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In-situ observations of grain refinement by TiN particles in the simulated

coarse-grained heat-affected zone of a high-strength low-alloy steel
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ABSTRACT The effect of grain refinement by TiN particles in the simulated coarse—grained heat-affected zone of a high-strength
low-alloy steel was investigated by means of analytical characterization techniques such as in-situ microscopy and electron back scat—
tered diffraction analysis. Abundant finely dispersed nanoscale TiN particles form in the specimen and effectively retard the grain
boundary migration during simulated high heat input welding which results in refined austenite grains. TiN precipitates on the surface
of aluminum oxide which is the effective nucleation site for acicular ferrite during the cooling process and induces the austenite trans—
form to the fine-grained mixed microstructure of a small proportion of acicular ferrite embedded in predominantly bainite.
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Table 1 Chemical composition of the tested steel sample %
C Si Mn Nb +V Als Cu + Ni + Cr + Mo Ti N Fe
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Fig.1 Schematic illustration of heat treatment patterns
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Fig.2 TEM (a) and SEM ( ¢) images and EDS spectra (b d) of second phase particles in the sample after heat treatment
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3 . (a) 1337.8°C:(b) 1401.5%C
Fig.3 In-situ observations of grain boundary movement during the heating process: (a) 1337.8°C; (b) 1401.5°C
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4 . (a) 1346.2°C;(b) 1144.5C
Fig.4 In-situ observations of grain boundary movement during the cooling process: (a) 1346.2°C; (b) 1144.5C
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Fig.5 In-situ observations of grains at 830.9 C (a) and grain distribution of the steel ( b)
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6 . (a) 583.7°C; (b) 582.9%C; (c) 582.1C
Fig. 6 In-situ observations of the single nucleation of acicular ferrite during the intermediate temperature transformation: (a) 583.7°C; (b) 582.9

C; (c) 582.1C

7 . (a) 627.9°C; (b) 623.1°C; (c) 620.2°C
Fig.7 In-situ observations of the multiple nucleation of acicular ferrite grians during the intermediate temperature transformation: ( a) 627.9°C; (b)

623.1°C; (¢) 620.2°C

8 (a) 592.3°C; (b) 591.5°C; (c) 590.6°C
Fig. 8 In-situ observations of the multiple nucleation and growth with high angle of acicular ferrite grains: (a) 592.3°C; (b) 591.5°C; (¢) 590.6C

9 (a) (b)

Fig.9 In-situ observed micrograph ( a) and optical micrograph (b) of the microstructure of the sample after heat treatment

40 ~ 60 C
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Fig.10 EBSD orientation mapping of the sample in the normal ( a) rolling ( b) and transverse ( ¢) directions statistical distribution of grain angles

(d) between adjacent grains and crystallographic grain size ( )
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Fig.11 Curves of the content of TiN particles with temperature

55 pm.
3.2
1-3
14 15 15
16 4 4
7 Al Ti\Mn.O.N S
Al O, TiN MnS.
TiN  MnS AL O,
MnS
Ae,
s TiN
0.423 nm 0. 287 nm
( TiN
4.7%) .
TiN

( 6~ 8)
( 8
(c)) 145 pmes”
( 7(c))
1/13
4
(1) Ti N
TiN
(2) TiN
(3) ALO, TiN

1 Yan W Shan Y Y Yang K. Effect of TiN inclusions on the im-
pact toughness of low-carbon microalloyed steels. Metall Mater
Trans A 2006 37: 2147

2 Tomita Y Saito N Tsuzuki T et al. Improvement in HAZ tough—
ness of steel by TIN—MnS addition. ISIJ Int 1994 34(10) : 829

3 JnHH ShimJH ChoY W et al. Formation of intragranular
acicular ferrite grains in a Ti-containing low carbon steel. ISIJ Int
2003 43: 1111

4 Wan XL WuKM Huang G et al. In situ observation of aus—
tenite grain growth behavior in the simulated coarse—grained heat—
affected zone of Ti-microalloyed steels. Int J Miner Metall Mater
2014 21(9): 878

5 Suzuki S Ichimiya K Akita T. High tensile strength steel plates
and welding consumables with excellent HAZ toughness. JFE Tech
Rep 2004(5): 19

6  Phelan D Stanford N Dippenaar R. In situ observations of
Widménstatten ferrite formation in a low-carbon steel. Mater Sci
Eng A 2005 407: 127

7  Yada H Enomoto M Sonoyama T. Lengthening kinetics of bai—
nitic plates in iron—nickel—carbon alloys. ISIJ Int 1995 35(8):
976

8 Shao X ] Wang X H Wang W J et al. In-situ observation of
manganese sulfide inclusions in YF45MnV steel. J Univ Sci
Technol Beijing 2010 32(5): 570
( . YF45MnV

2010 32(5): 570)

9 HuZY YangCW Jiang M et al. In situ observation of intra—



- 378 -

38 3

10

11

granular acicular ferrite nucleated on complex titanium containing
inclusions in titanium deoxidized steel. Acta Metall Sin 2011 47
(8): 971
( . Ti Ti
2011 47(8):
971)
Wan X L Wu KM Huang G et al. In situ observations of the
formation of fine-grained mixed microstructures of acicular ferrite
and bainite in the simulated coarse-grained heated-affected zone.
Steel Res Int 2014 85(2): 243
Wan X L Wei R Cheng L et al. Lengthening kinetics of fer—
rite plates in high strength low-earbon low alloy steel. J Mater
Sci 2013 48: 4345
Yu Q Sun Y. Abnormal growth of austenite grain of low-carbon

steel. Mater Sci Eng A 2006 420: 34

18

Inoue K Ohnuma I Ohtani H et al. Solubility product of TiN
1998 38(9): 991
Shigesato G Sugiyama M Aihara S et al. Effect of Mn deple—

in austenite. ISIJ Int

tion on intragranular ferrite transformation in heat affected zone of
87(2): 93
Zhang S Hattori N Enomoto M et al. Ferrite nucleation at ce—-
ramic /austenite interfaces. ISIJ Int 1996 36: 1301

Ricks R A Howell P R Barritte G S. The nature of acicular fer—
rite in HSLA steel weld metals. J Mater Sci 1982 17: 732

welding in low alloy steel. Tetsu-to-Hagane 2001

Yamamoto K Hasegawa T Takamura J. Effect of boron on intra—
granular ferrite formation in Ti-oxide bearing steel. ISIJ Int
1996 36(1): 80

Wan X L Wei R Wu K M. Effect of acicular ferrite formation
on grain refinement in the coarse-grained region of heat-affected

zone. Mater Charact 2010 61: 726



