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i AlgE Gt 55 S FEEoEA ] T 1 vlE #AIE YERd = Algrelth
ke fo = vpekst AR G Ag gk 58 w2 Aok o, 2t Alee g
7HA R = Eo] 9l Aol ofyar, x7]EAE (Self diffusion), F24&4F (Tracer diffusion), 3¢
2 E4¢E 34t (Tracer Impurity diffusion), A% &AF (Inter diffusion) AlGElhi= o502
ol Hol FEHo S & F Utk gt AlF dataE &kol B AgetA &8+ 7]

o

A E A gdst o5 7 i AlFE FEE 4 Jofof s i Alg= 1ol EA
= (Intrinsic diffusion), 3}8+&}F (Chemical diffusion coefficient) 2=
OlF% Qt}. oAl 1L Ao|E LolrA},

S

1) 3253t (Intrinsic diffusion), A3 34t (Inter diffusion)

78] 2= gl 2AME HeEa 1 oA AEe JAE 3 BE "ojmye &
A ®Bat J3E "ojmees Abghe] dAdellA, Tk eSS AUAEs thE] 9o A4
= AR 4FelA Ao FAYUS AZekAl AEd "ozl e e
= of wl Wulg7hiaA SAlel TR B2 Fate] o ] yzd Aot}
AellA, Gt 2L £ Wulgzhaa o8 AARE AR vt ApgoR A Yrhs
St oy flell e AR Jart wuErke 3 JAWE AS SA
of BA Hrh F AR B AVt EH50R StEo] Uiithal Q7S ARk, T Abge] 7]

&= B0l ¢ Yerle SEutE tath olx kel ik AHS ojt® sk

[e)

S ool 919 2gE AR sk wllgvkal ol 4o SRR shinke] Afolo A

2
r
tlo
=
L
i)
£
o
i

SE o lolth of@ o] AT AP WA JaAsh ge SRR wujeshs A
of Wi o] WAF Fbolm, thel SlolA Wi Alge B 534 ek, 9Fe 2n

7] #ike B Zoletal Azstal A

>
=

S &mh e % B Al @b dhgo] old wl AAWe] ogdthe e
A eA ek ol AW kel U9 (x=0)05 A7 1)
3

2
=

=
@

=

[oN
)
<
o
a
AL
rir
-9,
it
o
u

S At Py Al 3F We dflow A wf sk £t debd A A olaE
T Ak 2HETHE, oW A XA g kb Al ot gt £ (F5)7F depxiokd ¢
2 (4= 75 F82 A3l wet g debxol drpr SikelA dHE ofte] Fiu
sl wAlE k] il (reference frame)E oA9A AAst=vt gt 1S s}

_43_



A7L Qlojzi},

¥
oj

Al

(4-2)

0

T+ Tyt Ty

o)

AZA (lattice plane)S &t

ki3

she,

Alell s

o 4

Al (lattice fixed frame of reference)el 2

s

a7

shelgfal ojop7|

=

ki3

X

~ ~~
© )
o »
| |
<t <t
~— ~—
= Q
8
e 8
S| ® M;ﬁ
= S
Q Q
[ _
| |
SN

Sl 2

o A gro] At

O I~
=

Az 2t
Zele.

A-B b8 A 949 B

71 dz &

A

_%]_
A 3

S
S

oz Mz g dx

E]_]__

Q)
=

=]
=

HAl 2&s7F =of 00

=

tol sk=o] WsE A7deke AR AEEAY Az AdEe] 24 A W

S

o gl (

X
o

Al ol

1€

o
-~ ©

27

—é—_]:

h S

), o]

A= ghvkar 7Hy

A ggol #

2]

o)
Ho
Mo
G
B
3l

K

Q]

(4—-4)

n v

_JA_ JB

JV:

feig
=

17 A4l Folet

o)
2
Ris

A () P

=

29 B Hy (e dAF Fu)7t sdsit

, B

A

)

<0
~

~
;oo

L
t

A on

byst

7

3l

2]

Ny +nB ), A, B

(n

el

(4-5)

Ny
ox

(DA - Dg)

o

S
o)
)

e
o

o

HE dHoR ARt Az b oA dZ =

1z
%

!
T

B

o

"
22

el

| BARE
Flol= 5749 oldwe] dvh)

S

=
- X7

3

s

9
L

tet (o]

A2 3EA (volume fixed frame of reference)@}il

g AA AR

o]
K

)
<H

TR
o

1HoR

A7)

-
R

, o] A H

G

ol
o

)

!

!

Cle

el

~
__OO

——
o

7A
o)

el

8nB
ox

— (NgD, + NyDp)

Jy+ Nony v =Jy— Ny(Jy+ Jy)

!E:

_44_



(4-6)

B
ox

~ on

(4=17)

=

g

21 (2.89)°) e}

)

7HAI™, gkel Apol

HE

[S]

e

A A (4—1) A<}

s
= i

Agows eh)

bol Ltehe

A A

EREEE]

N

)
—

)
o)

AAH,

-
T

Abgre] 1

1
R

gl

i

a=

]

- o
.

tre] ffell AA w7t

S o
= e

BN

s

-

M

Ao] obglo]

-
R

54g ehy

SR

—{51_

&l A

2]

Al Abgs

M5

o Vg

EREE

ojth. Al

el ek i

|

Dz

Alg=eltt. 1 ol

4 &4k profile

el

o

el

Hu
¥r

ce

& 7 FEA

)

)
oF

Ho

i

Itk A%} e o)

F3) Aike] 71

S
=

2l (4-5)¢F (4-7)

<
T

el

<H
=

ol @A &=

=2 -
T

o7 o

2.

ool A RS

ol

MO
<

o

A

) A-B 2

=]
fLe

Matano plane®} marker plane AFo]¢] A&: 0.01 cm

X
ﬂo
C_z:; 9
) Lo O
2 Mo o @
01_.02 -
SN v §
% SC m
IM%, 3
X < =
.6],1 <+
K N
E g X A
S5 s 2w
o0 = 10
np__ I <
T 5 < 2
R
o ©
< E @ @ [ ]

ox

_45_



2) 7184 (Self diffusion), 2 &4}t (Tracer diffusion)

EA G = F4HS random walk process® H3dith dF @43ty dAEo] (X838
ko] A9 o Qs 94 50 ot o5e @ A mEY] welth @, AU
omi dite] Eee] dael ww g Tk ITW FE P G a5 94w
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of 94 FFEE FAZ o5 T Aotk o] ojt & Urk. FEAL wrel R Aol
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V,=0 for j &€ S (4—24b)
“es = A4 ) X138 (substitutional) ¥4AAL eI o83 74l & EHdE o}
ou} o] maAW & 9lrt.
n
V= 20V = Ve, (4-25)
k=1 =y
4 (4-25)0) wWew, AYY ngA9 BRI 4k oUm A ) ARP Ak AAe] 2R
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T 7172 xdstia & ), s G v 99 P9 94 k0 B 2 AGoFHedy o=
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H, & Aol o]& B} M3 AEE Flolt
ko] 4.1 Aol Arsiglzel, ghks AFH o R bgE v (R E DA A5tttk ot
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He A 4 Aol vud o 7Y HeEd e FoaAsgel, oju SAEE (B
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1>

< 4—32)1} 2 (4—36a) (4—=36b)ol Ao} Ee] &4
2o gisiARE o] Fo XAl =, &b Al D ALl n FatF F5S A (4-38)Ae} ol
DA} E=x 7)1L7)3) vho] oz ydEIS ujo] At 741 S Yehig. HEH oz 99}

mi oo f
rlo

Dy = (6, — wy)u, £2, - for substitutional & (4—39a)
" ico 6uj ou,,
Oy, Oy, . -
D = wyy, o Wn for interstitial & (4—39b)

—

w AolAE oM FEF, vkl FE Al diRh A 3 oA, SR add I8
A a]lo] ofd How yxgHo] glon, 53] i F4b simulation oAM= FAIA w=
T F7E glo] AEa g b AS Ad el off—diagonal el o el 9l
diagonal &= oW g AAE 7L Qh=Aell sl A ez At

AEF 2 A FF Fe—M) oA ik AF

Fe-M 2 9 283 F7& @ Ao $A% (188 RARLFe M) ol Folsltkn
S glow], Fe Ak M 94e] S f4e 4 (4-28), (4-20)9] WA OE Qo] B

o &

o ool ohEE M WAWS B FEOR TE B ARS ARRL S Aok T, M
8 AF, VGt VGu=09] #AA o2 FH

2ke] Ak §-458 A (4-38)3 e dH=
VGe T 2A%I VG F9 A Ak olul, M dzke] it 741Tc X1 7719 P4 FH
S 7HAM 2] (4-39a)°l o8 mdETh X3P Fo] AT vE WFEE AR ws A
A EEE i B EYst B AMEEE AEEE %% ou7h HE R 7% g o
2l yig ol gstel M 9Ate] it F458 tha o] xdE F drh
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Fedariar gy MYreCF gy M

Invy,,

= — [yFeQMRT—l-yMQFeRT] 1+ diny,,

)V Gy, (4—40)

2 3 mdoAs BOagRRAR G4 FE5S BdshL JoBE, A (4—40)9A - VO,



S Al9g FES Fe-M 2 9 §aelrle] A ibA57t Hojof shv, AAR 4.1 HeA =
3 2 Y AT g HE Al (4-22)9 FYI 4 dHE RS 4 ¢ Ak
weba], A (4-40)9] 3 shushube ko] 4.1 AollA v E eI AH ¥t 7hsstt
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WA, ool ddet Oy Qe T R Al dist AF ARE FE A Ro] F2]5lE o
of 3t ol FhHAlgel ik AR AR gt Alg Qe FASE AT, FHESE
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otk 4 (4—4DEFE Q,RTE vk Mo FA3A57 22 o
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]
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$2,RT = Qﬁ[eXp[— QM/RT] (4—42)
sl olux|7F =Y, olE IA] g ofy ZF

s
*39] S7F Ak o= e 49l Gibbs energy’b %739
e Z9E s A 22 dHE (E9 dERY 2 A9, mwest wél TR FdH=

4 (4-41) B (4-42)E FAHE FARNFE 240 1) OE ojgon By, 9
&M FEol 19 A%, Z w5 MelAY FAIAAFE AV AT o TR, B
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QoRT= 4529 - 10" |1 +y.(1—y,)

9 Mol Bgo] 00 AVESE FHREBIAAFIE Hrol g 247 wEdd 42
o A9 #H0% mAHY Be Lo,
D}Zjelf: Q(])u(yM: 1) eXD[_ QM(?JM: 1)/Rﬂ (4—43)
D;}mpurity = Q(])w(yM = 0) eXp [_ QM(:UM = 0)/Rﬂ (4—44)

Qeell 2389 BT (A0, Q) T =03 =19 Fgtel] sidshe
(4—44)°) Hol= nle} Fo] AFHo=w wye 27|SbAF &
=

FA5E 5 glor Ynx mdgs (R8RS o

Anm B SR} ss, A9 e ez Ay wa g dg £As Brbsd
B, BARe) $8 Folw BEIMAT B bs® 43 AR PEH Und Rayrse
A sk 4 gleh,

AAE 2 9 FF Fe—C) A it A

Fe—C 2 97 fcc &9 A4S (Fe)i(Va,OnZ AL o7 Add 744
Azte] ik f&aro] Al diide] Han X3y A2 Ul Fe Y#ke] #4452 glrta &
o} C 9#ke] ik f48 24 (4-38)9 ez xdT 45 VG shvel oz ndd
om, ZlE Yt ik Al 24 (4-39b)ZHE b3 22 B 45 ndoe] dojzit

4 4 g
AR CANS!

oo oo
Jo = — yCyVaQO(ayC . )V Ce
e
— ycywﬁcTVCC (4—45)
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A7 Bt Alg ol ¥8HE e & AFH e B ubre] FAHEIAINE o= fee FEONA Z
Ak ek AAp 7 zkg]e] wlgo] 1 o]7] Wi 7Fed Aolal (Fe,M)a(Va,C)co] #AF2 o=
FAY = dubEel FAE ugAd disf v ¢ y gl v e BAVE Ay

u; =y, for substitutional ; (4—46a)
u; = £yj for interstitial j (4—46b)
a
C ¥Rkl mobility & & C 47k &4tell 3 A Am= FH A (4-42)9 22 2%, 24
o] 4= AT Agren [39]2 TS thEX|WE Ax 4] (4-45)9F 22 e A
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(4-47)

Fe-M—-C 3 9 3tgeilr9 &4t Al

Fe—M—-C 3 QA1A fcc &A= T4 = 48319 (Fe,M)1(C,Va), ¢ #A2o=
xdEh o714 Fe, M, C, Va 5 4 7] Aol o &4t fdo] Aojsut oA w3l niet
2ol Feet M 2 C¢F Va el ZH2} et =0 R Autlo=09] A2 o] Aystzz M} Col
gk FAF &R BE i AFS Ved 7 Qdrh E3H Fe ¢ M, C ¢ Va Afeld] v
Gret VGi=0, VGt V=09 #A17} AHstez 4] (4-38) 2 4] (4-39a), (4—39b)el ¢
3 CoF Mo] gk 42 thaat o] xdH
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53l A4 ¥ off—diagonal 2] gt Al AER FAgETE AL ov| gt
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H#3 vk 3tk Fe-M-C 3 o =AM Q, G, i = Fe, M, C Al 9] 49| &7}
Hojof gttt a3 W FaollAel it Aol digk AF AJrIt FEe] HasEo] e AS-

= 3 d 249 R FAglele e wAZE JIARE divle] B9 SEg A JRE
7371 dETh ol Ag FAKEA], v Fe—C 29494 238 4s, Gt i
Fe—M 297~ 21818t ghs AFSSHAl H&=d], olul Al 3 Y49 2 thermodynamic
factor & 3l YERGA Hrt

Fe—-M—-C 3 9 it Aot Je= ko] B4

HoHol Aol AAF3l miel o] thlAl ko], 2904 ol S S gQle
uphill diffusion®] YeRd 4= Q= AA7F 3 EAght= o]t} Uphill diffusione]

%
791
o= Fe—Si—C 3 ¥ =% Fe—C 2 ¥ 3= 7t g4k 2ol Al 3%l Darken [25]¢] A

ojt}. o] AgelA C Ao uphill diffusiono] G4k 4&o] g % jhwol Sis H7HeE wZolehs
AL 2 ez Aol Sizk C 94 mobilityol]l FA J&FS = olf7t fle wE, Siol H
7b @¥eh= A2 uphill diffusione] EH8H2A ale] ofg AAS gt} &, Fe—Si—C 3
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2% AR uphill diffusione] WEPE 4= fIth Doc™7F S527F obd & H) Yolx|E Ko
ko] dojd Ao7] o]k whehAl, uphill diffusiond oF/l8he &2 2 (4-48a)°) F W
A golgbal B 4 otk & Vot 37 Des 7t uphill diffusiond] F83 7)olE dtial ®
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Desi®®] ke, e 2 (4-50)¢ FPL o] &a}o]
[e=]
=

Aol A ] ik f&o] glS u, T EF FAolA &4t simulation AR R =
AL AlZbe] WE FE profile®] W3}olt} o]= Fick's 2 WHERoz <d#F 32 mass
balance equation®] 3|ZRE] dojxic}.

36}6 n—1
o _ . n _
—~ =~V Jk_;lv (D v ) (4-53)
g A gl e 919 A AS 7F 84 AR SyFos FojA & e
ok ik oA e] g fr&o] " Al Agk whgko 2k Jojdtial HshH BE 2
S Cartesian coordinate 2] 1 2}ol sl 2oz vpE 4= lon C 2 Sio] i3t &4t
WAL o537 o] xdET.
0C, 4 Yo oC,
C=— [ oC ¢ + D SZ‘] (4—54a)
ot ox ox ox
aCs. 9 aC aCs,
o= — [Dsm—c Dsf'sf'—&] (4=54b)
ot ox '~ ox Wt ox

dot

9 Ay WA Ae 3 2HEW (FDM : finite difference method) S AFg3e] = 4= gtk
2] (4-54a), (4—54b)ol Yel= vt &2 o33 o] xHEstet)

o 2G, 1 G = a-a.,
g[Di o ] = A—x[ D1 D, Az DD, A—x] (4-56)

Qo] A (4-55), (4=56)0A olefHA}F [ = grid HE, = FHTA9 dHow HEo 7AgE
el Fsolar, AL j = ARE steps HEE Foolvk /DD, = 41 WA gride}
[ HA grid Arelell A o] H4t diffusivitys WERHE Ao = ¢F grid HollA 9] diffusivity®] 715t
B oz Fojxtl),

2o} 7S FDMS o] £3}o] Fe—Si—C gl A9 Darken [25] uphill diffusions simulation
3 AWNES AES HAL 3 9A AIE 1] Aol A4 7hd3E 2 UA A simulation®] o]

THE=AE olalE dart vk ofdells FAATFTE 2440 Fae dedl A5 2 o 2

Stao A o] EARS simulation & 4 9 program codeE ol Holil t} o] codeE o] &3l
A FHolA 848 AAGE A (3 % 0) 2 gHorYE &4 AxE FYs= A5

(E¥ 5% 0.05)0f gk, A7l w2 simulation 235 Zo] EAISGIT
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2 9 32} simulation code (BHAIF7E ZA BARL0] A= AS)

implicit integer (i—n)
implicit double precision (a—h,0—z)
dimension U(1000), UF(1000)

write(*,'(a)',advance='NO') ' Length of Simulation (micro—m) ? '
read(*,*) XL
write(*,'(a)',advance='NQ")
read(*,*) Uini
write(*,'(a)',advance='NQ")
read(*,*) UO
write(*,'(a)',advance='NO")
read(*,*) D
write(*,'(a)',advance='NO') ' Reaction Time (sec) ? '
read(*,%) Tend

write(*,'(a)",advance='NQO') ' number of grid ? '
read(*,*) n

'

Initial Composition (U—fraction) ? '

'

Boundary (Left—end) Composition ? '

Diffusion Coefficient (cm” 2/sec) ? '

D = 1.d+08 * D

dx = XL / dble(n—1)

dt = 0.25d0 * dx * dx / D
dtdx = D * dt / dx / dx

xiter = Tend / dt
nprnt = idint(xiter/10.d0)

initial condition

(@}

U = Uini
UF = Uini
time = 0.d0
iter = 0
open(unit=1,file="result.txt',status="unknown")
write(1,'(a,f12.6)") '$ time = ', time
write(1,'(£6.2,f12.6,a)") 0.d0, uf(1), ' M
doi=2n

write(1,'(£6.2,12.6)") dble(i—1)*dx, uf(i)
enddo

c Boundary condition

u@) = U0
UF(1) = U0
U(n+1) = U(n—1)

€ update of diffusion profile by FDM

1 iter = iter + 1
time = time + dt
doi=2,n
uf@) = u(i) + dtdx * ( u(i+1) — 2.d0*u(i) + u@i—1) )
enddo
uf(n+1) = uf(n—1)
u = uf
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G Print results at every "nprnt"th step

if(mod(iter,nprnt) .eq. 0) then

write(1,'(a,f12.6)") '$ time = ', time
write(1,'(£6.2,12.6,a)") 0.d0, uf(1), ' M
doi=2,n
write(1,'(£6.2,f12.6)') dble(i—1)*dx, uf(i)
enddo
endif

if(time.lt.tend) goto 1

stop
end
“.02> L a. L
g. a4 4 N a. r
“.134 - @. -
@.02 B [z -
a.a1 4 r @
¥ | T | T U | | T T
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Fe—M-N &H|, = shte] HAEF dAE xdste 3 9 Fael dial] 285 wiolxh 4
AA o1 vl FEAlel M= 74 3 AR BE Aol Do YD B Dol /DN #
S YR o] &FomN A&o] Ttk AS B]l vl vt [38].
0.70 L L L L 0.70 1 1 1 I 1 I I
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0.55 -] 0.55 - -
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Fig. 4—4 Fe—3.8wt%Si—C / Fe—C 3= AdAAA, &3k AG Do wkoll sl (a) 721844
ddst data @ (b) Fig. 4-39 ¥4 S5 AEES 0|83t S dojdll &
Darken uphill diffusion [25]2 A]Edo]A3F Au}
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4.3 T+ At simulation

oA 3 b el el EbgAlS finite dlfference method (FDM)E o]&3sle F+=
W ko] 4.2 A 3) oA 7]l vl Qltk o] A gl simulationS E3 FojA= AR
= AR W2 7F YA FE (24) profile] Wistolth AR thE F Aol HFstal il A
ANS Fall Gt whes obe dfols 4 A Wil el F5 profiled] W3} 9ol 7} 4o A
FaE Ass Ve 5 ddojof sttt it wkgE T o AAadES AA ol W %
£5 5 33 2dE7] wiEel A8 A= AAl ol HFEE AXtsts B XA
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