Tetragonal
I Graphite |
fcc metals
| bcc transition
IthI
bece alkali
bec rare metals
earth
| ] | | | |
10 15 20 25 30 35
(b) Normalized activation energy, Q/RT,

FIGURE 2.13
(a) Melting point diffusivities and (b) normalized activation energies for various classes
of materials. (After Brown, A.M. and Ashby, M.F., Acta Metall., 28, 1085, 1980.)
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Diffusivities of Ag

1000 667 (K)
| |

Ag
" D= D,exp(-Q/RT)

Surface

S Diffusivity
E—D, \
% G.B.

- K Lattice
Diffusivity
- -Q/R
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Diffusion in Ionic Compounds

Summary of Kroger-Vink Notation

De @e@PQ°
Y TIALY .‘
Na_‘,Q ‘ ® ‘ ‘ ® Cay,

c@°0°0:0
V., : Positively Charged ‘ ‘ @ ‘ ‘ O
V,.: Negatively Charged ® ‘ ‘ @ ‘ ‘

Na“ : Positively Charged

Ca}, : Positively Charged



Defect chemistry in ionic compounds must follow the following principles:

(1) Mass balance
(2) Charge balance
(3) Site balance

Example

» 2MgO—22 52Mg,, +20, +V.°

@ CaCl, —"¢ls Cag, +2Cl,, +V,,
e.g., Diffusion of Na in NaCl

_ 2 '
DNa o 7/aoW[VNa]
vy : Structural factor
a, : Lattice constant

W : Possible jump frequency

[VN'a] : Vacancy concentration of Na



Concentration of Intrinsic (Thermally Induced) Defects

Frenkel Defect
XN KXY KX KanU

O CE
Q@990
o‘c‘o‘o‘
Q990
@900

Schottky Defect

K . ,
Na,, —=Na’ +V,,

NIV

[NaNa] 1Vl
[Na,]=1
[Na']=[Vy,1= K] 2RT

AG¢ : Formation energy of Frenkel Defect
NUll ===V, +V,

Ks :[Vl\'la][VC.I]:

My ]=[VG1=K* =
AG; : Formation energy of
Schottky Defect

2RT



-

Table 2.1 Defect Concentration at Different Temperatures

= =ex _be =ex [E'f-—]e:: [—M}-ﬂx [-ij
NP T TR 2 TR T Pl ™ 24T

n/ N at 2000°C

2x 107

Defect

Concentration leVe eV 4V beV BeV

niNat 100°C 2x 1077 3= 10 1x 1009 3=10* 1= 10
nd N at 500°C Gx 107 3Ix 107 IxI0r? 3= 1079 Bx 107
nf M ar 800°C 4x 107 2x107 4x 107 Bx 100 2 x 10
af Nar 1000*C ITx 10t I x 107 L x 10 I x 10F? 1= 10
afNat1200°C 2x 107 4x 10 1 = 1077 Sx 107" 2w 10
n/Nat 1500°C 4x107* 1x10 2x 10 3Ix10F 4= 102
n/Nat1800°C  6x 10t 4x107 1= 107 Sx10% 2x 10w

Bx107  6x107 4 » 107

1= 10-°

eV = 23.05 kcal/maole.



Table 2.2 Some Defect Em:r;ie:. of Formation

Energy of
Formation
Compound Reacticn Ah (eV)
AgCl Agh o Ag, + V. 1.1
Nall pull = ¥V, +¥5 21-24
KCl moll & V¢ +Vy 2.6
| LiF mull & V) +V, 24-27
CsCl mull &= V., + Vg 1.86
BeD null &= Vi + ¥, -
MO oull & VL + V' 1.7
Cal mull = ¥ + ¥ -4
BaQ null & Vi + ¥, 34
MnQ aull & Vo + V' 4.8
FeQ aull & VT + V' 6.5
Zal Of =0 +¥V .51
Li,O Lif, e Li, 4V 2.28
CaF, Fi =V, +F/ 23-28
Caf, & Vg +Ca; -7
oull = Vo +2V, ~55
Uo, 0L =OF+ V) 5.1
Uf eV, +U™ -95
oall &= ¥, +2 ¥, - 6.4
Ti0, (rutile)  oull e Vo +2V, 52
Q5 =07 +Vy 8.7
Ti =T, = +Vg 12
a=Al,0, Loull e 2V +3V 20.1-25.7(4.2- 5.1 eV/defect]
AlL e AL VD 10.4 =14.2{5.2 =7.1 cV/defect)
0F =0+ V¥, 7.6=145(1.8=8.3 eVidefect)
MgaAl, 0, pull e Voo +2W,0 +4V,"  29.1{4.15 eVidefect)



Pure stoichiometric NaCl doped with CaCl,
Assuming Schottky defects dominated
CaCl, —“ s Ca;, +V,, +2Cl

null —%—>V,_ +V;

null —>e +h°
Vya]+[€]=[Ca3, ]+ [N ]+[VS]

Ks :[VNa][VCI]

K, =[e][h"] [

Conduetion band

if K. <<K, —[e]and [h*]can be ignored E [ e
[Vl\‘la] = [Caala] + [VC.I ] . Valence band

‘ K Metals Semiconductors  Insulators
Vyal=[Cag ]+

N N [\/Na]

or [Vl\'la]2 _[Ca&a][vl\'la]_ Ks =0

[Ca;, ]+ ([Cag, ' +4K.,)

The solution is [V, ]|= 5




[Ca;, ]+ ([Cag, ' +4K,)
2

Vial=

Intrinsic area:
-The vacancy is induced thermally

Vial=Ks* =[V§1>>[Cay,]

ln[\/I\'la] or ln[VCI]

Intrinsic | — Extrinsic .

/7

In[Ca, ]

Extrinsic area:
-The vacancy is induced by dopants

V.]=[Cay,] “[Cas]>>Ki?

. K _
Val= V. 1(=[Cay,]) =

AGS
2RT

[Vl\'la] — [Ca;\la] + [VCI]

[Vl\‘la] =[Ve 1= exp(-

)

Intrinsic '—>Extr1ns1c .

7

1
T



Diffusivity of Na in NaCl doped with CaCl,
cacCl, —X¢L 5 Ccay, +V,, + 2ClI,
DNa = 7/a§W[VI\'Ia]

AG AG
= ya’v exp(— ) exp(— > — Intrinsic
yagv exp( T ) exp( 2RT)
DNa = 7/a§W[V,\'la]
5 AG o
= yajvexp(— Tm )[CaCl,] — Extrinsic

Intrinsic area with
an activation energy

In(Dyy,)




Brownian Motion

-
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Brownian Motion

;2 _ 4kTKmt
3D,

—2
X :statistical average of linear displacement

K, :correction factor depending upon medium
1 : viscosity of medium, D, : diameter of particle, t : time

* Displacement in one second for powders with a density of 2 g/cm3

Dp (m) Bair' (£m) Gair' BwaTer' Gwa'rer'
10 1.75 1550 0.236 b5.4
1 5.91 69.6 0.745 0.35
0.1 29.4 1.7 2.36 0.005

B : Displacement due to Brownian motion
6: Displacement due to Gravitational movement

77water > 77air




Random-Walk Problem
No assumptions of
(1) randomness of the jumps
(2) length of the successive jumps
(3) allowable values of 6 ;.
(4) number of dimensions in which the atom is jumping

The vector connecting the origin and final
positions of an atom will be designated as R,,

which is given by "
R=rm+r+...... rn=>r
where r; are vectors representing the r\‘/_ctr'ious jumps
one atom has n jumps <Rn> =0
and each one is To obtain the magnitude of R,, we square both sides
‘“dslz’l‘;“de“t R R =FF 40 4+ F 0L
Z(Rn)N S S SN Y AT Y N o o

<Rn> = N=I N = n n-1 n-2
\/ R =D HE+2D hE, +2) 6F, +...e.
*\ 1 i=1 . i=1

N particles i-
: /N n
n jumps \\ — Z 2 +2 T

o
ek
>
—
q




COS el I+j

Define ror, =l

i+j

where €, is the angle between two vectors

-1 n—j

Zf 23 Y Inr

j=1 i=1
For crystal with CleIC symmetry, all the jump vectors will be

the same in magnitude .
n—1 n—j
R’ :nr2+2r22 cos &

i=1 i=1

cos ;.

H—J

i+ ]

=nr’(1+

N particles — n jumps — average R2

NN
- Z (Rn)N 2 n-1 n-j
R2 = N =nr*(1+= cosO,
N N =1 =1
- nr2 will be the same for each particle
- If each jump direction is independent of the direction of
the jumps which proceed it, and each jump vector and its
hegative are equally probable, then positive and negative
values of any given cos@;,;will occur with equal frequency,
and the average value of the term involving the double sum
will be zero.

Il+j



. 2 2
.R:=n

. r
JRE = Vnr]

The root-mean-square displacement is proportional to the
square root of the number of jumps.

Example: At carburizing temperature of 950°C, carbon atoms make
1019 jumps per second, and each jump distance is 10-10 m,
*The distance for each atom travels in one second is
1010 jumps/sec*10-10 m/jump = 1 m/sec
Three hours will be 1 (m/sec)x104 (sec)=10% m

 total jumps:n=10" jump/sec-10* sec =10"* jumps
JRZ=nr[=+10* 107 =107 m
5 FCC

s
T — —
100:\\\\M_,02 = ri .rj =T = Cosei,j - 0

AN~ - J
o)y L \\l\\ *04
2 7\, eg., rr+rr,=rr,—rr,=0

7

11

The arrows show 12 possible jump
vector in an FCC lattice



One-dimension Random Walk

-10 -8 -6 -4 -2 0 2 4 6 8 10

Initial Position
Final Position

n: number of random jumps (n=16)
N: number of particles (N=8)

\/ R% - \/ﬁ\r\ =J16 -1 =4r (expected RMS displacement)

— SR? RMS: Root-Mean-Square
Ry = (=50 -r
N
(=8)° +0°+2% +(=4)> +2° +27 +4% + 02)]1/2 .
8

=
=3.67r



One-dimension Random Walk

4 22 0-2 00 422 00 420 #2422 H4

FIGURE 12.1 Four levels of a symmetric one-dimensional random walk.



TABLE 121 Random walk sequence

16+4+0+4+16+4+0+4+0+0+0+4+4+0+4+4

Square Root-Mean-Square
Displacement, Displacement, Displacement
n Sequence A A \(JZ, e, :\/H‘l“
1+ +1 1 (b2 = IN=2 coins,
~1 -1 1 n=1 time
2 41,41 42 4 (2@ +2000)'72 = (2)'7
by ;: 0 : N=4 coins,
1o s 4 n=2 times
3 41 41+ +3 9 [(3)(2(9) + 6(1))]'2 = (3)'7
+1, 41, =1 +1 I
+1, =1, +1 +1 1 N=8 coins,
=1, +1. 41 +1 I -
iy =, -1 1 n=3 times
=1, +1, =1 -1 1
+1. =1, =1 -1 I
-1, =1, -1 -3 9
4 FL+L+1L ] +4 16 [(£)(2(16) + 8(4)
+1 41, +1, =1 +2 4 +6(00)]'"* = (4)'
+1, +1, =1, =1 0 0 )
+1, =1, -1, =1 -2 4 N=16 coins,
-1, =1, =1, =1 -4 16 n=4 times
'—Il"'l'—L +] —2 4
—1, =1, +1, +1 0 0 =
=1, #1, 41, +1 +2 s JRi=Vnjrj=va.r=or
—1, 41, =1, 41 0 0 — g2
R e 0 0 R? =B
+1, =1, =1, +1 0 0
—Io +]| —I.“-l —2 4 =[
1o =1, +1, +1 2 4
+l- "]. +l., "'l 0 0 _ 64 1/2 _ o
o AE 4 p =[] r=v4-r=2r
+" +19—|¢ +l +2 4

»(1,)=0
= (R,)=0

16

]1/2 r



Two-dimension Random Walk

N=1
n=44 jumps




Distance, Ya

Two-dimension Random Walk

1 2 Lo ] B B 3 T—l L] T T T e IT | JNNN S I '77 L L I A T ! . T oo
% _ +
L : : z : 5

Distance, x,

FIGURE 12.3 A 227-step random walk in two dimensions.

Expected RMS
Displacement
N=1, n=227

INCEENOY

=227 -1
=15.06r



Two-dimension Random Walk

T ] I ] T

- —

T T T T T

N=4 & | -
n=1000 I SNGENER SIS S "

a0 20 0 20 40 60

n=1000 RZ = JA|r|=vI000-r=31.6r

— 2
N =4 RZ =)

_ [33.52 +18.92+27.52+52.5°

4
=35.4r

]1/2 or




Relation of D to Random Walk : piffusion taking place under equilibrium condition

R_ﬁ =no? (a=r=jump distance)

1 Fick's 2nd law
Spherical approach in 3-D

oC
DV’C =—
ot 3-D
A r’
C(r.t)=— —— : constan
\ ( 5 ) t% GXp( 4Dt (A: constant)
r’C(r,t)ydr —
I (Y =r*=6Dt
j C(r,t)dr
ical Diffus R2=na?=r2?=6Dt
Spherical Diffusion from n=nNo°=r
a Point Source 1n 1
=g ¥ T glo® : Self diffusivity

=T



Correlation Effect
Initially the tracer locates at #6. After jumping from

12 #6—>#7, its next most probable jump is to jump back
to the original position #7—#6 -> it is not random.
A Correlation factor (7 ): relate probability of
sy preferred exchange of tracer and vacancy
B vacancy Rﬁ(t) < Rﬁ(V)
. tracer Tracer's mean-square displacement is less than that
of vacancy.
D2
f = ljm o) 3-D
" RHW)
*R2=na’ and X’ o Dt R2 =na?=r?=6Dt
e DAt (A')
D, t,(v)

1,(t) is the time for n jumps of species i.
Since vacancy concentration is small

Y <<
A




average jump frequency

where D ,= self diffusivity
D,’= tracer diffusivity

Approximation of correlation factor (7)
- Probability that tracer jumps back into
vacancy:1/Z (Z: coordination number of v, A, A*)
-Pair of jumps resulting in no net displacement

of A% (6>7,7—6)
2

f=71-=
4

f=0, completely correlated
(back and forth
completely)

f=1, completely random




Lattice y4 1-2/Z f (calculated)

Fcc 12 0.83 0.78
BCC 8 0.75 0.72
- 2 n-1 n—j
R’ =na’[1+= cosd,,;)
n j=l i=l
Rr% = ne? because all allowed values of 6 are equally probable
n—1n—j
f :1+ﬁ - COSHI,i+j
J=11=1
All tracer-vacancy pairs that have just completed an exchange are indistinguishable,
aside from their orientations. Thus, the value of cos,, IS the same for each value of i.
i.e., i—i+1 and n—n+1 have the same angle
2 n-—1
f = %1_1)1010[1+ﬁg1 (N— j)cosb;]
n— oo i 1
n

f =1+2cosf +2cosb, +.......

cos &, : the mean value of cosine of the angle between the
ith and the (i+1)th jump vector.



cos @, = (cos b))’

cosd, =(cosd)" (Compaan and Haven)

f =1+2(cos@)+2(cosd)’ +2(cosb)’ +......

_ l+cosg,
1-cos@,
Lattice y4 £l 2 ¢ _1l+cosd
N Z 1-cos 0,
FCC 12 0.833 0.781
BCC 8 0.750 0.727
SC 6 0.667 0.653
Diamond 4 0.500 0.500




Cos 0 ;= p1€0S O 74, +p,COS O 71 +P3€0S O ,+
P4€0S 0 73+P5C0S 0 74+PCOS 0 75

P, = 1/Z
CosO, = -1 > Cosf, = -1/Z
P,=P;=P,=P;=P,=0
1 Correlation Effect
f:1+00591:1 /Z 1 2
1-cos¥, 1+yz

Z -1 2 2 3
=5 =l-0—=l-= 5 4

/ +1 / +1 /

B vacancy

. tracer



Diffusion in a Concentrated Solution
Reference: Shewmon, Diffusion in Solids, Chap.4

Kirkendall experiment

- Mo insoluble in Cu and brass
- Annealed at t time, the d decreases
monotonically with time

Brass
° 70Cu-30Zn

»
Zn diffusion Cu

(1) marker displacement — net flow of matter

(2) matter flow compensated by vacancy flow

(3) matter flow arises because D, # D,,

(4) evidence of vacancy mechanism for diffusion
(B) evidence of maintaining equilibrium of vacancy

Darken’s analysis of Kirkendall experiment

e.g., The migration of ink on the river includes
(1) Ink diffusion
(2) Stream movement



Vacancy Diffusion

Mechanisms of Substitutional Atom Diffusion

0000[@000ofoooc

Figure 1. The atomic diffusion mechanism showing (a) a direct exchange
mechamsm, (b) ring_ mechamsm, and (¢) vacancy mechanism

JZn > ‘TCu

Only happening by a vacancy mechanism.
A direct exchange or ring mechanism
does not allow different fluxes.



Surface Mount Technology
(SMT)




Weight Percent Tin

100

:.-:. (2
et 231.9681°C

100

120023020 30 40 50 60 70 8 9 1
1100
1084.87°C
1000
G00 I.
O 800 76°C
> i 77 £76°C CusSn (g)
2 700
= : .1.3.1 CugSns (T])
= 600 | S
— 2 {Cu) 82°C
5 500- [
— i 431.5 415°C
4004 : 7
i
300+ ; "
i 455 227°C
200507 189°C G
3 ‘?rﬁj (Sn)
0 10 20 30 40 50 60 TJ0O 80 90
Cu Atomic Percent Tin

Fig. 1. Cu—Sn binary phase diagram [65].

Sn



Soldering: solid Cu dissolves in liquid Sn (supersaturised

locally)
formation of CucSns (1) , scallop-like uniphase

formation of CusSn (¢), requires long contact times,
thickness limited

5 Zeng et al. JAppl.Phys., 97, 2005
@ SnPb solder - electrodeposited Cu



Case: diffusion couple Sn-Cu

Annealing:
Thickness of IMC increases @mc: Intermetallic Compound)
CugSns (n), uniform
CusSn (¢), Sn diffusion exceeds Cu diffusion at higher T

® | Cu.
’ -L oy ,j.ﬁ _ﬁ"
gl [ b ir ; tﬁ . :
A 4?:\ _q:J-:-\...;p ety %w:w C N,
A ., rr ol

t=20days, T=150 °C




Case: diffusion couple Sn-Cu

t=20days,
T=150 °C
Voids

influence
diffusion




Case: diffusion couple Sn-Cu

+ Pull and shear testing

Pad side

t=40days, T=125 °C

Interfacial fracture (area %)

8

s

- 3 5 8 8

-]
B

40 &0 80
Aging time (days)

100



Kirkendall Effect

0O
aa

Bi in Bi,O; >> Bi in Bi

Diffusivity:



o 3

Kirkendall Effect

ol o

vacancy

void nano-hole

Diffusion coefficient | ms’

TIHK
800 700 GO0 E-I1:II:I 400

Cu in Cu,0"

*s Ni in Ni -
'“’ ]

15 20 25 2.0



Kirkendall experiment

Marke
m:ﬂnnr High Zn Conc.

Brass (Cu+Zn)




Kirkendall Effect

. Xmarker — 77 \/E
dx

o
o

marker __ 77 _ marker

V =

N
o

dt o 2t

In an 1nfinite couple any

=
o

given composition shifts

as C=t(n)=1(

Interface Shift (um)
(@)

2\/_

the markers stay at the

1 5 10 60 SAme COIIlpOSlthIl.

Time (days)

Kirkendall - Smigelskas experiment showing inert Mo wires shift versus time
(log-log scales used)



Kirkendall or Lafyce Shift: atomic mechanism of marker motion

® .
Jg J,
— [J«<——
Porosity atom A  EXxpansion
\__/ %
[ v VA4 T
® v jool+4
! OO ||+ +
| coff++
Shrinkage I ooll++
X, X,
® z
1
—
'
(4) rI—‘.
L 4
0..

Time

D,>Dg

*Ja>jg. If the plane containing the marker
is held in a fixed position, the crystal moves
to the right with a distance of X,

*If the crystal is held in a fixed position (volume
is the same), marker will move to the left

* j,+jz+j, =0 (conservation of lattice sites)
jV - _(jA + jB)
[Jal>Js
jg and j, are positive, but j, 1s negative
Jg )y
the direction of marker's movement // j,

*Matano interface moves to - j, relative to
marker, but doesn't move with respect to
the end of crystal, i.e., Matano interface
doesn't move.



Matano interface is defined where

[*xdC=0-x=0
Xmarker — 77\/{

dearker _ 77 _ Xmarker
dt 52 2

x=0=v=0 —>doesn't move relative to the end of crystal

VvV =

1. For moving coordinate, e.g., marker or lattice

_ p! oC ,
Ia A D | e eee e
X D ,: Intrinsic diffusivity
0C, (D 0C, :Diffusivity under concentration gradient

Aax

8t

or non-equilibrium condition

2. For stationary coordinate, e.g., Matano interface, end of crystal
or observer.

oC ~ 0C,
J, =D\ A
Aox 8X
. 0C - 0C, v: Velocity of lattice flow or velocity of marker
=-D <
1o B ox BT 8X D: Chemical diffusivity or interdiffusion coefficient

detrmined by Boltzmann-Matano analysis



(1) Stationary Coordinate :
The atomic flux including diffusion and lattice flow

oC ~ 0C
JA — 'D,IA 5XA +VCA: - aXA where v: veloci’rz(/ of lattice flow
or marker
J, =-Dj oy +vC,=-D oCy
B B ox B OX
J(Net flux) =J , +J, = -D a;(A +vC, -Dy 6;(13 +vC,
=-D}, —a;(A -D, —aaCXB +v(C, +Cp)
5 8Ch 1 8Cs

Aox P ox
since X, +X; =1>C(X,+X;)=C—>CX,+CX;=C—>C,+C,=C

where C is the total number of atom per unit volume. If we assume that the
atomic volume is (2, we have C(2=1. As C is constant, it implies that

ac: oC, +Cy) :0_)6CA :_6CB _)aXA :_aXB
OX OX OX OX OX OX




6_C _ _QZE[DL &JFD}B aCB
ot OX OX OX OX
. . oC

since C 1S constant, Y =0

C

OX OX
To determine the constant &, we consider the end of the sample, where no
interdiffusion occurs, and the concentrations of C, and C, are constant,
and their concentration gradients are zero. Thus, there is no lattice flow,

so v=0. The constant of kis then zero, and the net flux (J) in the
stationary coordinate is zero, so J=J ,+J,=0 and J , = -J,.

(2) Moving Coordinate :

Only diffusion flux considered

-v(C]

D -vC =k = constant

oC oC
o — _DI A ; . — _DI B
.]A A X JB B ax
Since J(Net flux) =J, +J, =-D}, aaCA D, aaCB +vC=j, + j, + vC=0
X X

jA+ jB = —v(C =- jV where vacancy flux (jy) is to balance the difference
between j, and jg.



Lattice flow velocity = Marker velocity (v):

: _[D aC aCB ]: I aX aXB _ (DI _DI aXB
ox  ° BX A ax Ox B
J =j,+C,v= -Dy USRS . (D,-D! aX
_ CatCapy G, Gy (Dg-DI 0C,
C ox C
oC, C oC
— __—A ]:)]I3 B B DL B
ox C OX
1
— -E(CADL + CBDI ax
~ 0C
= (XD, +X,D! =-D—&
( A™B B 5X aX
D=X,D}+X,D"
Since oC,  0C, o B oC,
OX OX OX

JA — jA+ CAV



In Darken's analysis, the vacancy is at equilibrium due to lattice
shift. Since there is no vacancy super-saturation, no void is formed.
However, if the vacancy flux can not be absorbed by lattice shift,
it will lead to vacancy super-saturation and the nucleation of voids.

Kirkendall (Frenkel) voiding without lattice shift
oC, 1 0C,

J(Net flux) = JA +JB — -D; o -D{% i +vC
=], js + vC=0
jA+jB =—vC =,
: 0X oC
ju = vC =C(D}-D}) 7 - (D} D))

Number of vacancy transported = j At

where A is cross section area and t is time. If the atomic volume of a
single vacancy is (,

Total volume of vacancy transported = j AtQ).



Total volume of vacancy transported (V... )= Jy At

Vi =AQ[ jydt = AQC j u =AQCHt = ACI:CX xA

Vv

where

x : marker shift distance

A: the cross section area of diffusion
(2: atomic volume of a single vacancy
C:. total concentration =C,+C,=1/Q)

v: velocity of marker

t. time



jA+jB+jV:0
jV:_(jA+jB):CV

i —0 Cu, py G
" OX ° OX
= (D' —D')(’9CA =Cv
A B aX
Vv = l(DI _Dl)aCA :(DI _D')aXA
c °7 OX ’ °7 OX
v: velocity of lattice flow or marker
&, _ec,

Fick's 2nd Law: =
ick's 2nd Law Evaie




Flux(ja, jg.v). dC,/dt

40}

N
o

o

-20

> Jp

Ja

DA/DB=1

js'

<—Vacancies at equilibrium———>
1 | 1 | |
-4 -2 0 2 4
Distance, x

Flux(ja, je.dv), dC,/dt

Vacancies need to be created to

restore equilibrium

Jv > > Js
Ja <
40
DA/DB=1 . 1/1
30
20
10
0
-10
-20
-30F Vacancy Vacancy
Creation Annihilation
-40 | ] ] ]
4 -2 0 2 4
Distance, x

Vacancies need to be destroyed to
maintain equilibrium



N
(@]

Flux(ja, j.jy), dC,/dt
o

Jv > > Je > Jo

H 4 ] ]
Ja Ja — jy
60
D,/Dg=4/3 D,/Dg=2/3
Js

— 40
+—
k=
\>
O

o 20
=
2
[a)
=

,\_‘;‘; 0
X
=
w

-20

. Vacancy VGC?’[CY. Vacancy Vacancy
Creation Annihilation Annihilation Creation
] | ] ] l -40 ] ] ] l
w: 2 0 2 ) 7 =2 0 7 3

Distance, x Distance, x



Vacancy Creation Vacancy Annihilation

(dC,/d1)<0 (dC//dt)>0
T —_———————

F_‘ Vacancy H ?*Vacancy
(] T N

Crea‘re‘Laﬂice Plane Remové Lattice Plane

. Vacancy More vacancies are created due to unequal diffusivities,
which yields a non-equilibrium system. Therefore,
excessive vacancies heed to be destroyed by removing
lattice plane to bring the system back to equilibrium.




5030 Sleolelele
88@90[18 3000060
HO0 000 000 QOO
DO0000  00Q Q00
DO0000 000000

Vacancy destroyed
(positive climb)

FIGURE 2.17
(a) Before, (b) after: a vacancy is absorbed at a jog on an edge dislocation (positive climb). (b)
Before, (a) after: a vacancy is created by negative ciimb of an edge dislocation. (c) Perspective
drawing of a jogged edge dislocation.



1.For moving coordinate, e.g., marker or the lattice

. oC
:.DI A
Ja A ox
6CA =_61A _ 0 (DIA 6CA)
ot OX  0OX OX

D,: Intrinsic diffusivity
:Diffusivity under concentration gradient

or non-equilibrium condition

2.For stationary coordinate, e.g., Matano interface,
end of crystal or observer.

oC ~ 0C
— Nl YA +
J, =-D, x vC, = 8X
0C, ~ 8C
I
Jo =Dy 6X V= ax

v: Velocity of lattice flow or velocity of marker

D: Chemical diffusivity or interdiffusion coefficient

detrmined by Boltzmann-Matano analysis



/stationary plane AX( aaCtA

AX >0

oC, _ aJ,
ot  ox

) = (JA)X B ('JA)x+Ax

Note: J,: flux relative to the stationary coordinate
ia flux relative to the moving coordinate

6CA a I aC *

= D A._vC

el CF i A) *)

0Cg; _ 0 ,~1 0C

= D B.vC
ot  ox (Ds ox »)

If the vacancy concentration within the unit volume is constant (constant volume)

oC _oC,  0C; _
= + =0

ot ot ot

0 .1 0C
D,—2-vC,)+
(9X( A ox vCa) OX

1 1 0C,
DA

C,+C; OX

-1

C

©(DF 2 -vC) =0

0C,
OX

0C, (**)
OX

I
+ D,

(D4 - Dg)(

. C :CA +CB :Const, 6CA _ _aCB
OX OX



Eq.(**)—~Eq.(*)
2C, _ 0 pr €,

CA
-ZA (DI -
ot  ox =~ * ox (O.

0 C C
=_ 1__A DI A D A — x DI A
[(( )0, ) ] x[( gUA * Ox
D X D +X,Dg
T - 0C,
6x
oC, »
o O )
2
Darken'’s equaﬁon &
107 3
fal
D % XN/'DAU + XAUDN/ 10710
0 X, 1
D;uD/\: : Tracer diffusivity
101!
102 A
R R A N
(cm2/s) 0.5 1.0

Ni (100 at%)



Fe-3.8%Si-0.48%C Fe-0 44%C

t (hr)
0

-
-
-

IR0
e

10

Concentration and partial
molar free-energy curves
at various times for
Fe-C-Si alloys welded
together and annealed.

Concentration [J-RFes Energy



Si (%)

I

Carbon (%)

<4 Time

Hrti
i

Concentration [=R¥es Energy

E: Fe-1.9%51-0.46%C

A Fe044% CP--n----lpecnnne-

/ BFe-3.8%Si-0.48%C

Fe S| ——»

The change in composition of two points A
and B on opposite sides of diffusion Couple:
E is the final equilibrium concentration of
the whole bar.



Force acting on an atom of species A

= __ou _G
OX N
1 0G,
F=- A
NO( OX )
v, =B,F=- ( )
B,: mobility of specues A under a force of F
J=C, v, =Cy By F=-Cy ot B, aG
_54 RT(alnaA)CA_—D;\ GCA .:G, =G, +RTIna,
NO 2 0 Olna
B, . dlna oInC F=RT— =
—ART A _ D/L A OX OX
N, OX OX
Olna
~.D,=B, k- T A
ATATR T dIne,

R -23 -1
K. =—=1.38x10"J -deg

B

N

0

Odna, =0ln X, -y,; 0lnC, =0dln X, -C=0In X,



Oln X 7,

D! =B, -k.T
AR Oln X ,
Olny
=B, k. T(1+ A
T (4 )

: Intrinsic diffusivity of species A under the influence
of its own free energy gradient

Ideal Solution: =1
D.i =BA ‘kBT —Nernst-Einstein Equation
deG_Hr deG_z+ et XndG_n =0 —> Gibbs-Duhem Equation

dlna, B dlna,
O0ln X dln X,

alnaA )

(XBkT+XBkT)( b:)(/’DéZ'_I_)(BDAI

if B, =B, and B, =8B, (Intrmsw mobility = Tracer mobility)

alnaA )
olnX,

“ . oln
= (4, + XD )(1+ o)

D=(X,Ds XD)(




D=x,D; +x,D 1+ N

oln(X, )]
X,Dg +X;D, : transport or kinetic factor
olny, .
oInX, : thermodynamic factor

Activity vs. Molar Fraction
For the case of an ideal solution (Raoultian)

or an ideal dilute (Henryan) solution, 7 ;

is constant (=1 or K,;), and the thermodynamic factor
becomes zero. Therefore, for an ideal solution

B=X,D; +X,D;

For the case of very dilute solution with
XBQO and XA91

D=D,
—chemical diffusivity = tracer diffusivity of solute
II. For the case of Regular Solution

olny, _
olnX, 9oy

1+ olny, _ 1. 2.(2XAXB

olnX, X (Q2<0> A+B >A-A + B-B > D increasing)

Z.QX X




10
Au-Ni § o
T * *
g 101 (XAUDA// -I— X/V/DAU)
1200 liquid o
................................. X
800}
10
£ oln
% .
400 FCC_Al+ éi‘ o5 (1 n (7//\/, ) )
FCC_Al =
z oln(X,,)
C L
0 0.5 1.0
0o.o c:.z o.|4 o.:, ol.a ::I)i N
Au Xy o5

oln(y )
oIn(X,)

)

D (cm2/sec)
S

D=(x, Dy + X0 -+

~

101




Cu-Ni

100 ED 60 40 20 0
lﬁm L 1 1 1
fen L
1400 - Liq i
1200 - -
¥
L- 1um L l“s.q EEEEEEEEEEEEEEE NN NN NN NN EEEEEEEEEEEEEEEEEEN)
h L
800- S (Cu,Ni) : Peu Measured
-13 at 1000°C
600 - u
4001 a gy e B |
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TTTT]

Ni (%)

Log (diffusion coefficient, m? s‘l)

-15

L D*Ni/
-16 I I l I
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Atomic fraction nickel



Regular Solution

AH_  #0 & AS™ =0
(Ideal Solution AH_ =0 & AS ™ =0)
AH_ =QX ,X; where Q=N _Z¢ and

1

AS =-R(X,InX,+ X,1n X,)
AG, = AH_-TAS,
=X, X, +RT(X,InX, + X;InX;)



Regular Solution
AHp=Pg(172( € o+ € ga)- € ap) =Pap €

PAs=((1/2)ZN,)(2X,X;)
=ZN X, Xz : Probability to form A-B bonds

AH_=ZNX, Xz € =ZN, & X Xg= QX,Xg

2=ZN, ¢

(Q<0-» attraction between unlike ions
2 L2( € ppt €B)<E aB

(2>0-> repulsion between unlike ions
2 L2( € ppt €8B)> € B

For Ideal Solution
1/2( € an* € B)= € ag
e =0>Q=0>AH_=0



Probability to have A-B: X , X,

Probability to have B-A: X; X,

Probability for two sites with different atoms of A-B and B-A:
X Xg+ XX, =2X, X,

Total number of pairs in the crystal:% ZN,

P,z (Total probability to form A-B pairs): %ZN0 2X, Xg =2ZN X, X,



(a)

(2<0, high T

Xz

A l—'mix

A mix

(2>0, high T

(b) Q<0,low T
X5
AHmix
A Gmix< 0
aYa+ a,
AGmix
d Q>0 lowT
A Gmix>o
/
oD a2 1 ¥ a-
Xg>
-TAS

mix




Gibbs Free Energy of Binary Solutions

Before mixing

X,molA XgmolB

FE X,G, F.E XpGg

\ J

Mix

—
Total free energy =

Gl = ‘XAGA + XBGB

After mixing

0 .0 0 O
X I
0o it
el s eies
d%“%ﬁ%“%ﬁb

X LR S

900 %0 0'elel

1 mol solid
solution

N J

v~
Total free energy =

Gz = G]_ + AGmix




Ideal Solution

—
Free energy per mole before mixing
A3

A Gmix‘-a-"‘E

N
Molar free energy

High T

Gy Gl =XAGA +XBGB

GI:HI ‘Tsl
GZ:HZ-TSZ
AGpix=6,-6,
=A l—'mix"TA smix
=H,-H,
=5,-5,

AH
AS

mix
mix

Since AH, ;=0 (ideal solution)

Aémix (ideal solution)= -TAsmix
ASix = -R(X,INX,+X5INXE)

G, =61+ A6y,

=XAGA+XBGB-TA Smix
=X ,(6,+RTInX )+
XB(GB"'RTIHXB)



Ideal Solution
dG'= p,dn, (T,P, n;:constant) (G"total free energy)

oG’
/uA o (anA )T,P, ng

dG'= u,dn, + g dn,

G'= N, + g
G, = G’ :/uAnA_i_luBnB

= 11, X o + 1 X (molar free energy)

n, +Ng n, +Ng A
G, = X,(G,+RTInX,)+ X, (G, +RT In X,) 1.
y B
Ga a
1, =G, +RTIn X, !
/,lBZGB-I-RTlnXB ~RT In X, < » —RT In X3
TN d*‘“B




La= GA+RTInaA ~RTIlnag, ¢
U = GB"'RTINQB 0
Alc
Xp—»
AGpix = 62-6 ’ ’ L

= (Xt a+Xp 1t )= (X g6 4+ Xp6p)
- RT(XAanA + XBlnaB)



Regular Solution
AG, . =AH_. —TAS, .
= QX X +RT (X, In X, + X;1n X;)
62=61+ AGpyy

=X 46 4+ Xp6p+ QL X, X5 +RT (X4 INX 4 +X5INX5) (X4Xp=1)
=X 46 4+ XpGg+ Q (X, 2Xg+ X, X52)+RT(XAINX .+ X5 INXg)
=Xalt a*Xp L

ﬂA - GA+Q(1 _XA)Z.,.RTMXA:GA"'RTMGA =GA+RT(|I"IXA+|H ’)’ A)

g = G+ Q(1-Xg)?+RTINX=6,+RTInay =65+RT(InXg+In 7 ;)




We may find AH, and AHg, the relative partial molal enthalpies for a
regular solution, from equation 7.9 by use of relations derived in Chapter 6.
A, =H, =AMl =(l-X)Q (7.10)
Ay~ Hy = AH, = (1 - Xp)'Q (7.11)
Since AS™ = 0, “
§, ~58,' =AS,=~-RInX,
Using the relation
AG‘ = AHJ o T&S{

find that '
We A Hat  AG, = (1 =X )2 + RTIn X, = RTIna,
é.GH 2 (l — XB}EQ + RT'In X]] = RT In gy
We see that 10
In}!ﬂ_ﬂunx*} 0<0 > 7 4«1
RT > Negative deviation
{1 . }:]})Eﬂ Q>O 9 ’}’A>1
In yp = RT - Positive deviation

oln(y,) _ -2Q X X,
oln(X ) RT




_ | =
AG'mix = AH mix _TASmix N7a RT
=OX, X, +RT(X,In X, + X, In X,) L _(=Xr0
nyg =
. - RT
‘-'I""'.-F-._.-- e 1.2
Q= AQOD = 2RT l
=500 _ - = — -t 1.0
A /fﬂﬂ S
o —1000 &= “Fﬁm i / /‘”ﬁ!- apcol— 0.8
RN :
c.§ =1=0 / ;ﬁp St S I 4 X
3 o0l /o 7 o V%
X L
Alfg -\\|-.._ Q = mEDD/ | {}/#; . —d 0 &
) A )
=2000 - e
"‘“‘-a._ﬂg e 0.2
A
5001 1000° K 1000° K N
B 02 04 06 08 A B 0.2 04 0.6 0.8 A

Jf&‘-“"—""

Xy =



1

4G 1/ k) mol

‘a% dqt az‘

'M,, o0, T=1 GGNFZ'

- AH, 30, T=1500 K -

AH,,>0, T=2000 K

a

AH 50, T=3000 K

(.0 0% 0.4 0.0 (.8

-

-

AG =AH_-TAS,



Systems with a Miscibility Gap

Liquid

(c)

_——
—
—
—
J—
—
—

——m]

—— — D_.




olny,

Df =B°RT(1
i =BRTI +alnXA

)

Example:

Iny, =-0.75(1- X,)* +0.01(1 - X,

olny

olnX

Df = BRT[1+15X,(1- X,)-0.03X,(1- X,)]
=DI[1+15X,(1-X,)-0.03X,(1- X,)*]

1.6
1.4

1.2 /
1

=15X,(1-X,)-0.03X,(1- XY

o o 1+15X,(1-X,)-0.03X,(1-X,)°
0.6
0.4
0.2
0
0 0.1 0.2 0.3 0.4



~

Regular Solution D- (XD I D I)
VTR B~ 4

-(XDg + %0 -+

Oln

iy

6|nXA
QX X

x x 2
XD+ XD a-—7

~

D 1
XD, +x,D;

Xa

AB)

Ideal solution —» Q=0

D-xD;+xD))

Q<0 = Z) >0 = Downhill Diffusion

Q>Oaﬂa’1<292(;_x‘9 —=D<0

= Uphill Diffusion




AGm = AH“ - TASm
= X, % +RT(X,InX, + X,InX, )

DGy BT (“In X, +1n X) + Q1 -2X,)

oX
2
L SRT( 4= ) -20=RTCA22) 20 - 20

D:(XADé+XBDAI)

Olny,
dln X,

* . 20X X
= (x,Dg +x, Do - ===,
RT
2

RT oX3

- (X,Dg +x, D)+ )

= (XAD; + XBD:)

2 ~
0 A?m < 0= D <0 > up-hill diffusion
B

2 ~
0"BCr 5 0= D> 0= down-hill diffusion
X3



Down-Hill Diffusion

i G, G3Gy

// 5 _ W
ok =1 | 7

B-rich A-rich A @ @ B )

@) (b) ,
6 AGm < O i (e}

] an .aZAGm l"l.ﬁ.
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OX OX
J=cv=-C-(B-Fy=c.B(-2&
0X

B:Mobility, F :Force



Summary of Diffusivities

Symbol Name/Nature Equations Coordi-
nate
= | Self-diffusivity of a tracer D - f(l &°T) M=S
D in a chemically homogeneous 6 ( ;
material containing only on . . no ne
spc:,;:f containing only one D =BRT mass flow)
= | Self-diffusivity of a tracer D = BRT M=S
D in a chemically homogeneous o |
/ | material containing more DI =D (1+ olny, ) (no net
than one species ’ ’ oln X mass flow)
Composition-dependent M I
I P P =-D'VC.
D_ intrinsic diffusivity of J B o M
/" | component i in a chemically J =-DVC +v,C |S
inhomogeneous system.
~~ | Composition-dependent J° =-DVC S
D interdiffusivity in a 3 / S
chemically inhomogeneous _ I I
system Y D= ){BDA +*XAD'95|V\ 74y S
OD=(X,0,+X,0,)1+ 8InXA)

M: Moving and S: Stationary Coordinates




1.0

c/cC,

0.5

Error-Function Solution

Constant Diffusivity
Loss

joco xdC =0

Gain

x/|




1.0

c/cC,

0.5




For an infinite system

9€ o when C=0 or C=C, .9 =0 Matano
dx dx interface \‘l
Therefore C

—ljc" xdC = Dtc(;—C|OC°
X

4 0
dx
j XdC =0 which is an additional boundary

condition and determines the
location of Matano interface.

X=0 Tangent=(dC/dx).

x=0 plane (Matano interface) determined by
Co
_[0 xdC =0

, —1 d¥x
D(C 2—%)]



D(C) =

-1

dx

2t (ﬁ

#20

¢

¢, —
< Original interface
I
Lt

¢ \

A \'é Matano interface

C i
)C'jo xdC :
0C 0C
SIO e:_ *> - * %
P PY% lc PY% lc

Diffusivity :D .. <D ...
c’ C,

Area:j XdC=_[**XdC
C, C



l

Matano Interfdce =i

Mar'ker'———__.‘_

Zn (wt%)

== Marker

30%Zn-70%Cu

0.05

Distance (cm)




Zn (at%)

0.125 mm

0] L 144 h 30%Zn-70%Cu
Matano Interface =P :
« Jo— 22.5% Zn-77.5%Cu
oC,, :
20_ :0.125 mm: l DI _DI 8CZn
OX s v T ogman ¢ P X
s D(C, =22.5%)= —1(%)% [
—2.9x10”cm? /sec =X, D\, + X, D!
s : D, =22x10"cm?/sec (C., =77.5%)
10 -
= ! D) =51x10"cm’/sec  (C,, =22.5%)
a : D(C, ~0)=D) =3x10""cm’/sec
0 0.05 0 0.05

Distance (cm)




