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Fig. 1 Morphology of non-metallic inclusions of qualified (a) and unqualified (b) samples
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Fig.2 Microstructures of qualified (a, ¢) and unqualified (b, d) samples: (a—b) at low magnification and (c—d) at high magnification
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Fig. 3 EBSD analysis results of microstructure of qualified (a, ¢) and unqualified (b, d) samples:

(a—b) inverse pole figures and (c—d) grain size distrubution
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Fig. 4 Impact absorbed energy and hardness of qualified and

unqualified samples
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Fig. 5 Impact fracture macromorphology of qualified (a) and unqualified (b) samples
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Fig. 6 Impact fracture SEM morphology of qualified (a) and unqualified (b) samples
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Fig.7 Inverse pole figures (a, d), grain boundary distribution maps (b, e) and Kernel average misorientation maps (c, f) of impact

fracture section initiation zone of qualified (a—c) and unqualified (d—f) samples

BB AE S B I QY i Koy S AR =
B A TC B A TR] , R | 5 R WA T A AR T 2L R
RS- fobr RO IR S R T A A i 22 i, HL ok
N I T I S0 o S R s W Y e e RS S
fiE, 2T 2 W 10 R ILF- 4 0, T A ks 32 22 4B R 10 v oy
W 10 522 0 P R P TR S T SRR AL, A R i R
60%0. S355NL K HE 1 2 B AR (W il /E T2 fE N
R T 1 3 B N AR R I kR
Ab B> AU T A, For B PR A R Y
F G EE (1 2502£20) °C, 1E K HRab B G I8 B
(910+10) °Co % T 2 HRE A2 I A% et RS 4 P
REEMFELITN LM (1) g TASE g
AN JE SR AN ) SRR o R AR G T AR
AL, (2) PUbBESHL, G 3R FHE R gk
TR EE I L P ) 2 f I T A2k S 24 A0 40 /N AR T 4 o
(3)BHT=, TR AR KRB 22k, AT
FAR AN A 22 S T rp ™= AR IR BRI, JRpi
TR i v R AR R K BB B S AR 35 7 e
YA, ko AR e S il R s A, R T Bgy
Br, X s B R A A (A3 22 R R AR 7= T2 AR
HEATHEAS , R IR T A AR IE O BE A TR
KA L BRAE (245920 “C) DL AE R I fa) 44 i )
B, T AR (R Ah T B0 AR i X, ok A 4 A9 3K
B IR, IR B2 i A K B T ORG24

132

IR, IXBEAN TG B 1A B BROG R 2 IR Bk R AR A
AR, SECRBLR T A AR 2] BRI R R
SR E) o3 A, BRER M R A BRS04 %), 7
B i R b, AR 2 B2 BAE AR, (R ER
BB AR AR, BOLRA Y2
O, SRR TS, A i AR o A
AR AR HEREE A, NI S AR URER B
BARA I B TRAR T il i o] A9 28 1<, 2RO
A B 0, R R U S AR N AT P
AL TR A ] A A B )RR E 5 A A iR e 1]
X RUE TR e e 2

3 & it

(1) ANt i 2 BB AR 1 o o D 11 S22 4 M 2R
fiE, £F AW 2 IL-F-8 0, Femhiid B b RE Y
FEAR BT B, Tk 12 22 BB A 1) o o DB 1 S 0 P A
et S WU, SPHERTIRIR ) 6000 , S e
(ST

(2) 1E JCE i e | 7E0P Rt A1 S 250 o
ROHLR | it ]S o A A1) 20 02 S35NL AN KL &
BB A B AS R A RN 2)
I BROEIR t 2 B EOL AR R R e
7 A A P AR



YL EHH

MATERIALS FOR MECHANICAL ENGINEERING

RiE R, 5. S355NLARR W % Z 45 -5 b 3 b R Bdd R B

SE K

(1]

X SchE . WUHL B8 fRT 7k 4 S355NL 8 1 Ik i v 5 )
[T, HEBRSK , 2015, 36(5): 47-50.

GE W Y. Low temperature impact toughness of steel
S355NL for wind power tower flange[J ] . Special Steel,
2015, 36(5): 47-50.

W £LEg, (AR IR 2B X ) & i MLZH B Bl 2
SRLTT. g, 2012(5): 75-77.

SUI H X, FU C. Design and certification requirements
of low temperature wind turbine[ J ]. China Ship Survey,
2012(5): 75-77.

SHHE ] SR F /B SO A IR B 24 v S Ry Ay
WFFE (D). P2 KR, 2022.

MA H C. Research on low temperature fracture
toughness and crack propagation behavior of typical F/B
dual-phase steels[ D ]. Xi'an: Changan University, 2022.
TR, AV, B, 55 . Q355C MVELH AL IR IR v
i PEREA A B M S X R T ] B T,
2020, 49(13): 156-158.

ZHANG Z H,JIN T, MA L X, et al. Cause analysis and
countermeasures of non-conformity of low-temperature
impact properties of Q355C hot-rolled H-beam steel[J ] .
Hot Working Technology, 2020, 49(13): 156-158.
Wil , 32 R0 S355 NL A i) BEAS 14 S I
GrT [T BRARASS: - BB, 2017, 53(1): 73-76.
CHEN Y M, LU A F. Cause analysis of low-
temperature impact toughness disqualification of S355NL
steel[ J]. Physical Testing and Chemical Analysis Part A
Physical Testing, 2017, 53(1): 73-76.

] B, PEDCIE , 20, 45 . BLDLIE IR X Q355E 4K
SRAFHSVTERERIEN [T]. SR AL BE, 2022, 47(6):
123-127.

HE C J, PANG Q H, LI J, et al. Effect of simulated
normalizing temperature on microstructure and properties
of Q355 E steel forgings[ J]. Heat Treatment of Metals,
2022, 47(6): 123-127.

hk, skTED, 24, 45 R UM IE K EL T Q355NE Y
WA s PERERIETE [T ). 14, 2023, 46(9): 49-52.
MA L, ZHANG D Y, LI W, et al. Low temperature
impact properties of thick normalized rolling Q355NE
steel plate[ J]. Welded Pipe and Tube, 2023, 46(9): 49-
52.

M . QBASE IR th i PEREAS SAR BN [T ] B A
Ko - PrEE ST, 2023, 59(5): 34-36.

LI'Y B. Reasons for unqualified low temperature impact
properties of Q345E steel[J]. Physical Testing and
Chemical Analysis Part A : Physical Testing, 2023,595):
34-36.

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

ZHOU J, MA D S, CHI H X, et al. Microstructure and
properties of hot working die steel HI3MOD[J ]. Journal
of Iron and Steel Research, International, 2013, 20(9):
117-125.

JAEA, | SRRy (M. Jbat: Bt
JiLkt:, 1989: 63-67.

ZHOU H J, HUANG M Z. Strength of metal
materials| M ] . Beijing: Science Press, 1989: 63-67.
E& B (ML AR . BT A2 Tl A
#t, 2022 159-160.

WANG L. Mechanical properties of materials| M].
4th ed. Beyjing: Chemical Industry Press, 2022: 159-160.
HOFFMAN A K, UMRETIYA R V, CRAWFORD
C, et al. The relationship between grain size distribution
and ductile to brittle transition temperature in FeCrAl
alloys[J]. Materials Letters, 2023, 331: 133427.
BHOGST A SC. AR SRR T2 M ). S P
2 AL Tl R H At 20162 32-35.

HU G L, XIE X W. Heat treatment of steel: Principle
and technology[M]. 5th ed. Xi'an: Northwestern
Polytechnical University Press, 2016: 32-35.

VFRF:, Bt ZR . U165 8 o 5 B Bl A 8 0 e e 2 e 5
SRAETTE [T ] BORHRAR P24, 2022, 43(8): 125-
132.

XU T H, LUO H R. Characterization method of ductile-
to-brittle transition critical point of U165 ultra-high
strength drill pipe steel[J]. Transactions of Materials
and Heat Treatment, 2022, 43(8): 125-132.

B AUt P v o R A A Y L S R B AL B
T ID]. AT s E R AR R, 2022 38.

DUAN H. Study on microstructure control and
strengthening &. toughening mechanism of high strength
pipeline steel for low temperature application [ D ]. Hefei:
University of Science and Technology of China, 2022:
38.

DUAN H, SHAN Y Y, YANG K, et al. Effect
of microstructure and crystallographic orientation
characteristics on low temperature toughness and fracture
behavior of pipeline steels[J]. Journal of Materials
Research and Technology, 2022, 17: 3172-3185.
LIUMM, LIU Y L, LI H. Deformation mechanism of
ferrite in a low carbon Al-killed steel: Slip behavior, grain
boundary evolution and GND development[J ] . Materials
Science and Engineering: A, 2022, 842: 143093.
ZHANG Y H, GUO X C, FU B G, et al. Microstructure
and low-temperature impact fracture behavior of
QT400-18AL containing Ni[J]. Materials Science and
Engineering: A, 2023, 880: 145327.

133



ML EH

MATERIALS FOR MECHANICAL ENGINEERING

RFE R, 5. S355NL AR W, % Z AR K8 iF 3k R Bdd R B

[19] R ehfi, S8 5, W H e . IE JCR BE LI FIIE K Ab B

S3SENL AW 1 g 24 PEREF R i 14U [T ] L&),
2022, 44(2): 61-64.
PAN Z D, GUO J N, HU Q L. Mechanical properties
and microstructure of S355NL steel plate rolled at
normalized temperature and normalized[J]. Shanghai
Metals, 2022, 44(2): 61-64.

[20] akfd, BRFH 2, SA0T B, 45 . BLIRUE S PAk 3100

Q345R ARSI A PERERI M [T] . B AR, 2021(4):
30-32.
ZHANG J, OUYANG X, HU X M, et al. Effect
of simulating post-weld heat treatment times on
mechanical properties of Q345R steel plate[J]. Angang
Technology, 2021(4): 30-32.

Cause of Poor Low Temperature Impact Toughness of S355NL Steel

Wind Power Flange Forgings

ZHANG Zechen, CAO Tieshan, ZHAO Jie, LYU Dechao, CHENG Conggian
(School of Materials Science and Engineering, Dalian University of Technology, Dalian 116024, China)

Abstract: The impact absorbed energy at —50 °C of a certain batch of S355NL steel flange forgings used in wind

power from a factory were low and fluctuated significantly. The cause of poor impact toughness at low temperatures was

analyzed by comparing the mechanical properties, fracture morphology, and microstructure of qualified and unqualified

flange forgings and combining with the production process. The results show that the impact fracture of unqualified

flange forgings was characterized by brittle fracture, the fiber section rate was almost O, and the crack propagation path

was relatively straight during the impact process. The impact fracture of qualified flange forgings was characterized by a

mixture of ductile and brittle fracture morphology, the fiber section rate was 60%, and the crack propagation path was

more tortuous. High normalizing temperature and long heating time in the furnace resulted in coarse grains and uneven

grain size distribution, that was the main reason for poor temperature impact toughness of S355NL steel flange forgings.

Uneven distribution of pearlite in the structure was another reason for the reduction of toughness of flange forgings.

Key words: S355NL steel flange forging; low temperature impact toughness; microstructure; fracture morphology
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