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Effect of austenite grain size on intracrystalline ferrite nucleation
in vanadium microalloyed steel
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Abstract: A dynamic recrystallization kinetics model of vanadium microalloyed steel at different de-
formation temperatures and strain rates was established using the DILSOSA/D dilatometers for experi-
ments. The variation of ferrite structure in vanadium microalloyed steel with dynamic recrystallization
grain size was studied through microstructure analysis and model comparison. The results indicate that
the dynamic recrystallization grain size of austenite in vanadium microalloyed steel has a certain impact
on the transformation of intragranular ferrite, and there is a parabolic relationship between the two is-
sues. Both large and small grain sizes can cause excessive growth of grain boundary structures, which is
not conducive to the nucleation of intragranular ferrite structures. When the austenite grain size is 40-50
um, the nucleation ability of intragranular ferrite is the strongest, and the refinement effect of intragran-
ular structure is significant.

Key words: vanadium microalloyed steel, intragranular ferrite, dynamic recrystallization, austenitic
grains, mathematical model

Wr#s B #3:2024-01-31

VEE R 20, 1985 4RI, T, WAL BB, ARY, B JEEA A = FIAAL B, E-mail: 675518271@qq.com; 3 iR
PEH: ATRSE, 1981 AF AR, B3, BIRTTRIR A, 181, 282, EENFIELNA AL B T 2 HAR 5347 & TAE, E-mail: futian-
liang@126.com,


https://doi.org/10.7513/j.issn.1004-7638.2025.02.024
https://doi.org/10.7513/j.issn.1004-7638.2025.02.024
https://doi.org/10.7513/j.issn.1004-7638.2025.02.024
mailto:675518271@qq.com
mailto:futianliang@126.com
mailto:futianliang@126.com

- 176 - W gk Pl K

2025 45 46 &

0 Bl%¥

B Nb, V. Ti A 200K 1T LGE L
AR T s A7 =R 1 B8 LA fihr it
JEA K ) dihr Ak Ok B A R 2R R . Hh
T A S AN BT 2 78 B E A b [ B 5 v
FEFL AR T i F v on] LUR R R AR 5 S 07 Hh 4 A
V(C,N) B FAEBL IR Y R os 4 R0,
B T AR Y V(C,N) 728 Hld 2 ] LA
R E AT AR A RS, AT
PN EREIRIE R RERRY, X aamkEs. 2
DX IR 531 B i P L 2R RE RS I — A0 L e R (1) 5
FHIE"

FE HET LA 7= b, BLGE 44K 0 AL I T
IR RS Y R T AT LA R A S A A
ARG, BRARAR T 71 A T st ml L 40 Ak B8 AR ok,
SR CAR ) B R AR AR SR LT Z I 7 0, LA
MRZES J12E ERES . IR RS & A sh S
AT N FE SR | AR R SR R A L,
XAk AR B DGR . SR, Al N AR R AR
LU T B R b R IE A B, 5 b Al
LU AIFFAESE S O FR, PELIT R 1 B8 R A Bh A P 2
s pe B R RTS8 2 A v i N R R AR AR T
R A o A 8

P RN N DO T A K RE LN 73 A i)
FHOCOFFE, Hal R B P T2 &3
J SR TC B I R KR T 24 ki F . WAN 21
WEIE KB, Ze-Ti 54 W8 B8 EAAR R RSy
140 pm 7T 5290 5 N Bk R AR S s i R fb . T
LEE %" iff 52 & B0, 7F Ca RN, B ECIAR ST
RSFAE 180 ~ 195 pm X [B] P & P9 4k R AR B % B
Fikei, IF HAg SR AT L R ANAE IR A% AR
FHRSRSSA G, IRl UL, XHFR RN S, &
X USIA A 4 L AN TN N Y S e
2S5, FESAFME S0 E I A kT
FhEA K 125 1k, XTFHME &N FEE RN
KPR T/ MNRBEMRICEING, HR R G
A R A B A E 18

(R, 253801 DIL80SA/D 78 FE AR K AH AR
I A A AT 2 B v B8ORSl A P45
T3 R it R R AR 2 52 ), F3m 2o 7 28 [ R
T EN AT T W ket RIS T I e N R E 7

PURE SN IE A SN BRI A KA e DL EC AR
RERGE, A B T e AL A e AR A 2
R AL UB AL, S AL bR i A A 7 Ao
PR THE L 2 BLE S

1 REAREF®E

RIS T AU A &M = ER2E R R 1 R,
et FH PSS T R R T e U e, IBRE 1
A EHFRIA2090 mmx 100 mm FEEHAIFZE 1200 °C
PRI 4 h, SRIGTEARIC KA EL I AR K 4L A shik
KA LH A 450 mm —HRE AT HELNL R4 9 1A
WHELIK, 12 mm BB, VIBRNMCK S, Tk
R BE 7 1) () O 7 B B @5 mmx 15 mm §IREE,
HAWAAT THLHI 719

®1 fBEEMPLERS

Table 1 Chemical composition of V-microalloyed steel %

C Si Mn P S \% N

0.175 0.613 1.57 0.024 0.026 0.107 0.006
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Fig. 1 Single-pass thermal compression process diagram
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Fig. 4 Dynamic recrystallization volume fraction curves at different conditions

K] 5 ST 1100 °C, B8R 1 s 444
T, a5 A3 A I TS | VB R AR | v ] A A
TSN AR T ARIE 5 IR AR A A B G AR S AHZH 4. 7E
Il SR AR 25T, AbE S B S i 20T H 4,
LRSS D s B8 LA ok HUR AR IR AR AT T oA & A 3l
&5 B, SRR SR 57.9 um, A& 5(a) s .
BB AT e () E— 203 0, ARAs AR Bl 3K, i
FREs TR &R, T Ik R TR b 20 T 2 AR, ih
SRR UL/ INRST BT AZ 1 B 25 P45 I o, dobr R
SR/ NE 39.1 pm, WAL 5(b) s . ARSI AR
WA 0.5 B, B EGAAR ffokr ROST B st/ 5T 43
AT, B A% ) B AR AR B BT R, T34 ok R

1A 29.4 um, WA 5(c) Fim . W shAS R4S o
B — AL, B A R R ST kel N T
5], RS SRR A S R . AR
IRERRAS R AR, AR R ST R 25.1 um, W01E 5(d) fir
TNo IR IRARARTY B IR R L, PRI o v
B CIARBEE shAS 45 M BT, ki ke T
ANTRIRRBE (I ARAL o XS 4 AH I s 28 P25 A AR AR )
BT, 5% A A0 R BRI i 2 A 7
XTH, WA 4(a) i . TLAE ), ShaSE4s sl )
SRR TROIN (4 P45 S AR B S S AR g T 25 2R
W& R4t

XFFHLE &0 m RV TEAT R, Sha F4s



2 % A5 BUBS AR EC A R R X f N R R I A - 179 -

Al AL B EAZ AN AR R R T 10 2 i AR AL I
FAAfRESEHEUREN Tyl R oM al A, G e
FERLRE AR SH A BEAE L R 4K Bl 1 R/ NS 25 145
e AR I REA T, R A 2 S At R L N T, SE B
ASFHRRBLROT R R R ARAR AL 200

TR i Vg BT S e =
(a)f 4 .AK_V, o e Ry i(b

L 40um

(a) &=0.1; (b) &=0.27; (c) &=0.5; (d) &=0.73
B 5 ARNETHRERESHEEERAR
Fig. 5 Dynamic recrystallization structure of austenite un-
der different strains

2.3 A EEE AR RCT X AN BR OB
Al

P 6 S AN TR B A 2 i SR RS AR IR
WNERR AU, fE—E R TR, fh A BRI
(GBF) EZUTEUG A 5 (PAGB) AL FE ALK,
FERGE R IX B Z2 IR R 2L, TG B G
ArOREIN B R B S IS Y AN B PIRER R IR (TAF),
e 2 ] B R R M 2 R A U BIDIR S5 4, BAT
AR B AR SRR o A, AT LU Hh Sh S 45 i
AL ST B N BRI S R DAY
ST, B ECAAR ok RS AN/ N, 5 22 068 I A i AL
ENUN I Eabind (B RY U] < S RS T LT Y A
JEH 57,9 pm I, f T Aok RO, 25 — AR
FERMANRREIPERE A L, REURNASIAE
HOE, I3 A S T PR B AR DL AR (B) i
Yo FFEARL ST HBORIS, S SR MR A HE 2],
RO TR PEREAR, 57 A M ok
JUFI8/INZE 39.1 pm B, AR A S RAT R A 2 41
A N EIRERZR A, S B EC AR Ak R (e
AR R AL R A B Ao R 4k
S/, AR R ORI 22, JEAS A AR R AR )
T G e 37 B PR S AR, B IR /1 i
RL PN FRAEUIE BGRB9S N R 2R A

(a)(b) 57.9 pmy; (c)(d) 39.1 pmy; (e)(f) 29.4 pm; (g)(h) 25.1 pm
Bo ARZEHERBHRTTHEEAR
Fig. 6 Metallographic structure under different dynamic
recrystallization grain sizes

B FEAS i RRL R TR N ERER AR B R
FEAWANTT ], — I LR ST RN BRI
BRE MR AZ 23 8] B AR RS RORIN, T
AR R A RAESE AR B2 I A K,
R B ECIRRERS i AR R AR P AR I 24
R AZZS 18], nI A S et i N R AR R A% RE 75
BRI AR R BN il i AR SR IR A SRR =S
[F] 52 BR, MATI i 2H 21 il R R AR T B . 95—
7 TR SR RS R/ INE R S BT I, S
BRI BUICERR RS R A U i IR XA AL 25
M4 S0 A P ZH UL PPl X A R AT R A 25
[, B CAAR AfR RTINS TR 25 5 A1 1 o S i
W, — 3 Z E 584k R PR A P RN SRR
TR

XL 6 FRA [ Sk RS A AL R R A R it
FrGEvt, A BRI B 5 B A A i AR R
SRR EER, WK 7 FR . SRR R RIE R RE



- 180 - W gk Pl K

2025 45 46 &

T 5B HE AR T Z R 2 B R, B
PRIGEANF

far = —0.124° +10.37d — 146.43 (6)
P fiar HEBNEREAIR S &, %; d S TEES i
FRGT, ume

90
R*=0.9415
80 |-

§

&

6ot

=

nZ

*r it
RIE Lk
40 1 1 1 1 1 1 1 1
20 25 30 35 40 45 50 55 60
N N T

B7 BASRGSESHEBERBARTHXER
Fig. 7 Relationship between intragranular ferrite content
and dynamic recrystallization grain size

TEIRB N B L AR 2T, ShZ FREs f oRn R
N 40 ~ 50 pum B N BR R ATEAZRE 1 feoi, AL
X A N ER R IR AR AR T B 2 TR
FEAZRE ST RN SRR AR FU A e o AL, & B il

VAR N E N b i T R P L S A AIES i T
If I AR 5 S M ) B 2595

3 &%

1) Fiti 2 728 T Tk B8 ) e PR g 722 3R A 38, L
Bl 4o B L -y A 2 18 U 0 ) R R S I
FIHERBHTIE A . 1E 950~ 1150 C. 0.01 ~ 15 25
AP, SRR ] R A S AS A, AL

2) T Avrami FEEEANL THUMAE &P shAS
FAE S h 2R IE ST B R AR T T A g
AR I] (R T B AR I hAS s ATl o Bl B
NIRRT LN AT ST by N NAWENTTY TN T i
SR AR R T30 ) 2 245 235 A AR 4 B 5 S I )
BT

3) SN ER R IR ITEAZ BE 15 S 4 ik )
TRZEIRRIMPLE LR, KL N fu=—0.12d+
10.37d-146.43 , fRIRSF A 40 ~ 50 pm A SRS
ICAZRE Sy et . B QAR B AS F485 b Ak RS e/
Sl N R R IR A 02 BRI, A48
YRR & 5, T S N R R AR R RS
Mk K, 55 AR FIA SR RE A, ANF
TR PERE

S 30k

[1] LLANOS L, PEREDA B, RODRIGUEZ-IBABE J M, et al. Effect of V microalloying in the hot working behavior of high Mn
TWIP steels[J]. Iron Steel Vanadium Titanium, 2015, 36(6): 68-73, 93.
(LLANOS L, PEREDA B, RODRIGUEZ-IBABE J M, %. A &0 w4l TWIP 8RN TAT R (W52 M [J]. 4R ERELEK,
2015,36(6): 68-73, 93.)

[2] ISHIKAWA F, TAKAHASHI T, OCHI T. Intragranular ferrite nucleation in medium-carbon vanadium steels[J].
Metallurgical and Materials Transactions A, 1994, 25(5): 929-936.

[3] HUJ, DUL, WANG J. Effect of V on intragranular ferrite nucleation of high Ti bearing steel[J]. Scripta Materialia, 2013, 68:
953-956.

[4] ZHANG S, HATTORI N, ENOMOTO M, et al. Ferrite nucleation at ceramic/austenite interfaces[J]. ISIJ International, 1996,
36(10): 1301-1309.

[5] HU J. Transformation of intragranular nucleation ferrite and microstructural nano-structuring of V microalloyed steel[D].
Shenyang: Northeastern University, 2014.
(B, V G a0 NIEAZ R R IRARAE ROWLH A oKAK[D]. T FH: ZRAER, 2014.)

[6] LIANG D M, ZHU Z Y, ZHOU L X, et al. Acicular ferrite and its heterogeneous nucleation mechanism in steels[J]. Heat
Treatment of Metals, 2011, 36(12): 105-111.
(2 Mg, R, JASEHT, 45 AP ERIR BRI AR SR AL ], IR PAEEE, 2011, 36(12): 105-111.)

[71 LIJW. Effect of austenitizing thermal treatment process on phase transformation of acicular ferrite induced by Ti-Mg oxide in
low-carbon steel[D]. Shenyang: Northeastern University, 2021.
(ZE5RE. B T2 T Ti-Mg AP S5 RERR AARAZ Y 20 [D]. TERH: AR JER#, 2021.)

[8] LIUJ, ZHANG K J, LU J S, et al. Strengthening mechanism and application of microalloying element vanadium in plates[J].



2 o, A5 BURS B R ER AR RS o R R AT A ) - 181 -

Sichuan Metallurgy, 2009, 31(2): 15-18.
(X, FRTTIR, Bl A=, 25, s ST RPUTERIAR T A (UL B2 B HID]. PU)11G 42, 2009, 31(2): 15-18.)
[9] YIN G Q, HUANG Z Y, YANG C F, et al. Effects of nitrogen content and TMCP on microstructure and mechanical
properties of V-N micro-alloying steel[J]. Heat Treatment of Metals, 2008, 33(3): 4-8.
(T4, Bizs, AR, & A S &M TMCP XA 4 V-N KB ZUR 7 2= e 2 [J]. 4 ) $ Ak 3, 2008,
33(3):4-8.)
[10] WAN X L, WU K M, NUNE K C, et al. In situ observation of acicular ferrite formation and grain refinement in simulated
heat affected zone of high strength low alloy steel[J]. Science and Technology of Welding and Joining, 2015, 20(3): 254-
263.
[11] LEEJL,PANY T. The formation of intragranular acicular ferrite in simulated heat-affected zone[J]. ISIJ International, 1995,
35(8):1027-1033.
[12] ZHOU X G, WANG X X, LI X, et al. Modeling of the dynamic recrystallization of Ti microalloyed high-strength steel[J].
Steel Research International, 2022, 93(6): 2100461.
[13] POLIAK E I, JONAS J J. Initiation of dynamic recrystallization in constant strain rate hot deformation[J]. ISIJ International,
2003, 43(5): 684-691.
[14] WAHABI M, CABRERA J M, PRADO J M. Hot working of two AISI 304 steels: a comparative study[J]. Materials Science
and Engineering A, 2003, 343(1): 116-125.
[15] CHENQY, ZHOU X G, LIU Z Y, et al. Microstructure and properties of Ti microalloyed automobile frame steel 5S10L[J].
Journal of Northeastern University (Natural Science Edition), 2018, 39(3): 339-344.
(HRHE, AR, XUIPRTE, 25, Ti A 4054 KRR 5101 I ZUERE]. AL Ksfsi i (A SRBHERR), 2018, 39(3):

339-344.)
[16] BHADESHIA HK D H, EDMONDS D V. The mechanism of bainite formation in steels[J]. Acta Metallurgica, 1980, 28(9):
1265-1273.
Wi REA
R e T e e R e R e e

(E¥ESE 174 )
[7] KARATZAS V A, KOTSIDIS E A, TSOUVALIS N G, et al. Experimental fatigue study of composite patch repaired steel
plates with cracks[J]. Applied composite materials, 2015, 22(5): 507-523.
[8] HANL G, WU XM, CHEN G D, et al. Local dry underwater welding of 304 stainless steel based on a microdrain cover[J].
Journal of Materials Processing Technology, 2019, 268: 47-53.
[9] SHAOCL,XIAOJL,ZHU J L, ef al. Research on surface repair technology of laser wire-filled cladding and verification on
pressure environment[J]. Journal of Beijing Institute of Petrochemical Technology, 2021, 29(4): 14-18.
(AR, M 855, AT, 55 MO BER MBS T 2050 R R T R EESAIE])]. JE st fb T Be 4k, 2021, 29
(4):14-18.)
[10] SUN G, WANG Z, LU Y, et al. Underwater laser welding/cladding for high-performance repair of marine metal materials: A
review[J]. Chinese Journal of Mechanical Engineering, 2022(1): 35.
[11] MAKIHARA Y, MIWA Y, HIROSE N, ef al. The application of the welding technique at fillet groove by the YAG-laser
repair-welding robot for underwater environment[C]. 12th International Conference on Nuclear Engineering, 2004, 2, 149-
155.
[12] SRIDAR S, ZHAO Y, LI K, et al. Post-heat treatment design for high-strength low-alloy steels processed by laser powder
bed fusion[J]. Materials Science & Engineering, A. 2020, 788: 139531.
[13] RODRIGUES T A, DUARTE V R, TOMAS D, et al. In-situ strengthening of a high strength low alloy steel during wire and
arc additive manufacturing (WAAM)[J]. Additive Manufacturing, 2020, 34: 101200.

Ykt AR



	0 引言
	1 试验材料与方法
	2 试验结果及讨论
	2.1 应力应变曲线分析
	2.2 动态再结晶动力学模型
	2.3 动态再结晶晶粒尺寸对晶内铁素体形核的影响

	3 结论
	参考文献

