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Diffusion Coefficient — Inter Diffusion

Diffugion Coefficients

Intrinsic, Inter (Chemical), Self, Tracer, Tracer Impurity Diffusion Coefficient
- Intringic diffusion coefficients are not measurable, but can be calculated using
Darken's equation

[] Datken’'s equation

[ with respect to some fixed reference plane

on
Ja = = Dy ﬁxA
Ja = — Dy 651‘8 (r; : concentration of i}

]A+]B+]V=0

Difference between |Jal and |Jfgl, thus the flux of vacancies causes a movement of the
reference plane (at a velocity, v)

— Jyo=—Js,— Jg = n,v (r1e © # of total atoms per volume}

Asggume that molar volume of A and B iz equal to each other.
(ne = na + pe = constant)

3N
(DA - B) 4

(s © mole fraction of A)

E% _;._)1 Iu_[" UI'.I—II Byeong-Joo Lee
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Diffusion Coefficient — Inter Diffusion

[> with respect to volume fixed frame,

Jo=Jg + Nygm,v =

ex)

/f _________

/

X
2f
55 x107° =
2.78x107

U:

0.01
2>13000

JTB - NB (JTA + ]B)

dn g
dx

dn g

ox

Distance of marker plane from Matano plane @ .01 cm
Annealing time © 18000 zec
on matker plane | Ny = 0.65 Ns = 0.35

D =

dN,
ox

= 2.78x10"7 em/eec

(.35 Dy + (065 Dg
2.44 (Dy - Dg)

5.5 % 107% em’/sec

2.44 cm™

) TS BN

Pohang University of Science

and Technology
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Diffusion Coefficient — Self/Tracer Diffusion

[ Self Diffusion Coefficient

Cil........ J ,,,,,,,,,,,,, Cu Dy = Dg = D

D constant

¥ determination of I @ Grube method

[ 1 Tracer Diffusion Coefficient

. N A + N Az* - 20%
Cu 80% | Cu 80% Dan = Doy = DNawtNay*) = constant
Au 20% | AU 20% D’sy < Grube method

AP OFx OF Byeong-Joo Lee
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Diffusion Coefficient — Intrinsic Diffusion Coefficient

U Imtringic Diffusion Coefficient

dn aN
R

-« ideal golution

. Qe RT 4N
s — G, + RT N, i~ N, ar
D du
Ja = ~ R’i’q‘ "4 3xA
. B a4 . Gt
= — Byng 52 (Bs © mobility)
......... ¥ Tracer Diffusion
- Non-ideal solution d1n
]’ N
Dy = By RT |1 + N ——3Att
= OGA + RT ]IINAYA A
= BY RT
dg _ RT dN, + N Bln}’A] g
S NA ox A Jx
aN, dlny, B, = By
= — B, RT —|1 + N
4 a RT n, —5 AT 3N,
dlny
dln = I .
DA _ BA RT[]_ N NA aN}fA DA DA 1 + NA 3NA
A
EUI--T-I I|_|-[|'| Ul'm Byeong-Joo Lee
o O —/
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Diffusion Coefficient — Inter Diffusion Coefficient

O Imter—diffusion Coefficient

D = NBDA + NAD.B

3]1’1?44
aN,

dinyg
dNg

— Ny DY |1l + Ny

+ N, D3 [1 + Np
- Gibbs-Duhem Eq.

NA dﬂA + NB dﬂB = {} — NA

de; _ RT [1 N dln y;
dN, N, din N,

i

ci]IlJ’A
(ﬂnNA

—[1+—d]mﬂ]-th ic
= dIn N ; thermodynamic factor

- i+

5]11?44
N,

D = (Ng Dy + NADJ*B)[l +

Fo (o] o] Of Byeong-Joo Lee
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Diffusion Coefficient — Modeling

* Inter-diffusion Coefficient in a binary alloy
— linked to intrinsic diffusion by the Darken'’s relation

dny,
dInN,

D=(N,D,+N D, ){1 +

* Intrinsic diffusion Coefficient
— composed of mobility term (Tracer Diffusion) and thermodynamic factor

dny,
din N,

D, =DZ{1+

* Tracer diffusion Coefficient - as a function of composition & temp.

D,(N,,T)=D}(N,)-e ")

D, (N, =0) : tracer impurity diffusion coefficient DZ (NB _ 0) ~ Dzself
DZ (N, =0) : self-diffusion of A in the given structure

<% IIOFR Ot Byeong-Joo Lee
A E II'H:H m www.postech.ac.kr/~calphad
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Diffusion Coefficient — Modeling

* Linear composition dependence of Qg in a composition range N; ~ N,

n n n n
ON)=0(—— N +——N))=—"—0 +——0,
n,+n, n,+n, n,+n, n,+n,
» assuming composition independent D °
DB 1 ]\f1 + 2 N2 — DZ e H? 172 — DN n+n, .DN ny+n,
n,+n, n,+n, : ?

% Tracer diffusion Coefficient at an intermediate composition
Is a geometrical mean of those at both ends - from experiments

> the same for the D ° term

D; (NB,T) _ elnDzog(NB) .e—QB(NB)/RT _ ng(NB) .e_QB(NB)/RT

“ Both Q° & Q are modeled as a linear function of composition

S S OFx OF Byeong-Joo Lee
; E o O II-H:H — m www.postech.ac.kr/~calphad

Pohang University of Science and Technology




Modeling of Multi-Component Diffusion - Basic Assumption

V.=V, for k € S (substitutional)

V.=0 fork ¢ S
V= 2%V, = Vszxk
k=1 keS
X X
Ck:Vk:ka | Ve=u, |V,
"o e U, =X /Zx.
Jjes k k Jj

jes

S S OFx OF Byeong-Joo Lee
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Modeling of Multi-Component Diffusion - Reference Frame

Zn:Vka =0
k=1

> J =0

keS
Jk :Jk—lxlkZJi
ieS

4+H IOk Ot Byeong-Joo Lee
el 9 %‘9%”5? P.I-[" — m
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Mathematical Formalism of Multi-Component Diffusion Coefficient

(] Mathematical formalism of the multicomponent diffusion coefficients

Jp= — LNy
_ u Ay, _ o dpt;
"= n for substitutional solution
=+l for interstitial solution (including vacancy)

+ translation to guarantee the number fixed frame wrt. substitutional atoms

Jo= T — %kigsjf = ;SSQZ' - ;S%?f = 2 {6s — uy J;

=5

2 dpy
= _g I '25' (05 — ) Liau}_ Ve ] v

i=

Ly = v ¥y My
2, = vy, My, Ve for substitutional {
= M., Vs for interstitial

Fo (o] o] Of Byeong-Joo Lee
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Mathematical Formalism of Multi-Component Diffusion Coefficient

't O
o= — 20 [ 20 (8, — uy) u; 2 a#z ] v for substitutional k
=1 &8 ij
5 aﬂk . e
J, = - _21 L2, vy, 2, 0 ] v for interstitial k
i= j

for each sublattice (normal lattice & interstitial site)
!

# Omne can remove VvV, term where j means solvent atom in the substitutional

sublattice and vacancy in the interstitial sublattice.

n—1
S = — .21 Dy v
;:
iy 8;1-)
v _ i i o .
Dy = z‘g{i‘ (&, ) u; &, ( du,  du, for substitutional %
du, du, : i
Dy = 2y, vy, 24 ( 3, " 4, for interstitial k

) (o] o] Of Byeong-Joo Lee
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Mathematical Formalism - Application to Binary and Ternary Solutions

] Application to binary and ternary solutions

[> Application to an Fe-M substitutional binary solution

- aﬂM . aﬂM . a:aFe . a-uFe
Ju = [¥pe var @y € 3y, 83’1«“@) Vi Vpe Lpp ( 3y, 3, )] v Cy
s dti g,
= — [ yp vy 2y a’yj: — Yy Ve &r, dy; 1 vCy,
= — Q, RT + Qr, RT]1 (1 + dlm“) C
= Vpe Sy My Sepe diny,, Ve

% for an Fe-M-M’" ternary system
using the relations @ V(g = 0
Vg tVu* =0
$h = Sy
one can derive

fM:: - QM RT cha

AP OFx OF Byeong-Joo Lee
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Mathematical Formalism - Application to Binary and Ternary Solutions

) 6 g
Ho—= g, e, ( - ’E) for interstitial k
By P Xun ep 53&5 53&,1

>  Application to the Fe-C interstitial binary solution

0t du
Jo = — ycyv@ﬂc{ays - ay;) v,

dti
= — Vo ¥w 8¢ dy, vCe

— — Q_RT (1 - 723;5%;’;"’@ -LFW&C) vC,

— . —4,
Qo RT = 4.529 - 10 Texp[ — 17222110221 ogory 4 147723,,)]

[]. Agren, Scripta Metall 20, 1507 (1986)]

) (o] Jor] Of Byeong-Joo Lee
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Mathematical Formalism - Application to Binary and Ternary Solutions

Smithells Metals Reference Book, 1992

0-0.2 1.0 226.1 - 1073-1373  Ila(i) 38
Very little variation of D with ¢

Be H
23x1077 18.42 — 473-1273 IIb 86
Be Mg
0-sol. limit 8.06 1570 — 773-873 IMa(i) 212
Bi Pb
0-2.0 0.018 77.0 — 493-558 Maf(i) 39
C Co ;
8.72x 1073 1493 — , 723-1073  Ta(i), pc. 158
~0.1-0 Q.31 153.7 — 1073-1673  IIla(i) 216
C Co Fe
78.5 0472 157.0 —_ 1123-1373 ..
0.48 89.4 0.442 157.0 _ 1123-1385 § MHbay 4l
0 004+008c¢c 1313
0-0.7 5.8 0.04+008 ¢ 127.7 .
(Wt.%) 106 (V) Yoo3+ore 1252 1273-1473 - Ha(i) 146
20.2 0.03+006¢ 1208
(c=wt.%C)
C Fe
0-0.1 () 3941073  80.2 _— 313-623 Various 215
y-range D=453x 1071+ y(1—.)8339.9/T]exp[— (T ' —2.221 x '°7* x 17767 — 26 436y,)]
yo=x /(1 —x.), x,=mol fraction of C 42
o-range Log D= —0.9064 —0.5199y + 1.61 x 10342 233-1140 Combined 40
y=10%T data, several
sources

Byeong-Joo Lee
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Mathematical Formalism - Application to Binary and Ternary Solutions

John Agren, Scripta Metallurgica 20,
1507-10 (1986).

LoG (D H2/5 )

o B2 4 26 8 2,10
ATOMIC FRACTION CARBON

_ _ -4 2 -1
be = 4.53-10 ?{1wc{1-ytlﬂ3—3$—i}mqp{-{% - 2.221.107 ) (17767 - y 26436)}  n's

Eg)l-%lm[" t_jlrm Byeong-Joo Lee
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Mathematical Formalism - Application to Binary and Ternary Solutions

> Application to the Fe-M-C interstitial ternary solution

e o 0 0
Jo = —¥e ¥y Q4 33;5 - ay;)vcc — Ve My Qe ( 83); - ay; IV
d du Optp, Opigp,
Ju = — [Vp vy 234 8yf_ ayi)_ﬁ’M Yre Lpf ayz - 3:};; )] vC.
du d ¢ dthp, Opp,
— [¥p vy L3 83»‘;; - ayi)_ﬁ’m Vi 8p 83!; - 83!; ) vy

Pohang University of Science and Technology
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Multi-Component Diffusion Simulation — for C in Fe-C-M ternary system

J.=-D.,.VC.-D., VC,,

au,. ou au,. ou
Jo= _uCyVaMCVa(dlz - d{;jVSVCC _uCyVaMCVa(dl; 074; VsVCy,
Ve + v, =1 Vie t Vi =1
du du
Je==YeVraM ey, (Ezj VsVCe _J’CJ’VaMCVa(dy;jVSVCM
Dee = J’CJ’VaMCVa(ZI;le Vs Dey, = yCyVaMCVa[;i;lcj Vs
du du dy
Peu ! Dec :(d ] /(d ) :_( ]
Y u Y/, dy se
2N EUL_"I Iu_[" Ul'.l—ll Byeong-Joo Lee

www.postech.ac.kr/~calphad
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Multi-Component Diffusion Simulation — Darken’s uphill diffusion

0.70 S |

0.65 4 oDarken o
0.60
0.56 -|
0.50 -
0.45 -
0.40 -
0.35 -
0.30 1 i

Fe-3.851-C

and

wit% Carbc_)n

Fe-C

0.25 | 13Daysat T=1323K

0.20 I T I | | I T
20 -15 -10 -5 0 5 10 15 20

Distance, mm

f
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Multi-Component Diffusion Simulation — Darken’s uphill diffusion

| |

0.10 ' '
0.09 -

[M1420K, ag = 0.502
0.08 & 1420K, a, = 0.308

X 1420K, a. = 0.291
0.07 v 1420K, ag = 0.121
0.06
0.05
0.04 dy./dyg; = -0.235

v

Wada et al. (1972)

* 1270K, a5 = 0.851
Y 1270K, a, = 0.586
0 1270K, a, = 0.346
#*1270K, a, = 0.248

dyc/dyg =-0.13

T
0.08

0.10

wit% Carbon

| | 1 ] | |

0.70
0.65 -
0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25

0.20

@ Darken
DCSi‘IDCC =0.185 =

13 Daysat T=1323 K —

T | T T
20 -15 -10 -5 0 5 10

|
15 20
Distance, mm

¥ Pohang University of Science and Technology

Byeong-Joo Lee
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Multi-Component Diffusion Simulation — Darken’s uphill diffusion

wit% Carbon

0.8

0.7 -

0.6 -

0.4

0.3 1

T Darken
Using Assessed Thermaodynamic Data

OO
O

10 Days at T = 1323 K

0.2
-20

| | | | | | |
-15 -10 -5 0 3] 10 15

Distance, mm

20

Fe-3.851-C

and

Fe-6.45Mn-C

NIJH el gm|

of Science and Technology

Byeong-Joo Lee
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Multi-Component Diffusion Simulation — Darken’s uphill diffusion

| |
| WWada et al (1972) |
[M1420K, a_, =0.226 X1273K, a, =0.500
— {>1420K, a, =0.189 T1273K, a, =0.295 —
X1420K, a, =0.0995 M1273K, a, =0.089
— ¥1420K, a_ =0.0964 #1273K, a, =0.072 —
>
1
dyfdy,, =0.075 I~
dy /dy,,, =0.055
| T |
0 0.05 0.10 0.15 0.20

wi% Carbon

0.8

0.7

0.6

0.5+

0.4+

0.3+

O Darken
Using lsoactivity curves of Carbon
D EDPC =0.185

CSy ; _
oM nIDCC =-06%

10 Days atT = 1323 K

0.2

T T T T T | T
-15 -10 -5 0 5 10 15

Distance, mm

20

ot S HH Ol

University of Science and Technology
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Multi-Component Diffusion Simulation — FDM approach for Fe-Si-C

oC =
A —V']k == V(DZ;VCJ)

ot =
aCc . aC‘C acSz'
55 = oy Do gt + Des gy ]
6C3i‘ o aCC aCSz
Y - ax [DSzC a + DSzSz ax ]

ac;  Cit -

ot 41

0 D acz] _ [ z+1+D Cliy— Ci:_ D,+D,, Ci—Cl 1]

0x [D; ox A x 2 A x

Ecrnmmcrm Byeong-Joo Lee
A www.postech.ac.kr/~calphad
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Moving Boundary Problem — Basic Equation

concentration
concentration

distance distance

VACEE Sy CER =R e R U

—

 (R/L _ (L/R
— (le/L _CkL/R) dt  CRL-C

Egg Iu.[" t_jlrm Byeong-Joo Lee
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Multi-Component Diffusion Simulation — Case Study : Fe-Cr-Ni

50 ] I | ]

wit% Cr

25  J
LA
o R

45
o
40 S
35 - i‘\ < &
30 \ \w >0
LY

~xA Y

C

normalized thickness

10 - ® Hasebe, 1373K
M@ Falkeno, 1373K
5- & Schultz, 1366K
X Diffusion couple
0 T

T 1 T T T T 1
0 5 10 15 20 25 30 35 40 45 50

wt% Ni

0.4 4 A Diffusion Couple A
™ Diffusion Couple B
0.2 4 < Diffusion Couple C -
M Diffusion Couple D

0

Kajihara et al.

1071

T RN | LU UL | UL rorrTrm
10° 10" 102 103 10*
time, hours
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Multi-Component Diffusion Simulation — Case Study : Fe-Cr-Ni

wt% Cr

(@)

Kajihara et al.

A1h
©10h
<& 100h
M 1000h

() =

40 | | 1 ] | |

(b)
Kajihara et al.
A1h
© 10h
<& 100h
M 1000h

10 T | T T T T
0 2 4 6 8 10 12 14 16

wit% Ni
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Multi-Component Diffusion Simulation — between Multi-Phase Layers

JayJ
U

U = P

Fig. 14. (a) Microstructure of couple k5-k7 after a diffusion anneal at
1100°C for 100 h. (b) Same as (a) but different scale.

2(JR/L . JL/R) At +2Amcorr

Aé:_ |R/L_I_ . 'L/R_ '
ukmﬂ U, “km)

% '._5' Iu_[" Ul'.l—ll Byeong-Joo Lee
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Multi-Component Diffusion Simulation — between Multi-Phase Layers

60 | | | I | | l | | 40 | | | | | |
Engstrom (1995)

- Engstrom (1995)
554 ACr ﬁﬁé %II"I BCCL 35 ONi T W B
ﬂi\ 5;55 = -

ht percent

weight percent
NJ
o
l

| | | |
5E 4—4 3 2 -1 0 1 2 3 4 5
distance, m distance, m

Iu. [" "'—’.'El Byeong-Joo Lee
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Multi-Component Diffusion Simulation — between Multi-Phase Layers

EG 1 1 1 1 | | 1 1 1 40 1 1 | 1 ] ]

Engstrom (1995) & Engstrom (1995) NN

454 ACr B _
O Ni 35

ht percent

I I I I [ I I I ] T I I I
4 -3 -2 -1 0 1 2 3 4 b5 0 5 10 15 20 25 30 35 40 45 50
distance, m wit% Cr
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