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SUMMARY

I. Title
Computer Simulation of Diffusional Transformation in Alloy Systems
II. Purpose and Significance

R&D in materials fields may be characterized as an effort to investigate the
"Structure<Property” relations in materials and to find an optimum constitution and
process condition that results in the desired microstructure and material properties.
In many cases, the microstructures of materials are the results of diffusional
transformations, and can be described by diffusion simulations. It is believed that a
creation of a new technology in materials R&D can be achieved by combining the
diffusion simulation technique and the current R&D activity that i1s mainly based on
"Trial & Error”.

The purpose of the present work is develop a computer program and related
database for simulation of multicomponent and multiphase diffusion, based on
equilibrium thermodynamics and phase transformation kinetics, and therefore to create
a new research tool in materials R&D.

M. Contents and Scopes

@ Development of numerical algorithm and computer program for simulation of
multicomponent and multiphase diffusion

@ Prediction of interfacial reactions between different materials

@ Simulation of the diffusional reactions between multiphase mixtures

IV. Results

A model, numerical algorithm and computer program for simulation of diffusional
transformations in multicomponent and multiphase alloy systems have been developed
by combining the equilibrium thermodynamic calculation technique and diffusion
simulation technique based on a finite difference method. A model to predict the
formation sequence of reaction products and their changes during interfacial reactions
between different materials, and a numerical procedure to simulate the diffusional
reactions between multiphase mixtures were also developed. The model and the
numerical procedure were implemented to the present computer program, which
improved the completeness and applicability of the program.



The present simulation algorithm and computer program have a unique feature in
accuracy and applicability, in that the long problem of mass balance error has been
removed and the simulation of diffusional reactions between multiphase mixtures
which has never been possible in the world has now become possible.

In the present work, the diffusion simulation has been applied to prediction of
growth and/or decomposition rates of various alumides during aluminizing of Ni and
hemogenization, to prediction of reaction products and their changes during Ti/Al:Os
interfacial reactions, to prediction of the amount of retained &-ferrite and micro
segregation during solidification of an austenitic stainless steel. The results were
satisfactory in that there were good agreements between simulations and experimental
data, and in that some inexplicable behaviors in the formation of reaction products
could be explained nicely by the present simulation. It was also shown that the
present simulation can predict excellently the changes of composition and phase
distribution across the interface during diffusional reactions between multicomponent
and multiphase mixtures.

It is believed that the present work contributed to extend the applicability of
diffusion simulation technique into the practical materials R&D.

V. Application of Research Results

The results of the present work shall be distributed to the relevant research groups
in industries and institutes, in the form of computer program or numerical algorithm.
It is expected that the results would be utilized as a research tool to enhance the
effectiveness of R&D and/or to create a more improved technology in various
materials R&D field.

It should be noted that some of domestic and foreign research groups already
accepted the present numerical procedure, and are utilizing it for development of their
own computer programs or for combination with other simulation techniques with
different purposes.
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Kol Gibbs energy ‘; OEHﬂL o} A -4 o
ol 9% F glon, AYY daE X3
24 (sublattice model) [3 4] & o] &3}
|4 ”4 45, 75 JA7} 22| 8= A}

subregular solution model) S 9]
= a-&A44e] Gibbs energy &
sty FAx Zdolgd o & 201 be
gt 29y A& (C, N, O) o dA
ZHAQ FAA (sublattice) & 714
o o] bee A7t FAlel BARE o] Folrky Wi Aotk o RAL fec L hep X
/A ol dEiME 2 WHoeR A{HY, thEA stainless Ao A HEHHE

Fe-Cr-Ni-C &5 &4 A¢ #x2] (formula unit) & t}e3 Zo] %}

&
nA
CC
ar
[6)
_]

ool k3 o

Formula Unit : (Fe,Cr,Ni)«(Va,C).

o] 7|4 oA} g 9 ¢ = T BAZ Ao Ao e HLS VM= ASzA A %

gle 8 WAl T2 g wgd wl bee ﬁxM At a=1, =3, fcc AR Aol
a=1, c=1 2] #o] o] &5 1 o, hep AR Aol AA F24 foc AANA L 2
2 Fko] o] g ojof 3l Aoz AR 743]7} —3— c & WFo =& v ARz A
gutoh Hdd AT EAA A= ’ﬁt&‘jrﬁ 7FABEA a=2, =1 ¢ kol o]&3ar gt}
ol&] 3l fee ¢ hep L&A EH§ ddst wde 717 71%—8— AANT-ZE ZtE= MICN) ¥
M2ACN) el gdslEo]| ajar o] A8Hr). 9o Aoz R3S E A9
B2 1 & o Gibbs oy x] A& t}&a 7o)
G = YrYvi ‘Grave + Yovve ‘Gerve + Yavve ‘G piva

+ vrve ‘Grec + vove ‘Geve + yave ‘Guic

+ aRT (yrInyp+ye,nye,+y pny y)

+ RT (yvy,Inyy, +yvclnyy) + 4G™ + AG® [1]

A9 2 (1] A v B 949 9 FAx A A E&s YEY ‘Guva &
TT Y94a& M 9 HAA e A 9] Gibbs AT UAE WERTE EE Gue & AR
A7 2% C 2 AR 7Y M-C 3tE9 Gibbs olUA & YETE aRT 9



CRT = AAH: G2 217kl 542 ol 974 g A== % A7 Gibbs o117
ol AG™ = AWl 28 Gibbs U2 WMEE Ueh)E 02 Inden [5] 2
Hillert ¢} Jarl [6] o &) Alctyl Zd2lo] A&}

A [1]9 mA 9 gl AGE = olF AAY AT ALE =
2 gA Aist gE= g AR 2 dert s AL oY
7t A = goltk. 37HA] o]F dAZEe] FT A
£ AUz 3d7A 1HEFRE A AGT = e dygE 5328 F Ak

B} o] Go
Tl whel of

= 39 A

AG® = ypyvye Lrovac T Yovvive Lervac + yavvayve L yivac
+ YeYerve Lrecrve + YrYnVva L reniva T Yoy NVva L o niva
+ YeYee Lrecre T YrYNYe L ponic T Yoy vve L ornic

+ VYo NYva L e, cr niva [2]

e L el i obef HA 2 1) = 22 FAR e dag, Y = A= E}E
A el dx5S FEskE FEolth. A 2l dERd o OﬂE ool uet 4 9
BT G dUA e F7F & a5 floH, e L A v 2k, e 249
g ddEs 2 £ Ak

TR HE FEAE 7-8 AA o] B AAE ¥Fsa g o) F FEA
A shute] el diEll Aol s BE o] £ 100 o7 AR dE dFd
Fol @t olHI FFEd /M FAIT = gl dibdoR v HEA9
At F2g Ao A A7t 2, 39 FEAC W dqst FAv dgse] o
Ayt adE ol gHth. «E B9 A-B-C 39 FEAY 49s F2Es s E
A-B, A-C, B-C 2 €7l e dofst =287 WA o] FolAersiy, o]5 AiE 7|
%2 3tal A-B-C 3 979 43 Au=z 7¥ HF 3 & FuAd dg 443 +43)
7b g HE Aolvh. ', A-B-C-D 4 o stEAle €95t #2skdd= A-B, A-C,

A-D, B-C, B-D, C-D 29 &4 <o A-B-C, A-B-D, A-C-D, B-C-D 3 9 &=
o] A3t 257t Maslojof gt wekA] o F E9°] Fe-Cr-Ni-Mn-Si-C-N 79 3
A fesk A8 F2AETL o] Fo]X] 7] A= =28, Ca=35, «Ca=35... T TE
< srEAlel g gt g2 87} o] FojAof ghr) o= YU AFA HEE ATaFel
s o]FoldF gl Wk & oy HAR 70% ol Fe o2 TAAH FHAE
o] 2% 9l dolr}.  Stainless Aol ¥4 = UL F Cr, NI &
Al 14259 Hubge FEEE 1% ol3to)H, LaH Yo EY HgolE
o]¢} 7L HNYAEC 293 39 A5 AL oA FE Mn,
[e]

-

o2



& autdon o 10 - 10° Joule Abolo] & 24 HH A y 7
el =oe Axuz e 4 [3] dAel 7 G5 =7]E 01 Joule
E [s)

o5k k. Awgom me Audel sl 3R goe AYN g 4P oAt
£90 cal/mole A% AR IEhA A9 39 FEAE AUA G 2 I8 He
Fol Batste] oled AxEE TAW AL FASNA AdHtHE A A G
e A Aol FFE HAA Fevhs AR yerh % @A A7 BHg
W A7 el @Asy] FEAE 1% v 2gE A4 0l 397 ol FEAe @
o5 waBE A S ogow 4o od LPE FT 44 o) FEAY A=
ABAOR AAANA FAI AGHAE HF Oy FTAN BE FPI AWA o)
Y AAE A 5 Y Ao Agdn

Foil doe 2 FEE Adde Fll e g A Are A TR &
2 AT dEd AMS vt 2ol wds= shuAlel Gibbs energy 7F & A3

G = 2 n'G, 4]

AAA G = FFA19 = Gibbs energy, n© & A p 2] formula unit =55 YEHIH,
Gk 2 2 p 9 formula unit 1 & 3 Gibbs energy &4 2 [1] 3} [2] & %3] 239
ok 2 [4] 9] Hast 2doe thad 22 Aol T

n, = %‘. nix? = ; n? 23 alyr [5]
2 =1 [6]

n = AE [ 9 gram—atom FE YEMHI xF = A p formula unit 1 B 3 AR [ 9

gram-atom TE YEIY. o = & p 9 s sublattice & AP &g HEHE AFE
138 A Al g col siEstE e 7FAT v = A p 9 s sublattice oA A& 9
AN LS VElE W5 EA 72 AHe ZF sublattice o thal AEv]e-¢] e A9
olaf 1 o] #t.

O

At om Aokxyoe]l wmEE A ojwd FFo HaxHE Foke s
Lagrange Undetermined Multiplier ¥ o] AM&% &4, o749 L o]
A o] g},

; n'Gh, + Z w; (n; — ; nﬁgaﬁsyfs) + % A (nys -1 [7]

U 9F A = 22 2 [5] 9 [6] o W3k undetermined multiplier € ©|
o] H43 274 99 F undetermined multiplier o] =& ®HF

_11N )



of el Haghe e 2HeR FH ta Zo] A Ak

Sy = Ce = w0 .
»
;ﬁs — gfg Ny Ly [9]

Aol 2 [8] ol A HA A p 7F Uk X3s gAY AZsH sublattice & © 3 7Y
Bola g & 1 o HH, olwf G, ¥ molar Gibbs energy 7 i y ¥ mole
fraction x; 7} €@}, wElA] undetermined multiplier 4 = A+ 1 ¢ chemical potential

[e] A~
A & 4 9k

21 [7] & undetermined multiplier z; ¢+ A7 =& AREFS uf 0 o] FHojoF Fv}= *
Aoy dojx|= 2 [5], [6] ¥ e 2 [8], [9]1 & F33td A+ 59 #A 2
o] 7t Zolx FAEAA WHoR HE T AT vAEd AEEAANAT dojRl
b AA ol g Y AEEAAS FojA HAEY ANE ¥ R Jrh ey o
W e Foizl gt 24 (25, e 9 xA) oA FHE olFa e AES T
g ¢ar e 7t P & 2 2SS FEke vl AFRE ¢ Yo, HEAY
FTHE vE A Habe oA sty ez v A Ao x3HE Al de
e vEEAQIYy wg AlAbEe] wWol Azte] o Atk we] ok (W] E
AYLAAN S FHRefAZ o2 E uf Jacobian matrix Z7)7F AHAE hF-E ] matrix
Hae 0 9 s 7Moo R8N HEEA o2 AAER BWolxitt)

& AAES 93 Hillert’s equilibrium condition 9lAE % 71
S WEZ jteration o] E8FoZH AME EE&How ST
Atk AgE AMe T 1 step S 2 oA A FaAEEH, A HA step A= %
ZNFeE T AR ) 'S ol&std EE & ANE F 2 8] & o]&3sh

chemical potential y; S-S A4rs] il oL, F

dG), = 20 p; 2d"dyl + 25 (La"yl) dy, [10]
31 Gibbs energy & A= HFH

dGh, = Vi, dP — S’ dT + 2 L g‘.a“dyfs [11]
E 25 F ded, o F HeE Y vsd 2 Gibbs-Duhem #A 2 o] Aoz}

0 = 20 (Xd"yPdp; — V), dP + S}, dT [12]

z



Vil & S,” & A p formula unit 1 =% F39f dE=ZDola p o T & 7+7) b3}
= . & AARS 913 3 iteration step S AZE W, 2V)A R FojH v ¢}
2 59 A" V,F S B olg, A (12l = Y u, P, T 5ol wd A%, A,
AP, AT & AAsEA dArk 2 [8] & o]&3tH 2 [12] ¢4l chemical potential ¥-&
FAR A A u B AY v 2ol yEkd & gk

G2(0) = 2 (Za VvE(0)p; — V2(0) 4P + S2(0) AT [13]

A7 GO = DS yPON0) o P, (0) = A7 iteration WA 2
$zA Ak gse ojn s,

FgEA A 98t delE A7 A (intensive properties) 4, P, T 52 o] ZHA
99 Add & gn oSS AN dlee 38 27 €A W 02 Aok
d9 2 [13] & FPPeelA e 24 ol g gsine aed de) A5E P
ﬂﬂéﬂiﬂ[w]%ﬂﬂéwl$EP7}%q'cgfxﬂ Gibbs phase rule o 4]
A= S8, Cr2-P=0 7t ARsE A% 99 4 [13] o] F AW 2 oy
P, T 5% 2% A 4 9/ A = 493 498 Alste] sl 5= Aol
A% £ 70 B} 2 Ao, A [13] wtoz d9dAF Ao 7MEsty] YEAE u, P,
T % 7] el s EA4F kg Folok Al £xe g sl 54T ¢& T
o 2 [13] oA AP, AT &= 0 o] HE2 vXf= C .

'1‘7]' C 2l A 2 [13] wtez defsl Alke] 7
T WF p e dFof ] ge AAINAY, 2¥EA F
[e)

3 o]
4 18] o] Fobsolol @eh oled WANES mgE] Ao, A Asel T s
step oA, 4 [9] & olgsle] oj&A ANHAR FH 24 y o UF FARES A

T & QEA otz Bask vk

b
G b P, TRy el Behe AR RH D2 B nhest ol M dHe
ZA s}
0G?, GW 0S?, 3°G?, -

obAl 2] [12] & 2 [13] o2 nl4to] 333 A Ay, 919 2 [14] & 3 iteration step
o X Al4kel| sFslE Aoz Azbstal 4 [9] o FA NS A G e 2 #A
2e AL = 9}

G, (0)  aVv3(0) 055,.(0) 2°G4(0) A
s L m o m m — m j.ys
a #z ayfs ayfs AP—l_ ayfs AT Z ayfsayfs yz njy

[15]

w2 [6] e2HEH T @AAE At



>0 Ay [16]

4 [15] 1A 9Fe] Q= FES A WA step (4 [13D) M AR AAL 24
uw zﬂw— 1Bl @ AU F o

24 =
A, My sk X/ [16] & o] mAFEel W3 A% o] @k
] ﬁ%u&zﬂw A ﬂlxlfrfﬂ A Ay o) & o+ éﬂ% ol wAzke]l 7 oolar, 4
[15], [16] e=5H 2& o A9 dAA] Azdvt. A [15], [16] &2 o] x|z
AddagAdAe dAY Sl H o R (analytically) sl & & 4 e, &y & vy
2ol w, AP, AT 9] 35 ez g =+ Urh
AP = ey + 21 el u; + ep AP + eq; AT [17]

Iteration ¢ + WA step oA 2 [17] & S3l o st FAX7F FalAH A2
zx2gol AxEa, o] MRS AL thE iteration 3 WA step 01]/\14 ALE (2] [13D)
of Bujojx MER g, P, T & 73t ® AR&dvh. 2 [17] & o] &3 249 AL
EE Aol diEl], 488 49% mdo #AAgle] MEAeR gsd F St

A, WA &, % A (3] o2 FolR e BANe 7 nAsR EAeE g, P,
T o] vk A A9 mrE el 4 [13] o Frhdolor drhe HE AFH M
Atk A 7] olA My 7h m, AP, AT © A% @5 duz ga8" 5 duks e
A9 e 4 17 48el B0 4 (19 o 9950 feration 9 3 WA sten
oMol Aol #g® & vk g Ea

JU.?L'_,

d

%
v, B gl WEl @ (e ) 4
2

)=
o S vE <A e 2HA dge Altel deixid, o 2l s
W Rk ol A7) 3w ANE ) L ] ek she 05k ot
=, 2H @ 24 e P w2 0 7F =, ol sigEte A [17] 2 vt 2ol nf
AA et
- eg]‘ = Z QZ J25; + €p;j AP + ery AT [18]

of AL, AP, AT 2te] FAA R 2 [13] ¥ F2L2 Jg & 7M. =, 2 [13]
I FHA iteration ©] A WA step oA AFEE F e 2o dAvh bEy 2Rt Y
gk el A, 397 T AEHE Ao 2 4 I Y (tie-line) &

9] chemical potential ©] "|R|G2 X 9F 24 [13] Feje] #A AL F+ 7] vro] &£A3
2 &i=v), olu] WA FA (overall composition) ©] AaA] dx] LrpH Holm 3 AF
oA g &2 i S Y i lojof vt o Ay 2 &4 Ao Aol
o= Ay ko] 0 o] Ho o]d s|gstE 4 [17] FHEfe] 2] st gloj A= il 2
[18] &eje] #A 2o dojAar, 2 [13] ¥ AP o] chemical potential o thgh Aiko]
7bs A Al = Aolvt
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1E #l=f 2 [5] & 7|
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91 2% @ iteration step ° sFeh= FE = 1A A [5] E A&k Arjdsd
e 22 2s dg F gt

n; + dn; = ; (g a”v*(0)) n’ + ; n’(0) g ady? [20]
n o AR 270w Fho]l FolH Qormw o A An, & 0 olu. AP E A [17] =
dAsd A [20] & 2] [13] 3 2ol u, AP, AT 7re] A& #AA o] A}t vhet p 7}
AR 2350 dvke o] thEuh Zev A [13] ¥ 2 [20] & R e dH
WAl Az o, dele] A S CoF 4o e Jig Pl disl, A [13] FE e
AAA L P A, 4 [20] FEje wAAL C A7F QoA L, wAEE C e w, P o7l
n’ 2 & F7F Ak webA A [13] 3 [20] & R Fele] A3 AgwAgAe
s 7Y 4 glow, iteration 2] A WA step oA 2] [13] # [20] & AHe= FI,
T A step oA A [17] & Fo] AEL 24 FHE T, oY F ostep & W5
oz AP e Atto] o] Fojx|= Zeltt

= oge 2Fe Foluly] SlsAE gl Hwd, F 1Y step 0% €
g g5 232 AT FHolA Faste] b Aoz AT B

o] z=9& Zopffel vk of# g WA= X3E trial & error o ofsf H= A
obuty,  dnbHom AL o stEAllu EAsa d x4 Wl ZAA Gibbs
energy 7} Aeojrlo] flonz Aol WP ge] A shupitolzhal TpAT AEjel A 5o

o
2 2o A ALE FIE F Ak oY, 25, o] Folxl Ag, BHEY
ArkE F3 dojA= AEe L 2A0AY 4 AAE9 chemical potential ©] €U
Chemical potential ©] 2A =™, 2 [17] & of AF AP, AT &= 0 o|th) R4
olelo] nE AE A% MEZA OS2 metastable 3 AEjolA el FAS T 4 9l
A Hrp o]#|d A3 chemical potential & ©]-&3tH 2] [13] o)A %2 Gibbs
energy ¢ Q8% A &&& A F v 2 2ol Y o] HEgMNow &A%
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V, = Vg for j € S (substitutional) [2]

V,=10 forj e S [3]

“eS” & Y4 j 7F A& (substitutional) YAYES YERATE o]y e A & =
)

23 gewt gl gdd 4 vk
Vi = ]lekvk = Vs k;sxk (4]
4 4] ol e, A9 nede) BRus gavt a4 0 dA A8 Az
Zago wel ®WekA Ao S degstr] 9@ 2 (2] [3] oA 22 EE &
w2, ol BRuE AU, ADY 04 PR WA 1B T 4 29 45 2
Hobes A8y A2 1 & 3 A F9E AYste] Ve g AR A Aol Hyd
Aolth., @M, St PEUL BT )8/ E FAITT ¢ 0, FE G = w9 B
Y2 k9 & F2 Aoy &= ol =599 v 22 TAE 7HA A A
X Xp
CkZTWL :EE/VS—uk/VS [5]
]E
wow ARY N4 1B F Ak B 4B JElE AR B WRRA e
ol A2}
u, = x5 / ;Sx/ 6]

»
iy

AA & ol Az vE A 7F AF uk8-S simulation & W, M E2E T WSy
Ce thAlo] w9 58314 A& olE A 5 ZolA tha] AAs] AF=E Aot}

s Agdow vE v FHE (frame of reference) & DA AA s =fo] e}
AR & JiEe A Algrr Aodd. gAF AgE AR FASA,
simulation Z23& A38 =4 ZAye vwd o 7B HEd Hie FHIARR
(volume fixed frame of reference) ©|¥, oju] SA Y= (& A&5HE) S A A
SEAAF7E A By aAIFmAONA 7 A dAael #E F3 (partial molar
volume) Vi 9+ &4F f-4 (diffusional flux) Ji 7Holls= vh2-9 @A 7 A H3lo)

kg Vile = 0 (7]
a8, el A A3k E5Tef @k v S a2 [7] 2 vsy 2ol v

2T =0 (8]
ol &, oz Aol Ak HuA (F-oaAHEA) 71 A A sk YR =}
# 74 (number fixed frame of reference wrt. substitutional atoms) =% 7FHFE 4 &



CERECERN AN EEEREER L EE RN E RN R & R
o

AR FHE HA F5S eIk u o A8 kel P ol 1 o Arke A
Az 2e 4 [ole) Jo 7k B4 A 7] 3 (819 21 & BEFS A4 HED F 9

o A Al f s A f59 tEYe] dY 94 wx vt ofyE sle
Yo Fetxdd pujgls 492 (phenomenological equation) O ZH-E  Fudicl
Ab Al A A Fhe A F52 e 2 [10] o2 23

Ji= — Livy; [10]

_ N 0u _ : ou;
= — L, ﬁ 50 VO~ - ﬁ [Lig. Vsl VG, [11]
oA7|A X F-3o Yeiues AR E Y40 9 ey dded JFE vAE e S
& YER, dA 74 da e AYY gAY A AXzE AP Ae AT
zeskA @t weEbd Qdxe FUh a9 AS 2 (1] 9 1 ' NS ngAe A$
=on ol HAR AP wgAL) e nel o] HE, ael WA Q2 AP ARl
QA Fo] ¥ Aolvh, A, X3 Whe] it /F5E 2 [9] & o)g FyuanAF
AR TS o] Wz ZIt
Je = .Tk - ukzgsjz = Zsazkz _;Suka = 2 (azk uk) jz
=—f}[2(a~—u)L~a‘”V]vc [12]
> =L ik k. 7 auj S i

A9 2 [101-[12] oA L; = i 949 ol %= (mobility) & vellE de=z | 949
hato] YAFF ] A v (vacancy mechanism) o & &) o] FolZvta 71AT A%
thSa e Aom e ¢ g}

L, = u; y,, My, [13]
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dpy dp re

= — [ Yp Yu Qu v — Yu Yr. 8re v 1 vCy
dinyy
= — [ yp Qu RT + yy 2r, RT 1 (1 + 4l ) VCy [19]
NVuy

¥¥e gormz A [19] oA -VCu

2 ik RPN R uFHARAE A FES

S AlQe FEL Fe-M 29 oA FogibASF7E Hojof ghn, A= 2 9 45
Aol Wl$k Darken's relation ¥ 53 2 JHE 71ES & F Ak Aq7]A
[ ] ot &2 w53 2242 o] Ha, () 9re] 32 thermodynamic factor 7}
At 29 FEAY A ASS AEF o R fREY AFoA FAAFE AFR
Akl Aqbeke A7 mot, o] A oy A e ik AEEs ASeA EAME
T o8la, 53 A& o EAY S Ass AFAeE oy o o, e davt
F7tgel w2 BEA 949 GAASY WEE nyshed Ads v dv ol 3
Aol 93t FAstE FT W 74 2 A FoAe 4 FA5 AyE AR o] &F
o2 TE&A FAEI o]FoH & v AAHH, 29 FEAY i A= FY
e EAY F AlFE A5 W dF vHs Fo 2] YA 29 T g4t
Algpol ] A A ARl #2187t o] Fojxof ghrt

2 [19] oA thermodynamic factor i= F23d 49 F4=2 FH A3 Aitol
7begk WHA) mobility ol sEstE Zy, G o FAF AlFe i AF AEE Ry
Al Zo] gl ojof = Folu  EFbAFe] did HE dolelrt T EAA S
(interdiffusion coefficient) o] F4ZAA S (tracer diffusion coefficient), F4&T&E
A A (tracer impurity diffusion coefficient), A}7] Z42HAS (self diffusion coefficient)
S 4 7R By dadvhE A (18] & dFol T3, mobility off g B}t A A A
9l 28t E YA = 2 [19] 9o At Alge Uid =244 338 & o Wdd] 249
d27F

A M 9 FHAFAMAFE 3= AP HAE M 949 WA FH9LAE
F7bslolor s}, o] & M E BASLI Fe-M-M" o2 Folx 39 Ao o3
VCire=0, VCu+vVGOus =0 2 2y =9+ 2] #AS 29y 3le] 2 [15al = FH 2 [19] &
A fFEstd vse 29E dErh

A= Gy+RT & 5385

Q7 glenz e 2
e W, o) FAE

olof St w4 HREA 2
[20] A% EAT 5 vk DA it

: | 5}
AdE th&y 2ol Arrehnius type &2 38 F vk

.QMRT = ‘Q?I/I exp[—QM/RT] [21]



= (A AE s il Qu = %“éf’i} energy 7h Hu, ols HA Feass
o Z}7} CM+M* of s 2 M9 49 Frt Avh o= ¥ el Gibbs
o

energy 7} XA R FIHE A 7 ﬁéﬂ%i (mixing entropy term < A<]),
*3

2 200 4 [21] 2 ¥BH e FA5E 246 me e ogor e,
QM o) 240l 19 44, F &5 M olAe FAGASE A7) A sehs o8
o, w Yo M 9 £4e] 0 o s FAERCES T BRe ogom
Z4zb g, zzte]l A9 FAow gdsd ey gl
Dy’ = Qi yy=1) expl —Qu(yy=1)/RT] [22]
D = 03(yy=0) expl— Quyy=0)/RT] (23]

S ol 29E 2SS (A0, Qw T oyw=0 3 yu=1 o 3l sl e 4

[22], [23] o H.oli= ul9} o] APFoz HuH AV FAAF L= FHESE A

FEREYH A 5 oden yUmA Rl (FEEER) B2 oy x£AdoA wad

FH Al doletE ol &kl 57 Thedtrt. R e o 29E RAYFER

A2 Wner Y AdARE FE FHSL Jbesty, ddARe mHE d5 2d

el W A8 Brbed 4G, Rddge] £ Fola HEIAMASF ¥ 71T d
o -

AYARE BH yrix RUg5ES FA88 5 g
2. deld 2 A = (Fe-C) oMol =t Al

Fe-C 294 fcc Fa9 A2 Feh(Va,Ch 2 mdHET A7A e JYd #4844
9 C Qe A fEuel Byl Wl Ha A8Y FAL 0 Fe A4e) f5L ¢

Ha 2 4 oArh C 949 S48 44 A N7 o duE 24T 49 v sl
gom AW 4+ 9lor, C Al 4 AFE 4 (8ble] ela] Thest o] mAA.
ou ou
fc:_ycyVan( C— ac) vCec
Vva
dpc

= — Yo Vv 2¢ Do vCe [24]

A7AE ue B AR yo E vpo]l ZAHSAANE o= fee FaolA AAAE oF AATE
At 9] "l go] 1 o]7] WiEd 7Fs8k Aol (FeM)a(Va,Cle 9 ExA oz udEE= o
Al Ay A dis u oy tell= vhed 2e #AE AEE)

u; = y; for substitutional j [25a]

[

% v for interstitial j [25b]



Aol mobility % + A Sike] #AdE AdExsE= Fy 2 [21] 3 2E 2%

/‘34 s *’F’ﬂ.ﬂﬂﬂr Agren [19] & #A L th=Aur A 2 [24] o 22 3]
A B¥8Ae fE3g e, old 71%E Fil Gustafson [20] o] &8 Fe-C A
At =23 A5 & i AAAH [21] E o] &3lY] & B TSy o] #2433
E1 e =

J— . 74.
Q¢ RT = 4.529 - 10 "exp[ — -4 i D (712007 v+ 147723y )] [26]

3. Fe-M-C 3 & gatgolMel =&k Al

Fe-M-C 3 Aol fec &A= F-AAEDS 28319 (FeM)h(CVa) 2 #Ap2 o
2 FddY. o7|AE Fe, M, C, Va 5 4 719 Aol izt ik f-30] Ao Hy
ok uhel npe} o] Fe oF M 2 C 9 Va 3Foll 242t Jret Ju=0 2 JyatJc=0 o #A
Aol AYsEZ Si 9 C o gk g4F {5 wegE BE A AFs e ¢ vk
L3 Fe 9 M, C 9 Va Aolol Vet VCOU=0, VCv.+tVCe=0 o #A7} A=
2 [17] 9 2] [18al, [18b] o 98] C ¢ Si 9 gt F52 t&3 Zo] 9

8;1 ou 8;1 ou
Je = —ycyw Qc( < — 3 C)Vcc — Yc Vv Qc( < — 3 C)VCM
yVa Vre
= — D vC, — DE, vCy [27a]
8# ou 8# e OUR
Ju = — [yFe Yu QM( 7 P M) Yu Yre QFe( fe 9 - )] vCe
Vva Vva
8# ou 8# e OUR
- [yFe Yu QM( 7 P M) VYu Vre QFe( fe 9 d )] vCy
Vre Vre
= — D vC. — Dify vCy [27b]
C o M 7b7he] 34F §15€ C 9 M 5 9% $E 712709 49 44 oz wdy
o, o] AL I AlFE 2x2 A9 Y et )
Auld oz Fe-M-C 3 9 Ao Ael Ak vkgo] o3l & W3 E simulation 3f

7] 18A = 19 A [27al, [27b] o YR 4 7FA] S Alge] ghs golof skt S
Aoz FE 47HA A AFE ] M W B 24 SR Z™sh] 9%
A8t Ao =213k oo ZF P29 0 e FAF o dhE HS & 5 vk

21, %XHW}X]E we it simulatlo @ﬁloﬂ*ﬂ% ik Al dEe 24 F ooff-

~—

% diagonal ?'%} ”JQE 2493 497 Bl B3, off-diagonal
i o] & simulation ©] EZIA T TE AA o] & FE=d o



5 A7I= v}l Kirkaldy [6] 9] A-$, Darken 2] uphill diffusion (Fe-Si-C 37))
S simulation 38l A%RolA Des™ S T-ate e A4z 2 A0 s Hr)
ey, 2 [27al, [27b] o ¢JstdE, 54 Y4 F4F Al S off-diagonal ol & &3k

2

2k
G o ol 4 i) sletyuA
, % 9} Gr, 2u ©] diagonal @] Bt AlF, Dec™, Dwd© o @
AR YA off-diagonal 9] it AGFE AdZ FAFgHTE AL

o @ tot
o, Mo

ObA, ZF ¥4 mobility, £ = =% B olve} 7 dA 249 3 FHE HIvE
s Aws v Aok Fe-M-C 39 F=AoX &, %, 9 © Fe, M, C Al 949 24
o] Frul ook gty sid 39 Fael Aol Ak Aol e A AEIE FE9] K
pEo] Q= A 4 3 24Y FE FAsEE de AV AT, diae A
= Fvd A3 ARE 3] dEvh ol¥ AF FAMAEA, & & Fe-C 297 oA
FASE e, Gre 9F Oy & Fe-M 29414 2488k ghe AFg3tA ==, olul A
3 A2 AL thermodynamic factor & =4 YebA At

4. Fe-M-C 3 & =& Aot Melxz zkol 2

2 Ao Aol A ARt vk} o] oA ik 294 Sk A 2HE o gle 5F
< uphill diffusion ©] YElE 4 St Ho|rh,  Uphill diffusion ¢ x4l o=
Fe-Si-C 39 I+ Fe-C 29 T+ 1 4%l A 8]zl Darken [1] 9 238Y Aol
o] Ao C ¥A2] uphill diffusion o] EAHA-e] 8 & g Si & H7pgh wZole)
T AL F LHF Aot Si7F C YA mobility o ZA A4S F olH7F Yl
W Sio 9] HUt &yl AS uphill diffusion ©] E98E 294 o) AeE oA
. 39, Fe-Si-C 39 F=elA C 9o F4F 75& 2 [27a] & 2o 23dd 4%, 2
[27a] © A WA 3 vro 2= A2 uphill diffusion o] YJEFE F ¢tk Do 7} €

U
F7F ol 3 Fmyp wdezoz Fato] Ao Aoly] uwjioltl,  uwlElA, uphill
diffusion & ©F718k= &2 4 [27a] ¢ % WA Folgtu B £ Qv F Do 7t
uphill diffusion o] 23 7|9 & 3t} WA = Aoyt i) &b Al (B3 &
& WeoA) £rEd EAS UEdlE ¥ow 9l 9 5+

o &} % Z

4
)
O ol i
L

o o
o
park
e
=l
=)
2
R

el A A B
oby® it AlFrol AAo] @<=3l thermodynamic factor ©]4Fe] @3tz onj7} £33+
Hol A REL olE HE7] 98 Fe-Si-C 39A fcc ol A2 C 9 F4tb #72
S 2 [27a] 9 FHE v 2o] thAl A Bk

dtc dptc
= — w Lo —— VCeo — . £2 vCg 28
Jc Yc YVvg 22C dve C Yc Vv C dve; S [28]
2 [27a] <o) zfo]l7-& 4k Ao tidk T3 A Hu|E Fert AvE FJef= vl
th= Aolrk o] XY FAA HE FAA el 7hzt b QEAR S
uf 7hssk Aoz o7 WrhE A3y e dav Y daEe FUkE W Ao



AEeA gevres AS we 2 = Fe-M-C %% Fe-M-N S ej¢] 394 thafA
Wb 7bssk Wholth, d9E EHA ye & yo v AE SHA HegE 7S A

D, ve Yva Q¢ ( Z;lsc) [29]
L7 oye
D = ye yva ¢ ( fgi) [30]
Vs
Fe Fe dpc dptc dve

Dcs | Dee = (dySi)yC/ ( dve )ySi - (dySz')#c [31]
2 [31] € Des®™/Dec™ 7 AE% 2golA C ¢ 5@Fn(EE Sxud) F4 71879
AN S UEHTE 5 Fe-Si-C 394 524HEE ysi & ye & 217 x, v 22
BAEt] el EW C 25 54 71279 &7F vl o|E5H A A AA
v 52 29y d9ety 298 2T ¥e8la ¢l A% uphill diffusion o 2AA
d&S v A& off-diagonal &3} diagonal e Huld Z7]= £A3] €954 Q219
At AR & 4 vk Uphill diffusion o] WAskE A3 & 2840
2 Ay, gAEET Adidoes = A3y 4949 HUpL wE SRS
7HA FHgE fAdA FIarHAS ZUAI)E A9dE 4 AP 249

uphill diffusion o] AT & 4 9t}
TEEE H4E AT C Eek slollA 1&A W C &lnE SAHATFOEN Aol
= A0SR ARk AgAEe] FAFH A9
0.10 ' 1 ! L Aznrctes A0 FdaA 78 F de A
0.09 Wada et al. (1972) L AA B Fe-Si-C Al fec ZgollA]l o &
008 oumka-one vimke-oss | C ZELO|AC C LHEES NojFE A3
0074 sraok Somm mmkaoose | AR [22] 2 Figdl ol UEUY. =@
0.06 & FE FAE Ao ol um 1 V)& E A
£0.05 - F7F oy FAdel wep wWEkA Ak
0.04 —R— d¥c/dys =-0.235 . - Darken ¢ A% [1] o] dalxl x4 d,
0.03 1 = ye=0.014-0.028 (0.3-0.6 wt% C)
0.02 - A Desi/Dec™ = Fig31l 258 <F 0.135-
0.01 oo 0235 Abole] gho]l dojzir) o] e o]l&
0 . u . 3lo] Darken & &8-S TAS = AE

0 0.02 0.04 0.06 0.68 0.10

Ysi = & T = 71 71 = (€]
a1 ALksE Aol wjwstdE A fFESE H Y
Fig.3. !
) > .. . 5 5 A 2] 615
Experimental carbon isoactivity data in the g o it Age FHE HYE A
EA 2 7 B BRAe B

fcc Fe-5i-C  ternary alloys at 1420 and ¢ =Xl
1270K [22]. ) o



F 50 §ls o, & &4F A A 24t simulation 232 -
e
[e]

oC = Y
8tk = - Jr = ;lv - (Dyv C)) [32]
o A SitelAe 99 WA S 7 84 dAHE FyAor Foji IE
T-3HA At iR A o] i frEo] dH Ao A8k wigko 2l dojdrfal S
W R 45 Cartesian coordinate 9] 1aplel sigsh= 4 o= v 5 3o, C
2 St oo ek Ak WA A thea Zo] AT
oC oC 0Cy;
atc = % [Dce 3 o Deg; 3 =] [33al
0Cyg oC 0Cyg
TL‘S = % [Dsz'ca—xc + Dy 8xs ] [33b]

B = 9o 4t Ay HAAS E7] 9F
difference method) & AFE3FA T FA| &4 o b
A A5 el A & Ao, o7 A= 4 [33al, [33b] o ERLE T
3t g Wb ohgat 2ol &gkt

oC; citt — ¢!

T 77 [34]
9 C;y 1 . D +D; Ci—Cj D+ D, Ci—Ci,

8x[Di 8x] _Ax[ 2 4 x 2 4 x ] 135]

sol A (34, [35] olA) okl A i & grid WE, % FEAL 9Hew Ty AUz
Vel FEela, 84 = A step & dhehlE BEolth,

FA A o r A AS F= BAHoA TP FoEobd S mass
conservation ©|th =, simulation A5 7 &4 Y4 FaFo] AI A FX|FHofok
shob= Holvh, 9] 2] [35] = FAMAIFTE Aol wet Fho] Wtk Hol arwd A
o, FAAFE FF= 71Aste] AE2S Ae 4% mass balance error 7F WA S
RO\ Z fFostofol g

1. Darken 2| uphill diffusion ol i $F simulation

e 2o FDM & o] &3l Fe-Si-C o419 Darken [1] ¢ uphill diffusion ¢
)3 simulation & Al =3t C &4F Al FHO off-diagonal &S ZAsH7] ¢4



FHA WS ol &, stve FAEE dost ATFEs o
A HE Fe-Si-C Al fcc oA C TX
(Fig.31) & o]&3h= zZlelth. Fe-Si-C A9 49t #2135 A= [23] & 3/l
gy £ glom, 7 949 mobility T & ¥ Fe-C 297014 F23td A&

Ze ¥ &F fec Fe o A7|EAHAS [24] 2 §-H, & & Fe-Si 29418 B3] 234
2} t

A8ty 4o 4RE o433 HLo A AW Figldla o e w2l
BABLI Desi®/Dec® o W3] Fig.31 2 F8 3 3k (0.135-0.235) <]
¢, A AdE Figd2b o vebdl #he} vt 5 At

5 Eid . = T

M E Fdlo] Jet ARzZREY 73 AFE ol 43 AlA Ayl 2ty o6
ARE o] &3 ALl Avte] vlE Az vmr griE A4S ¢ 4 vk Darken 9 2 E
o] 1323K oA o] Fo]7 ¥k Fig3dl 9 243 AFEL 1420 2 1270K oA 44 A
ojx, EHA oz AAo] old S&FT FAHE FEFA HHom AL V&Y FS
T8 w0185 B #hol 4EE FAME QY FYelm B3kl Fig.32b & %% ALk
A¥g Hola v} o] oA FEg 39 it AlFe dux 1he] #AV B Eithe
A, e sy 998 AR5E T P A4 AY9Y die] SxdA FHS
o] gali=, B AT A AAFE W o] off-diagonal &9 A AFE FIU 7] 9
zZhde] WHez 8" F AdS5E HAFE Aouh. ol oA Rl npep ol
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Simulation of Darken’s uphill diffusion [1] in a weld between Fe-3.8wt%Si-C and Fe-C
alloys. The simulation was performed using Dcsi evaluated (a) from critically assessed

thermodynamic data and (b) from experimentally reported carbon isoactivity data.
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Gibbs Energy, Kd/mol

Fig.4.3.
Mlustration of drivingforces of formation for CusSn and CusSns under the metastable
equilibrium between fcc and liquid at 250°C in the Cu-Sn binary system. Thick lines are the
Gibbs energy curves of fcc and liquid, thin line is common tangent for the metastable
equilibrium. The Gibbs energies of CusSn and CusSns are denoted by "*”. The vertical
distances between the common tangent and the Gibbs energies of CusSn and CusSns
correspond to the driving forces of formation for individual phases.
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Calculated isothermal section of the Calculated metastable phase equilibria among
Cu-Sn-Ph ternary system at 250°C. Cu-rich, Pb-rich fcc and liquid in the Cu-
Sn-Pb ternary system at 250°C.
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Fig.4.6 Fig.4.7.
Calculated isothermal section of the Calculated metastable phase equilibria among
Cu-Sn-Ag ternary system at 250°C Cu-rich, Ag-rich fcc and liquid in the Cu-

Sn-Ag ternary system at 250°C.

Fig.4.8. Fig.4.9.
Calculated isothermal section of the Calculated metastable phase equilibria among
Cu-Sn-Zn ternary system at 250°C. Cu-rich, Zn-rich fcc and liquid in the Cu-

Sn-Zn ternary system at 250°C.
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Table 4.1 List of investigations for first-forming silicide in the Co/Si interfacial reaction

Si Sample Preparation Heat Treatment | Measurement |amorphous| First | ref.
/SSA  |Silicide
<100> or | electron-beam deposition isothermal XRD - CosSi | 8
<111> bilayer (Co: 1000 nm) (3hr at 400°C)
crystal electron—gun evaporation isothermal MeV H' - CosSi | 9
<100> bilayer (Co: 200nm) (4hr at 350°C) | Backscattering
amorphous | electron—gun evaporation isothermal RBS - CoSi | 10
bilayer (Co: 80nm) (40min at 450°C)
crystal electron—gun deposition isothermal RBS/XRD - CooSi | 11
<100> bilayer (Co: 80-150nm) | (30min at 430°C)
amorphous | electron-beam evaporation RTA (490°C) MeV H' - CooSi | 12
bilayer (Co: 156nm) isothermal(370°C) | Backscattering
crystal electron—gun deposition isothermal RBS - CooSi | 13
<100> bilayer (Co < 65nm) (20min at 460°C)
crystal e~beam evaporation isothermal RBS - CoSi | 14
<111> bilayer (Co: 47nm) (30min at 400°C)
amorphous ion beam sputtering isothermal in situ TEM ves” CoSi | 15
multilayer (L: 9.6nm) (30min at 300°C) no SSA
amorphous e~beam evaporation RTA? TEM yes CoSi | 16
four-layer (Co: 20nm) to 300°C for 10s no SSA | CosSi
amorphous | electron-beam system RTA (250°C) TEM - CoSi | 17
trilayer (Ti:6/Co:2-20/Ti:6) no SSA
amorphous | electron—beam evaporation | heating (20K/min |DSC/XRD/TEM ves CoSi | 18
multilayer (L: 14-100nm) to 307°C) EDX-STEM no SSA
amorphous | RF. magnetron sputtering isothermal DSC/XRD - CoSi | 19
multilayer (L: 80nm) (30min at 250°C) no SSA
<100>& | electron-gun evaporation isothermal RBS - CooSi | 20
amorphous bilayer (Co: 220nm) (25min 380-490°C) CoSi

® RTA : Rapid Thermal Annealing.
b "yes” means observation of interfacial amorphous solid solution in as-deposited state,
and SSA means observation of solid state amorphization (growth of the amorphous layer).
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Fig.4.12
Calculated Gibbs energy vs composition diagram for the Co-Si binary system at 200°C.
Thin straight lines are the common tangent lines that indicate the thermodyamic states at the
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2ok Ti/Si AE whgol A HZx vhg A silicide o thdt Hials A4 ghe] S48
EUAE Holil 9lom Table 42 = FH & F Sl "kt Zo] Hux 49 5 7
silicide & TisSis, TisSis, TiSi 2 TiSi: & 4 7H9 silicide BE°] 27 Hx JAE=
HaEI g AAoet,



Table 4.2 List of investigations for first-forming silicide in the Ti/Si interfacial reaction

Si Sample Preparation Heat Treatment | Measurement |amorphous| First | ref.
SSA Silicide
crystal triode d.c. sputtering isothermal XRD/TEM - TisSis | 21
<111> bilayer (Ti: 95, 400nm) (30min at 500°C) & TiSi
crystal electron—gun deposition isothermal RBS - TiSi* | 22
<111> bilayer (Ti: 300nm) (120min at 500°C) & TiSis
poly— magnetron S—-gun sputtering isothermal XRD - TiSi 23
crystal bilayer (Ti: 100nm) (40min at 600°C) & TiSiz
crystal evaporation isothermal RBS/XRD - TiSi 24
<100> bilayer (Ti: 100nm) (30min at 750°C) & TiSio
amorphous|  electron—gun deposition isothermal Backscattering - TiSi 25
or <100> bilayer (Ti: 90nm) (20min at 450°C) | Spectrometry
crystal electron—beam evaporation isothermal TEM - TiSi 26
<111> bilayer (Ti: 3nm) (30min at 600°C) & TiSi;
crystal conventional HV sputtering isothermal RBS/TEM - TiSi; | 27
<100> bilayer (Ti: 30nm) (60min at 650°C)
crystal electron—gun evaporation isothermal RBS/XRD/TEM - TiSi?” | 28
<100> bilayer (Ti: 140nm) (120min at 550°C)
amorphous| electron—beam evaporation isothermal TEM yes TisSis | 17
trilayer (30/Ti:10-100/30) | (7300s at 560°C) SSA
amorphous sputter deposition isothermal TEM/RBS yes TiSi; | 29
or <100> trilayer (Ti: 23nm) (60min at 500°C) SSA
crystal sputter deposition isothermal HRTEM/AEDS yes TiSi; | 30
<100> bilayer (Ti: 25-35nm) (30min at 460°C) SSA
crystal UHV e-beam evaporation isothermal in=situ yes TisSis® | 31
<111> trilayer (Ti: 30nm) (30min at 450°C) |RHEED/HRTEM|  SSA
poly Si rf sputtering heating (10°C/min)| XTEM/STEM ves TiSic | 32
bilayer (Ti: 55nm) to 510°C SSA
crystal magnetron sputtering heating (15°C/min)| IR-abs. spect. yes TiSiz | 33
<100> bilayer (Ti: 32, 51nm) to approx. 800°C XRD SSA
crystal magnetron sputtering heating (3,20°C/s) in—situ - TisSis | 34
<100> bilayer (Ti: 32, 46nm) to approx. 800°C XRD /TisSiy
2 at 500°C, 120min, Ti/TiSi/TiSi»/Si
at 500°C, 30min, Ti/TisSiy/TiSi/TiSi»/Si
b at 550°C, 120min, RBS shows only TiSi
at 600°C, 8min, RBS shows only TiSi»
at 600°C, 44min, RBS shows TiSiz with TiSi and Ti-rich silicides (TisSis),
but XRD shows only TiSi and Ti-rich silicides with TiOx
© at 500°C, Bmin, TisSis forms at amophous/Ti interface

7min, TisSis and TiSi form at amophous/Si interface
10min, C49 TiSi; forms at amophous/Si interface
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A 5 & ot - chad =i He| X ZA}

oA @A e el A e kA28 finite difference method (FDM) & o] £3}9
F= W2 A 3 FolA ZiEd vk k. o] A% &4F simulation & F3 A=
AR AZbel & Z A4 T (F4) profile & Wty A& YE F Aol H=
shal A AARE B3 G4 &S gt AfolE 4 A UF-olAe sE profile 9
WMl 2o 7} Aol AF -2 AsS Ve F dojof sk gt WS B3 Ao
A 2Ee AA ol W 9 £52E B3 1@y v A HA-= AA
ol HLEE AXslE Aol oy A Akt b ks AA olF BAE i
WA ag A A (analytic) 0.2 F F e HHEd (E W1 GAAFIT A 294
) Aol E EATE glth ey dRkd o ® o SAF simulation & 849
detol A&t & w, AN S AR & F de Aee dod FAEA
Al WS U Hed, FAF WA S FAEAA R Fe A A T A7)
5 & F8-2 mass balance 7} FAH A EdvhE Folul ol A EOA Wi %ol 1890
W Stefan Problem ©¢|8}& o] 2oz HAZF Al7]E 5 100 do| @XE oA 71x] £Hsh
MAds BA g FAolth o) FAA A S FAEA Ao R FHe AR Al
AFY Qo] ghSolx &3}, mass balance error & 2 - AlA #AS 7FA| 5L o]
Aol ek AA AR ko] o] Fol X 7] ARG AL 3] HZo dolt} [1,2]. & 4
TE& Ak A AS FDM 2.2 Z7] 93 F71A W, movable grid method € fixed

grid method Z}Ztell &, =434 Zo] A A mass balance error 7} % &
olfE AAACE T3 vl o™ mass balance error & A - Al As7] 93 BH
o A movable grid method ¥.t}= fixed grid method 7} Xt} &4 st} AES U
2] 31, fixed grid method °l 7] Z38le] v} vt &4bell A mass balance error & A3+
3t = e A4 algorithm 2 7123 vp glv} [2].

2 AFolA = A dE o - oY A SAF W simulation & 913 ¢

4 algorithm [2] o 7]%3}9], mass balance error & +A3] A A3 Bl gykzel

HAgol Aged 5 & AEF algorithm & 7IEstgon, & A 5 FodAles o]& 7|«
al
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= Holth,  o]E3dk Ao ® 2Ete] WE 2 molar volume & Ao #A glo]
ARG e IR, B Fab simulation oY RE 2] volume fixed frame of
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h
stol A Z1&Hh thel, b ahtel Al simulation & B3l RojAE Aui %A olFd
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mass balance equation ¥} flux balance equation °l 23l 7| ¥t}

mass balance equation (Fick’s 2nd law)

oC =
atk = —Vv-], = ?‘ilv-(DZijj) [1]

flux balance equation

pRCRE — yLOUR — pRL LR (]
C & Jr & 842 92 k 9 5% (mole number per unit volume) ¢+ &4t #4%5 e
Wi, D' 2 S4F AFEA Ao A g4 dgE Zkerh 2 [2] dA R 3L
&, B AAHE FAOE AF FS L, LEXR S R Z ZAS AoH, C ¢
J oA R/AL 3 L/R & 424 R 33 L 32 AAW AoAe sxe ik 55458 o
BT v & AA olFEEEE UeidEdH, detdoe=z R Ay L A =537 OE
A AAE T3 22 Y A EdsiHEE (FA) A € a2 SR e A
7+ Aol A FH-HEA (local frame of reference) & A2 W7o AA o]%
SVl Aojdy, o]#dt AA olFET v v & AR FHAS AL oy, AT
oy 2 #AAAS 2=t

o v”

VR = VL [3]
AZIA V,, 2 ZF e AFE dx 1 = F FHrf A
A 2 A 718 AL A A 9] finite difference form ©2.% 2] W3l

it simulation & A= 2 [1] 3 [2] & F4F w2 & Fate 2ol =&
o= gwtd oz S A W o3tA =W, finite difference method (FDM) & ©|
&3t ¢zt Aoae 7} FEL finite difference form &2 W3ty ojo} 3t} E3F] 2
2} v E&-S ¥kl e 4 (1] o 2% g3 2 [2] o AW A {50 X EH o
A=, A™ e % 7]&7] = finite difference form &2 ¥ d3lojoF =1, o= 9
&= ¥ X% profile ¥ AW 92 5o FDM oA olE@A F2zo=z FIALEAE &

Fighl & & A 7+e] 4SS fixed grid finite difference method ©f 93] 7]&d ]
A FZo A9 FE profile =240z veld Aot} Fighl oA "m-1", "m",
"m+1", "m+2" = grid number & YERHI, Ax ¥ grid 7H4-S JENIY. Fixed grid
FDM ¢] 4% A A M-S movable grid FDM oA ¢k= &8 grid point ol ¢4 8Hx &L
grid ¢ grid Akelel #1A38tH, AFsk 9= AW AFe A grid (m HA grid) =
58 AWAAe] AgE grid F Adood tia YA ez vERd, W p oo 9

KeR
=
KeR
=
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Schematic concentration profile for a diffusion couple in a fixed grid finite difference method.
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point "t} A GEojof sty 2] [1] o ZFEo = AF} 2 2 A vEIS finite
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21 [5] oA D, C, x o gk o}HEA [ = grid number & YEHIT G 71 0 9 A,

Cartesian coordinate “ol 4 2] [5] & thA] AT AH$ o= oAl Al 3 oA &
g}ﬂ. simulation g 1’:;1]3]4/\47@ gﬁmg /ﬁnﬂzﬂ Lq] ] ] /\7H%5L /\1 [35] 9} 7L_Q Al o]
S & 4 9l Ade] Q1F 3 grid point, =, Figh.1l oA grid number m 3 m+1
afas 2 [6] 9 F3o] F&3¥A Zow, HoY Cartesian coordinate o 7] %3l
o, Z¢ztel gk 24 xdES vhea 2

Mo 2 ot o N
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V(D VO
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4 gel da xRS g Lo
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Al 3 A 2 [34] ¢ f19 A [5]-[7] & o]&3¥H A grid point o wis] 2] [1]
2 Fo]Z mass balance equation ¢ finite difference form & ¥-& 4 Jv}y. w3 2
[8], [91 &2 2¥ 4 [2] ¢ flux balance equation ©] E£&F o] = A F4b #59
finite difference form & 9-& 4= vk 2] [6]-[9] ol A p = Fig.5.1 o vERH nle} 7Eo]
T ogrid Atele] Aol YAE el WaEA 0 3 1 Alele] #e zZtiErh uEhA,
2 [6]-[9]1 &= p=0 ¢} p=1 A singular point = zZrA Hi=d], o|& ¥3}7] €3 W o
2, Aol & grid point ol < W, 5 p 7F 0 B 1 o 7k @ 7HE W, S
grid point & FA|3l= WS A4 F vk o], Fighl 3 22 AFstoa] A Hol
m AA grid o] FZ3H o]F HAF R AW m-1 HA grid Abolel A A A A
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shal skal w=7F AT m+2 WA grid Atelel A AdAom WeEE Ao® IHFdte
RAolty,  AA Aol M= AWl 717g grid & FASE 7o =Z24 p o & A
# () & FA Ak F p <p oAU p > 1-p° Q1 7] W AW b Tk
grid point & FA|§ AEfel A AEE FdstA H= Aotk o]#gk A¢, 2 [6]-[9]

1o

2

V-(DVO,
2 [ DL/R—'—Dmfl (CL/R_ Cmfl) o Dmfl—f—DmfZ (le_cm2)] [10]
(2+ p) Ax 2 (14 p)dx 2 Ax
V- (DVOui2
2 [Dm+3+Dm+2 (Cm+3_cm+2) o Dm+2+DR/L (Cm+2+ CR/L) [11]
(3—p) dx 2 Ax 2 2—p dx
_ (B3C\ _ (2C 9°C
(VC)L/R N ( ox )L/R ( ox )mﬂ * (l-I—j))Ax( 8x2 )m,l
_ 1 7l+p _ 2*p _ 3+2p iR
= 255 Cre — 5 Ot miaTn O 2]
_ (0C _ (0C (o 3°C
(VOwL = ( ox )R/L ( ox )m+2 (2 j))Ax( ox’ )m+2

_ 1 20—5 R/L 3—p 2=
= il ey €+ 35 Cure — 525 G [13]



Al 3 A Mass Balance Error Free ¢ Flux Balance Equation 9

Flux balance equation 2] finite difference form & F%3te HAHAA 74 Fo3
A2 mass balance error 7} glojol 3slup= Holgh,  ol&E A= flux balance
equation ©] FEHE #AS WA A AHE Aavt vl FDM oA ¢ 3 time step
of disg] % WMol AA ols s EAAo= YEMYH Figh2 ¢ 2t}

CR/L k

concentration

N

CL/R

m-1 m m+1 m+2

distance

Fig.b.2
Schematic changes of concentration profile and interface position
during one time step in a fixed grid finite difference method.

Figh2 oA 7} A& 3 time step 2719 %% profile S YEeRAY 71 AL
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thE grid Abolel A4 w% WEE 7MASA Hi=d, o] #A A mass balance
error 7} WA ¢ JulE Holr), o]# 3 mass balance error & Figh3 o HAdH o

Z 3235 A
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Fig.b.3

Schematic illustration for the creation of mass balance error
by a skip of the grid point closest to the interface
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Fig.b.4

Schematic illustration of the cases where special finite difference forms are necessary
for the mass balance equation and concentration gradient at interfaces.

5. Numerical Procedure during One Time Step
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x 3 AA A9 update
Z7)1%3e] vuE FI) 7t
mass balance error ¥ U}

A H=zd, A™e] oy
il

Mass balance equation ¥} flux balance equation ° <] 3k
7F $bEEWH, FAA T 9 7 &7 Y FE AL
Y 4ol th3l global mass balance error 7} A4tttk o] gt
£ time step oA flux balance equation ° HA&Fo =2 4F
d A ZF Aol & ojof & HA o] o] WA A A
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v E O 2 simulation time & &<%13le] Al o ¥} AAFWH I Ao upg) the
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‘ Read Gibbs energy and mobility data ‘

‘ Read initial conditions ‘

|
| Calculate size of time increment «———

| Adjust interface location for new phase if any |
|
Calculate interface compositions
by solving flux balance equation system
|
Check whether any phase has positive
driving force of formation at surfaces or at interfaces
|
Update of grid point compositions
due to diffusion inside each phase
|
Calculate the amount of interface displacement
at each interface

| Check disappearance of existing phase |

| Adjust interface positions & grid number of each phase |

‘ Update of all variables for next time step ‘

| Calculate global mass balance error |

| Time check |—

| Output |

Figbhb
Numerical procedure in the present simulation of multicomponent and multiphase diffusion.



Al 5 A Model Simulation
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Fig.b6
Schematic illustration of a growth of a second phase from a supersaturated matrix phase.
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Figb.7
Comparison between analytic solution (line) and numerical simulations (symbols)
for the growth constant.
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Al 5 el AfFolA Awsk npel o] E algorithm ¢ £2& oln] 2 A5 #A
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=

ox,

2 A B8 g o =38 = 9k b simulation ¥4 oA mass balance error 7}
BAEA] =, ko] o] o R A 9% wWi/hA simulation & A& A4 1
A= 4Eyg ALt A¥el g dA s ok d‘jr A7l A= ol Aol A e mizbr)
A Z Fe-Cr-Ni 39414 a/v % zk9] S4F vh-g-& o= Attt Simulation o A}
%% Fe-Cr-Ni 397 €3 =k g4k A XE—‘E 7] HFEE = (2] o gAY

xR0z a ¥ 27 243 FAE 4%

14
2 18 um O]E‘r. a v 7 4 =537}
A Z2Ae 23at% Cr, 9.04at% Ni ot} S 2% 1373K oA9] JH 3 ﬁ]ﬁoﬂ 40}‘5
o] 24 9 oA Hy x4 Y HEES a9 4 A7 29.26 at% Cr, 569 at%
Ni 2 2011% 7} S a3, v o A%+ 2142 at% Cr, 9.83 at% Ni ¥ 79.89% 7} #t}. %,
271 12 um ol ¥ a o] FA= E9td Fyeo| vrisk& ¢ 5967 um 7t Fo] ¢
ofof 3far, 7}7he] e HY x4E 7FA L glojof gk

£ simulation & ol s w7 AP geue] A= Table 5.1 o 4938 7
Mol o)k Axt @ o] d AFo e AEy A wlu, AAFHe 9tk E simulation
o] 79 mass balance error #F oA uist Ayl dojx|ar &S AT & Ao

>

Table 5.1. The initial and equilibrium composition and mole fraction in the diffusion couple,
in comparison with the results of simulations

composition (at%) mole fraction (%) interface

a phase Y phase a phase ¥ phase movement (L)
initial condition 38Cr, 0.INi1 13Cr, 15Ni1 40 60
equilibrium 29.26Cr, 5.69Ni1 21.42Cr, 9.88Ni1 20.11 79.89 5.967
calculation
previous (Cr") | 29.26Cr, 5.68Ni 21.42Cr, 9.88Ni1 20.12 79.88 5.963
simulation (Ni") | 29.26Cr, 5.69Ni 21.43Cr, 9.88N1 19.99 80.01 6.004
present
simulation 29.26Cr, 5.69Ni 21.42Cr, 9.88Ni 20.11 79.89 5.966

* element for the final correction of interface position, A&,



3. Fe-Cr-Ni 3 &4l a/y =ttoll M 2| Diffusion Path Simulation

ero] 39 Ao A 9] model simulation ¥ H] 528k 7] 7oA HAAZ A7 o] o]Fox
& ool x4 W3t Fo] dEE vk vt 4. 2 AFoA = o] F e
of thek A3 ARE v o E Agtoen, zh7te]l x7] 272 Table 52 o Agsh
nje} 2o},

Table 5.2. Initial Condition of Diffusion Couples [4]

Couple Composition (wt%) Thickness (Um)
a phase Y phase a phase layer VY phase layer
A 38Cr 27Cr, 28Ni 186.9 2000
B 38Cr 13Cr, 15Ni 124.1 2000

X >Ev 1373K o]ar, Zb7he] Aol A dXE Alzke] wWE XA WIE

simulation & Z¥= &9 23 A9t 34 Figsh8a, 5.8b o AAgk npep o,
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A - B F4E simulation 3 A E 4 = Ao Hrte 4 glo
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o
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40 '/ L . : @ 40 | | | | | | |
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| | ) i (0)
38 KaAjl?f‘ra et al. N Kajihara et al.
36 ©10h = 35 ﬁlgh K
®100h & 100h
34 [ 1000h - 50 [ 1000h i
o 324 / a
G / G
R 307 i L 251 o« -
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o6 / - 20 B
24 - / oty i
15 B
224 " B -~
/
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Fig.b.8

Calculated diffusion paths between a and v Fe-Cr-Ni alloys at various annealing times
(1, 10, 100 and 1000 h). Symbols are experimental data from Kajihara et al. [4].
(a) for diffusion couple A, (b) for diffusion couple B in Table 5.2.
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Fig6.1
Calculated diffusion paths (thick solid lines) after reaction times, 60, 600, 3600 and 7200 s
between pure Ti and AlQs at 1373K. Equilibrium isothermal section (thin dotted lines) and
metastable phase boundary hetween B-Ti solid solution and AlOs (thin solid line) are
overlapped.
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Fig.6.2
Phase diagram of the AI-Ni binary system.
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Table 6.1 Boundary Compositions, Interdiffusion Coefficients and Molar Volumes
of Individual Phases used in the Present Simulation.

Phase interface composition interdiffusion molar volume
(atomic fraction of Al)  coefficient (m”/s) (m®)
NizAls 0.630 - 0.593 7.0 107 0.8354 107
NiAl 0.565 - 0.385 14 10 0.7126 10°
NizAl 0.270 - 0.250 15107 0.6961 10°
(Ni) 0.120 - 0.000 1.2 10" 0.6589 10°
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Simulated composition profile of Al (a) after aluminizing of Ni for 14400s at 870°C
and (b) after continued homogenization for 22500s at the same temperature.
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Simulated growth of Ni2Alz layer during aluminizing of Ni, and growth and decomposition of
NiAl and Ni2Als layers during homogenization after 14400s aluminizing at 870°C. Symbols are
experimental data from Hickl and Heckel [9].
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Fig 6.5
Schematic illustration of the present model for the solidification of 304 stainless steels.
(a) volume elements where diffusion simulation is performed,
(h) phase change during the solidification inside each cylinder.
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Fraction of 8—ferrite in the 304 stainless steel during cooling at 0.3°C/sec from the melt.
Solid lines are mole fraction of d-ferrite obtained from the present simulation based on
the cylindrical coordinate. The radius of the cylinder was given as half of the measured
distance between primary (thin lines) and secondary (thick lines) dendrites.

Thin broken lines are mole fraction of 8-ferrite obtained from equilirium calculation and
symbols are experimentally measured volume fraction of d-ferrite [14].

The simulation was performed assuming the 304 stainless steel as a (a) Fe-18.2Cr-8.7Ni
and (b) Fe-18.2Cr-8.7Ni-0.04C alloy.
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Composition profiles of Cr and Ni in 6-ferrite and austenite, by the present simulation and
experiments [14]. The simulation was performed based on the observed arm spacing between
primary dendrites (thin lines) and secondary dendrites (thick lines).
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Flux balance equation & ZF &2 9nE yetdis, Al 5 #olAe] 2 [20] & tHA
»H g 2o

dmt + AmE”
4 = 3
3 ! [3]

2 [3] oA dmP = AW i S, 2)

71 A7) A4 profile o 3t AE oz BY AiEE 2ouw I FAAQ)

5 el A A3l single-phase layer © ]

Al B A o]FAl 2 EE mass BEHS UEhE doi A (A 5 gl 2
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of gt} o]l#d WHE mF nEd £ e WS Inl B AE o, 7Rl o

= Aol opv e} ol ek u =,
| A%, Cartesian coordinate °A]¢] flux balance equation & U}%-

~fraction, <F overall u-fraction, v =
[e)

Jer — o (JFE—JE®Y At + 2 AmE
- ’RL 7 ILR 7’
uk/ T U w1 T uk/ - U

[4]
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4. Multiphase mixture ZF =&t simulation
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Table 6.2 Composition (wt%) of alloys [26].

Alloy Cr N1
k5 (a+v) 24.3 6.9
k6 (a) 29.5 6.1
k7 (y+a) 40.0 29.4
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Fig. 9. (a) Microstructure of couple k6-k7 after a diffusion anneal
1100°C for 100 h. (b} Same as (a) but different scale.

Fig6.8
Microstructure of couple k6-k7 after a diffusion anneal at 1100°C for 100hr. from [26].
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Composition profiles for (a) Cr and (b) Ni, in couple k6-k7 after 100 hr annealing at 1100°C.
Symbols are experimentally measured data by point-measurements [26] and solid lines are
simulated ones in the present work.



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.

Fig.6.10
Microstructure of couple k5-k7 after a diffusion anneal at 1100°C for 100hr. from [26].
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Composition profiles for (a) Cr and (b) Ni, in couple k5-k7 after 100 hr annealing at 1100°C.
Symbols are experimentally measured data by point-measurements [26] and solid lines are
simulated ones in the present work.
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