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Fig. 3. Moore neighborhood relations for austenite grain.
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WA EOR £33 BOARE BB Ry CF  ;, WA EL
(L= fia = £2) . BB 20 v 1R 5 0
Afo(FhR s M, 7).
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RVBOAR T A R st 220 [ AR S0 B B A it 221
M;C B 7 1 By IO 7 e A
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DL PR MR S L TBOAH B4 e P Ay
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TS Za) T S YRR 9 5 AU 0 I A
WRE Cp Lo, FLR/ANT 0, D00 TG 5 A7 48 I3 14 T
T 20 T L VR V7 IR o 5 T T o
Cf iy WIZ RIS H B AC; = (1) - CF L) (1—
i — = Af) PS4 T 4 S R FEL A YR 1
AT, ST A B BE S E S CPEl =L
TN 22 S TR VRO vk BE AR T 0, D75 38 4R
JEMCE BT AC; = (0 - CP' 53 (1= fis — [0 = Af),
G T BB 1E R Ol = 0.

2) M ALy 21— fi— f2, TR AR
SEEFE M, IR BIE AL, =1~ i — f].
B 2 PRI E S8 @58 A A, 3T ML Cy kil
Py 2 NSRBI i AC = (Cél M~ Of M,i) AVEVE
BLRMNHE T AC; = CF (1 = Ky yyni) Ay -

2.12 HHESHK

At < 0.2min(As?/Dy ¢, As?/Dycr, A8/ Vinax, Ato).
(23)

U Ato ZAI RIS AP K.

2.13 &SR

1) TG G289 T3 A [ (%) 400 4 T B D) B v
FE, TR

2) TR IR, IRIEZHE TR (1) R);

3) Mk F| M,Cy Wb o 3 ISR I 3 %
J&, Z I ARk P T,

4) T M, Cyp B Ak 4 0 B PG AR S 18 45 1) S
IZI%&JC(%(;)(U) RK), RKIGH L ATr ((6) RX);

5) st (5) 20, T A TICH S AT

6) it (8)—(13) =X, KM FL i T Pecr, FF
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Y 751 5 A0 TS AR 35 (%) B bl R A (A

8) SR M At ik 1 AR K U ((1)—(16) ) IF
FEH AR ((17)—(19) 20);

9) M, C i fh 4y F B8 FC A 5% 1 it 18 47 ) 30
JERTEE ((21)—(22) 2);

10) TP E R B (2)—(4) R);

11) - HEZ A 2)—10) FEATHHEZEH, B
P I BEF 25T, TR L.

T 1T Fe-d%C-17%Cr =J0& 414
FHBPIE SR 22,5758,

3 EMERE M

AHFFER FHROWTTHE A S5 o8 — 4k as
] Fe-4%C-17%Cr —I0H 4 1440 M, Cs ik
Py AR R A R B SR HRU T TR S IR S
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X153 350 x 260 M IET TR RS, P RSN
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# 1  Fed%C-17%Cr = 0GB I ESE (S0 % 248 B/ 4R)
Table 1.  Physical properties used for Fe-4%C-17%Cr ternary alloy. Unit of % represents mass fraction (wt%).

Parameters Symbol Unit Value Note

Initial composition C Cco % 4.00 ik [22]

Initial composition Cr Ccro % 17.00 SCHik[22]
Austenite nucleation temperature Ty C 1266.00 GS model
M;C; nucleation temperature T C 1304.00 GS model
C partition coefficient at austenite/liquid interface kp,’y /L,C — 0.407 GS model
Cr partition coefficient at austenite/liquid interface Ky ~/L.cr 0.576 GS model
Liquidus slope of C at austenite/liquid interface my/qy,c C/% -95.49 GS model
Liquidus slope of Cr at austenite/liquid interface ML/~ Cr C/% 6.14 GS model
Liquidus slope of C at M;Cs/liquid interface mL/M,c C/% 90.37 GS model
Liquidus slope of Cr at M;C3/liquid interface ML /M,Cr C/% 15.29 GS model
Diffusion coefficient of C in austenite D, c m?/s 2.57x1010 GS model
Diffusion coefficient of Cr in austenite D, cr m?/s 3.67x10°1 GS model
Diffusion coefficient of C in liquid phase Drc m?/s 9.60x10 10 GS model
Diffusion coefficient of Cr in liquid phase Dy ¢ m?/s 8.23x10710 GS model

Diffusion coefficient of C in M;Cs Dy m?/s 0.0
Diffusion coefficient of Cr in M,;Cy Dy m?/s 0.0

Gibbs-Thomson coefficient at austenite/liquid interface Iy m-K 1.9x107 Sk [37)

Gibbs-Thomson coefficient at M;Cs/liquid interface I m-K 6.213x10°7 SCHR[38]
Latent heat of fusion for austenite Ly J/kg 1.86x10° GS model
Latent heat of fusion for M;Cs Lm J/kg 2.38x10° GS model
Specific heat capacity [ J/(kg.C) 839 GS model

FIATR I E N 1334.32 C, B HIE RS M 11 Bé5
22 S H I IR E, 43l 4 BB ML Cs Bk
e npT th BT A KB B (T > 1266 °C), ¥ A1
HH 4.6 K/s; BIARTHHIGARTEL (1220 °C < T <
1266 °C), HIEARN 1.4 K /s; B M,C; Bitfk
YT CR 5 | AR X R TR B (1194 °C
< T <1220 C), RHIHEN 2.4 K/s; HElrBEE 45
P HAE BN BE (T < 1194°C), B HIER
2.0 K/s. & i BE AW T B, M, Cy e fb ) Fi B
IR TR OB K, 1 AL X A B 5 2
LR

A SR Fe-4%C-17%Cr 4 4 58 [ v8 201 i
2, K5 3aHk [22] T EEIESIN 1.5% T (B 734%)
B4 MR [39] H Fe-3.23%C-23.8%Cr 445 (C Fl
Cr Y3500 91K 3.23% Fi1 23.8%) TN 4% Ti
5575 (B Ve A2 A T X .

3.1 AEeREREF

RPN T LR TR GS BRI
MAAE Fe-C O — AR 9T AR (M,C, AL

Yy IR B IAR) Kot R b R . AT LR
] — 4> GS AERITI AN Fe-C T —JCHI L H 1)
BAPT AR —E Fe-4%C-17%Cr &4, ¥
Ti LR T, M,Cy BAL AT R A5G | B LGk
M TR AR s 3 4 I A AT TR B 25 50
FH2¢ 2 AL, WS Ti JCR)E, 2 BIAHZEE Cementite
(CEM) #I#rH, Fe-4%C-17%Cr-1.5%Ti f& %, TiC
TRFLA B0h 3.00%, B ERARIAR R 4R 63.04%,
M, Cy 7 B 43 B0 N 26.38%; Fe-3.23%C-23.8%Cr-
4%Ti KR, TiC R ECH 7.92%, BIRIAIATS
Bl 74.28%, M,Cy RFRA 4N 17.80%. AITA )
£ %) 53 A5 FN T B [ A = g bt B R AR T ML, Cg
AHAIHT H S 2R AR

H & 4 Fe-C th—JoH & AHE AT AL, B0 Ti
TTEE, LMEALE, $3 Fed%C-17%Cr & 4
(I 4(c)—(d)) H M;Cy AL P AT H TR BEREAL . B
FCAARAT R I B T . H DN [ B A2 ok R, R AR
M, Cy—y Hr iRz, BN Ti %Ay L->M;Cy—
y—CEM, ZH Ti 1) L->TiC—M,Cy—y—CEM.
fHJ2, X F 3CHk [39] 525 & 4 9 Fe-3.23%C-
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23.8%Cr, T B35 SBGE, W TiJ5, AR
SUZEM, B Y B G T3 N Y
L—M;C;—y—CEM, 2N Ti J5, BILARE T
M, Cs A#T ) L>TiC—y—M,C3—Solidus. {H4

eI

G FEHT AR A M, Cy Fly. X AT 4(a)
5 4(b) nJHl, Fe-4%C-17%Cr 5425 Fe-3.23%C-
23.8%Cr ¥ =0 A4, Pt M,Cy 5HIT
AR B NFUFP P4 R) , 4 400 453 s RIieLBE [l 52 W AH .

2 GSHBAM Fe-C th—JuHIE s —FhaL4r Fe-C-Cr A& AT AR KT H R
Table 2. Phase type and precipitation temperature in two Fe-C-Cr alloys by GS prediction and in Fe-C pseudo binary
phase diagram.

M;C; precipitation

5

precipitation

CEM precipitation Phase volume fraction at

Model Alloy composition temperature or CEM precipitation
~ t ature/C
temperature/ T emperature/ solidus /C temperature or solidus
GS model Fe-4%C-17%Cr 1304 1266 1194(CEM)  29.91%(M;C3) 57.22%(7)
GS model Fe-4%C-17%Cr-1.5%Ti 1288 1271 1193(CEM)  26.38%(M;C;) 63.20%(7)
Fe-C phase Fe-4%C-17%Cr 1305 1266 1239(solidus) —
diagram
Fe-Cphase  p 1oL 17900r-1.5%Ti 1285 1271 1248 (solidus) .
diagram
GS model Fe-3.23%C-23.8%Cr 1305 1297 1193(CEM)  28.18%(M;C;3) 71.62%(7)
GS model  Fe-3.23%C-23.8%Cr-4%Ti 1296 1324 1296(solidus)  17.80%(M;C3) 74.28%(7)
Fe-C phase Fe-3.23%C-23.8%Cr 1305 1296 1292(solidus)
diagram
Fe-Cphase g 3 9301093 8% Cr-a%Ti 1295 1328 1295(solidus)
diagram
4%C 3.23%C
1600 1800
(c)
1500
I A O 1600 A
5 1400 =
[} [0}
: |
s 1300 C £ 1400
2 % & C
£ 1200 g =
) o
= E B 1200
1100 E
1000 : : : : 1000 \ : ’\ : : : :
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Concentration Cc/% Concentration Cc/%
07
1600 4%C 1800 3.23%C
A (d) A /
1500
1% O 1600
& 1400 F B =
:
£ 1300 F/ £ 1400
g g ;é
o8 e
g 1200 g
[} [}
I 1 = 1200
1100
1000 L L . 1000 L L L L
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Concentration Cc/%

Concentration Cc/%

B 4 Fe-CHAZITAAAHE (A X, #AH; B IX, WAl + TiC; C X, WA + M;Cy; D X, WA+ M;Cy + % E X, M;C3 + 7; F X, {0 +

TiC + M;Cs; G X, WA+ TiC + v; H X, i AH+ TiC + M;Cs + v; I X, TiC + 7 4+ M;Cs)

(c) Fe-C-17%Cr-1.

5%Ti; (d) Fe-C-23.8%Cr-4%Ti

(a) Fe-C-17%Cr; (b) Fe-C-23.8%Cr;

Fig. 4. Fe-C pseudo binary phase diagram: (a) Fe-C-17%Cr; (b) Fe-C-23.8%Cr; (c) Fe-C-17%Cr-1.5%Ti; (d) Fe-C-23.8%Cr-4%Ti. A
zone, Liquid; B zone, Liquid + TiC; C zone, Liquid + M;Cj; D zone, Liquid + M;C;3 + 7; E zone, M;C; + 7; F zone, Liquid + TiC +
M,Cj3; G zone, Liquid + TiC + v; H zone, Liquid + TiC + M;Cs 4+ 7; I zone, TiC + v + M;Cs.
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3.2 RAHMEMBSBES

Bl 5 25 T AR 2] Fe-4%C-17%Cr &
SR (BE). vIE N, EEEET 1266 C
BB, A M;Cs BRI, FHA R D, ke
TRCAS X V8 B0 £ 7 £ B S v B 2R A DA
EVRHIBR TR & 1266 C BICIANH, HEY
Z 3 M;Cs fiie Ak 55 B EC AR EE [ R v B )
YEF, A AR = s . 13 82.51 s i (L
Kl 7), KEBsT M, Cy A fb 5 B IR SRR B ik,
AR A BT, (o506 [ 1o RV AR i 5 TR
o, AR AT LR RIS B . 82.51—120.19 s,
YA 1l 2 A B R R IR AT R EE M 1200.39 C
F %] 1210.03 C, BLBT B M, Cy 5 5 AR ks
WO AR A H0 22 F M 24.72% T 5 5 68.62%. Fifi
J&i , Mz Cy A5 B8 [ AR ok A K 8 2R /N
Bl VEIE RN, IR E TR, 5E
BT

1400
— Present —=— Graphite mold[22
Fe-4%C-17%Cr Fe-4%C-17%Cr-1.5%Ti

g 1300 F
[
g
£ 1200F 5 3
-
5}
oY
g as as
E 1100} 0%Ti +1.5%Ti

1 M;Cy 1 M;Cy

25 2~

3 CEM 3 CEM

1000 f f ' ' \-
0 50 100 150 200 250
Time t/s
B 5 B Fe-4%C-17%Cr & 4 ¥ EI T2 L3 1.5%Ti
B A BT SV A 2k 22 X L

Fig. 5. Comparison of predicted cooling curve for Fe-4%C-
17%Cr alloy and experimental cooling curve with 1.5%Ti
addition in graphite mold 2.

A SRR Fe-4%C-17%Cr 4 43 1 S2 0 A 4
iy 28 1O WE #1200 °C P LA R MM AE 4T,
R RE S BRI A T M Ca AHEO BT . Rt SR
SCHR [39] H ] Sy ok 3 o B AR AR R (B Fe-
3.23%C-23.8%Cr & U N 4%Ti 577 ) A %E [ i
e S SCHRAD RS S v JIth 42 (&l 6 o) kAT %F
HRAMT, TRIZ 0 E AR A it 2 i) TE A

P& 5 PSR Fe-4%C-17%Cr 4%
Hthek () 53N 1.5%Ti 5 s2s s Aih4k (4
o+ S50 HE) AL 6 BRI Ti 545 52 5 B9 ¥4
MZRIEAT XS L. AU A 0N Ti i s @A 2

AR A SCRRA A AN T il 5 SE56v8 i 26 A8
FERERFAIR], MITTEGIE T AT 2 172 21 2
ERYE. 348, K 5. & 6 545 GS BRFE AL
TR E AN Ti 5850 AR, o]
DIAE ), Fe-d%C-17%Cr &4 WM 1.5%Tif5, A4
BT AT E NS s Fe-3.23%C-23.8%Cr s 4 TR il
4%Ti Ji M,Cy 5 5 AR T &A= T 584k, {H
5L M Cy FIE FCAAR Ry AL, & 5 FIlE 670 45
2R B FESAIT, 455 5 R Bl B0 A7 GS Bk
] B AR TN P AELBIT IR RE DL AR A R
Jei BHLE, AP TRYA HIEE [ Bof (] FL A AL A SRR R
(DR

BT 25 T ASBEL AR R B EG R | M Cy AL
YIFBARAR B B AR i B TR AR I, IR Ah T
SEASVRAH, W 0R B R M Cs Rk b TP A% T
16t = 7.03 s I, SRR H 2 M, C; AL %t

1450
— Fe-3.23% C-23.8% Crl39]
— Fe- _ _ $[39]

1400 Fe-3.23% C-23.8% Cr-4% Ti
2
&~
o 1350
2
S e P
3 1
Jo Y B T0 [0 [y SR\ —— Sl —
g 2’
o)
& GSs GS

1250 F0%Ti  +4%Ti

1 M,Cy 1' v
2y 2" M;Cj3 (solidus)
1200 . A A . .
0 100 200 300 400 500 600
Time t/s

Kl 6 Fe-3.23%C-23.8%Cr & 4 s N 4%Ti 5 75 10 B 52 1
AL o

Fig. 6. Experimental cooling curves in sand mold for Fe-
3.23%C-23.8%Cr alloy with or without 4%Ti addition®?.

I.83 s 15.22 s 82.51 s 147.68 s

1350
{7 grain M:C; and + grain
0.8+ touch each other /_—_. 1300
=]

s 2
k) Present &
© 061z M;C; 11250
= 2 Y =
9 5 —— Liquid 2
£ Q g
“E’ 0.4Fi= 11200 &
= ™ M;Cj3 and v grain =]
3 grow independently 5}
= =

0.2 / 41150

0 L . . 1100

0 50 100 150 200
Time t/s
7 AHLDIYS B it 2 2% A i 2 B0 8

Fig. 7. Predicted cooling curves and evolution of phase mass

fraction.
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WHE, MLCy BACMIER, = KWRB B M, C, kil
PR B K eS8, Ve RN 2Rl AR R AR AR . 7
t = 15.22 s B, I IARB A 2 BB LR B, i)
R 2 B — D43, R AR kDB AZ I I
MR, 7E 15.22—82.51 s IF R/ M, Cy 1LY
SRR B AR Rl Y] ¢ > 82.51 s
B, M, Cs B b 45 B8 FCAAR R A B2 A e ] A= 1
A BRI, A 2 & A R R Rl A B B
SRR T ML Cy ik fE ) . B FRAAR AR R AT B R
PRI B B AR 5 ¥ 2 SR M R AR 2 )
M;Cs B b . B RARFR IR S B K 9218, 4520k
A BEFELRAS, RENIR K T Rk, it He
e M C, TRAL Rl A R KB B (¢ < 15.22 5)
5 M, Cs fiic AP F B8 G AR fiobr 2 [R] AR KB B (¢ >
15.22 s), A] LU A 48 i R v M Cy ik
BB R SoRL 4 A A R BAR E A A B | 2
AKBEE. 24 ¢ = 200.00 s i, B X IR H A4 )L
F- 58 4Bk, M,Cy by . 3 AR R4 B 2 Al
h 97.744%, FIRWAH 53R 2.256%. M5, B
X3 M, Cy ik fb . B8 FCAAAH 23 50 S A o bt
WA HERS JL-F- B0 U, A SCLAZPIR SN
ABEER A, A 2 353 Cementite HIEZ IR,
AL 1 M, C Rl A4 1 L AR iR 2R K
PRI, ASEADLZS BROPR AR o) B8 AR i (AT A A/ i
WA,

8 25 H T AL 5 GS LAY TR i) 45 ] i
e A AR A B IR B AR At 2k, b 1304 °C X
M 7 H7.03 s; 1266 °C XAV 15.22 s; 1194 °C X
N 147.68 s; 1200.39 °C AL H1 i 2218 5 01 &2
LA 1151 C AR ZE AR EE . o 55050 ik R
SEHEAT XT3, ADoK T T B )
PR (104 FEg). I, Bl 8 Hr 1266 °C A
LY M, Cy BiRAL P S oRE T (5 (R AL X IR AR 43 2K
A1 0.0025%, H GS A FI{E /)N ; 1200.39 °C B,
M, Cy ik A6 97 B0 BT 7 198 55 480 DX 35 A FRL 43 550
3.15%, B EC AR St R0 T o A AR 48 DX I A B4
21.57%. BLJa, M;Cs fiic fb 4 1 B FCAAR SR AH B 42
fil A Pl A KBS GS BEE AR P A= K
R B AR ], 25 RH 4385 ) R AR AR A R AR ], 150 PIAR
PUS RS A A KA FME. 7F 1200.39—1210.03 C
DX [H), 4505 B £ AR BRI, X% f T AH 23 5L
R 185 T 3501 s AR TR R B s I = B0 Il &
BT, 15 B M;Cy AL | B AR AR 43 0%

KA, WRHVR OV PR E o, v SN S B 1
THES. MHCELTS , B 7 o2 AR ROBE s 18] i 22
feih e B A AL, v R AR Bl 5 7 8 ik
PR A AR B BT L (] 52 B A 09 AT
XF

10 1304 «C 1266 C 1200.39 °C 1194 °C 1151 °C

0.8 Present
= —— M:C
) -
£ —— Liquid
< 0.6
e M-Cj gra " Cementit
g
= .
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3 -
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> emen tite
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&
/ o~

0 L .
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8 AEALE GS BT rb 4 0T B 43 B A R B AR Ak
Fig. 8. Evolution of phase mass fraction with temperature

by present model and GS model.
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G, TEAH R AR RIE T, Cr 35 DL 5814
KT C¥ I D a5, X5 FETH O s i DL s
SIS B BORBURUR E ((12) 2X) . g
W Cr AR BUNT CHHLRE (W3 1) fM
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M,C; BALY /A FE it C, Cr 3 5B -
VR Cr MR A 2 R (K 9(a)), 5240
B, BICHR /AR C, Cr 3 5 R Y- vk 2 it
Cr MR FTHES (K 9(b)). 2T M,C,
BRALY) RO A C, Cr B LR B KT 1,
7 PR ER A /WA LT C, Cr 35 R 19 43 i 22 5034 /)
F 1, B (10) 3K, Sl /BRE S D T A T £l
B SRR A AR U L, SR LA B /YR S T T
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Fig. 11. Morphologies of austenite grains at different moment: (a) ¢t = 70.83 s; (b) ¢t = 95.83 s; (¢) ¢ = 120.83 s; (d) ¢ = 145.83 s.
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Fig. 13. Evolution of solute concentration around austenite grain A and adjacent M,Cj; carbide grain: (a) C concentration; (b) Cr

concentration.
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Cellular automaton simulation on cooperative growth of M,C,
carbide and austenite in high Cr cast irons”
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Abstract

M;C; carbide’s amount, size, morphology and distribution in the microstructure contribute much to the
wear resistance of high chromium cast irons. In the present paper, a two-dimensional microscopic cellular
automaton model for the growth of the faceted M,;C4 carbide together with the austenitic dendrite grains in an
Fe-4%C-17%Cr ternary alloy is developed to obtain the evolution of M;Cs carbide grain morphology, the
concentration redistribution and their interaction during the growth of M;Cs carbide and austenite grains, and
also the total influence on the final M;C; carbides’ size. The model includes the effect of latent heat release on
the temperature drop. The grain growth velocity is determined by both the diffusion of C solute and the
diffusion of Cr solute at the S/L interface. The equilibrium concentration in liquid cells is interpolated from the
tablulated solidification path which is prescribed by Gulliver-Scheil approximation coupling with the
thermodynamic equilibrium calculation. The morphology of the faceted M;C; carbide is maintained through
setting its neighborhood relations and optimizing its shape factor at grain growth. The results show that the
individual grain growth velocity for M;C; carbide and austenite increases with the increase of the
supersaturation and Peclet number of solute C and Cr. The austenite precipitation and grain growth obviously
speed up the growth velocity of M;Cs carbide grains. While with the austenite grains gradually touching and
enveloping the M;C; carbide grain, the growth velocities for both kinds of grains decrease. The rejection of
solute C and Cr during austenite grain growth complements the absorption of solute C and Cr during M,C,
carbide grain growth, thus promoting their growth. The predicted cooling curve fits with the evolution tendency
of the experimental one. The predicted final solidification microstructure and M,;C; carbide amount in volume
fraction are in agreement with the experimental ones. Furthermore, both C solute concentration distribution
and Cr solute concentration distribution in both residual liquid and austenite are consistent with the predictions

by the Gulliver-Scheil, partial equilibrium and lever rule model.

Keywords: Fe-C-Cr ternary alloy, faceted M;Cs, cooperative growth, cellular automaton

PACS: 81.10.Aj, 61.50.Ah DOI: 10.7498/aps.70.20210725

* Project supported by the National Natural Science Foundation of China (Grant Nos. 51574074, 51425401), the National
Natural Science Foundation of China and Shanghai Baosteel (Grant Nos. U1460108, U1560207), and the Natural Science
Foundations of Liaoning Province, China (Grant No. L20150183).

1 Corresponding author. E-mail: hongweizhang@epm.neu.edu.cn

218102-17


http://doi.org/10.7498/aps.70.20210725
http://doi.org/10.7498/aps.70.20210725
mailto:hongweizhang@epm.neu.edu.cn
mailto:hongweizhang@epm.neu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

