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Microstructure and low-temperature impact toughness of
large-thickness steel for offshore wind power
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Abstract: To address the issues of low impact energy and high variability in the core of 85 mm thick S355G10+N
steel plates used in offshore wind power, the microstructure of steel plates with different thickness was
investigated through metallographic examination, scanning electron microscope, and energy spectrum analysis,
combined with theoretical calculations of inclusion formation. The results show that the microstructure of the steel
is predominantly granular bainite, with minor amounts of ferrite and pearlite. While the surface and the 1/4
thickness region of the plate exhibit homogeneity, significant segregation and lath bainite are observed in the core.
Impact fracture morphology shows that MnS and (Nb, Ti)C inclusions generated by center segregation act as
fracture initiation points, with intergranular fracture occurring around these inclusions. The presence of lath
bainite in the center segregation zone increases crack propagation, and the combined effect of inclusions and lath
bainite significantly reduces the impact toughness of the steel plate core.
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Table 1 Chemical compositions of the experimental steels (mass fraction) %

JLE C Si Mn P S Cr Ni Mo Cu Nb+Ti+V

FrifE <0.120 0.150~0.550 <1.600 <0.015 <0.005 <0200 0.300~0.700 <0.080 <0.300 <0.080

MEME  0.110 0.260  1.420 0.013 0.002 0.130 0.310  0.060 0.020 0.029

AR R FH P B B s L8 T2 AL I o TR BT 4L IR BE =1 050 °C, 5L 2 J5 B 150 mm Mgt 89 5 11 B B 4L i i
<880 °C , Z LR ¥ <840 °C , 5L £ Wi i R ¥ 85 mm. 4L J5 & il & #) (accelerated cooling, ACC) 15 #& P %
H R LT IR E<TO00 °C o HIAR A 890~920 °C 4 ik IX ] 1k $ b B

2 B EN10225 B HE"TEAR T8 1/4 40 YT I 300 mm CEIA A 1) ) <400 mm CEY AR RS [] ) (9 B16}, 9E 4T % R P ik
55 f1-40 °CH o i 1056 . = IR B MOAE 5O ELAR 20 mm 0 BB AL AL F AU 1/44b o ARIR wh i 48 5
10 mm=10 mmx55 mm (¥ V BV CHRRE , GilZe 0 0 67 T R i AR5 1/4 2 AR R 1/2 40 o 32056 25 5 30 I 5Kk 4
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Table 2 Mechanical property requirements
i B Je AR B /MPa HLHLER B /M Pa I A 42/% Je R L -40°C iz /)
K v >325 470~630 >22 <0.85 BE>50, =35

i BF i TSI OCI5 SR T 4% B IR £ W W ok o R0 P <6 AR 0 Bl 58 R 41 48 rl 55 LB A i 1) < AH 2 41
FIWT IS, I 0 i B e 2 W £ 47 RE TG 20 #r

2 HEWER
2.1 g
Hr 2 ST, 30k B A4 45 P SR, 45 N2 3 TR
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Table 3 Tensile property test results
EI=E7N JE IR E/MPa HLHI5R EE/MPa FE {3 /% Jit 58 L
RSN 435 528 29.0 0.82
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Fig.1 Impactenergy at different thicknesses of steel plate at -40 °C
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Fig. 2 Metallographic structure of the steel plate
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Fig.3 Fracture morphology and fracture initiation region
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Fig.4 Morphology and composition of carbide inclusions
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Fig.5 Morphology and composition of MnS inclusions
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Fig. 6 Inclusion in segregation band under scanning electron microscope (SEM)
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B R A B A B £ S R A X CO MR 7S, HEV A RO JEE R R0m] ph 20 (2) ~(4) #EAT AR .

MnS(s)=[Mn]+[S], logK=-7500/T+4.16. (1)
K=ay-as=fun-[Mn]fs-[S]e (2)

10g fun= > €hn-[ j 1o (3)

logfi=> et [ 1o (4)

S K R A 5B TR IR 5 ay, 1 ag 43 00 R S FIVBRE 0355 38 5, 0 £ 40 00 Ry 6 L 10 5% 2R 55 e, T € 40 5
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Table 4 Interaction coefficients of elements in liquid iron at 1 873 K

JLER C Si Mn P S Cr Ni Mo Cu Nb \Y4 Ti

Mn 0.0700 03900 0.0000 -0.0035 -0.0480 0.0036 -0.0071 0.0045 0.0056 0.0190
S 0.1100 0.0630 -0.0260 0.0290 -0.0280 -0.0110 0.0000 0.0027 -0.0084 -0.0130 -0.0160 -0.0720

AT VA | T A 2 BE AT 3 ) e 2 (5) ~(6) I T AR BN A AR 2R R T, 0 1 793 K R AH £ i
BT, A1 747K,

T,=1809-(90[C]+6.2[Si]+1.7[Mn]+28[P]+40[S]+2.6[Cul+2.9[Ni]+1.8[Cr]+5.1[ Al]), (5)

Ty=1809-(4153[C]+12.3[Si]+6.8[Mn]+124.5[P]+183.9[S]+4.3[Ni]+1.4[Cr]+4.1[Al]). (6)

(D) ~(4) AT IR (7)), B3], 1793 KF 1 747 K 48T, [Mn]-[STHY 77 #e B2 22 511 4 0.86
0.67.
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Fig. 7 Relationship between manganese and sulfur contents in residual liquid phase and solid phase ratio
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Fig. 8 Relationship between the product of the concentrations of manganese and sulfur

in the residual liquid and the solid phase ratio
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Fig. 9 Relationship between concentration product of niobium and carbon in austenite and temperature
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