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A KFMEFEBL ABSTRACT

Numerical Simulations of Temperature and Stress Fields in a

Super-wide Slab of Peritectic Steel Continous Casting Mold

- Abstract

In recent years, high efficient continuous casting technology has been looked as the
primary tendency during the development of continuous casting, how to improve the quality
and output of continous casting slab has been more interested. And the longitudinal crack
rate of peritectic steel is much higher than other steel grades since wide slab was put into
production at Wide Plate Plant.

Two-dimentional (2-D) finite-element heat-transfer and stress models with moving
coordinates were established to predict temperature and distribution of stress in a continous
casting mold for steel slabs during operation. The effects of width of slab and operating
conditions on distribution of stress on slab surface were analyzed in details, as summarized
in the following.

(1) At the mold exit, the distribution of the thickness of solidified shell was not even.
In the wide face of slab, the thickness of solidified shell was more than 20mm near the
center, and it was only 15mm near the corner.

(2) The stress of the peritectic steel in the center place of slab was higher than
non-peritectic steel. In the same conditions, the peritectic steel was much easier to form
longitudinal crack than non-peritectic steel in the center place of slab.

(3) In continous cast of peritectic steel slab, with the slab became wider, the stress on
slab surface was increasd. In the center of the wide face, the incease was obvious; and the
longitudinal crack was easier to form. The positions of the cracks were in the center of the
wide face.

(4) With the slab (3200mmx150mm) casting speed increased from 1.0m/min to
1.2m/min, the stress in the wide face center was decreased. And the amount of longitudinal
crack in this area was decreased either. With the casting speed increased to 1.5m/min, the
stress was inceased in the area which was 200mm from the center point of the wide face;

the longitudinal crack was easier to form in this area.
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(5) With the slab (3200mmx150mm) superheat degree increased from 15°C to 25°C
the extremum of the stress moved to the center of the wide face, and the possility of the
longitudinal crack was was increased in this place.

(6) With the slab cooling intensity increased, the surface stress was inceased. With the
flow rate of cooling water changed from 6000L/min to 5500L/min, the slab surface stress
was decreased. And the possility of the longitudinal crack was reduced. But the stress in the
corner place was increased, and the shell thickness was getting thinner, the possibility of

corner crack and steel breakout was increased.

Key words: Super-width slab, Peritectic steel, Continous casting, Crack, Stress,

Finite element analysis
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FMTHA.

2.5.2 ANSYS BIR ik

hTERTEEET T ENERN, BEENREmE THE-ERNENER,
B TE TG AR O D R R B B AT R B Y. B) 80 FERAIM, B LBX
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BEREAEEES, WFE, M yHMeRERA. fim, BHE GRS AR
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FERTETEYRABE T ANEE, FEHLEIYESH. B ANSYS HR
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ANSYS #AHTEBARE: (1) RSk, RENBEHRERERL: ) BE
i, REMBEZERNEREEK. B8R, FREXERBZARENEE SRR
FaEHRRBSRI .

BAERMTEFHE— N RENME N ERNEESRRERSH. TR
BHABRARASITEREY, FEZENRBIRITRAST. EHNEALRERA
HAEL, THNEASR: (1) RHE, BE: Q) K#®, HEnEFAtE: O)F
W, BEER. ZEFTENX RS R RS RN RLE. BT RAR
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RAFHNTW, FEESPUHRNEERS KRN ORERLR, %E%ENFEIR
A EARE, BITREANBEN _ER—RPHFRTEY, KT ERSR
BRXERMADERE, FHRBENGRBERERE, BREERDERE. FEH
RMSRSHMAEE: IHE. KL KERANFEANPPINSFIFIFH ANSYS Fi
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FAR IR REERTHR, SUTRESLERBNIR, BETRSHBNE
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B=E ERIRESERNSRE

BEE T ENEARNRR, WENEEFRIEPONALARZE5EN. XiEE
KF ANSYS HRICHAF, X SRR IETE 4 5 2% ) 1558 37 7O L) 35 MEAT BB L.
FEEENAH R HOEER R EE UM,

3.1 EBuiEREEREH AR

ERRREE R BR M EARERNZERSERNE, KB RN=%
EATWE—H#HEmT:
(1) #FETE

o, 04, og,) . 0T
~-|F+—+=L[+g=pC— 3.1
(& PYRPe q ﬂa% @3.1)

KF) g gy @500 xs ys 2 TTRBIRFEE, § A S0Pk FR AL B 8] g R

EREAE, o HEE, CH#,
() MHEORAEHHE (B ER)

b g, o) =—[K{%T % %T} (32)

B, [K|R—ANE5RE T H KM FEE:

k., 0

0 &
0 0
e b R AR, . 2 HRBRESFY.

32 BEBITEMEAREL

k]

(3.3)

0
0
k,

HTRESREEZNZERER, RAFRTESTHEN, RAEFREH.
—H&RANANRKRBFHRHARTAR; F—FRAABRR—MBESSHNZER, R
ERIRESEEEFERTARY . AR R % F R & TR 1 H R
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RAKFME F AL Fo& St REARMTARE

yri7 .

TR A BTN, & ENERBREEL, PRI E TR
FHFRZ R HTT), EENET ERREN A, U ANREENERRAE,
R A TTREEERY, FURTHY ARERETETAERRLHRE, X
A KA B A BB TR, TR AR LA 08 KR
T(x, y, 2, 1yt 7 R BT (018 AR (R BT AR, X PR IT SR AR A X L
A6 ORI B 0 R A SR AR R B TEH8 A8 R B e R
3.2.1 mEHRE 5 ERE

Bt — A E S BTERRKWIE, WIRERER T, y, 2), ERBE ST L,
SRS, B BARARREEESORAT &4, WERBEMENER

%, LAUESEh TR TR R R A FRRES A RE T
WA AR EETREN:

—q(k, a—T)+i(ky ?—Z)+—?—(k, —61) =—q° (3.4)
) o\ ") al e
ki i
Tl a=Ty : (3.5)
oT
k, alsz = q’ (3.6)
Hep, T: YHHEE;

kx’ kyr kz: XTJ-E—\LX! y, Zﬁﬁﬂg%m%ﬁ;
¢°: BFRE. WTREMER, " =¢ RRBABRRERSE; HTH

S, q8=q—pc(%f—) L B B B B TR

T,: RS HAERE:
g’ TS, KLFRAHA
k,: BEETYSRENIETE,
SFWAERBOFTE S, FEGHEML, MEPKRE LK RNHLHTEQSS)

FIG.6)e MZEE, HEGOBETEPAMMA. HIRLF FIFMIBH LT &M,
Rk
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R X M+ F458X F=¥ g EENN T RE

(1) EXWLRS, £

or
k,—=nT,- ,
v oy =M.~ 1) (3.7

h: HEARY EHREHEX;
T,: BEEREERE.
(2) AR S, £

b=k 1Y) 63

k: SRS RY
T,: BHAKEE.
() ERFLF S, £

or
k=, = s G9)
n

g, : URHHBN
VIt A : EBRAERDTR, TUOMAEHYHBNZNEE.
7|0 =T(x,,2) (3.10)

¥ LRBA TRERHARIERR, BX—MZKI:

1|, (ar\ , (ot , (orY ] )
M= Iyi[kx(—a;—) +ky(a] +k,(—a;J }dV- [y1a"av - [, T,g%ds

1| (er\* (arY . (orY .
= Vi[k,(a) +ky(-5y-] +k,(gj }dV— [,1g"av -

Isch(m: -%Tf)dS— [ s,k(T;‘T, —%T,’)dS— [oTazds G3.11)

RENFEHFERTFHEXFHEGA~Co)MF. x EX#TRDEHIHBE
i, Fa1=0, B
o= [,or'T[KIr'v - [,q°6Tav - [ ,q°6T,dS
= [, olrT [KIrlav - [,q"6Tav - [ (T, ~T,)eT,dS
- k(T ~T)OT,dS - [ .q5,8T,dS =0
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BETH.

[volrTIKIT WY = [ HT, - T,)8T,dS + [ k(T ~T)OT,dS

+ [oau0TdS + [,q"6Tdv (.12)

k
R, [T']’:[% %f. "’a_T} [K]:[

(K188 % 5 41 R SR

O RS, REI)MAEIEAFTEEMR . KRG AHH H AR LR L
G.SHMGBKILMT, FHAEBHERGCI12)MEH THIHE.

3.2.2 FaE A E L

MF—KEE, E8FHLSRCI)NEEEMLHME EEZRATREN. FRITH
FTHEBNKRBENLRE, ESRBEZERE T, y, 2, VEZNTE R THBRES
BB, BRGIDMBNKMEE V LR AESHAT MRS, HN#, £
RS NS, FHR s N TEH X R A T R iR,

BITHZ RSN

a1, = s[r kYt -olr Pk () -} )-oln Pk Hr Y - [1])

~ o1, T*[g,} - o[ [, ) + sl [cH

BoT=Y AT, =0, BRENSAARTHIE:

K [r1=[k Mr)-[.D+ & X0 )-[)- [T )+ [os J+ [os] (3.13)
Hop, [KIF . SRR SR

[K.): BAxivsme,

[K,]: % emss R,

[c]: s

[05]: & AT AT R I B 0 AR
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R X FME 381 Bz ¥ st AN AR

[0,]: PsRBAE R BT S RARE,
[F]: ERExin R S,
ERG3)ERTLARE N
[clr}+[xYr)=[0] (3.14)
EARUFSEBEARMBHORE A, Hik, —BERBEETR, WRESR
O i 21 R MR AT DASK e B e A R AL IR, AT 78 BB oK 1) B R R 3 «
3.2.3 MEERE L

BESEGEATRLE R KBRETFELE, ERXTHARENFEMEFE, B
W, FEHBEGHNBRLEEHEREFTRANKRE. FRTELREI N, EHRS
Z ﬁmﬁﬁ%W%&ﬁﬁﬁ%?%m#%ﬁﬁﬁT%%ﬁn%E,%Fi%&ﬁﬁ
IR,

E?&%mﬁmwﬁﬁﬁ%miﬁ,mﬁammﬂhﬁﬁﬁ%5WWﬁ%%,®
S FUR R BE R R E, BTt SR EER 4 b —RFIR R, 240 ¢ HZ
MEE%T%$HMﬁ%*M&HWHMEE% X B AR E A ESES KRR
WKL R

(1) BR¥LM AT

BRA ) B VRS SR 7E ¢ I ZUSE, 88 T o 3% Taylor ZERTF:

T, =T +MT+0(Ar), BRENE, H: T'=(T,, -T)/Ar

BERRAGI1HR:  [c)a,, -T)/ad+[K)r}={0}
B [clr..)=(c]-afk]in}+ ardo)

Bt {7..)=[c]"((c]- ak DT }+ arfo)) (3.15)
@) KHAEE
WL 45 S T FE 1+ A BERVETL, %8 T, 3% Taylor SURTF:

T,=T,y- AT, +0(A")
REHNIL A Tow =(Tun -T)/ A

BRARAG19R: KT, -T)/ A+ K], }= {0}
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X FMEFEHX F2¥ EEAERMEENTRE

B (c]+ Ak, o} = [CliT}+ ArlQ}
ifLs {r...}=(cl+ MK ] (cYr.}+ adf0)) (3.16)

B4+ HAGBRES M, AXFERTEHTEE + A HRAKBESHTR. it
5O T A PR B SBAR ) 4 A AT— L R AR T (B U sk AR 5 B O 4 ) T AR REAT 3R
%, RAMTIREN R AR 2 A

3.24 Batiokigidiz

FIH ANSYS BTEEHTEMNIESROFBRILLALAHE, Fgs,
REXIMESE, HMAE R T &M, HITRE. RBIEOE 3.1 PR,

RS b

v

S HIIEA

'
HMAI A R

'

] t=0

'

t=t+At

'

WHAERBNELEE SRR ER

v

w4 R 3

|

P SITIE R B A R AR
2

B30 Aotk @Rz

Fig.3.1 Program flow chart for the solution of thermal analysis

-22-



RARFHALFHAL FZ¥ SRR AMERNSHARE

33 R—BBUITHEREL

AWRRHA ANSYS HRTHA L H HRERROBES, REEREGT
BEREM E, BTNNGHE. EEKBERTHS, 2EERARREATAR
BUMEH N, TOERBRAXGRTA TR R R—HBHES.

331 Bh—MEXE

(1) BHEX
ENRMBUIRIFN:

{de}={de}, +{de}, (3.17)
K, {de}, ={alar (3.18)

{a}: B RBTIE,

fael, =Lt} o] o)+ 22 foar 619
#¥H(3.18), GIHRAKE.17), B3

o)~ [oLal-[oL 1+ 22K )

REM, {do}=[Dlde}-{Clar (3.20)

s, [Dl=[o], [c1=[cL=[DL({a}+i§}i{a}]

(320 REFMEX W BT EHE KB T R M BN —N R RN,
() Bt
BB EREEH f(0,,0,,), REERE T, MAEFIEY K FHRHTIE

B (o5, T,K) B, MARFFEARERBIR. BD
/= flor(D).K(e))
MAERHA R, W: df =df,
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A K FaEF1ais L %% Sk RE

5 K {g’;}{ o}= [i]{agp} {ds,,}+gf°dr T (.21
EEHKN, ENRBETLUSHEA:

{de}={de}, +{de}, +{de}; (3.22)
WEREEL, #:

{da}=ﬂ[%) (3.23)

FI(3.18) ~ 3.23)H % {de},, {de}, 1B+

A=H-§-§-}T[DL{@}—{%}T [DL({a}+Mi{o}]dT—%dT}/S (3.24)

oT

oo o iR

XEE, BHEXKNH—NRXRW TR
o101, -0k L -0 [ L} Eisfr - 629

b, [D], HHIBHAERE,

L, =[oL-L LWL [oLs

4[Dp)=[p],
(c}=1cl, [[DL{ oo, e o)L Z }{af}’s}

W4H, {do}=[Dae}-{Clar (3.26)

R mEHEh TRAE, HFXG224)FH 1, HFEHER:
A>0 TR
A=0 PHIE;
A<0 H#ETR.
BN MR R BT R, NA—NEXRLIHHGE.20).
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332 BRRIEERERENT R BERRAE

BiLA LB, BEWMTHNA—NEXR:

{do}=[Dlde}-{Clar (3.27)
#tE[p]=[pl. {c}={c}:
WX [D]= [D]ep ’ {C}= {C}ep;

ZRMBBM YRR E—ANRTT, R WRET, WASONF), W EL

Bio}, NE&le), Nho): BRI r+de i, BBAT+dT, {F+dF), {5+d5},

{E'F(iﬁ}y %T‘Fﬂhf}o Eifﬁ)ﬁﬁﬁifglgiﬂi, ‘EI%Q:

{ds) {F +dF} = Hde lo+doldv (3.28)

BIRTHNNRERNETE SEBHBAUTXE:

{de)=[Bds) | (3.29)

Ko, [BI V4R, € B3 TH SRR RS HRG2FG29HAR3.28),

{ds} {F +dFY j [do} [BY (lo}+ [DNde}-{C}dT)av

={ds) H[B]T +[DYde}-{Cldr)av (3.30)

B TE « HZAY LT FaERE, BT
{FY = [[BT {o}av

ﬂlJi‘C(3.30)IY‘A%>b
j 18T (lae}-{cldr)av (3.31)

HE &K {dF} +{dR} =[K] {as} (3.32)
KB, {dR) HEMESEMRTINESHY AHYE,
(K} o 28 TE 1 B 4 B
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FIXFMEFEAL : 5% 4SRN RE

KT = [[i3] [DI8kv -

TR AT R RBERE, HRRARRK{CIF{D}, HRRTENH R
B RRIESERE, REBENBRIEERE KNSR E dF) T, ERETREED

WRABRRETEA:
[k )ds}={aF} (3.33)

sob, [KI=XIKE . {ar)= Y (ary +{arY)
PR R R P TAE, FRGRAN M B TR 5 2 B A
Fah, BY dF) TRAS, WA
{dF}=Y {aR} (3.34)

R RA, KEBVWAMBE, FErRb BT RN,
A—BIBH B RT RS, EAERAMRYS AR LT, REED
LB B BRI MR AR E R, BRMEREHEEE, dXGI)RAET

B BHE S, BRIERG29REBZATHNAEEE (de), BERERG2NED

skt & S TR H M (do)

KGR T H— BB R T AT LU TR AR IR Von-Mises
TR, YR 2 A VA3 R % ) FOPERRAL, R RARE G R 1) R
W EG .

3.4 BN MBERTE

P T A7 S AT SR 1 AT (0 ik R A =R

(1) ZELHNAAFHEEE XY ANRE, EATHEYRBESMOER

Q) sk, B EHTREAMN, RERRENT RN B IE
SRR NS, EHTARE R R

() HE, NERATREMNGCYEGENESRT, RNGIREHI N
SR AMTHER, EATREEMMRE RN, BT WS IR A 5T,
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R 45 KR T X & B A T 1 B, “

BT AR E X FRRE LB EANES, BEBEMNERE, HERER
REE, REHTEENAM. FUARAE =M%, BI%E ANSYS itEidES,
KB EH IR R 2 MRS RE RS R SORMAFRERE £ X4, &
B 5 BBy o B MR SE SO BT IR IR, 36 AN RIS IR

C AEABEH MBS AT, WTERA—BBEN A EHE, WA 3.2

B

R
i " x#
BANE
"
A iiz

B 32 A—Gma e

Fig.3.2 Data flow for a sequential coupled-field analysis
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FOF EFUEMRESHRYZN

RERESERTAKXFHENMBIESH, BHIRRETHRANRENES
Y, REMEFREIEHERDBEEN N EZERR. AENEUTAEF &R
WA 2 i SE BRI S ik A R

4.1 BHESERE/BEL%RENRE

ERLBBARETRESTKNESERILRE, FAKKEES R EENHRY)
HEHENEENFSHERREW. Bit, BAHEFHRXOREEELFHXAER
Mo RERERNXFR. HETRERMAE, RERAHX AR B ERAHRTH
BARL TRkt A, B SBETE S0 %R0

T,-T
71"7}

f= @1

Reb, TRTo B0 RGBSR AR R S

SPREE R B B SRETZ MREAIEX R, RENN, WEER
BiR, EUBARAIEIR. BEREME (UNEEES, BERALARNLE
BERE, SR DS ERER, BARE, BEERHE BN RIRRELE
RENE, TAREZE.

BT, AP FAR SRR TIER B4R

£, =T, -T)/1,-Ty) 4.2)

MNTRESE, WHBEHAKZANEALZBEENXAREE, FEREHUTHRT
B AR B PR E R B e,
T, =1536~[78.0(%C) +7.6(%Si) + 4.9(%Mn) + 34.4(%P) +38.0(%S)

+4.7(%Cu) +4.1(%Ni) +1.3%Cr) + 4.6(% AD)]
T, =1536-[415.5(%C) +12.3(%Si) + 6.8(%Mn) +124.5(%P) +184.9(%S)
+4.3(%Ni)+1.4%Cr)+4.1(%AD]  (%C)<0.5
A AR AENAS LT R,
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AhXFALFHEAL Fod SR HYREHKLR

4.1 BEWBRER /%
Table 4.1 Composition of peritectic steel /%

T E C Mn P S Si
FRESH  0.09~0.12 1.1~1.5 <0.014 <0.004 0.22~0.29

REXRFHOBE, HETHEBRMOE/RALRE. TSR E 1S /B
LEEH, T=1516°C, T=1471°C,

42 BhESHNHE

42.1 SRR
WS HRAREEEE X, FERPEREHX SHAKFRATRXRRADL
K(T)=184+9.6x10°T  W/m-°C 43)
T8 RBRRISETBHNA, BT RS AL BB HE MK BIX iz,
SHERA T BRI PR 2 E RSN ARE, HAEWHENES
HRBRKT miE, B:
kg =m-k(T) (4.4)
HbmA2~ T2 RES, AEHF, m=3",
St FEBRFEARX, BT R RGEREISTHKRXRIES, BiURERMNEX
SRARNTEMMBAHEZR, RATEAIXRER:
ky =1+ m-00- 7] k(@) 4.5)
e, EAZLRAZKERN T ARBANRAERERANFHK SARIKZW

B AR A KT . R@ASHWITERBNMERFARBMA —RERX, X
TEMARF1ERARA@3): NTBHERA=0, HARENA.4)

422 EHFIREE K

BREEXEHES 2 —ETAN B AR RERANBERRYLE, XE—
etbin B, M EREERRSEERAER. XTREESR, SRHIMRETHS
I v, EE 4 K AT VA BR 25 (Front-Tracking method)F1 (& 5 M #% %:(Fixed-Grid
Method), Crankst it T £ H45&E,

TEAEPTERAEEMNEE, R E0ORKE R H SN ERE RS
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Rt X FMEFaHX Fo¥ Gt b A4 eI

BRREAE. 1, SRUAER-HHETR, NATZHETMEE RS
RIBUERBTETEXFYLH Cp RERBEARANBR. BELRYEETE
AT

pcg—f=k-v2T+q (4.6)

K, CHEH, ¢ BRI R AR BB, TR A

of, [ of, oT
ot d oT ot .7
1@;@(4.7)1’(})\9]:& (4.6)7] 5.

‘j:pL_f

XN\ _ o
p(C L aT) 5=k VT 4.8)
SEXFEREL# Cop

Cq=C-L, %f]’? 4.9
ﬁlﬂ:’ ﬁ:

pC,ﬁaa—FszT (4.10)

BULAT L, i LF ML Cor ERIFRBH R ARLRHE LT BT B 5
BlERMER. HE-ROE, RERG.7), ULER LRZAERRERS X, Ei
JECACA St YR B B AR 43 R A

ARED, FIRE MK ARARX A2 A R T XA E

C; =550+9.52x107%.T J/kg: °C @.11)

C, =842 Jikg °C 4.12)
PR DX R b ik R B

C¢ﬂ=LCs+(l—ﬁ)-CL—Lf'% (4.13)
B A Tk [ S 2 R A O D o 0 L B ), B

L, =273000 Jkg °C (4.14)

A(4.13) AT LUE N B /NE R T E R IR i B RIE R
FRHLAMB AR UL BRBH KB NFEERE T, 3T R ETEK
UM HERER, TERAREBREENRARMN ESK, RTTHFBGHE
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R XFMEFEAL Fo R ARGER

BRCKFEE) KKK 7E ANSYS 50, FIRIH AT B () B &R R 18] DRI I
A AT LA R BRI T R AT RE iR B v AR

423 BE

HEERER R BRL KT, KEE A, BENRASHX, BTH
BEALRHRREAR B, M B S A B (0 R

ps =7400 kg/m’ (4.15) ,
p, =7000 kg/m’ (4.16)

K@ IDAFEHAXERE, BEREE R HE.
Puswy = s Ps +(1=fs)-p, (4.17)

43 BRNBEXNFESH

R ERFTHR S 2, A AAIENTE 800°C ZEMLRBEZRKUT HESH,
BHEE, MR RARKRES. REHESHZLNREYR, AFER. N
R, BEFHE. WREWURLERLE RYREENERBEMMNER,

43.1 HHEES

PO E RO RER R ZIT AR SH . MEERERE ERER
BRETNEE K, R e NRRESEE.

AT, XA TR REat™,

E =31.46-0.02256T +1.38x107°T"* (4.18)

R EHBHEE, GPa; TAHEMK, °C.

R@18)FTEAGBETLERE 900°C~Ts EMLERE . 2 B AL &SRS, T
NRENLERBELHESHRESRBANEERS, TARRALHELRTE
TR, FRETASYEAR, SHXKREN, GRIEBL A
RHLK, Se%BrtElh E%mBHER THENNFT . .

LB REALT 500°C~900°C LR, MG LREZELFREANXR, BIbX
R K2t R 2 K

E =347.6525-0.350305T

FIF %A HE R 900°C T B8 14 53(4.18)ILAZ, 500°C FHIHMEEHEL
175GPa.
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Rk FMEFapL Fo¥ RPN AL

LEEREHTRERFEUTH, $EARAL—EHRE. Bk, ZRERK
UEMFEMR UAREARGHEER I T, RUERATETRES, BEEEHTR
BEHNEE, FURSHRTRME. AHRT, DEEKTEMALRE T, Bt
BEREERGI)HE, YEERTEMEEE Tor, BEREHEMRLLNEED
PAREIFRRERELL, BEA—MEAME.

432 jAfALE
MEFRMEU TR, KBntk  SEENERHAK, TRVGETRLL uBE 0
505 2. AHHHRATRHE, |
u=0278+8.23x10"T (4.19)

433 MIEHKARL

EHHANERUERRORERE S, AT HEN RSB AN AR
a WA RBERERWANEW, FEEBARARLKEN, EtgUsIe R
R, ACHEERNIRERSA, S50 EMNERELETARKRBHZL,
HATRL AR B (4.1) 0 BN (O R £ P A B R B

. 18

o m—eras [C}=0.045%

% ~=— [C]=0.120%

T R2F —— [C]=0.200% :

£ ]

2 e i

o '\

| 1 B

K )

= L1 4

I

0 N s N L L
1000 1100 1200 1300 1400 1500 1600

Temperature /C

4.1 BRI R M RK R MLk

Fig 4.1 The variation of the thermal expansion by different carbon content
MBHATLAE H, B[C]=0.045%M[C]=0.12%Fkt, MK RBHAE—EREXHK
SR, B([CI=0.045%T, RENMMERERRESHEy KR, HIEEL
BT, FEENKRBER LA H[CI=0.12%K, BT AN, EBKMAKR
PHEFHE RERTE. 55h [Cl=0.045%1K) 5 HE] y B ZBEX ARE, HEHRR,
R ik REREEBK. MEZT, [CI=0.2%MHEKABNREEE ML,
BAWL, BHFEENARRBEXERE, HAWKRROREX AHEE. Hit
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Ak FMEFEHT 0¥ A AR LR

A LAHERT, [CIR0.R2%NR4AMBERHENNERERAKENE RS XTF
[CI=0.045%H %4 i1 5 #15 y A4S,

[CIR02%M MBI R BB A R AERE . BREN, BRUAHRRAERE, AE
RREEENBEAF L 1495°C), M3t #ig ik R BB R

R SCREY, BRI R RS EIRE .

a=(5.731+0.0076-T)x10™ (800°C<T<1200°C) (4.20)

BRI B RN A I R BN B (4.2)FT
100

o —[C]=0.20% '

¢ 80f [----[C]=0.12% ;

E

S 60 I

g

»

S 40}

]

;

E—E 20 b

0 1 1 1 ' Il 1 1
800 900 1000 1100 1200 1300 1400 1500 1600
Temperature /°C

42 AR P RAA R RS

Fig. 4.2 Thermal expansion in numerical simulation
Jo R AL 0 R 5 R, AT SUIREN T [C)=0.20% )Rt ATXT b, FoA Aoy R
KA, B RBLR[CT=0.20% 40T B FBE K R BOEmAR /D, RERL b B4 )
Yo EEFR,
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RERFALFEAL FE¥ Skt BB NRE/ DA

FLE EHERJ[NRE/NNFHERM

EFE AT R=ERE, HEBSRRELE, Mizikal R A EHBIHE,
K= R B — TR R . WA BNEREBDSRRT, WEENRT
H POl —HRE R, A NS AELITR, U R TiES), BERREER.
HAG—EHA LOBRES A, NUHEENMEENRRES A, BEREERSTHE
e S0 2R L ) I 7 20 A

AEUEFNEREAFANER, HHEAFBHE FRAAAEET, HEXRE
MARS S, FERREIZNEEG DR,

Wi

b i

BodF

¥
N

B 5.1 FoBRERER
Fig. 5.1 Diagram of billet solidification

5.1 ESEIRIR B AR ER

5.1.1 EXERL

RIEHEMRFRYE, NEE 114 BBEEIMARNR, BIHERY, FTH
&[41-44]:

(1) EHogMts, $EERAEREETATAMERERE, FILZEiE sy mfk

\\\\\

(2) HEfEER, EREERLETRERS;
Q) BOYHSBNEBER R, 5ZEAELR:
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FAXERE AL FEE SBLRBNBE/ A GRIARH

@) M BT R, 25k A i % e 2,
(5) SEEEHRLS PO B BRI 0 Aot A A S A0 R R AL,
(6) & MBRE HARAEEME,

512 AR EZHEMVBEEYE

5121 EMBREHILRES
WRIHELR MR FRAE, S FRU R R LR REME, HIEEH FXARME A 1 Lg%
BEHhE, 208, —Ka—-O

n

5122 BIEREIOREY
WEREHGRFMRE L NREM, EREREF - KEn——q,,,, q, & &

WARAREE
AXFBATF@ETEPHRAEES, 0. 4885 00" E=AHKSEN

e, 5B
0.0,C,AT =7, xF
B g,=0,p,CAT/F (.1)
A
Gt GRFBPHHREE, Win's 0, LREBAHKE, L/min,
P, WHKERE, kg/m’; C,: WHIKMEH, Jikg °C);
AT: Z@BAR LR HKEREZ, °C;
F. #&%050KEMOERER, o

ERBAMENRE S L 55853 0 KR, HEHKBRERENNESEHEHE X,
AR R R ARRE ., BB, EERBRETHNBRNRAEETR
A

q, =2688-Byf KW/m? (5.2)

HP, BHEY, + Hutla. FE LR R TR Y

[ (2688~ BV )dt
q= p

(5.3)

FERGC.DHE K FIRRRARGS), RTUBTER B, f, HEGRS
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FAb K F M+ F 436 FE¥ SGELRNBE/E N HEAEEM

ERHTHES RERETRBN RN,
q, =2688-343r KW/m? (5.4)

T HEABREHA, TFRATES, FURERESERBLALMA
AHEERTNS . BAREW, HEREAARAHTY, SRUAGTR,
AR S R,

K
=+t 5.5)
9y =h,(T,.~T,,) (5.6)

A b HBRBARE, Wim’ C);
h, HESHRAR Y, B 150 W/(m® °C);
K, H 0.054, W/(m - °C);
d HEWEE, m;
g, WEBRMREE, Wim’;
T, WHEARMERE, °C;

T, WAMPIEIRRE, B PE N 2000,
5123 MIA&H
TARMAHERENIM, & EVRBREETHKRERE Tp, B
T(x,y,0).0 =Tp» FERBIF, Tp 2 1530°C,

513 HEENEL S

RERE R FRYE, RBEEN 114 BMHEARANER, RANY[ANLRES
RITHITMAERIS . ATHROERE, RAFEMETE, WERX TR NE,
XEEEAT LMRIE S R, AT R H A . MR EI2 4R WA 5.2)F7R.

D000 0156/ 010/0 05002500000 10 00 00 0 50 0 5 U OO0 O O O S 6 50 O 00
INABNAED I e T T T T T T T TR LT
HOTIT F OR8N 000 00 0 0 0 O 0 6 060 0 O A WL

5 ssagsssfzsssﬁaeessggﬁggwmeaﬂs! SEEE YT popy
11 11 P e LT T 3.
1 s 1T .
1L JT11] 1
1l 1115 1

1T
1

B 5.2 %t X B
Fig. 5.2 Grid of billet simulating zone
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RAKFHMEF3 FAE GG RENBE/EHBHEEN

5.1.4 WIEREIAE BRI R
U[CT0.12% MM A BIFCR B, 4 FMIM TR IRl A SRR B 7 3t
RNRESEORBET =0, RES.1.
5.1 HEMARTRI E8te 5%

Table 5.1 Slab geometry and process conditions

# 4 R~ (mmxmm) 3200x150 25 H PR 4 o e

4ifh %K H (mm) 900 T &R 9 85 B (mm) 0
R EA KK B (L/min) 6000 ?ﬂii(ﬁl/min) 1.0
A A H K I B (L/min) 300 HHAHKEECC)  7.6~85

B 5.3 MEU ETIT, %45 H 4 58 MR HE I 5 7.

e ———

(@) BNMEAEBERENHEE

900.848 1160 1320 1460
970 1111 1250 1390 1523

(b) FEABRIKRBENI 55 E
B 53 FELERBNBETEEY S
Fig. 5.3 Temperature contour on transverse section of slab at mold exit
B 5.3(a)h 3200mmx150mm Wi L, 4 SRHERTEOEEM . BTFRIER
TR, BERERTTIENE, YRERAERRA BNk, WE S30b)FR.
MBEHTUE S, BFHEABK SN R, AHEERK, SEERIEERY
HBLZE A B 901°C, [ 5.4 h4 R NAMREHE S AR &R,
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Rk FH+ 45X FAE ML RBNEBE/ LA HHAMEM

m [l FTX
T A e » B 0V L UL /Y L Ay ¥ 7 s AR+ 5 <5 WIARY 31 st e vt o 240 00RO T R v e T oA oA

BS54 gRJUOLBREALRER

Fig. 5.4 Solidified shell on transverse section at mold exit

MNE 54 FTUUEE, 4RBAEELBHENE, BHERMEAREAD, SRELZHNE
BAHAYS. EHENER L, PORBEREREE, ERATLELRHYER
B, XRENERABXE, EREVH, bFEERREZRER, HERE
MIBAT, PEEARIRGE, ERATEBSRENE, AR E R, Bk
AR EHRE. RETOERRKIEEER, B ERRZ SRR
HELENMZ, REREREE. Kb, EF A RABLELTEE, FHEA 15.1mm;
REAFOREAFERE, ERER 22.0mm. ERKEETRT, REFHRERY,
HHAREENE 14.1mm~208mm JEEHA, BRULERSHHEEEEYE,

25
—— Wide face center

20k - --- Narrow face center
@ s _L.e"T
£
L
S 0}
©
=
177}

5t

0 1 L L i 1 1 1 1
0 100 200 300 400 500 600 700 800 900
Distance below meniscus surface /mm

B 5.5 AR RERREES

Fig. 5.5 Distribution of shell thickness along the casting direction

B 5.5 AHARHAEEPOLRTENIEF ARLHLE, £45 RS HOMERK

BEEFOLERE MBI, XREAFREPOREAHBAE, HRZER
Mg, KM, FEAPLOEREESREPOML EERE.
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R X FH+F1#X FALE SHERENBE/ LN S RAEN

5.2 EHIRM NIHHEER

ﬁ%ﬁ%ﬁ@ﬁﬂ*ﬁ%ﬁﬁﬁﬁ,E%%ﬁﬂﬁﬁ¢,Eﬁ%%@%ﬂ%%m
BT SR R R B A0 TR BT 2 A M B R ZE R e R A AT
FENAANASANGEER. FTIRERIE DRI GHTHR, UBFIER
AR, R TTE BRI SAETE, KRG 1R 0 BT M BT
TR A 358

5.2.1 EA{REH

(1) DEMEREEBR. BEARDENA RITH T ZDAF S B HLHE
B, FRBHEMZE, RELNHLHE,

2) MAEH ST BB BERLIRUBEHONHZIE, WKEBEL K
HERMESHRRER, TREEARRERERERENERT), HEEH
RIRMRTCER, BN SRR —— T R4t % R,

) WERHIER. BEEAMER bR AR, KB, #8
BN S—Bo MR HRANYENR, WHEEE. B SRR B .

4) MERE RSB BEDENNERRESAHF A LERMERAN. WT
REAFHBBARNGSEIE, RESKESRALWEN R AR, BRHTEN
RN BRBENLHS], FTER MR LA G PN, Bk, SI1ts L
R T FIPE A, IR SEIRHIE SE

522 WITN NIGIEBERE S
RIBELE, GRNEREUFE EOABE N, F, R0

Vo EEMRERE LON AR, JUTER S AW 5.6 FiR: X5
FAEEREAN, Y HANEEEEHNN, -2 50 NHET .

1]
B 5.6 LB RRER
Fig. 5.6 Direction of geometry model

ZRNAEEP, —SHONOREFNANS BET, BEAERARANTIRE
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Kb K F M F AL X PEE bt RBNEREE A AR

Hoe BAANS BRI G ZANZHKRMER, TABE X, Y, Z LIRHKT
HEX. ERAGMHF, BAMASBERRREARERHEER, 2¥FAE
RLA KRR — AR R HTFEAER—K, LRAFER—N=AEHE, ES
WA REENFEEREWN S, %EEMENNRREN . XH, —RAKNDR
BRAZESAENARTUAEMBHERT . T AR M EEREREHR B
3, DEUHEERUY sl V5 58 77 (4 A T L 0 gt AT HE AR L
5221 BRRNEEZY THIEN A HEERER

HTHRNAERFEEES, [C]=0.12%F[C]=0.20%F MR HATEMIAR,
AP AL R B C]=0.20%4R B H i B R U IR /D, 8 RY b B AR P O I i R B3R

W 4.2 Bz, BRPEERIETE R~ b 3200mmx150mm.
40

—— [C]=0.12%
--------- [C]=0.20%

w
(=4
T

Stress /MPa
[\®)
[}

10+

0 1 i 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600
Distance from the center point /mm

5.7 WERE LY 417 th &
Fig. 5.7 Stress on the wide surface of the slab

B 5.7 hit BB RN R3O, 3200mmx150mm K 5 E £ MO HER
R A . B4t BRE T [C1=0.12%F1[C]=0.20% I B M7t . MR aT L
FH, HF 3200mm BIRE, FHORBEABLEMREAERK, HPEERET
Ly 400mm TEEN, MAEHMAFEBIRE, REEAD, BUFR, ERBLEDE
win. FRAAREFLXEAES AHKIEL, BREKRE, KES, o7 HER #
BEEBARERNYE. BERERNET, ERTHRRAM B S LA RHEE
EHEm, EHEAPOREELEM B EmAME, EREIETARELAE,
E SRR O RN S ERK. EARCERT ZEEAREE, REVIHRR
SR PR 7= A AR AR, R E R A X RS R R R T MR AR R, SRT
B, BADEARBNEEWE LREREMLE, ZULREYW, KABNEORK,
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FAXFAMEFHL FEE SR SBNRE/E D SMEER

B A SH% B WA LLALEY, EREXREL, ARSI HEAE
AHE. ERRRMAEHET, FERE LN HEEEERDOX S0 55T R
REVIH . H A BRI R O BIZERE R T 0 315mm &, % 36.2MPa; TG B
B EE BN ) AR B T R A 30.1MPa. XRF M ARMEBETES, HTa
AR ARSI Ik 0.38% AR AR Y, AR £5 o 00 X S8 40 5 & P P X )42 64 e )
BK, GRRNAZEMAE, Eit, BAEEFEFLXSELEL,

B BB, 35 -F T R <H % 3200mmx150mm B R 4IRER, 258590 400mm
BENEENABLER D ERA, BT UENERR AR R ERERL, 54
RECRAEGORERS, SRRECERMGAHHL, FTASERED LK
TR AR B
5.2.2.2 BIEERE RT3 15 hIHE &0

EEFLRP R, FRNERTHEEXER AN GG EEEW, FHikAE
XX R T R RR S 5 AL, MR LR RS B B,
2 HHL 6 B B AR I (3200mm>150mm) [ 77 3% B 58 F, #5#5) 3100mmx150mm,
2570mmx=150mm, 2100mmx150mm, 1800mmx150mm, 3t HMKER T FREREH
A, FHEEIH(CI=0.12%, HMTERESHRE, BRFERATE NS
BERTE, BEMETREAHTER, BRERARE, HEEEN G, HE
SR 5.8~5.11 PR,

40

’\J/\

Stress /MPa
W
<
—————

[
(=]
——a—

10F

0 ] 1 i 1 1 1 1
0 200 400 600 800 1000 1200 1400
Distance from the center point /mm

B 5.8 3100mm FHA R LR 45
Fig. 5.8 Stress on wide surface of 3100mm width slab
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A KA F b FEE &tk B BRBK A HEAMARM

40

30F

Stress /MPa

1

0 1 1 i 1 Il
0 200 400 600 800 1000 1200
Distance from the center point /mm

B 5.9 2570mm AR 3 0 _L N J1 5 A
Fig. 5.9 Stress on wide surface of 2570mm width slab

40

w
L=
—

Stress /MPa
2]
(=3

S

0 200 400 600 800 1000
Distance from the center point /mm

B 5.10 2100mm S35 1 LY J) 5 %6
Fig. 5.10 Stress on wide surface of 2100mm width slab

| B 58~5.11 ARRWERTT, ELERBLOMLE, FEREEAEETOHMH
ER A S A% . H P 3100mm FH A 3200mm BHEER KNS 2 HiEHES
—¥, BRPOXBEAERH, REEHRE, BEBERK, £ 15MPallE. T
| B RN, XA EHR D, 7 1800mm FHE L, XAHERE NS
| MY 8MPa. Xt BIBEERA KR M, AREFORKEMNNERK,
’ EERE LS EE K. 3 H 1800mm BELRENHRAES, BRE/NNE
|
)

—
(=)
T

5.11), BBATLLEIN, EMRIAT, ¥ERHA 1800mmx150mm # KR EFE
BiF. 35, BTHEAMAEZ AR, AHERER, NAHERELTR&ENR
&, HARRUMBHEREFLNEERR.
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40
J
30
s |
7]
10}

0 L 1 1 1
0 200 400 600 800
Distance from the center point /mm

5.11 1800mm TR T LM N4

Fig. 5.11 Stress on wide surface of 1800mm width slab

40
~——3200mm
----3100mm
30 ‘\ ....... 2570mm
K> . e 2100mm
s _N --ee= 1800mm
% 20 L:"\. ,«-—/\\
=1 e ST TN
& e .
o T .
0 1 1

0 20 40 60 80 100
Distance from the center point /%

B 5.02 RREEREEE LN 24

Fig. 5.12 Stress on wide surface with different width of slab

ARAKERTTF, FEEE AT OB ABAEMN 26, WA 5.12 iR,

MBI LE, RRAKERTHRE, REMODSAMELRES—BH. MEE
BREEEPOMENNERK, REBHRD, ERLARCESR L. BREE
RS, EFE R LN A RER R EME B E &K EHE, HF 3200mm
RHEATE LGN REBNEERTFL 19%FERME, H 36.2MPa; 3100mm
B R ST R AR A BRAEBE PO 29% R ERIALE, 4 29.1MPa; 2570mm B8 % 3
R B A AR E PO, K 24.4MPa, REHHIERN, HEEDO 36%KEA
BiEF 21.5MPa; 2100mm FHEEE LN HREHREBRPL 27%REME, A

£ — i



R XFMEFEAL FA¥ ik RBNRA LA DIAEARI

21.1MPa; 1800mm FE447E T LR ) A0 L4495, FEBETL 40%FE LV I A RL 7
B8R, 7 16~18MPa Z {14, AEEHHD. B RAF A TR ER R K
EREERERMTMER. RERBRLK AR 3R B, FHiE, 3100mm
#13200mm FHLFOREREBBMHEHE R THMFEFL. N FAREER
%, BEERENEN, RABBRXHEETEF OB,

B 512 BT B, AR SKTE R %L R — B MR ENH LB KKER,
AT ETHRERMER T EAREY A MEW, RAREELR—AERNA
EHATHR, W 5.13 FR.

o o 7

(a)

40

w
(=
T

[\

E I%

gl .

P~ : / ”—./A/‘

Tl —a—A(I2)
10} —e—B(3/3)

—a—C(1/4)
—v— D(corner)

0 1 1 1 1 1 1 1 1
1800 2000 2200 2400 2600 2800 3000 3200
Width of the slab /mm

(b)
B 5.13 R TR A REN A KK
Fig. 5.13 Comparison of the thermal stress with different width of slab

& 5.13(a)F A, B. C. D ANMAEAFIRREANFEEEE 12, 3/8. 1/4 AN
MIE. B 5.13b)h7%E A, B. C. DIUMIE L, HEREHIN ) ERFEREEZN
M&. NEPTUEL, BRTHEAE, EREL, BEERERENEN, REXKE
MR ER K, P, BEREFOME A)S 3/8 AL(HLK B), Mg EMHE.
ERFT LAY, FEREEK, BAESERENEAP LR B AML. EFEHT
8, NAEMREREZUAHE.
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5.2.2.3 HIEXMHIEN S 2 HEIF M

HRITE R T4 3200mmx150mm &R 7E 1530°C HBEEE T, ARBIREER

BRRMN A MW, WA S.14 BiR.
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Fig. 5.14 Comparison of stress with different casting speed

& 5.14 34 HZERLE H 1.0m/min, 1.2m/min A 1.5m/min £&4FF, 4 RSLA
g, BREREFORABUE A MME. MEPITUED, HRERES 1.2m/min
B, ZEEESO 400mm FEFE KN, HARREHMERE, BAEETRIAMLZHEEAL
B, MAEREFH, BRXEMEMRENNERRAXEE. FiEidRE2
1.2m/min, EHEFLRENNEE, HRTFRAERSOXERUMFER. SHE
% 1.5m/min B, £REGEETRE, EREREL, UF 1lmm, & 5HEMRNE
ok, EBHFEEMMAHBRE, HMAREE. EES, RABIAHKRNTE,
%4 35 HW #17K B 81 6000L/min 3 0% 6800L/min, /R fAFAEFIEET 14.2mm, SLAY
WEEENHE 5.14), NEEFLEIRE, NAM2EREEFHRES, H
BE#HESL 200mm BEA, NAEPERTRIEERX—MLERND. Bk
FOEREF 1.5m/min, FFEFOXK BT RREK@EEM.
5.2.24 BHREIMHFEL DA BTN

KR R~ 3200mmx150mm % 54 HI7E 1530°C #1 1540°C Wi EE T, &%
Ao tH AN SRR T RIS S A6 o A 43 50 829 15°C F1 25°C, $53E#4 1.0m/min,
WA 5.15 FiR.
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Fig. 5.15 Comparison of the thermal stress with different superheat degree

ME 515 FATLLE H, REGHKTABEXERPOXKEENAERAE. EER
EP.L 200mm KTEEA, SHRERS, ROEKX, FEBETRENMEMN, %k
RE MR ARERRE P OB, XM T R P OHER SR G fE
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REPLOMERILE ™ EMRE, NELREMAKTHRE, RERELRE.
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o0 ] 6000L/min
) - §500L/min
3]
% 30 i .
52; .
&
)

20 ¢

10+

] [l i i ] 1 1

0
0 200 400 600 800 1000 1200 1400 1600

Distance from the center point /mm

B 5.16 W05 R X5 48 & T M 7 A B MH(150mmx3200mm)

Fig. 5.16 Comparison of the thermal stress with different cooling intensity
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A, B SR KBRS RS X A M HIGREE, 438 A Ak B
A 5500L/min, 6000L/min, 6500L/min. MEHTTLIE H, BHIKEKBLITE
RRENAZUEWAL, NEELE, BEEANKERNEM BERAHONHES
WRHES. BAHKES 5500L/min B, FERENHERD REEEEHD
180mm AL, NAMEMEM, XEHAREAHNKE, FHEREONHERK, BT
BOHARMRAKRE, BRNEEASDRENRE BRNTEERE, FYER
IS R AR 1~2mm, T L7 A 30 BB AR (8K, SR RN T RSB AN /B 1 o
SR HK B NZ) 6500L/min B, %55 & M N B K, 28 55 0 P 0 590mm KT
W, RAERK, HA R OMEDERHT 39.5MPa, XS, LAHIKERM
%) 6500L/min, 5¥HIKEH 6000L/min ARk, NMEEFEPOMENAEFEKX,
EREEENAERROKEEREKR, FL4AHKEXS 6500L/min, FXH=4
KRR, TAESHARLMR AT K,
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FNE &L

WIBERELR, AANESREREARCRIEHELRENEERBZ—.
ARG RA SR A, AR RURRE R AT E AR, 7T %
RS TESHEMERRTMU NI HMEW, BEWMTER:

() EEEBHOL, BREBEMGAY, EHLNREL, PORKEMIEER
ARBE, B 20mm, EHFRRATDAELRWEZRE, A 15Smm EH.

Q BTALERN, FARKRAEAEFRHRRERE, HitGSMRAERERN S
HEHERD LR G S m T RERRMAF.

() ARMARTER, MEFERRENEN, RENHEK, KPEREPOX
HAWEMRE. B, REREHBE, BAESHEREREDOXBERROARR
(2

(4) BrYE P X R AR SR R TR W B o T W7 R < b 3200mmx150mm 4%
¥, B B 1.0m/min £ &2 1.2m/min, HEFOXENAERD, FHHTFREHE
FETOXBBLMHR, BY%ERBHRET 1.5m/min, EEFEP O 200mm &
BW, MAOEHK, FELEEETOREHERRAELEREM. '

(5) B HAE, HEEHETORERN M. KR T4 3200mmx150mm
BOR, M4KITHEH 15°C REF) 25°C, HEEE LN ARMEARF OB, %
T 0 HHE B U A

(6) BEEAHREMRN, HEREHON K. Bl R K 3200mm=150mm %
%, %UHKERH 6000L/min BEF) 5500L/min, HIXREN HERK, FHTHD
SR REHBMER, ERHBNNYKA, FNETERERE BT HBRIARER
IR .
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