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Diffusion Coefficient — Inter Diffusion

Diffusion Coefficients
- Intrinsic, Inter (Chemical), Self, Tracer, Tracer Impurity Diffusion Coefficient

- Intrinsic diffusion coefficients are not measurable, but can be calculated using
Darken’s equation

[ Darken's equation

[> with respect to some fixed reference plane

an
Jo =~ Dy 5xA
Jg = — Dy 5;;3 (ni  concentration of i)

JA+]B+JV=O

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

- Jy=—J4s— Jg = n,v (n¢ @ # of total atoms per volume)
Agsume that molar volume of A and B is equal to each other.
(ne = pa + e = constant)

aN
v = (Dy — Dp) A
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Diffusion Coefficient — Inter Diffusion

[> with respect to volume fixed frame,

71'S=JB“*'NB”:U= Jg — Ny (Js + Jp)

— (NgDy + N,Dp ‘9”3 - - 38’13
ex) / Distance of marker plane from Matano plane : 0.01 cm
//K ......... Annealing time : 18000 sec
on marker plane : Na = 065, Ns = 0.35
D = 5.5 x 10™8 cmbfsec
/ Vs~ g e
X
_ X _ 0.01 _ -7
v = 5 7x18000 2.78x10 cm/sec
55 x107° = (.35 Da + 065 Dp

2.78x107" = 244 (Ds - Dg)
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Diffusion Coefficient — Self/Tracer Diffusion

[] Self Diffusion Coefficient

D = NBDA + NADB
Cu.. , ,,,,,,,,,,,,, Cu’ Dy = Dg =D

D : constant

¥ determination of D : Grube method

[] Tracer Diffusion Coefficient

: NAu + NA&’ = 20%
Cu 80% Cu 80% Doy = D'ay = D(NawtNauw*) = constant
Au 20% | Au 20% D'sau < Grube method
) o] Jorm| OF Byeong-Joo Lee
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Diffusion Coefficient — Intrinsic Diffusion Coefficient

O Intrinsic Diffusion Coefficient

dn dN
Js, = — D, a“* - DAnt—axA
- 1ideal solution
. du RT ON
#a = G4+ RT InNy, 3—xA=TA BxA
. DA aﬂA
Jy == RT "4 "5y
dey . P
= — BA 74 —éx— (Ba @ mobility)

¥ Tracer Diffusion

- Non-ideal solution

dn "
Dy = By RT|[1 + N A4
Hyg = OGA + RT ]IINAYA A
= BY% RT
8,&A _ RT I:&NA + N 6lnyA] A
dx Ny dx 4 9x
dN dIn B, = B
Ja = — B4RTn, 3241 + N, 3NZA 4 4
dlny
dlny Dy = Dy|l+ N -
~ D, = B, RT[I + Ny aNAA A A ATAN,
A o] B Ot Byeong-Joo Lee
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Diffusion Coefficient — Inter Diffusion Coefficient
O Inter—diffusion Coefficient

D = NBDA + NADB

= Nz Dy |1 + Ny N, + Ny Dy |l + Ng N,
- Gibbs-Duhem Eq.
d, d,
Nydey + Npdug = 0 — Ny dﬁj — Ng a;,:i
de; _ RT [1 4 diny;
dN; N; dinN

dln dln
— [1 =+ 77‘4] = [l . dlnf}:fﬁ] ; thermodynamic factor
B

* + a]l'l}’
D = (N Dy + NADB)[l + mﬁ

CEED
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Diffusion Coefficient — Modeling

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

D=(N,D,+N ,D,)|1+ B
s ew oyl 4]

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

D, =1+ 107
dIn N,

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

D,(N,,T)=D}(N,) e %Ws)

D; (N, =0) : tracer impurity diffusion coefficient D; (NB ~0) = Dzself
D’ (N, = 0) : self-diffusion of A in the given structure
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Diffusion Coefficient — Modeling

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

n, n, n,

n
O(N) = O( N, +—=—N,)= O, + 0,
n,+n, n,+n, n,+n, n,+n,
» assuming composition independent D°
DB 1 Nl—l‘ 2 N2 ZDZ-e b b ZDN”1+”2'DN n+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* (N T) _ elan(NB) .e_QB(NB)/RT _ ng(NB) .e_QB(NB)/RT
B B>

% Both Q° & Q are modeled as a linear function of composition
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Modeling of Multi-Component Diffusion - Basic Assumption

V.=V for k € S (substitutional)

V,=0 fork ¢ S
Ve = kak:VSZ'xk
k=1 keS
X X
Ck:Vk:ka I Ve=u, |V,
B w,=x,/ ) x,
jeSs k k Jj

jes

Byeong-Joo Lee
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Modeling of Multi-Component Diffusion - Reference Frame

inJk =0
k=1
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Mathematical Formalism of Multi-Component Diffusion Coefficient

[] Mathematical formalism of the multicomponent diffusion coefficients

Ji = — Ly
_ 2 duy _ . du;
n=n for substitutional solution
n=ntl for interstitial solution (including vacancy)

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

Jo = Ty — Zlk;sjz' = ;Saitjri - ;sukji = 2 (8s — up J;

=8

es

#n* O
= =2 [ 2 (82 — u) Lza‘;z Vs 1 v
J 5

2, = vy, My, Vs for substitutional i

Q, = My Vs for interstitial {
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Mathematical Formalism of Multi-Component Diffusion Coefficient

1" o
L = _'21 [Z.'S (8, — uy) u; 2; a#‘ ] vC; for substitutional k&
i= ie
= duy : .
J, = — 21 2, vy, 2, IR 1 v(, for interstitial &
= f

for each sublattice (normal lattice & interstitial site)

E}_:vcf- =0

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

sublattice and vacancy in the interstitial sublattice.

n—1
. Ou.
Dy = tzals (8, — u,) u; L2, ( é‘z; — 52[:;) for substitutional k
Ay, du, ) .
5;- = Uy Vv Qk ( 6uj- - 824” for interstitial k

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

du du du du
— .Q M M _ .Q Fe Fe vc
Ju [Vre Y1r L € 3y, ayFe) Yt Vre 2pe ( 34 Vg, )] M
dy dy
= — [ Ypo ¥y @y dyi: — Yy Vr Lp, dy;e 1 vCy
dln 7y
% for an Fe-M-M’ ternary system
using the relations ! V(g =0
VOu tVGu*x=0
Gy = fhyx
one can derive
\ (9] Jorn | O Byeong-Joo Lee

www.postech.ac.kr/~calphad

s5 ¥ Pohang University of Sci and Technology




Mathematical Formalism - Application to Binary and Ternary Solutions

du, Oy,

= Uy Vi 2 ( — ) for interstitial k
7 2V 22 \"3y. T a,

> Application to the Fe~-C interstitial binary solution

oy )7
Jo = — ¥c¥w Qc(ay:; - in) vCe,

dp
= — ¥V ¥w 8¢ dv, vCe

2V va

— . -4,
Qc RT = 4.529 10 "expl —-L=222L10 - T) (007, -+ 147723y,)]

[J. Agren, Scripta Metall 20, 1507 (1986)]
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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  1la(i) 38
Very little variation of D with ¢

Be H
23%x1077 18.42 — 473-1273 If1b 86
Be Mg
O-sol. limit 8.06 157.0 -— 773-873 IHa(i) 212
Bi Pb
0-2.0 0.018 77.0 — 493-558 [Ta(i) 39
C Co ;
8.72x1073 149.3 — 723-1073  Mafi), pc. 158
~0.1-0 0.31 153.7 — 1073-1673  Ilfa(i) 216
C Co Fe
78.5 0.472 157.0 —_ 1123-1373 2
0.48 89.4 0.442 157.0 = 11231385 § THRG) 4
0 0044008 ¢ 1313
0-0.7 58 0044008 ¢ 127.7 .
(wt.%) 106 { 7 Yoo3+01c 1252 1E-1as Tty =
20.2 003+006c 1208
{c=wt.%C)
C Fe
0-0.1 (o) 394x 1077 802 — 313-623 Various 215
y-range D=4.53x 107 (L +y,(1—,)8339.9/TTexp [ — (T ! —2.221 x 12~ * x 17767 —26436,)]
Ye=x/(1—x.), x,==mol fraction of C 42
a-range Log D= —0.9064 —0.5199y + 1.61 x 10~ 3y? 233-1140 Combined 40
x=10%T data, several
sources
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Mathematical Formalism - Application to Binary and Ternary Solutions

L0G € D M2/5 )

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

%] .Bé .B# .06 .08 0.108
ATOMIC FRACTION CARBON

o 853107 (1ay {1y ) B2 expl-t] - 2.22110™) (17767 - yo26436)] s
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Mathematical Formalism - Application to Binary and Ternary Solutions

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

www.postech.ac.kr/~calphad

_ e Ouc _ dpuc _ Opc
Jo = Ve Vya 8 3y 3 v, )WWCo Ve ¥y 8¢ ( 3y,  Ovg, IVCy
o ay7 Optp, Otg,
Ju = — [3p v 234 ayf_ 3},;:)_3’114 Vre Lpl 53’2 - 53’1}; )] vCe,
Ou A Ottp, Otg,
— [¥r vy Q3 83}:: - ay;l:)_yM Yre 8pe 831; — 33,; ) vCy
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Multi-Component Diffusion Simulation - for C in Fe-C-M ternary system

J.=-D.,.VC.—-D.,,VC,,

e OHc j ( e Tl
— V.VC,. — M -
ﬁ/lc dlya S C Z/tC y Va CVa OfuM d/lFe

Vot v, =1 Vee t Yy =1

Jo= _uCyVaMCVa[ jVSVCM

dy

du du
Do = yCyVaMCVa(d CJ Vs =Y VruM CVa( CJ
Ve

Yum

el ) )
o Ny, \dye ) dyy ),
i@« I!Eggam[",?"m Byeong-Joo Lee
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Multi-Component Diffusion Simulation — Darken’s uphill diffusion

] ] I I |

0.70
0.65 -
0.60
0.55
0.50
0.45
0.40
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0.25

wi% Carbon

o Darken |

13DaysatT=1323 K -

0.20 -

T T T | T
20 -15 -10 -5 O 5 10 15 20

Distance, mm

Fe-3.851-C
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Fe-C
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Multi-Component Diffusion Simulation — Darken’s uphill diffusion

| |

Wada et al. (1972)

[1420K, a,, = 0.502
& 1420K, a, = 0.308
X 1420K, a,, = 0.291
v 1420K, ag = 0.121

dy/dyg; = -0-233

* 1270K, a, = 0.851
Y 1270K, a¢ = 0.586
®1270K, a, = 0.346
#1270K, a, = 0.248

dy./dyg =-0.13

T
0.08

0.10

wt% Carbon

| | 1 | | 1

0.70
0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20

® Darken

13DaysatT=1323 K -

-20

1 | | | 1
-15 -10 -5 0 5
Distance, mm

T T
10 15 20
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Multi-Component Diffusion Simulation — Darken’s uphill diffusion

0.8

|

0.7 1

0.6

0.5 4@

wit% Carbon

0.4 -

0.3 -

O Darken
Using Assessed Thermodynamic D ata

00,
O

|

10 Days atT = 1323 K

15 ~10

-8 0 5 10 15

Distance, mm

20

Fe-3.851-C

and

Fe-6.45Mn-C
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Multi-Component Diffusion Simulation — Darken’s uphill diffusion

010 | | | 0.8 | | | | | |
O Darken
0.09 Wiaidaset al. (1971 — Using Isoactivity curves of Carbon
EI142DK,3C=U.226 X1273K,ac=0,500 0.7 4 DCSIlDFCZO,’ISS |
0.08-{ ®1420K. a_=0.1889 Y1273K, a_=0296 |- ' D IO =-065 Q0
X142UK,aZ=U.0995 @1273!(,30:0.089 i ee
0.07 V1420K, a_ = 0.0964 #1273K, a, =0.072 - 0.8
0.06 - y X - §
=20.05 - S 0.5+ -
0
0.04 §
1l 0.4 - -
0.03 dy fdy,, =0.075 B
002 ﬂm_
' 0.3 B
&
0.01 ¢ & - 10 Days at T = 1323 K
0 | | I 02 [ I 1 [ I [ [
0 0.05 0.10 0.15 0.20 -20 -15 -10 -5 0 5 10 15 20
Yiin Distance, mm
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Multi-Component Diffusion Simulation — FDM approach for Fe-Si-C

oC —
Lo v = V(DR e)

ot i=
3CC . 8Cc aCSi
£ = 2 Dot + Despat]
iCqg 9C, 9Cy
at - ax [DSzC a + DSiSz' ax ]

oC, citt — (!

ot A1

5 oC; , z+1+D Clsy—Ci Di+Diy Ci—CL L7
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Moving Boundary Problem — Basic Equation

CR’L
Cy 8

concentration
concentration

distance distance

vy Ot R = g — g R de JR/L _ JLR

_ R/L L/R dt CR/L — CL/R
) EUI-IIHI-[H Ul-m Byeong-Joo Lee
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Binary Diffusion

Wejght Percent Nickel

18 - W w9 4 i Ly 80 hd %0
a°c
1800 i F
1488%¢C
1400 L
1385
e (Ni)
2 1z00 E
a
2
& 1000 F
E
&
800 Sy F
[ 839.9%
800} w E
Z Z ) 250 4 1 ! 1 L 1 L i
w (A1) = = A Hickl and Heckel, 870°C (1975)
10 % % 40 5 &0 70 B0 80 130 o Nizma during aluminizing
Al Atomic Percent Nickel Ni ONi |3 dunno homogenization
1.0 S S T 1.0 - L 1 200 - | during homogenization ~
0.9 L 0.9+ =
0.8 1 - 0.8+ 3
150 -~
0.7 4 L 0.7 - -
06— s 04— !
NlaM, ‘ NJI‘J, P
,3 0.5+ lNIA.I = )(E 0.5 N B 1004 © L
0.4 i - 0.4 4 L
0.3+ - KE -
+ NigAl 0.3 + Ni;Al 50 - =
0.2 - 0.2 4 +
0.1- | - 0.1 - | +
: | (N ; | (N) o
0- T 1 0 T T 0+ ] T T T T T T ! T
0 50 100 150 0 50 100 150 0.2 4 6 8 10 12 14 16 18 20
distance from the surface, um distance from the surface, pm E3

i econd
7. Simulated composition profile of Al (a) after aluminizing of Ni for 14400s at 870°C and (b) after continued homogenization for une. s

225005 at the same temperature,
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Application to Interfacial Reactions — Ti/Al,O; Reaction

Ti-Al-O, 1100°C
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Application to Interfacial Reactions — Ti/Al,O; Reaction

Ti-Al-O, 1100°C
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Multi-Component Diffusion Simulation — Case Study : Fe-Cr-Ni

20 1 | aul 1 paaal N
1.8 4 -
1.6 4 o L
a3 1.4 S
=
_ 5 1.2 AA -
O =
- o 1.0 o -
é 0.8 4 -
o 0.6 L.
- Kajihara et al. C
10 © Hasebe, 1373K | 0.4 4 A Diffusion Couple A O =
M Falkeno, 1373K o Diffusion Couple B
B & Schultz, 1366K |- 0.2 4 ¢ Diffusion Couple C =
X Diffusion couple M Diffusion Couple D
0 T T | | l | 1 | | 0 JEELELLL LB LLLL PR EALL LR LR L LAL)
0 5 10 15 20 25 30 35 40 45 50 10" 10° 10 102 10* 10
wt% Ni time, hours
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Multi-Component Diffusion Simulation — Case Study : Fe-Cr-Ni

40 | | ] | | 40 | | | ] | |
(a) (b)
38 Kajihara et al. |- Kajihara et al.
A1h 35 A1h B
36 ® 10h - ® 10h
& 100h & 100h
34 [ 1000h s M 1000h
301 -
@) O
52 30+ - 52 254 =
= o8 _ 2
56 - i 20 -
24 -
15 -
22 - a
20 I 1 T I T 10 | I | I T T
0 b 10 15 20 25 30 O 2 4 6 8 10 12 14 16
wt% Ni wt% Ni
) Eol-nmu.l "'El Byeong-Joo Lee
_
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Multi-Component Diffusion Simulation — between Multi-Phase Layers

v i £ S -
{ {} ] A TR
ks A O Wb
% ;
v e S
-

_ J,,
u,= ) p'u;

- M orewer BF -3 S v ® - :
. . 2; :1:: § 2 g 5 s v 160 um

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(JINE =Ty A+ 2Am"

'R/ L ' 'L/R '
(u', ~“+u kmtl Wy TU L, )
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Multi-Component Diffusion Simulation — between Multi-Phase Layers
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Multi-Component Diffusion Simulation — between Multi-Phase Layers

50 1 | 1 1 ] | | 1 40 1 1 | 1 | | | | L
Engstrom (1995) & Engstrom (1995) NN
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40
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