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Abstract

By means of X-ray diffraction (XRD), field emission scanning electron microscope (FESEM), elec-
trolysis experiment, thermodynamic calculation, the type, size, morphology and precipitation
conditions of carbide precipitated from 45Cr9Si3 valve under electroslagremelting (ESR), rolling
and annealing are compared and studied. The results show that the main type of carbides in
45Cr9Si3 valve steel is Cr;Csz, with larger size and the maximum size is more than 20 pm, and the
morphology is bar-shaped. It contains a small amount of TiC and NbC, the maximum size is less
than 5 pm, and the morphology is mainly triangular, square and small particles. At the same time,
it contains a small amount of small Cr23C¢ carbides. According to calculations based on thermody-
namic theory, it is concluded that TiC and NbC begin to precipitate in the solid-liquid two-phase
zone, and the precipitation temperatures are 1627.5 K and 1619.7 K, respectively. Crz3C¢ and Cr;Cs
precipitate in the solid phase, and the precipitation temperatures are 1395.4 K and 1193.1 K, re-
spectively. It lays a theoretical foundation for further refinement of carbides and improvement of
properties in steel.
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Table 1. Main chemical composition of 45Cr9Si3 valve steel (wt%)
F 1.45Cr9Si3 SMNWEEUFER D (REDH)

C Si Mn P S Cr Ni Ti Nb v N T.[0] Fe

0.45 2.90 0.30 0.024  0.0008 8.45 0.1 0.01 0.01 0.05 0.013  0.0015 Bal.
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B — 2 B ME Tiv Nb BB, & 1) B 1(b)NE Ti Miedn, RFHEN, BRRSEAR
I sum, BB =MAE; K (o) NE Nb ik, £ BSDE5 FEKAM, BHE-MAE,
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Figure 1. FESEM micrograph of typical carbide from ESR to annealing stage: (a) and (b) Ti rich carbide; (c) Nb rich car-
bides; (d), (e) and (f) Cr rich carbides
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Figure 2. FESEM micrographs of large size carbides in electroslag ingot, rolling and annealing electrolytic samples: (a)
Large size carbides in rolling samples; (b), (c) and (d) Large size carbides in annealed samples
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Figure 3. XRD patterns of annealed sample
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NbC NE, HBIMNEEHDER CryCeo 75 Wagner BRI Scheil BT IR AL AT 2518

4.1. BEPREDITHORNFETE

RIS 2B, FEIRREEA R A R, BRI IR L AR TR . 24T o B SE Ry i ™
YR TP B R =T, AT IR U . themocsR M AR R o R N AR RN i) S ST 3T
TERMLA KA~ (D)4

x[M]+y[N]=M N, M
2 IR RE BPHRS, O Gibbs H HIRESE 5 K RN B (] 9% R AETTREQ)MN(3) 1R B3R
e
ik =-29" i, ! o)
RT 1y -w[N]} S .W[M]"
In f; = 2.3032":4 (wlJ]) 3)

Hrv oo fus [y RAHBTCAFRENE REG TRRNIRE, K R &AW, @HI 8.314; ¢ ZITHR
—UAHEAEFH REL, i R ZATRUEMICER, j=2,3,,n WRIECERTERE, K 2 [18] [19]51HH T BA IR
BT EAF ] Z 3

Table 2. Interaction factors of elements to C, Cr, Ti and Nb in 45Cr9Si3 Valve steel [18] [19]
% 2.45Cr98i3 S@MPZITHEX Co Cr. Ti # Nb (OHEEIER R (18] [19]

e C Si Mn S P Cr Ni Al Cu Ti Nb \% N 0]
C 0.14 008 —0.012 0046 0.051 —0.024 0.012 0.043 0016 —  -0.06 —0.077 0.11 —0.34
Cr  —0.12  —0.043 - -0.02 -0.053 —0.0003 0.0002 -  0.016 0059 — - =019 -0.14
Ti - —0.0256 -0.11 - 0.028 - - - 0048 - - 204 -18

Nb -049  -0.01 —0.047 —0.045 - - - - - 0 - 042 —0.83

SCHR[20]F B C. Cr. Ti A1 Nb [I#S2FE 8 01 R -

C(s)=[C], AG’ =22590-42.26T )
Cr(s)=[Cr], AG’ =19250—46.86T )

Ti(s) =[Ti], AG® =-46440-37.03T (6)
Nb(s)=[Nb], AG’ =23010-53.30T 7
23Cr(s)+6C(s) = Cr,,Cq (s), AG’ =-309600—-77.4T (8)
7Cr(s)+3C(s) = Cr,C, (s), AG’ =-153600-37.2T ©)
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Ti(s)+C(s) = TiC(s), AG’ =—184765+12.552T (10)
Nb(s)+C(s)= NbC(s), AG’ =-136900+2.43T (11)

H (4~ 1)FBBAH 45Cr9Si3 SIREN Th A ) 5 & R o AE 011 s B2 X % Hobr i Gibbs H HHAE B
#, WR2)~:15)

23[Cr]+6[C] = Cr,,C,, AG’ = -887890+1253.94T (12)
7[Cr]+3[C] = Cr,C, (s), AG® =-356120+417.6T (13)
[Ti]+[C]=TiC(s), AG’ =~160915+91.842T (14)
[Nb]+[C]=NbC(s), AG” =~182500+97.99T (15)

M 45Cr9Si3 S MRANTE & TVRAHZE IR T, AR HT AR P (1)~ 5 FE AR AE T FE(16)~(19)H R .

In(w[Cr]™ -w[C]") =156.99 106794.56 (16)
In(w[Cr]’ -w[cf):50.75—4283’3'8 (17)
In(w[Ti]-w[C]) _ 9.y 193547 (18)
1n(w[Nb]~w[C]):12.11—&;O'9 (19)

R RELx[M ]+ y[N]= MN, i, BTEHEERA ), » KEREEBN O,  » MBI
e A
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Q@
AG=AG’ +RTIn—— = RT—1 1 RT'n = RTIn—

M N, MN, M N, M N,

b TARIIHRE, K AG NRNER Gibbs [ HIAE J'mol s R NS HOEHEL 8.314, J-(mol'K)
i AG JubRfEAL R Gibbs H EHAE, Trmol o AT EAUKC T SRR, B AG >0, TRV ANRED
1T, HA LT I S AT 0 2 TSI ERUIN TS BRig EERA, BTAG <0, RS [T 4
J7 AT o
45Cr9Si3 RSN 7 [T Bl B AR 2R3 2 T AR N D) AIR(22) [21] [22] 347 TH 5.
T, =1809—(65w[C]+8w[Si]+Sw[Mn]+30w[P]+25w[S]+1.5w[Cr]

+5.1w[Ni]+4.6w[Cu] + 2w[ V] + 2w[Nb]+ 3w[Al]) - 6 @b

Ty =1809 - (344w[C]+12.3w[Si]+6.8w[Mn] +124.5w[P]+183.5w[S]

22)
+1.4w[Cr]+4.1w[Al]+4.3w[Ni])

L1 SBEARN, KIESE T,=17349K, Ts=16013K.

RIS 2RI, Wil 4 fow, @ik FIRTEE, 7E 45CroSI3 IRANRAR T TTE IS AL M T i
PR = ) RN S B T FR P = D 2 R AR A i 28 . ATULE B, fEUHIE VY, AN BRIk i s
BRI A B P AR TSP VA R B =4, DRI AN BE T UE B T o
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Figure 4. Temperature dependence curves of equilibrium solubility products and actual solubility products of carbides in
liquid phase of 45¢r9si3 gas valve steel: (a) Cr,C,; (b) MC
[ 4. 45CroSi3 SHRNRHE RN L ERRE =Y S KN RE~YMEEETHMZ. () Cr,C,; (b)MC

4.2. ERENERETHRCITHNRADEAR

TEIR RN PG AL I FE R, AR O IR B AR RO P E AR . A Rl PR IR P B ARG 3] [ 44 — YOO
X, BR. 8% ARk AR H A EARAR B 20 55 . SCHR[23 ) gy, EREE R Y, JEE R T R R E AR A
&GJEITRE R R SR 0 A Q23R4 KER.

w[N]=w[N,]/[ P (Ky-1)+1] (23)
wiM]=wl, ] (1-5)" " (24)

A, Ky, MK, 3R EEIRTTR N 588 0H M KPP ERE BT R EG 23 SCHR 19119 205 E S A2
C. Cr. Ti. Nb MBI REHIA 0.17. 0.85. 0.3v 029 w[N, | Flw[ M, ] 5350 e [ i o
FAEGIE TR N 5EBIUE M RS, %: w{N R w[M ] 5 Btk i R v B o e 48 e & N
S&BIUE MR EDE, % B M, KASERRBEAR. BAERRLAQS)

-T,
=t St 25)

Hor: T, RIS, 1809 Ks T REFEIFE R RGNNRE, K WU Sl B A [ AH L0 E 505 4 -
T,=17349K, Ts=1601.3 K.

TEWE S H IR TR — AR BT RO B A e B 28, L P AR P P ) R R AR B A R —
WAL VIR P2 . W R, FERR - O IX [ 45Cr9Si3 AN [E LIt , AT LG B CrysCe M
Cr7Cs [ SEBR AL P P T HP A vl A M=, IR ASREDTIE AT HE o TiCy NbC I sLbris A S P i
JERSH AN, R UEHTH TiC. 2iH5EAA 3], TiC AT HIEEE A 1627.5 K, NbC [T Hik i
9 1619.7 Ko PUIELEFEA - X X A 5 T A2 AR A @8, 75220 %8 ESR T2+ G R
PUREIBRAL I HO R ~F o 78 ESR RLFErf, AT DGl fhdr 2 s i s VA E T2, st f v 2 A A0 AR e
BRIV EB R ARE TS, REAHEE, BRIy RF24] [25].
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Figure 5. Curves of equilibrium solubility products and carbide actual solubility products in liquid phase at solid liquid front
of 45¢r9si3 valve steel. (a) Cr,C,; (b) MC
5.45Cr98i3 SIEWMENF - RIERT SR DB ENR R E MR SIFRA B E R . (2) Cr.Cy; (b)) MC

4.3. EEXHAIHTHORNFETE

TR B AR AOIR S X R, RS ER e R Rt T bR, AT T RAAA Dy, SRR Gk [ )
FARENBRIRIRIX, 5§ BRERVRIXIHAE R I & R g At NG s i, DAL B i b B 7
FEAR/IN26], et th AU S AE AR R O M AR AR DL, PURIRBERRHES I IE R A o

HTAE 8 BRERRRVIR B VERER/N, ESR SRR [ A BERRDY, DAk AT DA S IR 1L [ 10 5 B 43
AN BRI A 5 S [ AR, BB (e A P 7 e P2 AR AR (26 ], FLITHE 515 4 B AT HH AR
FALL, (IR AR IR A AN o

Cr 1 B R AR DX B A M B0 75 A1 S B pl e P JEE T b 5 S B3R AR [ 19]:

[Cr], =[Cr],, AG’ ~1046 J/mol (26)

[Cr] =[Cr];. AG” =418 J/mol (27)

HRAE A7 2R C 8 BB AR A (-4 [ 9 152 4 K27

lg[c] =1.50-1%%0 (28)
“ T
24 58 C i BLIRAR T i R REA
C(s)=[C],, AG’ =32167.20-28.72T (29)

e iR AT RE, TR RAR TR — R R T B B, A B AR R A 4 e R A
BRICERIR A 1% RS
23[CrL-+6[CL/:(hﬁC%(s% AG® =-959797.2 +1172.7T (30)

7[Cr], +3[C], =Cr,Cy (s), AG” =-389247.6+376.98T 31)

MR DL 1% 515 & B A 7 B R AR Th I EAR 8 5

ln(w{Crrz-w{Cj6)::14L05—11§i;iﬁ2 (32)

¥
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46818.33

n(wlCr] - w[CT') =45.34- (33)

DA B AR MC BB RIS AR AR, SEae e LATIE, A O i S 45 1 . A ke
KETEMGA, TiC. NbC 7 B AR b 3 FE AR WX (34)~(35)

ln(W[Nb}M{CjL==774—165056 (34)
, _ aq l6121
In(w[Ti]-w[C]) =6.33 — (35)
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Figure 6. The curve of equilibrium solubility product and actual solubility product of carbides in solid phase of 45Cr9Si3
gas valve steel with temperature: (a) Cr,C,; (b) MC
6. 45Cr9Si3 SRREE P HLIN L EAEREXRAEREEE TILZ. (a) Cr,.C,; (b) MC

5. &g
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3) KIRHIACIILL CryCy N, S TIR KB BT, 752 1400 K JFaa#THY, FEFEZ) 1150 K K&
Mrid, B, mPE RS (1153 K)E 4w 2 — iR E, ERGHEREIREH, 7 CrC BRR
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