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Abstract: A coupled thermodynamic model of inclusions precipitation and microsegregation of solute elements

during solidification of heat-resistant steel containing cerium is achieved. Then the validation of this model is

conducted through commercial test and physical simulation experiment at high temperature in laboratory. The effect

of cerium adding, oxygen content and sulfur content on the inclusions behavior during solidification of 253MA steel

is studied. The results are concluded as follows. As the increase of cerium adding, SiO, and MnS disappear, and

CeN begins to form during solidification. Ce, O;, SiO, and MnS are formed as the oxygen content increases, and

the latter two are precipitated during the solidification. As the sulfur content increases, Ce;S, and MnS are formed

while Ce;, O; disappears, and the precipitation temperature of Ce;S, develops from liquid-solid area to above the
liquidus. All the work will indicate the theoretical direction to solve nozzle clogging problem of heat-resistant steel
containing rare earth elements.

Key words: rare earth; heat-resistant steel; solidification; inclusions; thermodynamic model

W %m B #7:2015-05-15

EEWHE:HZEARP#EETH (51374059;51374060) ,
Supported by National Natural Science Foundation of China(51374059;51374060).

PRS0 A 2 M (19865 38 L A o ML BF 528 8 MR 08 o 040 0 T 25 J% B 0 7 T A5 « (E-mai) andyydlee @
gmail.comc
KPR RR N AR R A HAER 1 1R S0, 2% A0 906 R T 20 e 5 11 J7 T A9 BF 5% 5 (E-maiD) liug

@smm.neu.edu.cn,



http://gks.cqu.edu.cn

%58 FEHRLF A AR B B AR P kAT 113

253 MA 42— Fif 35 s - 10y B ER MR YR B A 5 409 B RO AR oG 3R AT B e o e iR T R A S B
PESE L L PR P B OR Y 0.0300~0.08 %0, |1 T RS A R TR MM 409 b A K A R R B
22 W Ce, Oy, Ce, O, S 55, AE % H5 10 B2 o e 2 I 2 WAk 2 R BEE A 7K 11 P BE St B R0 o DA T 532 W) 322 55 T
SMRAT K= b e . BEH )RR 253 MA TR EAGN IR L S RE AT B AR 7 RS JCIL S BB SR e A5 . H R R
TFAZAN R b e 2 W 5 | A K 10 45 98 1R) BT 5% 6 /0 . Kojola 25050 8 3 5ot o4 A8 A 4 U W R A5 BLL P52 T
253 MARK F 45 A A L . (HX e 2 Wy B th 31 59 R 25 FE A vh 25 ST R A LA

AT AR Z 5 X Ca  ALTI Mg BRI ZRWI BT R BB G LN P R R b, 7
AP AL BT 223 B AR AF (FactSage %) A7 M 1A A 0 09 3807 2 540 W1 B 2k T o LI oK 25 08 5 (81 3l 7 1) 98 o
TCE T .

BT T PR A K 1S58 5 BT AR S R AN A S S ST T W R AR OB [ o R v e 2 W AT S U TR
TCER AT IR & BT AR I T e R e R A S5 L B R T R A R R . R R R
W EE T AR SR A E T 253MA Tt FAAN Ve 50 I BE 18] 1o A v Sl 2 W 1) i s 10 R AR AR 150 L B9 AR
253MA B i F A 7 3 R TR K 1T 45 96 T AL A S8R AR BSR4

1 HEEWEIS5WIE

1.1 HEBRE
AR AR 0 ) O [ o R A AR AR 2 Bl =R M . TR VRO IR B LA b R LY A e A W 1 A 5 TE WA
25 B SR BE Z 1) o AT WROAH | AR w2 2 W () ) T 5 98I0 0 2% RO Al BT ) RS - AL 5 7 [ AH £ B LA
T DL AR P e Ze Wy B BT o 3 B B BT S DA MR e R A I 5 4 B ] R £ 5 T A R R i X
(D (OB Bl K.
T, =1809—83[%C]—31.5[%S]—32[ %P]—5[%Mn-+ %Cul— 7.8 %Si]—

3.6l WAl]— 1.5[ % Cr] —2[ %¥Mo] —4[ % Ni] — 18[ % Ti] — 2[ % V], @)
Ts=1 809 — 344 % C] — 183.5[ %S] — 124.5[ % P]— 6.8 [ %Mn]— 12.3[ %Si] —
4.1[ % Al] — 1.4 %Cr] — 4.3[ % Ni ], (2)
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Table 1 The Gibbs free energy of reactions

AG®*=A+BXT, J/mol

F B n 5
2[Ce] + 3[O] = Ce; 05y —1 431090  360.06
[Ce] + 2[ O] = CeOy, —854 274.7  249.11
[Ce] + [S] = CeSy —422 783 120.58
[Ce] + 2[S] = CeSy, —131 000 121.4
2[Ce] + 3[S] = Ce;Ss(s —1074 584  328.24
3[Ce] + 4[S] = Ces Sy —1493 010 438.9
2[Ce] + 2[O] + [S] = Ce, 0,S(, —1353592.4  331.6
[Ce] + [AI] + 3[O] = CeAlOy, —1 366 460 364
[Ce] + [N] = CeN, —401 200 153

[Ce] + ZECJ = C€C2<,\) —202 790 125.3
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AG®=A+BXT, J/mol
B rA V=" n 5

2[Ce] + 3[C] = Ce,Csy —224 000 205.8
[Mn] + [S] = MnS, —172 676.1 56.07
[Mn] + [O] = MnOy, — 284 420 122.75
[Si] + 2[O] = SiOy, —580 550 221.03
2[Cr] + 3[O] = Cr; Oy —797 190 349.72
3[Cr] + 4[O] = Crs Oy —94 439.9 416.79
[Cr] + [O] = CrO —236 320 113.6
2[Cr] + [N] = Cr; N, —141 300 116.82
[Cr] + [N] = CrN, —136 250 96.2
[Ni] + [O] = NiO, —125 000 136.29
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Table 2 The chemical components of 253MA heat-resistant steel
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JLE C Si Mn S

P N

Ni
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g

S/ % 0.05~0.10 1.40~2.0 << 0.80 << 0.030

< 0.040 0.14~0.20 10.00~12.00 20.00~22.00 0.03~0.08
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Fig.1 The precipitation of inclusions during

solidification of 253MA heat-resistant steel
(w(Ce)=10.04;w(0)=0.004;w(S)=0.001)
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Fig.2 The SEM images of inclusions from commercial test and laboratory scale experiment sample
(a), (b)commercial test; (c), (d)experiment of laboratory scale
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Fig.3 The effect of cerium content on the inclusions precipitation in 253MA heat-resistant steel
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Fig.4 The effect of oxygen content on the inclusions precipitation in 253MA heat-resistant steel

(w(Ce)=0.04;w(S)=0.001)
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Fig.5 The effect of sulfur content on the inclusions precipitation in 253MA heat-resistant steel

(w(Ce)=0.04;w(0)=0.004)
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