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Formation Mechanism and Prevention Method of Facial Cracks of
Continuously Cast Steel Slabs Containing Boron

Koichi YAMAMOTO, Hirowo G. SUZUKI, Yasuhide OONO,

Naotaka Nobpa and Tooru INOUE

Synopsis:

Transverse facial cracks occurring in boron-containing CG slabs were fractographically analysed and the
cause was found to be austenite grain boundary fracture due to the precipitation of BN along it. The
embrittlement due to BN precipitation was very well simulated by the hot tensile test with Gleeble Tester.

In order to avoid the facial cracks, two methods were proposed. One is the reduction of nitrogen content
to satisfy the condition; (wt% N,—0.2Xwt%T1)<0.003 wt%, and the other is the keeping of cooling rate less

than 0.5°C/s in the secondary cooling zone to promote matrix precipitation of coarse BN.
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Table 1. Chemical compositions of steels (wt9;).

Steel c Si Mn Cr

\ Al P S B N Ti Mo

014 020 062 —
016 019 065 —
016 020 064 —

— 0.020 0.018 0.006 0.0008 0.0035 - -
— 0.021 0.019 0.004 0.0001 0.0065 - -
— 0.018 0.017 0.004 0.0017 0.0067 - -

IOGTMMOUO®>

013 042 118 0.16 0.057 0.059 0.017 0.005 0.0008 0.0035 <0.001 —
013 042 1.18 0.16 0.057 0.057 0.017 0.005 0.0007 0.0035 0.019 —
014 039 120 018 0.056 0.079 0.018 0.003 0.0011 0.0041 - —
014 0.25 1.26 0.16 0.5 0.035 0.018 0.004 0.0012 0.0038  0.019 —
013 044 113 0.15 005 0.064 0.013 0.005 0.0008 0.0027 — 014
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FOEEEEMEEHEL, Shir1x - L RTHEE
U7-#A R 0t Fission,track R X %R & BILEHD
AATIRAB & ORI OV CHE L. BEE AT SEM
BRI T, EhEEEOTRSTEIA — Y =0k
W (AES) Tffote. HEREmEh L4 UcElhg
% oo F L RBA A ER L, 2x10-1 Torr LA
TomEEZo AES #EERNT —160°C EHHE, Mk
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oy AES S8 L7
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ELsEEo, Fig 1 WRdT=o0 By 1 7 LEHT
SEA 7o, AEGEEEMER Tk 20°C/s ORT, B
B 0.1~20°C/s wZ b I AHHBFOTEDIRE
T 30s (R, BAREE ¢=0.05/s THIERD, Bk
R (RA%) * WE LT, BEAEFETOA T 7EE
DEZD e — VDALV IR IV AL EHEL,
B EEY = — L HE : 350mm, FZHGIHHEE 0.6
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— AR EBEENL 35, BAEIL 8.6x1072 12y,
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Fig. 1. Thermal histries of the gleble test.

UBEEOELEE S - OERTL 1072~10-3/s DOFIFH
ChHHEHEIND. 0, ZOXRFENLBILEHD
¥R ER 800~1000°C T U AL ERNIET S LR
BT, BALY KL oTHEIRTHBH L5, &
DREHROMILITEZEEIS NI VG E, BB
HrRL, BLEE 1072~10-3/s CRERF/IERET%
H£US. UEOEHINBEFEAEEXZERLC. ik,
BIEE 0.05/s 2 BAKOIL, - OEDHFIRTORK
5 2 PR DL TIT O b DS DD TH S,
B L&D BN RS C o &EIRAF 700~1000
°C D BEB S KBEAN L, Fission-track 3T -~
fo. Xor@—3K% SPEED #9 ik kv BEREEE
L, WV 7Y 2o HETEMREBZEYT, Ble
Mo X v BN, Fep(CB)e DHFTHIHIRE 2 RO,
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2 Photo. 1 wiRT X o, EiuxlH r RAREST

Microstructure of transverse facial
cracks of CC slab (steel A).

Photo. 1.
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a : Wide face b : L-cross section
Photo. 2. Distribution of boron revealed by
fission track on the CC slab surface.

AT T35, B{t&%d Photo 2 Wikt I 5 i BiEiC
BR B L Tk, FmEh & BERERydoz
EERFBL TS,

W AES & X AENEE OB 21T >7-. Photo. 3
RIhbogEhEEOMEAGchHY, GRoRE T/t
KEEMIhEEL, BEBEBINS AL FASHKL
TeF s vZARBHRAYEL T3, ZOBHE%S AES 4
Wi+ 5L Fig. 2 wRT X5k S, B, N ORIFAED

Photo. 3. Fractographs of the transverse facial
cracks. Fracture path is along the austenite grain
boundary(a), and fracture surface is composed of
void coalescence (b).

Photo. 4. SEM image and auger
electron images for S, B and N
taken from the transverse facial
crack.

bhb. =0 AES #% Photo. 4 imd. X5 ICHEE
EH 5 DOBE L FH A DRI TROBESMIRAEE Ar-1
F v s BN R LY Fig 3 R4, Sz 20~
30A DEFHMESORITTHY, B, N i3 1504 %
THEWEREIF LT3, 7k Fig. 2 R+ X 5
iz, Bix 180eV 25 169eV & 7 37 v L,
BN o =3 1¥—-L—KLTWSB. ZDX57%S,
B, NoETREBIEEAERO BRHERC X BEX
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Fig. 2. Auger electron spectrum of the transverse
facial crack surface showing the segregation of
S, B and N.

nBHOVLHELUL TS, LEDOKRE2D, ZodEh
BEESEEO ¢ BEER O BEY (Fr BN)D
BT AR U2l X B LHERE S huie.
32 JY—TILRRICEB>Ialb—>aVRR
Fig. 4 wAre vEBICRO A r vEGRMMBI 3135
B0 BERBE R LR, bk 700~900°C ¢4
CAr vERCIE A r v BRI B IC LI B s
MAERACHEND & &b RAZBHEL LB L, 750
~800°C i1y 30% T, < OIELERIOWTH
BRER L BOFHAMIREEL B L THRES L7z . Photo.
5 RFOFERYRT. ThikAe vHlL A e 2 BN

|
iéf
!
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Distance from Fracture Surface (»&)

Fig. 3. Depth profile of each elements from the
crack surface, taken by Ar-ion sputtering.

DT & b EFCH(LE/RT 750°C 5 [RMBMT LA
FarEBElcbochs. HERERNLA e vERNEB
R AER T, Ar vCRLeECHAEShYET 5L
FC BILAHOIE v KR~ FrH 2R 4 U T
. 0Ty —TARBRT LB A e vEIOERMED
Bib & o AT HICER Lo AEh e X 53 D TH
D, REFDEhZESFIRLI D DLELDLIS.
3.3 REFNAENEK

NERIE ¢ BERTOBEHD MAFHC X5
LB ENIDT, [NRELTBILABONAITHEES

B Free ‘

B Addition

Fracture Surface

B Distribution

Photo. 5. Fractographs
of steel B(B free) and
steel C(B addition) and
distribution of boron by
fission track. Fractured
at 750°C. Boron con-
taining steel shows inter-
granular fracture and
precipitates of BN at
prior austenite grain

boundary.
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Fig. 4. The comparison of the hot ductility of
steel C(B addition) with steel B(B free).
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Fig. 5. Precipitation curves of boron during con-
tinuous cooling from austenite in 39, Mn steelD,
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YA R IREHEE B L. Fhut v BER
ToOBLaHoN HERE RS, L EREREL,
Bib &t e (MnS )9 R kiAHiHE ¢
DHETHS.

DED=20E 2 HrREEhIEKE LTHERTH S
IPEPE 7Y - T ARBRCI DRI L. FORKERD
Trad~Xs.

3-3.1 EN/fbicX %

Bax ki £t (C:0.04~0.16%, Mn:0.2
~1.5%, Ti:0~0.02%, B:0.0001~0.0060%, N :
0.002~0.01%) 4 OEBEH X AT, EERO KHEEl
hofFEr 7y — 7 VRBROFEW: ToOSIRES S &
2RI, KEENEZREITRAY 7)) -7 A RBk

%0 T T1300¢
Tc 40 VA -
% Le=5xw}§
30 t
BN
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o 10 a® B Poo@DtilitY 5
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(wt %Nt =02 XxwtgTi),*'°"
Fig. 6. The effect of B, N and Ti contents on
the embrittlement in the temperature range be-
tween 600 and 1000°C.
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Fig. 7. Time-Temperature-Ductility diagram
showing equi-hot ductility curve. Tensile test
was done on the way of cooling from the melt
and reduction of area(RA4, numerous values)
was plotted.

X BMALE CTIREL L. REOENL 7Y — S A RB
DB TLY, RAY 7 60% LT H7AHREROE (A
T, BAGREE) 2 50°C Ll kic/e s &4 U35
TEND, ThEENBROIBESE L. Z 0ECHE
WEhC BTN & BEO Bifky AL TS &,
Fig. 6 wiRT L5 NE%x (wt% Nr—0.2x wt%Ti)
<0.003wt% @ T % & EEEh A 12iEIk c& 5.
Nr IN&FETHD. 7t3, Fig. 6 hop 2N EFIT
MLBEER (°C) T, OHNL<40°C, Al 40~50°C,
Ou>50°C 233, LiaLiksd, ENIEHEDOLRT
SRR OB ESET X O TR CElh v 52l
IET&ER.
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WF 2 AVCERE CHAEEY 0.1~20°C/s wg %,
RAY %Rk, #3% Fig. 7 oRdo MM RAY
DEF TR L. InBHEEE 20°C/s 5 RERR
BT 30s BEFLEFTLOLEGERTOR. g
B X 2B OBBAD - DTz, EEFOEFREN
AL T RAY 60% LITwins L AETL D Lok
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Fig. 8. Time-Temperature-Precipitation curves
of boron during continuous cooling from the
melt (steel F).

BERTNBY, ChE B LEhEERBRD R4 60
% SWENEREER L MPCR L. RN Elh i
A U BB L, WEEED 20°C/s Tk bR
73 700~900°C iz L 1°C/s Tz 700~800°C
M7z 100°C 8% n, X Hr0.1°C/s TRl
BaseerelEkT 5. ChbOBRE T 5.0
e EEnkdo 700~1000°C 757k EE A L Fission-
track 3ECB O E R, Fig. 8R L. HA

FTHI AR & — SR ©, AR EZ R TR T B
FROMAOEFIRAR L& 5FH T 5 BILEWOR T
ORERE S L ONAR I THRLUCNANTEEORS)RE
ARLTW5. 73, Fission-track BFE - R ZERF
TR NE EBHIEERE Ui b O REHT & B LER
Ui, BAEE DR PR R AT BRI BV ET

L 20°C/s Tt 900°C T 5% 0.5°C/s ©i3 800°C
wigh, RRCH ORI 5 KR ES BB
TS, flziE Photo. 6 iR koK, BHEE
20°C/s T BALEH D BIFIRE HHH 80% HIRTH,
0.5°C/s Tz 50% i, 0.1°C/s =iz 10% i L,
ZEALERAECELTS. —F, A7 4 #
MEIGHEEO B CH TS, ok, 2hbD
AEHIB O RO OBEEE T 600°C ¥ TR, 2%
LTEBbDTHS.

Fig. 7 & Fig. 8 &xthe42 &, KAHHEL 50%
HEx b5 28K E RA 60% LT OMLHERICRYV—
BErRbh5. 82T, BB X5 EBRERDOBEDR
X BALE OB L R ORIANT I X BRLFHTH o B4
EET S ERHELMT Dk,

3.3.3 TiminopsE

C.R. B distribution

Microstructures

20
t/s

0.5
T/s |

0.1
c/s

Photo. 6. Effect of the cooling rate on
the boron distribution and microstruc-
ture in steel F.
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Fig. 9. Effect of the cooling rate and Ti addition
on the hot ductility of B containing steels. Tensile
test was done on the way of cooling from the
melt.
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Fig. 10. Time-Temperature-Precipitation curves
of BN and Fe,;CB;.

M D, ExH\vBEk o L. Fig 9 wiRT
ko, MELL 0.1°C/s 0fd Tt RA% 3157
L, e TimmREC KT, FOMENEZ L
AERIELEL . Thiz Sy BRTRER
TiN 23 BN L LTt L, EREXBELERL,
BN ofifafiE*BA swbz ity BN o H%
ML ctcd LTINS,

3.4 BiLEMORNERICK SEM

8 F & F\VIERE CHRERP AN R OWTHE
FrL 7o, IR S B O H4ix BN & Fep(CB) ThH
v, Fig. 10 bz Fig. 8 o Fission-track ¢ B
PR & BB L 2ERBR L 2ER ST TRLE.
BN A H LY B33hXTw5% X 5ie, BEEEDOEIK
R ARFTHIS S, MnS 282 LR ARG
%. PTHBAMEREE 900°C i3I —ET H5bH. —K
Fez(B)s 1% BN X b (KB CHH L, BHEED WAL
WHTHBIA R ERIB M BT L, 20°C/s Tt 800°C,

1°C/s T 700°C, 0.1°C/s TIHBEH Ik, —h
bk, 0.1°C/s CIRER LT\ B AEER© BN &
LCEENCHE L0 L#EIRD.

1. KEFIhBBOESR

Bz X % Bl bz 700~900°C REE Ak © 4 U
5. ZObEH ALY o CERBLE S E I
MwiEE 2T Fig. 11 wirdt &, fFERIO R
E—8T 5. AR RO YO RFTHOR A+
XY @r—a FRFEKC r AW 2 TELSB 7 4 L&k
D7=541F () H, %o ERK XH Shd o &p
BLBRTWE., FERC BIFS A vifcll a B
REBRIATREE Ara 1349 700°C THBDREF LT, BN »
BHEFHIZ 3 Cre 900°C CAUB & &% B LT
5 (Fig. 10). zh o b#RLTBR IR ER
BN o r WAFTHC LB DEEZBRS. LA
RO RAEL S CABRCRTNCER ) EH LE
RER EF U2CATREME S B 5 2 S ENIHER T & 7o 5D
.

W A w Vo Eh g o\ BXmie Fig. 12
iR L. B (a) BESRH®RFO 700~900°C FH
T BN o y FIAHHAETLS. k© (b) HRAIG
B, BE e Xy BN % =4 7 v A A K2 AT
5. ILRERHIER (c)(d) B4 FRAEEERL v
PRCIB T 4 v A RDENIC K S, = ORFICEE
@trzﬁﬁibak,rﬁibﬁ@ﬁ@crmk%&
NEFLET 2D EELDRS.

Ar vV TERERP LR LT VEH E LU, —
2k N, B, Al, Ti o5 £ERIRED bOwEIFDOIET
EREB O OERITTFEIRBTCORER LY, &
{LBERTE B, Al Ti OHEEECHEEIRS IO
LEZBID. 7 FEBiFD B, AL Ti OkORDD

1
i Ferrite |
film |
I
1

®

(FeMn)S ppt

Ductility —

Deformation Temp. (C)

Fig. 11. Schematic presentation of hot ductility
in boron containing steels®.
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vVoid formation Nucleation
s of
(vgp S1iP) proeutectoid-
ferrite

BEERAR B0 12 Dp=2x10-3 exp (—21 000/RT) cmz/s1®),
Dy =30exp (—56000/RT)cm?/s'V, Dp;=0.15 exp
(—=59900/RT) cm2/s'» T %5, BN »kHiBHE T 5
900°C T I35 L snR0D BRI Dp=2.4
x10-7, Dpy=1.0%x10-9, Dp;=9.4x10-13 L7ch, B
AL #2000 f2, Ti oo 105 f243 24 < Lk
T5. ftoT, A&#HFr BN 23 AIN, TiN X b <
WRWCAERT Ao HEEIhD. ZEHIX BN »ilk
BEHMEIR C A 503 5 7200 RIS AT CRCHT A 42 U
HIzHT H5H. B HEdyar EE O Elhakm
(Photo. 3), Fission-track x50 B DS FIREBZE Hs B 2
T, #5um T HETHCHML, TORNTFRED
0.1~1lpm LT HD. Fi, A4 FEDLH Spm
THHBBONTRMMREE—FT 5. #EOoT, K1 PRI
DB OBRFR TR ST, KA PR
 BSBCHEETIERAA VOEKRD D DERBII/NX
{TCF 4, ENEFEDL A vIITREREN
PEEECETLH LD EHEIND.

W EDBHRERY & L EREA~OH H * R &
foo BERPTORT &M amcd X 5 E L 7.
(1) (Wt%N;-0.2x wt%Ti) <0.003 wt% D{EEZE
&, #EEDO Tigmn

(2) HghCco _RESEHE O fEmA (1000~700°C
% <0.5°C/s TEHD

Table 1 wftil G, H LB rrid. WRe
L B ic HT 60 kgf/mm? gij¢, N&EH REEh
LI WHIICHE L Cv%. 2 oo 0%y 170t 8
1B X0 HEREE, By A&fT\, SRS CTHAAL. A
5 7% 4 X% 200 mmx 1800 mm D WiEM IR T AR
Rk 1.31/kg -steel 735 1.01/kg-steel 1l X
&, e BN ot BiREFR T©H 5 1000°C LIF o
BEb R E o, T XS5 LUTHESREER X b+
7 L% iR L Fission-track #:¢B oA AT 2 &
BILEWIRIHTHIL Tk h, A5 7REOOE T
JThHotk.

Coalescence

of Fig.

12. Model for the mechanism

void of the embrittlement due to boron.

5.

(1) Fevfodigg=s 7EmEhzEe BN o ¢
BRI X 5 SR AEh XA T 5.

(2) 2otz 7Y 7L RBI XDV I o L—v
= VEBTIZIFEER Sh, 700~900°C BEBTELS
BT 60% LATF OB big & R AHTH L BE 2R
DERT 0% LIk LisnEBRE N —FT B,

(3) £®m & 13 (Wt%N7--0.2x wtZ%Ti) < 0.003
wtZ DRTHEIN%B Free N o€ X %5 BN ok
FHTHEOEBME, —RGHH COREROBHEE
% 0.5°C/s DIFiEsHEbL, RAE»SRAFTHA~D
BiTEwXoBikadhs.

PR Xy A e villoREE L EHRECK T, 5E
kL, ERbaER L.

IS BAMIRC 3T AT EBEIC X 5 BN ofigiic B
L ToHithset v & — O/NMABEBFIE B ha i id
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