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High Crack Arrestability-endowed Steel Plate with Surface-layer of Ultra Fine Grain Microstructure

Tadashi ISHIKAWA, Hidesato MABUCHI, Toshiei HASEGAWA, Yuji NOMiYAMA and Atsuhiko YOSHIE

Synopsis : The present study is related to a steel plate with remarkably improved fracture propagation arrest capability (crack arrestability) to minimize
damage to a steel structures by preventing the propagation of cracks which may initiate due to unexpected accidents or the like. The steel
plate is a hybrid-type steel plate (with multi-layer structure in its thickness direction) whose surface layer has remarkably high resistance to
brittle fracture. The surface layer consists of ultra fine grains of 1 to 3 um. The level of grain size has realized on an industrial basis for the
first time in the world, and crystal orientation which is resistant to brittle fracture. Even if a brittle crack propagates in the plate, the surface
layers may not fracture or fracture in a ductile manner absorbing crack propagation energy (forming so-called “shear-lip™) so that the brittle
crack arrestability is remarkably improved.

As a new technology for producing this steel plate economically on an industrial basis, a “metailurgical phenomenon in which the mi-
crostructure of steel is refined to ultra fine grains by rolling during temperature rise” was found: When an accelerated cooling is applied inter-
rupting rolling the plate, the surface layer of the plate is once cooled, but subsequently re-heated by internal heat in the mid-thickness of the
plate. If rolling is carried out during the re-heated process, the metallurgical phenomenon described above can be realized in the commercial
manufacturing process.

Key words: steel plate: fracture; grain refining: low temperature service; structural steel; toughness; surface layer.
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Table 1. Chemical composition of the steel used.

Element C Si Mn P S Ceq

Mass % 0.13 0.20 1.27 0.007 0.002 0.34
Ceq=C+Mn/6
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Macrostructure of Plate-section

Microstructure in Surface Layer
with Ultra-Fine grains (SUF)

25mm

Microstructure in Mid-thickness

Fig. 1. Macrostructure and microstructures of the SUF steel plate.

40
= | Surface layer (1-4mm)
~ 30
oy
2 2
)
>
g 10
} .
L i
%% 1 2 3 4
Diameter (um)
Fig. 2. SEM micrograph and grain size distribution in SUF
region.
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Fig. 3. Grain size distribution in thickness direction of the
SUF steel plate.

Table 2. Mechanical properties of surface layer and mid-
thickness regions in SUF steel plate (SUF: sur-
face-layer with ultra-fine grains)

Position YP. (*1) TS. (*1) EL. (*1) VTrs (*2)
Surface layer 520 MPa 601 MPa 25 % =77K
Mid-thickness 386 MPa 525 MPa 29 % 146K

* 1: Tensile test specimen size: GL:60mm, W:25mm, T:3. Smm

* 2: V-notch sub-size Charpy test specimen size :
2mm-V notch, thickness:3mm, W:10mm, L:55mm
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Fig. 4. V-notch Charpy impact test results for sub-sized

test pieces of the SUF steel plate.
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Fig. 5. Fracture surface of SUF region in a test piece frac-
tured at 77K.
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Fig. 6. Result of ESSO tests under temperature gradient
condition for the SUF steel plate.

Fig. 7. Fracture surface and its cross section of ESSO test
piece.
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Large-scale Fracture
Test Result
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Fig. 8. Feature of ultra-wide plate duplex type ESSO test
for the SUF steel plate and fracture surface ot a test
piece.
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Fig. 9. Effect of thermal cycles on microstructures: Show-
ing the relation, ferrite fraction vs. temperature on
cooling and re-heating (a), Microstructures formed
by hot-working on re-heating (b) and on cooling

(c).

EBS>TVBDIZHL, HMHBETMLLESS, 20k
I AEMREEIE O N, MELZFFOML afko
Wk E o TWv 5.,

Thbbs, FRAREGHBARE TER—EEIZE TS o
FENELED, REEBOFIERIITRE L ar B4
REBIENTES, X512, FHRIKTMILE%ZU 72 ald
(IGIRI T L &2 7235812 T, il - PSS %4
R, FOS, FuBRETIL ML, BEO
FEEfETm T -l e b RTHF L <kt Tu
330 EILND.

FEOAFETM L4 5 Z &2k » THMRALL 72 a DK
BEARGTT 520, EAMNE FHEMBECEMEREL LT
ZERAVE T BEMBITEM)IC & 0 flMEI % % 1T - 7=, Fig.10
VRS & D 1D, BBHIRIL U 7= #5507 A B o) L %5 R 13 L
WK<, BEHRHEO I DIE - FESREPRE LT
W3 Z EMNHEREINT,

SUF i 4 854 28R T, EFROIELEBREIZBs T,
HEHEA N 7 AT L, JEER & sl aHI§ 5 2 &2k,
[EHRFEE LA S AalIEREX Y5, ZLTEDHE,
JEHEARAEBOPEFIZ K 0 o FIRO KIGER A EH#S 55888
THUHEATY 282k, SRR Tm L2470, B
FIME B IZ B O TEMN MBS SO NS &0 5 b Th
%,

4-1-2 SUF SRR (L et

SUFHIIZ, BAEEHT T - AWHIL | BEAT THU
JEES 2 L0 ) TRICK > TEEXh 30T, HH%, 8
B E B AFE TR O WRE IR A DZER 2 E



(a) SEM micrograph
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(b) TEM micrograph

Fig. 10. SEM and TEM micrographs of ultra-fine grained
ferrite formed by hot-working on re-heating
process.

L3128 0bb6T, EHREBEROIRIEITE T OSSR
EORMIZFFY -THsd., Thbb, WEHMZTHE
JEREDNREL D128 b o, B—AREafHsaL To
5. ZZTIOEBIZOWT, BB LTHBEARICLDE
T U7z, Table LIZ/RTILZER S #H 4 2 kil & b BiF
gmm = & 12mm DakBR T A PRELL | Fig.1 1(a)l 2§ #m
THERBREZIT 725 v, 6245 L, SN O
KD ERBVEHATIE WO BUERE S A2, Hilho
1023KIZ 8 W TIMIEE (3 XA HE) 50%D 175 2 FEHEM
LA&fF-72, MLATHIZB T2 BIcKG L7, 1213K
Mo ISKIs THAT S &, ZOHAEILIREIZIEC Ty %
EHREAT S, ZOMEA Fig L 1b)DBEEHZRT, HHI%,
EHIZIK/ATHIR S 123K TILY %54, Z DML
DyFEEMIIEDT7 £ 74 FRITRAEZNF R Fig11(b)D
MERh 2R 9. AN IR A 4 2L X & R AL O
YyREREBAZETE, TORDOFEBFETarsEmL,
MIRHSEMIREIZE D URE—ED y pEE LB L
Hbhhbd, ZTORR, MTHED al{iZEIZEF—FELE 5.
WHVERER O MK A» 6 AR L T BBATE . T-HEikkE
KUK LT arind 200%, BE SRR TlEFE#C
FELAT, FmPIFERENE D Z 5 & 5 KB ELT
TE-HEEZIONSD,

ZOZEREFEE L O, EEOELE LR TOEBRP O
BT, AHERE TEIBRIE I E R 2 g s sk L
TWBIZE22H 6T, BAEMNIZEFg 3IORLZE S &

49

Weth & SUZHR 62 MERE D (B A1 7 KRB AR AR

1213K x600s

50% reduction
= at 1023K

50K /s

o0 L B
i 3
~ 80 a grain size R @
@ ~after deformation / <
® 60 7 S
C i -—
= A J ( ({ 2 «
2 40 . .-
c @ Py N Y—
o —_—
S5 20 P r2e
= T fraction =2
-~ after reheating b
- 0 0 5
0 20 40 60 80 100
v fraction at cooling-stop
temperature<®)> (%)
Fig. 11. Relationships between y fractions at cooling-stop

temperature and y fraction after re-heating, and
relationships betweeny fractions at cooling-stop
temperature and o grain size after deformation:
schematic diagram of test procedure (a) and test
results (b).

KiEn N oh B4 HMcE 3, G, IO
B IZ 0w Tid, IWEARIOBREIXIIE I8 > T 5,
SR oIt 2 BRIE, HHIEBRPE TabEREINT
WAGEERIZER S, AEIERE S AL FICh 5> T3
FESE T FRPI a8 ERT ARSI 00, o
T, EHIIC Ar3 Z5RE 50 & 858 U 72 5 O A R & 7«
D, Fh SO NEBOMBITIEARN I ILHAE O /o k4
FLHDT, BRSNS OBNICHELBASEC S
RIS,

A, EHIRAHLE SR EMICIER S b 72i2id, &
Kb L 7=/fk2s, 2ok, RiRELZVEBELERL Ty
5EIO6NS. 2T, SUFHEBEEOMRAL L 74l
kA REAIICBIZ U 72 Fig 12 (CEHIRAL U 72 ook D R RS
FEOTEMEHEZ /7. MR X, #HRRIZET 5 6
(Ex 24 F) H@gEIh, BRI L2 aD Rk E%
AT L7z o3 L hd L THIHIL T 3 K H IR
A5, ZOY Y=y rshREBMRALOERICIEERE 2 H
Ro—DrEZSNS,

4.2 7L R MEEEOR LS
4:2-1 7L A MREOXERT

TLZMEREAR FEXE S -B2F. NXUENb DR
PR EOMML BN TH D Z LA ARBEL<Mbh
TWwa, £, 7L A2 MERE, (&P o T 2 20801
WK E NS IRRIETT 2 A S EURE DR BaM: & BnI&v
m ECERRORBHRIC LIS LEEEIABELTY vy IO
RIREF 2L > THE XN 2L MEI RT3 19,

IE it A WEMERIFE T 2 55, TEHMRO R & N B

549 I




$ & $8 Vol. 85 (1999) No. 7

G.B.: grain Bou’nc’iar;yr ’
S.B.: Sub—grain Boundary

Fig. 12. Second phase particles observed at ferrite grain
boundary.
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Fig. 13 Schematic diagram showing the effect of shear-lip
formation on crack arrestability.
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Fig. 14 Effect of SUF thickness on crack arrestability.
(Compared to the Kraft’s model estimation for ex-
perimental results)
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