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H& T B [ B i N I 10.0%. Y Fe-Cr 4
& Cr JRF& &t 10.0%, Cr JLF S M a 4
A A BT HS R0 B, 2 A a-a BUBR R AR THOUL
HAL EEXS Cr JE TR B B i I 28« o IR IE 1L
Kot B AL, ATAT P A s 250
BLHIAE 32 B B AR e o 58 -0l 1) IE -
KL (nucleation-growth, NG) BLAY i ALl £
B 1 Cr 7 R il A SR E i K RO oM W) 1R
mad% M G % LT Ostwarld UL e, £
AT Cr J R FEEEAR (< 20.0%) i Fe-Cr —JT
B4 2) ZIE A fEALE (spinodal decomposition,
SD) &4, SD FAJE [ Cr Fil Fe Ji S M1
1 B E Cr AR B OV AR, 2Rk AR
Cr T & &M (> 20.0%) 1Y Fe-Cr & 4 a-a'tf
SrEsidAE.

T, E NSRS X Fe-Cr RAE NG 4
- TE I RCAS [ B B OWE 20 2R 35 1) 36 16 AR AH 23
EYBHLTOT R T O SR T ST 10, ST 1 3
SRR B S T WAEE (TEM) , $9 837 5 i 7
WL (STEM). ILFA T4 (SANS), LT
BEN 78 RS (APFIM) R FHREF = 4EF Ay
34T (APT) Fl Mossbauer i k57 & Cr t#HEEAR
[F] B 2850 B B Ak 27l o3 I ROUE IR S T 7, el e 4
W oA AT AL T AR 23 85 30 ) 2 S8 2
FOTEIE A TS o B 5 AR o A2
I a-aFHAHZUESR O 2800 3%, 7 B ik
AR B FE X 3 AR B B R (H E iS5 B T
IFRCRTIA Cr J— 2T A1 SR 1A AR RUEE A S H
T AR AR XE AT UL B S A AT A, PG T Fe-
Cr AW a-aFH 53 78 I 250007 35 B B ke 5 4 24
B X LA B4 AT SRR 30 IE . 3 8h, SEER b 5e 7
BRI RIE a-a M B, 752X Fe-Cr
B AT TR A A S, 2 AR T RE AR Ak
TR BTN, HREER A ) T Ao
.

TIPSR 2, T AL -
T REEFARINR Fe-Cr —T0H 4 a-aBFEHL
PR A —A 0] L5 SR b AT B AN A R80T k.
OIS BHUIT TS Cr AIE AL A K DL oo HH O3 5
B 32 205 Wk A T B HORL 7 45 1 T Ak 3l ) 27
Monte-Carlo (kinetic Monte-Carlo, kMC) 41, Fll
BT SR A B A Y (phase field, PF)
B 2391 PF B a-a M3 B i FE EEHAE T

CIBTBURO N 3 2R SR EZY 2T B S G SRNG5S E TS
MAGHE I Fe-Cr " I0H £ LK a-o M/ B it
2 LA KOS [ BE O SO S SR A, A7 Bh T
ik PFSEALALS B 5 RN 3l ) 2 R R i
SIS LR, PF AR 32 0 U= HA 1R
BB Fe-Cr i+ 25 MV BE r A (5 B 75 B AL T
SO0 5 A w43 - TR ROBE BB T ok i
PR 32 07 7 H T AS B FH R B HE AR ADL B 350070 1 By
BIERF-0rFRIE Cr JRFREME Cr 9KHAR
TG A5 S (] U P B Y. 0 T 2 DL, 1 B
LR AL kMC BT LIVR AR PF AR
BN JE ZAb . kMC B 3561 51 22 (8] i A B AR H
REROEHGA Fe-Cr & &R 7 RIEL L, e
IR IR Fe-Cr & 4 B 80 UG By BE & 4 iU
ST AR oA RS LA S i1 sh Ty 2 72 A
SEEAT Cr R K REREME Cr AL K
WY FRAIL ) BN 28 0 FAiF (181141 32 BT 1 R
il B kMC B KBTI AR E N R,
kMC ki Y Fe-Cr oA &R A CHRERIER
K HABIAE] 4 nm?, AH N b M AL B 2106 JiE
T AT, YR KMC BERE L) Fe-Cr &4
PR R TCIRAE R 28 [0 RERMFGE & Cr AHBI O
ZH AU AR .

FTX PF AT KMC B 50095 B A
AYIAIR, Mukherjee 55 19 $2 HU6 kMC 5 PF #41)
LB KM FE Fe-Cr —I0H 4 B RUHLHI 1) 4 B s
P 2T SR kMC B3RS Fe-Cr i
AR B BERY Fe il Cr Ji 123 [0] 4345 ) B AR B,
SR e S AT R TT RS I 4% AT R e SR 5 S 7
B OC FR M B HIORL S5 M0 e 40 R 23 (R 2253 A Tk
JEY; 3T kMC BRI E) Fe Ml Cr WEE 43 A
A DL B3 TR 2269 PF B, a-o R4 BS ML AR A
VR IR 85 5 728 3 % . KMC-PF TR A B 48 07 125 e e
T PF UM AR EE Fe A1 Cr JE TR B35 0 A 5
PR R, {H 522007 PEF AALLZE SR SR v B A i
TAEII S ERAY 8 125 BARINF
AR KMC AEHLSE S 1) AT SRR - S5 R BIORS i
RERUA R JEFAEL . SR80 1 2= S E L
HRARIPEAR B HOR L X DL St e
A REA ] o BB AR AR A £ 1 Ao 2 P 0k A T LU
fH kMC #3838 _F ] DL ALY Fe-Cr 4 a-a
AHAT B AR R AL A TR, TO i B A AT PR
TCE A T,
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A T —FEH R G5 & sl
AT 798, %07 ok kMC B Bk TR 5 5T
ZE [ JH—4k Gauss PREL Y25 [ HURLAL 0T 5 5% B
LAY SR ZE S s, I IF & T A ok
9% 47 Cr i+ & =5 5008 12.8%, 20.0%, 30.0%

F1 40.0% HY Fe-Cr &4 a-a' MHALSN S350,

FEAE AR i R R L. BT ARG, S R S
(] AELAE A 5 12 8 T 4 90 A R 0 B kMC 2 R AU
Fe-Cr & 4 AT 45 48, n] LUERR A E VLM X 73
NG HI SD PFHAH 7> B HOWAL ], I HL 2 LR AE
AEFRAY KMC KL RO ZURT LS5 5 4 5 52
Kool PF B A ROVIE ST . SR =S a) e —
b Gauss PRECH A Y i 10 4 5 325 R HLDRE AR O
AT LSBT A BRICH) PF DL A B AT 43 6]
TEREMAT LRI IR Fe-Cr IR 045 55, ek
TFIEET XS Fe-Cr 4 4 i R0 e 9 22 R BLLISA
BLEMT IR

2 ITHE T EREH
2.1 kMC #&E3)

KMC B Fe-Cr —I0A 4K 2 M A
T BCC-Fe 15 H SR HFAEE R 40 x 40 x 40 i
AT, A4 1.28x10° MR F. Fe-Cr A4
mn B AL Cr i3 ol e 8 o 12.8%, 20.0%,
30.0% F1 40.0%, 7EHEAT kKMC #0245 1) 78 1k ot 72
H Cr WREERREAEE, HAGIER SRSl 673 K.
BT FIRBR 2 W P2 SR S8, kMC B Fe-
Cr A& 45 ALY R FIIEN R 48 Xt F A Fe-Cr
B A BMEAL KMC BN SR 2.0x101°
. Fe-Cr 448 S OB b J5F- 2544 1 T Ak 2 1
B Frwaa g5t h g | ASRANZS 4, (45 Fe #il Cr
JRF 3 BORCIR. R 52 sc i &5 = A
SHR T HES ZEAA 4 kMC B2, SR Metr-
opolis FIE I 22 B A AR XA 0 R
PR IR 5 A5 37 58 57 ¥ R 45 4 ok R 1)
RE 2 (EIEA T, M AT AT 3 I 2 67 S8 e
(RIZERE A5 LRI LR &5 M0 e AR, QSR E A5 B T
23 AT A T A R e LIS TR AR A, ET
G5 B S T R IR S5 4 5 X b A8 48 A
(AT ZE A R i = TR LRZE R, W ZE 48 )5 () 548 L —
S M 5k 422 52 A T B W0 LR 45 48 11131 Fe-Crr
TIUA &R T Z B AH B E B R G i AR

F# (embedded atomic method potentials, EAM
B, Hp Fe-Fe } Cr-Cr ) EAM #pR 80 H Rk
FHSCHE [16, 17) H3E R BEUA B Cr-Fe (1)
EAM ek 0L LR H] Eich 45 6 H0E 1945

T LR I, ARSCR A Cr-Fe (1) EAM #
A LLAER H S A Fe-Cr — 0 R MK, HE M a-a
FHI A, X R kKMC AR AN [F] Cr JR T
T T Fe-Cr &R T- 0T RIEMHS B 2 CE
B ERRGR JGREE R 673 K T, MEARMER) Fe-Cr
TICEME, Fe-Cr (12.8%) & 4 I SHL I AT B
165 [5] F NG B Fe-Cr (20.0%) & 4 B SUHMHL
THED AT BEA T NG F1 SD 2 []; AR IR REE T
Fe-Cr (30.0%) M Fe-Cr (40.0%) &4 e T
SD BRI 1 5 P4 0L 7 2 1) i B 5 4 T Fe T
Cr JEF I B A 2 58 A REALIT . Ak, 8 A
6 BN JEC T I BEAE kMC AR b e A4S, HL
B R )R J5-Fe (BCC-Fe) 8—PE B
AL AS 3 FA% 3 5O Fe-Fe JEFIAIFE, BRIHCR IR
PESAS AL, BEHT AR 24X Fe-Cr — 50 REFALM
KMC BBL 25 5% FH M A G DA A | 3 F B 7%
FRURANTT B AR B TS A S e A fE A A
SEF S BN G FOLE, W LI R T kMC A4
TTHERCR. 5N ERIARRN Fe-Cr Z TR A
4, Fe Ml Cr pbARZEMIZEAY | s B B8O R 1%
H e, PRI AR S ARAS S ) kMC A48
SERA AT HENE. AL Fe-Cr —I0A W) MR 45 A6 H e
M H )52 A H T Metropolis 5.3 1 kMC #541
PR IR [ S 1RR P R 52 I

2.2 BFEFEATHYT B NESE

K kKMC BB RS B A X by B A2 K
CINYE S =5 - R B @1 g N 1 I IR U 518 2 s i)
KMC (A8 B[] R 24 mT LAAS 31 G 1 B R%
A ). ZESC B kMC 25K 5 Py 3 A5 Rs) a) i) 0
7 2315 Fe-Cr oo i &R S T i tr
LYW B )1 2= S5 A Cr Fl Fe JR 25
B (Ve A Vi) BT BCRE B Y HORE 22 . X T
Fe-Cr — 0 &4 &, Nguyen-Manh 55 131 5% H 26
— YRR T RS TR Bl 2 S L. R
HBISEANT: BCC-Fe BkEZ A A Vi, ZSME
BARE N 2.18 eV BAAS Vi, 8k FE B AU AE7E 1.92—
2.25 eV Z[i], WUHAFY{H 2.0 eV; 7E BCC-Fe £k
RIRGEH P, Fe R Tl it a5 (7 5 i R i 22 0
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0.64 eV, 1fi Cr JAFIEFEREZR N 0.57 eV. LR H
(1) A (2) ARIHE A kKMC BE KX N #)

Yy PREHAE]:
AE
=0 _—mg
F—yexp< kBT)7 (1)
b — B
ABmy = ABy + ———, (2)

A, AEnie %/~ Fe 1% Cr i BiEF#hE, it
BT J5 XF N 45 40 1 B BE & 4 T FROR A B R B
ABEmig 3R Fe 5 Cr Ji F7E BCC-Fe £k R 1A i A%
Hh ) 23 N B fE ; Boltzmann F 80 5 iR FE 43 5 R
kg A1 T (1) S8 aT IR F o0 Py SR 11
A Bk BR A %, BB AT DR A S HB AT Vine-
yard s NS IHE AR 18, X F Fe-Cr —JTR, J&i
FBRERILIN LI 0 = 10" Hz10)) SR % E0E
AT (1) Apyitaa. #—2, RH (3) XAk (1) =X
THAEAS R 1) kKMC B B 1A A i AT ]
A (Fe)

t = time —L—t 3
T (k) @)

A, kMC BHUZE I ] tve = 1/ T 5 kKMC A48
MR Fe 20K E N ¢ (Fe) = 1/ N, N i
B T SR (1.28 X 10°7); BGPTIY Fe 254
HeBE o (Fe) = exp (— B/ kpT).

2.3 ZTEBERLRERES
23 [ FERE Ak I 2 %% B 30— Fh o] OB B -4
- RUBE ) B8 B B S5 4 e e ¥ M 2 224 T
LY AR A | HE o B R R 2 R — Ak Y
HA R IE 0 5341 pRECKE s5CIR o3A1 1k +- Ji i
TEREARID 25 (8] 30 BBl N R T VR BB AL 3, == a4 &
7 A SO o % B AT DA A R A A ROk
TR TTRkeR AL, S A e U A BT AR RUR B
P AT 3. Z YA Rl Willard 1 Chan-
dlerl™ $i H | FH A HE A K1) 73 B8 HORL A 40 b AR -
AR AR S
K H =425 8] H—1L A Gauss pREUE R SR
YR HUT AT R, BN
6 (r;6) = (2ne?) " Pexp (—12/26%), ()
Ao, R e s R REDRE AL R R il i S 4 €
WY, r FRA RIS A B S AR T 22 (RIS
d FRaSAIYERE . 3T (4) 20, kMC B 5 i 2
Fay v 3 ) A A IR oA s A B 1 o 2 B, Tt

AT ST FR A7 5
p(rt) =3 0 (r =i (]:€). (5)

FXF Fe-Cr —JuAiHAR, 25 AIRIRLIE SR
HAHE=24A (1A =10 m), AT LMFIEFR
A e A RS H OV, i Bk Cr F
Fe i i % FE ) 40 A5 9 F BE W] B8 o T IH— 1k
Gauss PRI 1) 5SCDRBL 0t it 78 25 W) Jig 58 1Y
BUE SR IR B e oy, PR AR kit —
Pt w2 AR FEA FROTIAS i HEReR. D
s A AT B — A B TT A 1 S A SRl B
—EWEAR, B AP TE B Fe F Cr i
FX Tz IR AR A A 14 T o 2 B DUk 2 AN T
Zoad i, IR 10 A; FJm, 25 (alk
AR TR R B A R T A% A% N0k 100 <
100 x 100, i1 100 A FRITHE £

24 EEFZENW

Fe-Cr —ItH @M RAFE R Bt Cr 514K
DEFEFE, XFH Fe K Cr J7F & R A 5E
KA, X PR HES A T i AR S
g (short-range order parameter, SRO) g f it
B BT, SRO A Z W I TS Fe-Cr BRE K
AN A I A5t A v -0 RUBE 5 4 T AR R
& H Warren-Cowley SRO % X KT8 Fe-Cr &
&R RBEGS M RAE, ik 12191

k

b, =1-— 72& (fFi )’ (6)
K, of, FoR CrH T4 E5E2H SRO, 248
x Cr R TR k4722 Fe RTINS 25 %
/N Cr i F R FS kD522 A R+ (Fe+Cr) 1Y
B, Fe-Cr —Juira Cr KN C,. I
(6) g X, X T Fe-Cr J5F58 4207 B R L5 1),
SRO = 1; X T8 2 T0F B A ikgsH, SRO = 0.
SRO $ il K, {8 Fe-Cr k&5 Cr JEF
RERFE D .

2.5 E Cr HA#%siRsl 55t

K H kMC B SR Fe-Cr 4@ R 2L 5
By B WOk TR R 5 H 5 2E SCHE Cr A5 Fe-Bk
R A REE BT a-o AT B 3 127 AL
K] Bonny 2 M A5 26 SE X6 Cr IO E
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SCRHRS. 1205 A E AN R : 3T kMC #48
SR FH 8 it BRI A A S B S —
AT SCARRE A A LIRS SRR AR SR TG, F8
TE— WA, Goi TR W A0 e U Rl N
A1) Cr Ml Fe Ji+141, RS EIZ O
SRR A B COr RS KRR T
IS A S S Cr PR, U Cr A
AAG S Y Cr JRF S =B ir Cr i
e T A T S A A L BB R o o
Cr AR E & COr AH, HARHE A 50 Fe-k R 1K
A, T REAE T AT SERIMERA M E SCE Cr AN B B
H5 Fe- B R RMM A, X FATLA—A) ST %
R HA YRR LU T T SRS A% a5 Cr JR
TEEETE Cr HHE SR BIE f A 8 e A
& Cr AR, FEU 30T LU T 8 28 Rk AL
% E A e Cr M5 Fe-4k RARM A
ARSCRAY Or JE -5 i B E W R S50 1
553 WiHE I E.

B Cr HIFRE o 0T YR A2 i Al 552 1B

1.6
@ —— Average density
. 2.5 ---d<0.8 nm
& -~~-O.8nm<d<1~2nm<l4 a
g 20l ----1.2nm <d < 1.6 nm : =
% . ——d > 1.6 nm E
= —— Average diameter 19 %
> 15! ok
& : L £
= [N . g
g 'y . :
g A 11.0 &
T 1o ?30
[} ! \ 4
2 05 H; ST TR RO S 08
Z Sl
. ans . e VOV pnrmn
ol e . T 0.6
0 0.5 1.0 1.5 2.0
MC step/10'°
() —— Average density .
---d<0.8 nm 1°

s
ot
T

----0.8nm <d<1.2nm
----1.2nm <d<1.6 nm
—--d > 1.6 nm

—— Average diameter

t

=
o
T

o
)

Number density/(10%¢ m—3)
Average diameter/nm

Ana
L
SR e
AR T R AN

0 0.5 1.0 1.5 2.0
MC step/10%0

$E R BRI R, SR d = 3/6V /n 1545
|, Hrbwg Cr A V = NV, B NUEE Cr
AR R R BUE S TR Cr M0k H
ISR ARG V) RoRJEFRER, B kMC
RFEL A it AR R LA I R B B T
& Cr MU EHIE A i fE Fe-Cr — It &1
B, LIRS o MRLAR B T R A R T
Cr M, HIE RS 1] 7% 2258 XM 26 25 44 1)
THOWZH 2, BRTE 0K A4 3T 0L L R A T b A B 5 A
FIBY B Or A s AR LR, IR R A S
THORTE S

3 kMCHEMER

1 SR kMC BAUITSE Fe-Cr (12.8%), Fe-
Cr (20.0%), Fe-Cr (30.0%) FlFe-Cr (40.0%) iX 4 Ff
A Cr F ) Fe-Cr —JLA4AE 673 K & Cr A
e B )2 FEAALEL. 1 s Cr ARRURL-
BRI SR B kMC B i A AR

1.5

(b) —— Average density 124
---d<0.8 nm
c---08nmm<d<12nm 722
----12nm<d<1.6 nm | 20

1.0l —--d > 1.6 nm

—— Average diameter 41.8
11.6
4 1.4

o
o

11.2

Average diameter/nm

1.0

Number density/(10%6 m~3)

Tleevq0.8

0 L L L 0.6
0 0.5 1.0 1.5 2.0
MC step/10'°
2.0 18
() —— Average density
= ---d<0.8 nm 116
2 ----0.8nm<d<1.2nm ~
E 15l ----12nm<d<1.6 nm 114 =
“ _— ~
8 d>1.6 nm 112 %
= —— Average diameter B
E 10 %
7 Lo 5 S
b %
0.5 H.
I" <
e 1
Z
12
0 Mosa N S
0.5 1.0 1.5 2.0

MC step/10%0

1 673 KT kMC B 1.28x10° AN 50718 Fh B 7+ 55745 B0 89 — 508 & 0 Cr AH P BPRLAR L A [RDRLAR 7 A 905 R 7 50K £ 1%

VA Sl AT 5085 A 4L 20 K T A 5 2%

(a) Fe-Cr (12.8%); (b) Fe-Cr (20.0%); (c) Fe-Cr (30.0%); (d) Fe-Cr (40.0%)

Fig. 1. Predicted average diameter and number density of precipitates of Fe-Cr alloys obtained by kMC simulations using a super-

cell model containing 1.28x10° atoms, and the total number of density precipitates versus the kMC duration: (a) Fe-Cr (12.8%);

(b) Fe-Cr (20.0%); (c) Fe-Cr (30.0%); (a) Fe-Cr (40.0%).
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eith 2. & Cr AHPUN Bk th B AN SCA S A% A
Cr Ji & it THA W B 1E Fe-Cr (12.8%) 6 4
WRPEE RS 2 RIGE (Cy = 2), TXFT Fe-
Cr (20.0%), Fe-Cr (30.0%) Fll Fe-Cr (40.0%) &
& W23 ) 1 B A 3 IR A a5 LRGP
7 (Cyy = 3). AN, & Cr GKPIFEE o FHRE L)
SCfmAg g L Cr YRS IE A 95.0%, BIkE A w1
i A AR SCERASA% A BT JE A & Cr 4.

MIE 1 ATLAE H, XTI Fe-z % Cr 54 (v =
12.8%, 20.0% F1 30.0%), & Cr AHPKIRAE kKMC
BRI 4R 3.0x 107 5 K AR B T — R4
2 Rk AR, T Fe-Cr (40.0%) A4 & Cr Al
RO FE BRI BUR HEAE kKMC BAURIR 1.0 10°
AN, ST TFARSCFE R Fe-Cr —J0A445H, kMC
BRI R Cr AR BURL 2 ik [ BERR M & Cr 14
FEIIEAZ-A K BB & Cr A BUR R 5 15 3]
Ja FEARIS N, AEIE 1 AT, S ARSI 58 Y 4 Ff
Fe-Cr &4 5 Cr AR A2 2 kMC BIDLE
ARG R, X RUIE K S ) Hlf 4t
TR -A A B B e AR Ry AR B B (UL X 4 Bl s 43
[) Fe-Cr —J0A 4 kMC BHUZE SRR A .

X T Fe-Cr (12.8%) &4, & Cr AHBURL AT LA
¥4 Hkite d < 0.8 nm, 0.8 nm < d < 1.2 nm,
1.2nm < d < 1.6 nm X d > 1.6 nm PY44~IX[E]. 24
KMC LS K AE 1.0x10° 2L, d < 0.8 nm
e Cr A REECR ARk, 7K%Y 1.0x10°
o kMC B DK W B B, 2oRi AR Y A B
Cr YUK FACRIE IR, K2R 1.5%x10% m™.
SklE e, KifEfE 0.8 nm < d < 1.2 nm i & Cr
FHAPK IR e PO, HAREST d < 0.8 nm
B Cr QUK A, R E FB Y & Cr AH 20K B Bt
FRELF] kKMC B K A0 2.5 109 200 HA e
RERFIEAE, 2970 1.25x10% m 3. X F d < 1.2 nm
e Cr GRITURL, HIORE0 3 F ik B B e 35 )
WAL RV PR/ N B, XA 3l A AT DUk A
El 1(a) B ER. 7£ d < 1.2 nm & Cr A P0OR %
W/NEIE, d > 1.2 nm )& Cr AR S LR 25
kMC BB R B2 218 i oK. AR, Xt
F Fe-Cr (12.8%) A4, kMC BB K/ NT 2.5
10° B BE, FE I d < 1.2 nm & Cr HHZ0K Pk
FERAE KR, 78 kMC B K KT 2.5x10° 2
ZJa, d > 1.2 nm & Cr MR = RRLe 38 m, 1
d < 1.2 nm PR ZCREE/ N, XN T E Cr AHZ

TR EL, HALHIEZSLT Ostwald L. Fe-Cr (12.8%)
HaPE Cr YRR R A2 S RE kMO 5
PR B ZRAWHE K, 7EIRF] 2.0x1010 2 Gl
U KMC PRI HAF AR A2AF) 1.2 nm.

XFF Fe-Cr (20.0%) &4, WKl 1(b) /] LIE
B Cr AHIEAZB B AR RS 73 A E d < 0.8 nm
FIAR > JLF AT UL X FiZ o 1 Fe-Cr & 42,
WA Cr GORARAR TR A% -4 K o BE R 2
AATE 0.8—1.6 nm . & Cr YK A% 2 5
KB B AE kKMC AL IR 2.0 x10° 25 FERAR /A
JLEHE 0.8 nm < d < 1.2 nm, XKL Vi Fl
B & Cr K AHTE KMC BB KN 2.0x10° 5
AR 7.5 % 10% m 3 W, BiAMEYERHITE 1.2 nm <
d < 1.6 nm & Cr fH7E kMC BILRT 4.0x10° 2
S RAVEE N R A B IR
kMC S Z00 4.0x 109 25 RHEER B (5.0 x
10% m3), MAARVEHIFE 0.8 nm < d < 1.2 nm &
Cr Gk TR 78 3 2.0 < 10° 25 4 25 16 3 Ak, 5 Hokr
T RN RAE KT 1.6 nm B9 Cr 4
YK R BICR FEAEFT 1.2 1010 A0, A e
Wi I 12RO A S A 508 B s R — S A AR
FARAS. Fe-Cr (20.0%) &4 & Cr 40K B0k
FEIRE 2.0x 1010 25 BRLHUD K B HOF- Bk 42 18 5
7 1.8 nm.

XFF Fe-Cr (30.0%) —Jt& 4, K 1(c) A&
Cr GRITARF- YR A% L AS TR RS DR 7 0% 1
K Bk T B0 BE R kMC B ik A K k. h
T Fe-Cr (30.0%) &t Cr i FoEmitm T
Fe-Cr (12.8%), 25l F Fe-Cr (20.0%) &4 kMC
BEIZE IR d < 0.8 nm & Cr YK MHAETE %4
KB BORLFBUR FEE /DN, 7EE 1(c) h 2 LA
AU, Y kMC BEHLEE K EUD T 3.0x10° PR B,
FERRALS VL EIFE 0.8—1.6 nm B & Cr HH44
K IURL I -5 B P4 B A A A0 ) R I 5
K |35 B S 22 R D A% K
WAL AR, X TFRAE 08 mm < d < 1.2 nm Y
B Cr QR I0RL, K850 B ik & AR 7 kMC
TR 1.0 10 2, QKA FEUEE N 8.25 % 10%° m 3.
SRR, B e N 1.2 nm < d < 1.6 nm K& Cr
YRR AL T 0% 5 R k2 31 kMC AL BB K
H2.0x10° 2R BN 5.0x10% m 3, B 3
P NS Bt d > 1.6 nm B'E Cr fHY K
Rt FE I TERT 5.0x 109 254 125 BE A Se 1 Kk
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B J S e N AR Al R . (BRI R, AR
FIERGET Y E Cr AHYRIBURLAE kKMC BLLE S
KRT 1.5x1010 25, Hob 5 80% B U
KB oet8, EABE TP, X T Fe-Cr
(30.0%) &4, & Cr AHTEHEAT 2.0x1010 2PKkMC £
U5, HAEYPRIARIAE] 4.0 nm.

K 1(d) N Fe-Cr (40.0%) &4 & Cr HHAK
BRI B KMC B P K AL . T Fe-Cr
(40.0%) A4 Cr & 2 = T HAL 3 4> Fe-Cr
G, How Cr AIE gl 1y 27 id B2 AL 1(d)
KFELREARFTE 1(a)—(c). B, & Cr4H
RAEAN [P AR 53 A 3 R ASUR B5085 BE B kMLC S 254
HAL KA T LB #, Fe-Cr (40.0%) &4
s Cr A GE 7R 673 KR KGR E T #1715
e W, A Geit B [RRAR S AT S Y & Cr
Y KAWL B30 BE Rk B B AR & AR AERT 1.0x10°
A, bR BIPGHEI N 24 kMC B K 5.0x10°
W25, & Cr G EOR 08 B AT S
R AR B R HILERE, 4 kMC SIS K
KT 5.0x10° B2 J5, & Cr AP EPRiAR RO fasE
1£ 9.0 nm. X F Fe-Cr (40.0%) &4, ANRKAEIER
W Cr AHRBUREICE BETE 2R TKIT B S Fe-Cr (20.0%)
Ml Fe-Cr (30.0%) G &Mk fA B EMER, B
Fe-Cr (12.8%) faA WEA. Fl, Fe-Cr (12.8%)
G Cr MR IR F] 2.5%10% m™, @
Fim T Fe-Cr (40.0%) &4 kMC BHUZS 11 1.3%
10% m 3 g5 53

Bonny 45 M il T 673 K T Fe-Cr (11.8%)
GETEVIRE Cr AHTEZ N B, Hobi 508 FE g (l
A LLGRF] 1.5 10% m3. 4% SCH0I % A1 [ 6 T
Fe-Cr (12.8%) &4:% Cr AHEK RS ILF] 2.5 %
10% m 3, g 3 T OSCHR I A (B, HerbaT e Y R A
A Cr WERES  HEPE R EAM R ECRE. 1Eh
Z SR [20] 45T Fe-11Cr-0.7W A4:7E 673 K
I 101 h J5 & Cr AR FRURBE N 1.1x10% m 3,
I8 IK T Bonny 55 M K AR SCHIN A 25 5. kMC
PR AL S5 0L 5 S0 (19 25 5 T e SR M R R
A BIR K B R 1R FH A I b A T RIS 7Ry ke 1Y
BRZEA . RSt M AR S, i A
1.024 x 106 NEFHI Fe-Cr (12.8%) M Fe-Cr (30.0%)
AR WS Cr HR T 508 5 18 5 1
IHAFE 1026 m 3, S5XF 1.28 x10° MEFARZR kMC
BNZE R IA.

Kl 2 i 4 # Fe-Cr &4 7E kMC 541 2.0x 10
IR B RORZE A, AT LA 26 Cr 41KATE S
B ARASRiE Cr IR it 3 R & A 2 ek
g TR Fe-Cr (12.8%) A4, & Cr M
YUORIRLAE o AH T3 AR AS AR T A HOIR A,
 2(a) HIEA B A WA S & Cr A RIUR A BR324
AR BIEA; X T B EEH) Fe-Cr (20.0%) F1
Fe-Cr (30.0%) &4, E 2(b), (c) FTLIES], & Cr
FHYA A IR 97 522 30 FH IR 43 A T2 285 Rk 3 SR 4
eI YT, BR R Fe-Cr (40.0%) &4z,
M 2(d) W LIFE B E Cr ASEA B0 IR o A
B BT — W AR CriREN Fe-Cr —JT
Ha RS BIE SRR, BIAS TS RIE—/k
Gauss PREIVE Ay B 41 19 5T 1 25 15 37 25 [DRLRE Ak 43
B, AT 2 vhas (Rl s Eok IR A0 35 i
A BRITIES A B A, O UL D A e 5E P 5 B
kMC b FAAUEE AT B 1 Fe-Cr &4 RN By
B a-of FHIBOWIESARE.

2 673 K T Fe-Cr &4 kMC Bl L B2 K Hy 2x 1010
B HBORHLIES  (a) Fe-Cr (12.8%); (b) Fe-Cr (20.0%);
(¢) Fe-Cr (30.0%); (d) Fe-Cr (40.0%). &t} Fe #1 Cr J& 743
I B0 B i (B R

Fig. 2. Atomic structures are simulated by kMC in Fe-Cr
alloys at 2x10' steps at 673 K: (a) Fe-Cr (12.8%); (b) Fe-
Cr (20.0%); (c) Fe-Cr (30.0%); (d) Fe-Cr (40.0%). Blue

balls refer to Cr atoms and other yellow balls are Fe atoms.

3.1 BREXEFHTEANUERSHNR
SR P o 5 JEE 3 23 [ HURAR L B 73 AT Fe-Cr
B EALRT, B eI PR A AR
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RIS, R FRITHS &1 b Cr JEF B{E
W (Chp,) WS KL X RRL A TOWZH BUR 51 52
M. kMC B HOR TR R 28 e 5ol i 224
JEAEA (UL F PF A R oI5 ) T 2
FRITAK 25 Gy, BUERE LI - AHIW A E K AH
B Cyy = YO FHo oy IUE N KMC L
010 M AT A B OT M AS Rl v Je (TR A 100 x
100 x 100 MI4%), 2T (4) XA (5) KT AAHK
HBET &R (C= CputCp) Gk TG A
FROTAS s i3 s KA y BUETE 0—1.0 .
HTASCHIGERY 4 Fh Fe-Cr —I084: Cr i F o
AT Fe MW, I X C; < Gy B, A
FROCHS & IHJE T & Cr A (), HoAt A BRITHS 5
AP JE R R o A1

L Fe-Cr (12.8%) G4 A, #EHL y = 0.2, 0.4
F10.6 =ABUERINER C, BUEXTHLRIAL a-a W
FHISOUTE SRR T A5 SR sz . 18] 3 Sk H
Cop = 0.2C,,, 0.4C 0 B 0.6 Cy J5 B2 E )
23 [ HLR AL T3 45 3] Fe-Cr (12.8%) fOWL 44U
15 kMC R FREIE S L. B9, kMO £
PR FN Y Fe-Cr (12.8%) & & TESEH AW LIE F),
& Cr ISR 2 BUEURCIR . K 3(a) T LR
3|, 5 Cr MAKBRAE KMC A, 8505

5.0x10° MC steps

2.0x10* MC steps

AT DAFBROB R A, HAE Fe- kR RS IAR h 22 9
PSL A HCRAS; kKMC R 2.0x 1010 45 fb )
B COr ARSI RT3 K, (RSO ) 73 A JTE AR
MEVERf B3R 3(b) WEZAR . 7ED 3(c), (d) Hr,
22 TR C = 0.2C,,, 583 a-aFHZS 7] 43
MBS, W LAS s Iz G A Cr YR (A, 25 (8]
LR AL HAETR S kMC Bl f 24 rp AR/
HIE Cr AR, IS 5 3(a), (b) 458AR
5; R Gy, = 0.4C,0 ME 3(e), (f) ATLL
F R, 25 BRI AT IR B 2 1) E Cr M
o S A3 R AR B, R Gy = 0.6 Gy,
HE 3(g), (h) Pl LA BIRENE Cr 49K 5
BT A TE o M.

MEL 3 AT LA, R BRI Cy, XA BT,
B Cr AR IBURL 2 B FUSOURL A A% 41 23 1 24 K
X Fe-Cr (12.8%) A4, WAREH Gy = 0.2C,«
JEARRAHSE, (Hpaiim i i kMC L,
B Gy = 0.4C,, f0.60C,,. KA FAA
RETE 0 e Gy BUE. Mk, 33T
B Cr AR 25 B VB BB YRR SAR AR
BBE A KMC AL K WA, 25 R WA 4 k.
&l 4(a) A Cr SR B APEERE S kMC
AL KR INL, RS kMC TR #h &t

B3 B E s AR AL S5 Cy B IR & H X Fe-Cr (12.8%) & 4 & Cr AHBOIE LM &5 IR (a), (b) kKMC
*ﬁ¥‘*§ﬂ;jﬂ%%) (C)7 (d) Qh = 0'201112195 (e)v (f) Cth = 0'4omax; (g)7 (h) CLh = 06Cmax
Fig. 3. Testing the effect of threshold Cy, values for extracting the Cr-rich precipitates on the phase morphologies in Fe-Cr (12.8%)

alloy using the spatial coarse-graining method: (a), (b) Atomic obtained from kMC simulation results; (c), (d) Cy = 0.2C.

(e)7 (f) Cth = 0'401"[]8}(; (g)7 (h) qh = 0'6Cmax'
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- - 2.5 16

(a) Average density Average diameter (b) ---20%
25T ----20% -~ 20% 14F - 40%
\;: """" 40% s 403 2.0 — = 60%
m"‘ 2.0F I 60% —--60% = e 12t — kKMC
P — kMC — kMC = =

(9]
< 115 5 @ 10T
=0 [ R
= : _—— s & 8 /T
= 0y === == = ) .
- g T © E] .
g ok e == 5 s, //
o Jos 2 .
Z T 2+
0 bt s
1 1 1 1 1 1 1 1 1 () O - 1 PR adtadialir i
0 0.2 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0 0 0.5 1.0 1.5 2.0

MC step/10%0

4
(b) AR 4L

I 5 Gy, BUEA I, Fe-Cr (12.8%) & MRG58 5 kMC BUHLLEE R /Y UL

MC step/10%0

(a) B Cr ARLEORL 805 BEFIF BRLAL ;

Fig. 4. Comparison of Cr rich phase calculated from coarsening of Fe-Cr (12.8%) alloy with kMC simulation results at different

critical Cy, values: (a) Total particle density, average particle size; (b) phase volume fraction.

. # 4(b) A kKMC FHLR AL B4 2 i &
Cr FAFUM R K AR 2. LRG58 4(a),
(b) ISR, AT LA HXT T Fe-Cr (12.8%) &
&, Mk Cy, = 0.6 Oy Wi S BIESEA TR T
LA B E O AHA G B RR 5 5 kMC B4 45
RFFA B, HI TR E 1) Fe-Cr —I0H 4,
Ja 82 [MPHLRAL TR AT YR A Gy, = 0.6 O
AR, X T HAMMKE R Fe-Cr —I0H 4, Cf, S8
T BT LRI T A e . BRI, X
Fe-Cr (20.0%), Fe-Cr (30.0%) il Fe-Cr (40.0%)
R, Y93 Gy, = 0.4C,,

3.2 Fe-Cr A&MMF IR K LIER

S

FT 3.1 WXAE Cr ¥ JE Fe-Cr —JoH &%
[ HURL AL AT AY Oy, 1 A0 3 55 W S0P 43 B, %
4 PG B TERT R RIBY B a - of ARG IE 28 S =
23 [A) 3 AT RAE A T 1 0 B et s 1 LU B
HURAL RO ZIES S Fe-Cr &4 Cr A&
Je kMC BERLE AR AR DG, AR SCHENT 1Y) B HOk:
TR 1% 2L 0 5 %% 2 37 1) AR T i T AL 5
2, BERTEEMUH T/ 0T Fe-Cr A4 IR oWl 4 41 4%
P AR S REAALAL. 25 4 WKt — X Fe-Cr &
e Cr AAIRER B - BPRiAe SOk 140w 2
B kKMC S A AT B 1 o A LR

& 5 4 Fe-Cr (12.8%) G413 1.0x107, 5.0
109, 1.0x 10" I 2.0x 10 4 J5 5 2 1Y kMC 75 1k
Am AR T 245 4 Bk 1 2 [ RREAR AT B Y oo AH T
WL, 7K 5(a)—(d) Hr, kMC BHUMS 2] E Cr

FEIE B A 522 UBORCRIE S 18] 5(e)—(h) =5 [ADFH
KAk 1 Cr B St A B A I JOREIR,
GOK AR ZS AR XS 43 AR T2 0T DL 5(1)—(1) ThE
PEMLGEAT ) B HCBURL o A T X BT 8] 5 125 [a]
HRALTH B & Cr MBS R, Fe-Cr (12.8%) &
G B RO LI TT LA B - K AR,
Cr Ji -3 ixb 25 o AL LI AR St RUBE | A= R4
FAERIIRRYE Cr PR AR & Cr WY K KR IS
S KT Ostwald #fbid .

Kl 6 2 Fe-Cr (20.0%) f 4 A [F) B 2% By Bz
1.0x10° 22, 5.0x10° 25, 1.0x 100 2F1 2.0x 1010 4
JEAFF R KMC VH A A% S5 45 R B0 g 25 [ LA
ARG B] ) - FIROE . BAR, M kMC £
PR F RGN R E (K 6(a)—(d)), B
HITER T LA 20 Cr AHYRIURL o Bl A 32 iR
P, T B TR B BRBURE; Bl B SO
i, & Cr AHSURL & A T 32 Bk, (B BLARZS 0] 23 A %
BHMELL HHEMEE kKMC B L5 R3], K] 5(e)—(h)
SR 8 A [ HDREAL R4 5 9 8 Cr ARTEAS [A] I 2L
B B ) A A S 23 ) 43 A i 00, AT A4S I AE Fe-Cr
(20.0%) A & B E Cr AP B BE AT 2K
fBIF Fe-Cr (12.8%) &5 Ukr iR /3 A B2, fH 5
LI R i 25 BRI . Bl 25 B A8 0 R ) 38 0, & Cr
AR R e 36 0 B4 [T, AR 22 i) 2 A R 3 , TB
S [AJECH 1 52 A IR 4551, iX 5 Fe-Cr (12.8%)
BAUZE AR E AN, T B A, dEhUiEA] 5(1)—
(1) & IR Cr AHIE AT Ak 2 ()RR A AR 7 —
e K, T LIASHAE Fe-Cr (20.0%) 54+ & Cr
FHARFRAEXS & iR 240, & Cr AHRMEZE kMC
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1.0x10° MC steps 5.0x10° MC steps

Kl 5 & CrAffE Fe-Cr (12.8%) & 4 kMC #4 1.28x 10° 5+ it Jfd

1.0x 10 MC steps

2.0x 10" MC steps

(a)—(d) AR IR WY B T RE 4 () — () %

N JB ik 2 B 7 4 RV LR AR T 35 43 BT = 4 2 () 43 A L (1) — (1) Ml 280 2l v ]
Fig. 5. Cr-rich phase is simulated by kMC in Fe-Cr (12.8%) alloy with 1.28x10° atoms: (a)-(d) Atomic structures obtained from
kMC at different kMC steps; (e)—(h) 3D phase morphologies of Cr-rich precipitates in ferrite matrix; (i)-(1) phase morphologies

illustrated on 2D slices.

BRABL 34 2.0 1010 25 2 J th 18 A T Bl i 62 LI 3
G HCR TS, 25 B, Fe-Cr (20.0%) &4
& Cr A LRI NG A1 SD HLHH 4 4 1F
FEIC B Bl 17 F NG #Lil, HFEE Cr ALY
BOVAHE LT SD /o

& 74 Fe-Cr (30.0%) & 4 B %A [R] B B s
Cr A kMC % %5 [DHURL AR ASE TR 25 s 9 T 35 Vi Akt
L 7(a)—(d) N Fe-Cr (30.0%) A4H Cr FHkMC
R F RIS S RAAE, 5T 6(a)—(d) 451
i) Fe-Cr (20.0%) & @ BAUS5 R, 78 kMC B4
WY B BEARAFAE & Cr 9K BURLE 8. 7 kMO
BB A K KT 5.0x10° 4 2 ), Fe-Cr (30.0%)
H4aE Cr M2 IS 4 2 30 43 (R 5S K M 4%
LERFEAE, TIXAMFEEXTF Fe-Cr (20.0%) A 40
HELAE KMC B R KR T 1.0x100 B2 J5. A

K 7(e)—(h) M ZS ROHLRIALZE T LA B, & Cr
FHAE B 8CAS [ B BE XS S IR T 45t IR o A T 55
FHAE ;B B RO DLE 25 A i 3G, 454 IR 9 &
Cr MIARWIAS KL AAR S8, Jf H & Cr 4 Z )25/ 58
IR P 1A R, SR 2 TW J IR 4 1 — 2 5 HRTR: Do 2% 245
F. 8 Cr A SR M 45 5 IS ATE IR 7(1)—
(1) FPt AT RISH2E AR ). 255 kMC Ko ik ik
& Cr AHIES 0T, v LIS Fe-Cr (30.0%) &4,
673 K T IAILTIEA N S50 72, B SD AL,

Kl 8 M Or WY Fe-Cr (40.0%) % 4t
BUAE AT A KMC BT 45 S K X6 i 2 (i) R b AL A
AL NE 8(a)—(d) AT LLE B, KR E T 1Y Fe-Cr
TIA ST BCE Cr MBS AN A T A
3AMERNES. X T Fe-Cr (40.0%) &4, kMC
BRI B, & Cr M58 R RIESURFE,
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B 6 & Cr MHfE Fe-Cr (20.0%) A4 H kMC B 1.28x10° MR TR (a)—(d) ZEAR RSB B R 7 RUE SR L5H; (e)—(h) XF
O [ e 4 B 7 s TR UKL AR TR 45 43 BT = 42 8] 0 A 1y (1) — (L) S 70— 24 v ]

Fig. 6. Cr-rich phase is simulated by kMC in Fe-Cr (20.0%) alloy with 1.28x10° atoms: (a)—(d) Atomic structures obtained from
kMC at different kMC steps; (e)—(h) 3D phase morphologies of Cr-rich precipitates in ferrite matrix; (i)—(1) phase morphologies

illustrated on 2D slices.

XTI S50 R I A 2 R R Ak AR 2R v 52 B 6+ 0 B
2, WK 8(e)—(h) Fis. & Cr & EE kMC
BADR BYIG R, SRl A8 i, (H 2 ] Sg B G HUIR
W 25 25 K 5 I A I T A R T k. AIA 8 (1) —
(1) W52 %], Fe-Cr (40.0%) A4 & Cr tHAY =4E52
1B BRI 28 25 7E KMC BBt B 2 5T
B, TE 5 S BB ALL R v R iy Y 5 B AR
b, SCHR 4 53 2288 B SEAR QRN AR . BEF 23 (A HL
KiALRR T LABAT Fe-Cr (40.0%) A 4x 3R ¢
R A A, B SD #L.

{E5 45 1 A9, Martinez 55 17 JHC R 2R FH 554
iy A J5 - i) 248 R K04SR 25 A kMC UL 58 T
Fe-Cr (20.0%), Fe-Cr (35 %) flFe-Cr (50%) %3 F
Fe-Cr &4 1E 773 K T RRUAG B R X7 T
Fe-Cr (20.0%) &4, kMC BI45 LR Cr A
TR BETESARFAF 2 LADRST 9 o A0 2, BRI EAS
ST Fe-Cr & A LHE NG HLEL. #0505

HMFIAS Cr & it 5 B AL N 7R T DL = 2Bk
T R T Z5 40 £ E Cr M2 R AR 250 4R
E, IS SD HLHE. XF Cr S8 m T 30%
1) Fe-Cr & 4x, A SCHFFE A5t A BHSLE]5 Sk (7]
—& fHX}TF Fe-Cr (20.0%) &4, 3T 25 [ LKL
AT EE R R FE A5 LR OL R T BE R ALF NG
F1 SD o PR B, BIRF R & Cr AT A% i B AL
T EZIE NG iR, MAEE Cr AHAB BILE5
TESUFE 454 SD 2 B2 S50 75 I, Miller 45 21
FHEFHE g 2] Fe-Cr (17.0%) &4 &
Cr HH 22 BLAR ST UKL 25 [8] 43 70 F#AE, T 7E Fe-Cr
(32.0%) Fl Fe-Cr (45.0%) A4 H i 52 B = 2k ) 2%
S50 XA T LR Z 81 Fe-Cr (24.0%) &
4, B Cr AHS i Kb 7RI 5 B 7 &, RIS 2L
O35 = S A I FPRAIE L 2. AR SOG4 Fil
AIA] Cr 57 & i Fe-Cr 0845 Cr AHMOMA
UL SR AR 5 A FES AL 5T 4518 —3K
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1.0x10° MC steps

5.0x10° MC steps

‘ ’ = .

1.0 x 10" MC steps 2.0x 10" MC steps

(d) i

».

K 7 & Cr#H7E Fe-Cr (20.0%) A4 kMC #iHl 1.28x10° MR T (a)—(d) ZEREIRLH BUR T RE SRS, (e)—(h) XF

JO7 B 42k 4 18 37 25 (R AR T 3R 00 AT = 2 25 18] G0 AR 1815 () — (1) S5 — Ak [

Fig. 7. Cr-rich phase is simulated by kMC in Fe-Cr (20.0%) alloy with 1.28%x10° atoms: (a)—(d) Atomic structures obtained from
kMC at different kMC steps; (e)—(h) 3D phase morphologies of Cr-rich precipitates in ferrite matrix; (i)—(1) phase morphologies

illustrated on 2D slices.

ZEGXT A B Fe-Cr &M E COr AHTEARFI
R B kMC R 45 R A R S 2 [ R Ak e
A5 B IS AL 3BT, B2 DR ARSI AT LA
D i E PEER M & Cr MR Cr WREEHE K,
TEI AN [F] B B AOUIE 55 K 25 (R e AR TR 2 A8 1k
FHOE, AR TEPEIAR Fe-Cr &4 B30 B (19 NG
1 SD ML S G ] 32 S B R IR B K o o JR - 5 e
AR T AR (1.

4 RN 5B
41 HHERUAERETSETESE
M
Fe-Cr &4 WG B i T8 87 Cr MR RHLA
R NG 5 & SD WL, KR TR [ 2 # 171
Cr BT M el Z ALk R B AT A 1, TR

B Cr T [l Fe 7R 4548 % A 3 10 ek
AR X PSSR AR AL AE AT LGl i A Cr T SRO
ST U ERIE. B 9 WA ST 4 Fh Fe-
Cr A& AR SRO ZH MY E Cr KRR T
BOEJE, B kMC ik B KB AR L rd il 2.
Cr JiiF SRO Z AL 2PN IXUFFIE: 7E kMC
BHIRTIR I B, SRO SEUFAERfE kMC B K
B EGE B K 9 H SRO Z2EUE KBS &
Cr AHRLF 503 BE 28 K i BOV L 1) kKMC 25K X [H]
FEAR—3; M kMO BRI KRB R BT,
AW K 44 Fe-Cr B4 451 Cr J&+ SRO &
BT RAE, FEARABE kKMC 2K 134 i &
FARE. L 9 R AT AR #E SRO U {E ik B4 A1
JEARK By — Bt kMC BEULRIE BN, & Cr Ak
TR AR AERF SN, A S5 8] Fe-Cr
(12.8%), Fe-Cr (20.0%), Fe-Cr (30.0%) fl Fe-Cr
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Kl 8 & Cr AH#E Fe-Cr (40.0%) & 4" kMC 554 1.28x10° NEF AL (a)—(d) AR BEF RE SRS H; (e)—(h) Fift
5 BE Y =S ADHURL AR TR 35 0 A = 428 8] 40 A L (1) — (1) St — 4 i 14

Fig. 8. Cr-rich phase is simulated by kMC in Fe-Cr (40.0%) alloy with 1.28x10° atoms: (a)—(d) Atomic structures obtained from
kMC at different kMC steps; (e)—(h) 3D phase morphologies of Cr-rich precipitates in ferrite matrix; (i)—(1) phase morphologies

illustrated on 2D slices.

(40.0%)iX 4 MAZR SRO ZEUEAEN F , Cr J& B F-0rF R Fe-Cr A & OW L ZUE 5 AT HL
FE RN K FBOLSHI K, £ Cr i REMN il oAt
HEPEIERIK AR B, HEET, Bonny 4 MR H kMC

BEAE 673 K I F BT Fe-Cr (11.8%) &4 60 ™
MG A, 18T Cr JBF SRO 8% A Cr Ak T sop i
TR R B KOO 2, 5 T 54 2 00l b do o eraen |
SCEMMELRF, WSRO BHHE FeCr &6 =, O G o
Cr AN T I BT 0 2 TR A 00 g 20 B -
. IR B Cr AR HBORA U SHE 2k K H Joa &
e i AL, T = S R PR 45 R R
M, LRI Cr BT SRO 5 HUR AR 8 52k A I R
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Fig. 9. Variations of SRO and Cr-rich precipitates versus
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Fig. 10. Obtained Cr atomic concentration ACF profiles at different aging stages in kMC simulations for four Fe-Cr alloys:
(a) Fe-Cr (12.8%); (b) Fe-Cr (20.0%); (c) Fe-Cr (30.0%); (d) Fe-Cr (40.0%).
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Fig. 11. Variations of phase transformation kinetic paramet-
ers versus the total kMC simulation steps and physical
aging time for the formation of Cr-rich precipitates in four
different Fe-Cr binary alloys based on spatial coarse-grained
mass density field description: (a) Volume fraction of Cr-
rich phase; (b) average diameter of precipitates; (¢) num-
ber of density of Cr-rich precipitates.
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Abstract

The phase transformation kinetics and micro-structure evolutions of four different Fe-Cr binary alloys, i.e.
Fe-Cr (12.8%), Fe-Cr (20.0%), Fe-Cr (30.0%) and Fe-Cr (40.0%) at 673 K, are investigated by using the kinetic
Monte-Carlo simulation combined with spatial coarse-grained mass density field description. For all studied Fe-
Cr alloys, it is found that the number density of Cr-rich precipitate undergoes a rather rapid increasing at the
nucleation stage and then gradually decreases with the simulation time increasing in the coarsening stage during
aging. Increasing the Cr concentration in Fe-Cr alloy can significantly reduce the duration of nucleation and the
time interval between nucleation and coarsening. From the coarse-grained mass density field models of Cr-rich
precipitates at different aging stages for the four Fe-Cr alloys, we discover that the Cr-rich phase shows the
isolated spherical particle-like morphology for the aged Fe-Cr (12.8%) alloy, revealing the nucleation and
growth (NG) mechanism. Meanwhile, the Cr-rich precipitates possess a characteristic three-dimensional
interconnected microstructure, a signature of spinodal decomposition mechanism. Otherwise, the Cr-rich phase
morphology in Fe-Cr (20.0%) exhibits the characteristics of both NG mechanism and SD mechanism. It is also
found that the short-range order parameter of Cr atoms in Fe-Cr alloy is indeed very sensitive to the change of
atomic structure at the early stage of aging or nucleation stage, which, however, is almost independent of the
changing of morphology of Cr-precipitates in the later coarsening process. Finally, the phase transformation
kinetics of Cr-rich precipitates during aging are analyzed by calculating the phase volume fraction, average
diameter and number density, concluding that the Cr-rich phase growth kinetics in Fe-Cr (20.0%) alloy can be
described by the well-known Lifshitz-Slyozov-Wagner law in the coarsening stage. However, the coarsening
kinetics of Fe-Cr (12.8%), Fe-Cr (30.0%) and Fe-Cr (40.0%) alloys are not caused by the LSW mechanism.

Keywords: Fe-Cr alloy, Cr-rich precipitate, kinetic Monte-Carlo simulation, coase-graining method
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