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Effect of Austenite Grain Refinement on Microstructure and
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Abstract: The degree of austenite grain refinement in steel for ultra-heavy ships is limited by
conventional processes, resulting in the effect of very small-size austenite grains on the
organization and properties of the steel plate being unclear. The effect of austenite grain
refinement on the microstructure evolution and mechanical properties of ultra-heavy EH47 crack
arrest steel was investigated by using the secondary austenitization method and thermo
mechanical control process. The results showed that the prior-austenite grain size increased from
14 pm to 28 pm, with the reheating temperature of the test rolled steels rising from 890 °C to
1 050 °C; the decrease of ferrite content reduced the proportion of large angle grain boundary
from 57. 4% to 40. 5%; the volume fraction of martenite/austenite (M/A ) islands increased from
2.0% to 6.5%; the yield strength of the steels increased from 440 MPa to 488 MPa. The
effective interfacial area per unit volume of 890 °C rolled steel was 269. 0 mm™", which was the
key reason for its microstructure refinement, homogenization, and 241 J impact energy at
-100 °C.

Key words: EH47 crack arrest steel; prior-austenite grain; microstructure; M/A islands; impact
energy
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Hovhdy =150 T, £ -80 °C i} H whf; =138 J.
Xu B0 0 L E AR (R R ST A, A AR 5 3R A
(DT FC AR AL B G I fa , A 2O 457 R )
i RE#ZE . Mandal 2542 Y, TMCP &L 7%
Hh B PG P45 i Rz 20 6 i R R R ST 2 20 um,
XA B FCAARAS 45 T Xt AR T B A g A5
FIRCR . Z W T BRI E SRR, b EAEL
FEAR LLE /N, S S50 QR P45 it X AL 43 B A 4L
IR T A PR, AR A S An AL A 2 B BR )
i ]SF 258 24 wm, IR R AR 7 -80 °C whili )y
12117,

SEELR ARANAL B A LT 28 D R
A 445 it DXt 0 728 8 52 30 B A ot iz ) P85
ik, ;@ ) FH A AR A AL 3 B o B FC AR i bz
KA R R TR TR R R R Rk
BRI B EC AR SR T 2 B B 2, A S
I8 TAESEA I , T 200 /IR ST Y 38 FAAR ok Xt
A i i 2 0 R T B ) S o T A

AR S AT R R AR AR I RN SR v A, A5 3
AN TR RUST B 4 Ak B8 AR R, A 40 Ak B8 G ARy
LR 200 LU AL T 45 1 S sl 4 40 AR i g 2
PERERY 20, 73 Afr B AR 43 1| 7E-80 °CHI-100 °C R
A S AR B A

1 SEga Rt ik

KK C . Mn LA K Nb, Ti, Ni, Cr i35 44k
BT B EHAT Tl % 55 50 00 SE 50 4 k), HAk b2
MU 1R 8 3 B 130 mm JE (R SR} H 2]
1200 °C , #8244 h, DL 25 50 [ 1 72 op s
AR )42 HE 1 100~1 150 °CH5 320845 i1
90 mm JZ ) AN, LRI FLRE R 130—120—105
—90 mm, SR 7K¥E B E R, I BRER TR
AR L A S5 BRI, 0 MOk BT O 3 Skt
A3 5 TN H4F] 890,970, 1 050 °C, {43 2 h, FF7E
810~850 °CHL il 5L 40 mm JE F AR , 5L HLAR R
90—83—74—65—56—47—40 mm. & &L N 4 5
435k T890, T970, T1050. 4L J5 5N M 7F 25 K, rh %
Tk 22 800 °C , #& Ji5 1| F kA e 1 ¥ 1 1% 45 AT ¥
HIARLLIRE } 320 °CAEA , Z AR EER.

SRy A TR TR A P85 o DXL i A R TG A
mn L R 5 — R EL I T K ¥ J5 1 3 Bt oy
B N SF M 90 mmx30 mmx>30 mm /NI

AIAFLISE (4 B A B A R 3L 2 i AR AR B

F1 EHA7EHENUZER S (RESED)
Table 1 Chemical composition of the EH47 continuous
casting slab (mass fraction) %

C Si  Mn P S Nb+Ti  Ni+Cr+Cu

0.05 0.15 1.95 0.008 0.002 0.052 1.03

B3 5L 49 0 358 1) L 7] (roll direction, RD)
5 1] (normal direction, ND) #% 1 i+ . AS [7) A4
TR ACHT EE AALAR OGS |, SRR B0 4%
F4) S T VP A A VR Tl 10 s, DB 2 B s AT 6l
H, 5% (scanning electron microscope , SEM ) Wi 2% {3
WLZHEZ . 10 g/L it # VAR R M 14 /K I T 40 g/L
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TR, 0 LR R R A 7 R A ik, R OGS B A
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IRCRETED T H A A B ' VR AR R ECh
80% TAE . 10% o SR FIl 10% 75 18 7K T L T %
PCH TN 1.4 AL BITER 20 s, 452K 0 0.4 wm.
I 75 BT AT 5 (electron back-scattered
diffraction, EBSD) XX L HIZH LA T T4 734 .

W 375 ST IAAE DA IS 22 50 pum SR 3 1, o
fLI B2 3 mm A (R /. R H Struers TenuPol-5
WA TE-20 °C T 47 L fff AUl 3, fif FH T/E R
£ 4 200 kV 4 FEI Tecnai G2 F20 i 5 i T {2 fi
% (transmission electron microscope, TEM ) Wi £
Hr i ARTES .

BEP K G R AT AT B D' , SR e i
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WL 5 B LGRS
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TIE A 4 °C 5 2435 % K-80,-100 °CHY, o 4z
B2 A 6 °C. BN Il B 2R AR 34 I 3 > 1 1y o



%54

RAUE S LR S s dm AL AT 45 S8 EHA7 ok 2L 4R 20 28 b 48 49 3% v 645

a7 2, PR HAF A . e ] Origin 1173 512
i it D) =L b 2 AN £

2 SERRAT R LA

2.1 XEWH BRIAR

1 LAY 1/2 )R ) SEM IR . T890 =
BN ERIRER Z K (acicular ferrite, AF) (MEZTE
#: Z K (quasi-polygonal ferrite, QF ) JBLIR DI G4
(granular bainite, GB) Fl M/A & 41 AR A 4141,
M/A &5 LB A 0 /NIOIR Oy 3 AR 2L /)
W5) R F R & W L M T890, T970 1 i

T SRS O, Bk MVA B85 R 35, Bk KAk
P/, T1050 A9 DL IRARSEAAR LA 7 M AR R AIE
B, A SV AR RN Y 5] A R Heik
K R M/A B, R 1 b . A 3 e
TR FL 9 43 ) 2 B3 9K MYA I B0 =300 A4 1)
SEM R F, Siit M/A 5 - F- 34551 e KRG A
RBLAY B, 45 R L3 2. i AT DL, B PG AR i
FERERS S0 M/A 5 IR, LR 8 IR TR TR
FYSE I, M/A B 13 55K e KR FA R 3
B SR B A M/A I RS A IR L
PRAGHE— 2L 30T, L 3.1 1Y

s

1 XELW 12 EERBRAR

v G S e O ¢

4 < Ui > [ it
S 7um ||

N

Fig. 1 Microstructures at 1/2 thickness of test rolled steels
(a)—T890; (b)—T970; (c)—T1050.
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Table 2 Parameters of the M/A island of test rolled

steels
Gt FHRE K /um R RS um AR E0%
T890 1.4 5.5 2.0
T970 2.5 6.3 5.5
T1050 3.5 9.9 6.5

& 2 izt 4L 4N H EBSD B 5 1 14 e b 14
il 3T BRI 43 A 1. b i 3843 A T v DA
15°%1 43 KA JE & A (high-angle grain boundaries,
HAGB) /N BE i A (low-angle grain boundary,
LAGB) 1 (8. A S 81 & i, T890, T970,
T1050 (1) f A R 20 /N 35 5] 320 i AR A A K HOAR 1
A7, T890 M iy B K ifii AL HAGB 7 5 i) [X 35k (14
2b). T970 F1 T1050 H 4%k 3 1A & &t iy ok /b 5 3%
HAGB $# F7) FA . T1050 H 77 7 K& il IR
A, DL RAR A S i 2 19 W i L LAGB JE 2UA7
15, H U IRARAR 25 00 P47 43 A1 1 A 7R 40 A 1
LAGB # AW i (& 2h). # HAGB £ [ i) [X 3l g
N h IR A R A R RS (effective grain size,
EGS)". B34t 1 3 Fh g5 X403 ) HAGB %%
LA AR AR AT B 25 T34 EGS A 4
W p. S5 R  HAGB /. A B HL ) 4 )

K 57.4%,45.4%,40.5% , BARKC = 6 LAGB
A i B L A9 Y HAGB 3350 T890 (- 147
) 258 K, 49 27.1°5 T1050 ftkiF o B i) 22 F /)
22.2° 5 T970 ff kL V- ¥ WL im] 22 4 T[],
23.5°.T890, T970, T1050 i EGS 43 %}y 3.6,
4.1, 4.8 pm; briEdRZE 7000 4.4,5.2,6.1; {7 55
HEEAZEAK.

R T ORI A3 AT R A #<110>/RD
HL1A) A1 <001>//RD B [H] 14 53455 DA 1% ] Hp B 455
T, 45 B4 & 4 TR . T890 Y<001>//RD B[] 4 /)N
R yR 8 A0 7E B i 4%, <110>/RD B ) 43
A #1947 . T970 A1 T1050 i <110>//RD H [i7] F11
43 <001>//RD HX [m] (1) & £ 73 A ¢ AiE 1 3% .
T890,T970,T1050 <110>//RD H [ {4 43 543
51K 28.9%, 30.5% , 26.7%; <001>//RD H [ 14 F1L
BT K 4.7%,4.6%,4.5%.
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Fig.2 Inverse pole figure, grain boundary figures and dislocation distribution figures at 1/2 thickness

of test rolled steels
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Fig. 3 Statistical results of EBSD at 1/2 thickness of test rolled steels
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Fig. 4 Orientation distribution and volume fraction of <110>//RD and <001>//RD at 1/2 thickness of test rolled steels
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Fig.5 Prior-austenite grain morphology and the volume fraction of different grain sizes for test rolled steels
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Fig.6 Impact energy and test temperature curves
of test rolled steels
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Fig. 7 Engineering stress-strain curves of test
rolled steels
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Table 2 Tensile test results of test rolled steels

sy JE R B SE R
MPa MPa
T890 440 587 26. 1 0.75
T970 467 610 26 0.76
T1050 488 636 23.3 0.77
30 #®

3.1 FEEMKSAR T3 M/A BB
TEMRBR A A, M/A 1518 % 2 5 GB 4k
F R A% D E AR A T B — B DLAR. 4
AR A A5 B ECAAR i R P 28 A R A,
SRl S5~ 1 [ 33X S g o Ak 4 FROR e = A L T
JINE B L AR X AR TR (Ve A R v, 3oy i
0 ERAAR /b d B E AR R A N 5 4 T AR

BB R MUA B

PR AR R P45 DX L Al B, it B FC AR it
B AR AR R LR AR TR AT, E dfokL
SEACAL 77 A R AR B . y— o AHAS TR A AL i) LA
FH A AR T R0 AT LS, g R S, Al
8 LG AR 1 A8 SR AR R 8 RS, )
TR BEL LG AAR &y P S50 B 1) B A FRUA 2580 3 T R
(S, ) BIS=S, o+S, g Fo 1 S, FIS, 4, 1T HH (1) AN
K Q) AT,

S=11.67(&-0.1)+11(2/d)+63(£-0.3), (1)

S, =63(£-0.3). (2)

Ko AR TS M LR LSR5, %;
d R AL i DXL A A5 A 2R CCAA Y ol R, o,

£ 600 °C [l B, i L B AR S, S,
FS, g, SR AN 8 TR . 3HUXELI 1 1Y S, 0 2
H16.4mm™,S, IR TS, 4, KRB FE L
A A B ERAAR f ALAL  MUA B 5 22 1 A A A T
b AR BTG & B A A AE C A T R 1Y i
R B LG AR i AR R AIG, o Ak R TGRS e
PRSI R AH AR o AR b A Y B G AAR TR 25 5 15 LA
PRER I LATE B 5 V2 H) 5 72 v i AL T 45 5 T8 1
M/A 5y 856 3 2 4750 B, T890 I AL 4K Hh M/A
B2 5% K A /N AN 1.4 um, 32 PR JB LG
SR /N, S, 38 269.0 mm ™, Bk RIRIEAZ R
L AERRIRIE S | BT 2R 23 1m) <3 ARy
TE I 1) sk X35, i 22 A A i L AR it bz A
sE A /N DT TG 5 T8 B R RS 6 e 1 B [ AR X
B AR R S ARAR SRR T R TSR TR R R ST Y
M/A . T970 H1 M/A &5 Z2 R HUIR P 355 K3 K
2.5 wm, A B PG AR d ok RS 4 K % 19 pum,
S, PR 2 202.5 mm™ R R IRIE A S b, 5 5
IR Tl B LA T 7 2 20 2ok AR A O R HUIR Y
M/A &y . T1050 5L & A 35 2 1A 55 DL
AL, FHAR AR AR IA] B ity v ) 8 2 2 TE
FRI M/A B I KR SEIR 9.9 wm. 4k i
AR TR A AR AR S T A B R S A B
TR R A/ B8 QAR B v Ak 9 Bl 15 12, B TR A% R
fiE & AEAE O Y BUHT A I 200 , T2 e A IR 1 MVA
(K 1c).
3.2 EBMALRXHFMEMNEN

Jir B QA fit b RSBk /) L S, B, 7 T890 rh
TR B R R, R 2 oRs 5 A S Aok 22 1] 22
HAGB, S EF-H EGS /)N, 4 3.6 pm, HAGB
B Ll 5, M 57.4%. T1050 fOEk E IR & i
i% , R 35072 EGS ek, o0 4.8 wm ,HAGB %{(
HH R AR, M 40.5%. B¢ |, HAGB Al LIA &%
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/DN AR 1 AR T ) e e I 50 T890 I AL AN v
() HAGB %5 & L il £ = , EGS S/, A R T 42 5
—100 °CH i FLAR 1Y b o B 1, b sk o ) 25 30
241 J.JEA B EAAR AR RST A 14 pm 3K F] 28 pum,
HAGB % & L 101 I 57.4% [ 415 3] 40.5%, EGS M\
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Fig. 8 Effective interfacial area per unit volume
of test rolled steels
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110§ B 1f (&) 4a) o] LA T 1B A9 (2 A g 21
KA A SR PEAR T R T970 {110 W RS
TR A9 25 i A T2 e ) 7K (B Bt SR AR 19 4 A
FRE (& 4b) 5540 T {110 iR 1 AO4E . T890 Hr Ak
TR %5 28.9% 11 <110>//RD B[] , A —100 °C iy
Tyik ) 241 50 FZ sk . R, 85 A
{001 | BT AT {1101 W A2 1 (18] 4a) B, 3557 0
A7 Bt AR B [ S 8 TR U SR A E B AR AE

UL AR MYA B A 25 52 e B9 A 0 A0 T 40 7k . B
P NN Y T N MR N Y R S S 1N
0.6 pm A3 3.5 wm,-80 °Cipil; L M 277 T/
£ 85 J, IX A ARk #4455 Huda %52 WL 21 (1) 25
— 3K MY/A B 5 AR 2 8] 6 AH S R 5 AR A

TIVERT = A 28, Ak i Al 2 ) Pk
Y/ M/A B I LS098, B
1E M M 2 S A 1 1 1R 2ERE ) 4 A R TR = )
P24 T890 H M/A 5 1 R ~F/INTF T970 1 T1050
IR ST, 3X S T890 7E-80 °C NI Mt S 8 o5
—NEEFA .

& 1 5 SEM 8 | 2B, A T890 £ T1050 1 S,
U/ 8 MVA B DRI BROBR 1] HOR K S5 iR 5
A5 ARFHAR RN 2.0% 36K % 6.5%. M/A B CHY
JoTH A B R AR R IR, VA B
M2, R 2L JE R B R T, R TR90
T1050 HaZe 8 7 A Jee Ao B AR 3 — 35 (1 7). A
Jir B P A SR AL AR R e R e, DL DA 5 2 M
Z T8 B /N AR R 2 (8] 2) il
T1050 B 037 48 % i 8 1k 5.95% 10" m™2 K It , o7 4
SR AL XT T1050 [ 488 MPa Jii I 5 B 1 636 MPa $it
Froi FE LA T E DR
3.3 ARBEKMERAR TN HEITA

X EL S v HVRE AR B 55 AR BT AT R AT
TS 3 SRR T ST RSO 3 S EDS 3Bt
JTCRIEFHE I, G5 R WE 9 s . &k B A B
M B BT AR SF 976 10 nm LA b, 8K A BT H A
RT3 0 iR Ak B ST AR JL-F- 8% . T890 Hi AT
AR 30 22 A BRI AR FL A TR B, RSF 2o
20~90 nm, £ REFE LM , B i AH A & Nb B RLT-,
Nb/(Nb+Ti) 2 J3 0.66. T970 17 i #H I 55 Ky Bk
TE RS FLLAR Rz % H 92, RS 160 nm,
Nb/(Nb+Ti) £ 5 0.31. T1050 Ff A H 4 1 R~ gk
— PR B g — 2L AT AR T
Hi T, Nb/(Nb+Ti) 24 0.14.

T890 H AT H Ay fs £k 47 2T [ £ B3 [RAA rp
AP i AR /D A AE K AR 1 Nb KL, X Sk,
T B LG AAR if  AE ET LB AR VR 2 2 kR
IR AR B Lk T B8 PO A SRz A K, 1 T890
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Fig.9 Morphology and EDS energy spectra of precipitated phases at different austenitization temperatures
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