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Effects of Vanadium on Hot Ductility of High Carbon Steels
Tsuneaki NAGAMICHI, Yasuhiro MAEHARA, Masamichi SUZUKI and Koki GUNJI

Synopsis :

Effects of V on hot ductility of a high C steel have been investigated by means of hot tensile testing in
relation to hot cracking on the continuously cast slab surface. The ductility of the specimens initially
solution-treated at high temperatures is largely reduced in slow strain rate deformation at temperatures
ranging from 7/a duplex to low temperature 7 region. The ductility trough with the minimum value at tem-
peratures just below the Ae; points, which are significantly lower than those in low C steels, is deepened
and widened into high temperature region of 950°C by small amount of V addition. The embrittlement in 7
region can be explained in terms of V(C, N) precipitation during the slow strain rate deformation ; strain
concentration within soft precipitation-free zones along 7 grain boundaries induces microvoids by decohe-
sion of densely line-uped precipitates at the boundaries from the matrix, and leads to the final fracture by
their coalescence. The intergranular ductile fracture in ?/a duplex phase region can be caused by the
strain concentration in soft ferrite layers along 7 grain boundaries in addition to the effect of the dynamic
precipitation of V(C, N). Ductility improvement with an increase in the strain rate can be explained from
V(C, N) precipitation and/or ferrite formation during deformation.

Key words : hot ductility ; high carbon steel ; continuously cast slab ; intergranular fracture ; dynamic

precipitation ; vanadium carbonitride ; strain concentration.

1. #

HEHEEEN ORMEE L OBEICBVWT, KRESKEK
FEHMOEE 7~ e BB ABREFICOV T
e Rt sh, RERBEREINK - 2Pt 7 «
54+ (o) OFEESHEFEICERT LI EPHL
WERTELY™Y, $2bb, BiRES O OWHER
BT AMEOESIZEMEERSERCRESNDLH
FOMiTHAWIEMITEBECHLTHEARETH S
1074~1073s7! DEEFEAFEFEERIC IO TRE KT
T4, ohid, BRI Nb(C,N) % AIN R &EDjR -
Bkt — X7+ 4 b (7) RIPICHH (BHRIATH)
LC y RIAAEE(L LV o ERICK D 7y RF
WD CTHEB L 28I a RETEFOKRL »WVREICE
AVEPTLER, yHELOWEYHE< ) v 720D
REICHEEIC XD TE L7 KA FARIICER L Tl

il

L yMRIERBKELA R T TH AN =l
&, M Y RERICEET A0 TN gE, S
ho yRNEREEHZELT C RPMoEETEOEEL
’&'”’Z} 12)16)17)‘

L L, ShoDORFFEDIEE A CHERRERICRS 1,
BINTTCEE LT Nb 2 Al O - PO LEH & 2
NICERTARACEBHICEEL TITOAADDTH
B DTINDIIME) - Np FREAT B IC AR &K - e
ERTECHLENFIrL (V) 280BREHRICBY
TH, FOBHTH 280 TRBRILFAEL S EFRS
n52%, FRICEARILOBE R FGOFMIZHASH»T
o,

FZTABETIE, AL LTCEFHOE Y VIRm
ERESOBERSESE ORTITRERE - R HS
MICT A0, BREMICRITT VimoEE: V(C,
N) O HEENICHEH LCRETT 5.

BEfl 62 £ 4 ARSHERERARICTRE Bﬁfﬂy 63 4£ 2 B 29 B34+ (Received Feb, 29, 1988)
* (FELE ¥ SSEIEMIIZER (Iron & Steel Research Laboratories, Sumitomo Metal Industries, Ltd., 3

QOaza-Hikari Kashimamachi Kashima-gun Ibaraki pref. 314)

*2 FESETTEGE) S Ti¥ (Iron & Steel Research Laboratories, Sumitomo Metal Industries, Ltd.)
*3 FREEITE(M)/HhEBEFT (Kokura Steel Works, Sumitomo Metal Industries, Ltd.)
¥ FESBTEB)MEERAL Ti# (Research & Development Division, Sumitomo Metal Industries, Litd.)

— 141 —



346 $ xS 5754 (1989) £ 2 F

2. X B F &

e DIL2EMBL % Table 1 ISR, A 8§ Al
Fél, BS#IZ VEZHEML N2 HELZDDT, wWih
LELGETH X DEIHEA 400 mm X 300 mm O 7V — A4 L
LTAFLL., IhoD—8iconTid, FOEHEB L
O 0 BEPHSHARRRERSE 12 X © CRIEHBERI % F~
7-.

ITWHHGD y—a BREEG » LB T 5720, HARME
EEBMEEICL > THEZE 20mm OBE#E L-b0 Lk
DERZE 2mm, £2 10mm O/ EHICL, 1300°C
{2 10 min fNZL L 7:27% 0.4 °C/s TEBEHET O Ar, 5B
KO Ary B EBIEREET (Formastor-F) 12 X o> CHIE
L7z, ZD#E% Anvrews ORXIID 5K D 72 des B L
PE¢ T Table 2 127K . Aes i3 V 2iRIML7- BS#o
FOERREVD, An 8, An HEHIC ASBEIDL B
W OB HETE.

EIRIEYE X IR RERERIC L > CHAKT L. Liko#
ML & 0 FEREF18) & SPAT IS EATER O 4% 8 mm, &
S 20 mm, FEEFEBMERFLE 5 mm O AT BRABRE % HREL
L7z, ThoO%EE 2000kgf 4 » X b o v RBEER
BB CEUD ATV, ROV C 1300 °C i2fngk, 10
min fRIFLC VN 2 L0k - {tWoBERE*KY, 7
FLEH 500pum EMKIC L7, # 04°C/s OHHLE
&£ 550~1100 °C OFTEDEEE KR, 1 min %
mHRRELA. 207 0.03~500 mm/min DFTED 7 0 2
Ny FERE (MESFE () LT 25X107°~
42X 1071 s7T!) THIMT S THIBELR L. RBRIBETE
DEEALEBFIE T % 7: 058 Ar 7 A ERR B T 7.
HERL KT L2b 0o ORFFAMEE - & 2 821t

Table 1. Chemical composition of the steels used
(wt%).
Steel C Si Mn P S Al \% N

A 0.44 0.17 0.75
B 0.42 0.30 1.03

0.019 0.025 0.030 0.002 0.003
0.022 0.019 0.032 0.126 0.009

Table 2. Transformation temperature of the
steels (°C).
Steel Aey Ary An
A 771 ' 720 638
B 791 710 623

Aeg : Calculated by using ANDREW's formula’®
Ar3, Ary : Measured by dilatometer ; the specimens were cooled
continuously at a rate of 0.4°C/s after heating at 1 300°C

DL, EXAUET M (SEM) I X 5 HEIBIE,
TR E R A - BB E T HEME (TEM/STEM-
EDX) X X 2T O TR D BIER & 947 2 4T\,
FIRME & OB#EIC> W TRE L7z, BB OFEE
23 TEM A BREEF B ml#F & STEM-EDX €—
FiZXk2 X #0H BX U EPMA 2 6FF L 7-.

Photo. 1. An example of surface transverse crack
in Steel B bloom. An arrow shows thin proeutec-
toid a on the prior ¥ grain boundary.
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¢ : Strain rate .
Fig. 1. Variation of tensile properties with de-

formation temperature in Steels A and B.
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3. ¥ B & R

31 RHBROBNEFEOBEBFAE

BUE T TR O N E g 7V — 5 OREHFEFEENR
MEBETHL, S5C 7 FADREBHMTHL AMT
WEHERISELBDON D H, VEHRMLZ B
WTRBOUE N L HEIZE & 1/:. Photo. 1 1Z B
WA U 7B O OB % & e MEWT TR O SER AR £ R
HEE YRR LOENT £V AROWNT ¢ (KED) &
B TEBL TV 5.
3-2 5RMHE

Fig. 11 A, B#iz ¢=0.83X10"3s!, 0.83X
10727 CHMF L& 205 IRMEICE JITTERE
BOEESYRYT. £ =083 X 10 3s7! TEELBHE,
WIS (RA) TRy A QM de; MET &
BEhbhs (Table 2) 750 °C 7> ST LiE®, 650 °C T
B BBOHL, V E2HEMLA B #ARESE 2R
TEREEE, Bo 2z v Bbh 5 HiREBICE TA
HOTWA, £=0.83 X 1072s7 ! L EAREIN—HTK
XAt A BEHVWThoEELEEL, EEI K
INE 72 BRI 650 °C 25 600 °C ~MET L Tw A,
LA L, BEM%R4SERESIZ, AFTI750°C £ T
ThiHH, BH Tiz 900°C £TTHY, ¢ =0.83X
1073 s CER LGS LHERRII, KhERMICKE
SIEA A, —F, BH-EEXMBIZE T EBRIEH
(0,) 1%, A, B bIIERRED LA ITHEV—
WIETL, 2ZREESTAH L0 B ohreE

v, 72, A—METI o, 3EAEFEOKEVHIE
A%

Fig. 2 12 ¥/a Z#BTH» 5 650 °C LIKIR Y TH %
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HEDFELRT. 900°C TEETALE AFMOEMIZ
EFAEBECLIOTTFNROHVELR TS, B#H O
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Fig. 2. Variation of tensile properties with strain
rate in Steels A and B deformed at 650°C and
900°C.

a) Steel A, 650°C

b) Higher magnification of a)

¢) Steel A, 900°C

d) Steel B, 900°C
Photo. 2. Fracture sur-
faces of the specimens
deformed at ¢= 0.83 X
10737
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ETD o, id A, Bl & bEAFEEDETICONT—
BICEA L, M LA-L2FEA,EERTBHEH 0F» A
XD bH 2kef/mm® K E REERT. 650 °C TER
L7k a0, 900°C BB ERLD bIEL,
£§=10.83X1073s ! Bz R FCidk 5 < Il
L, TN ETRERIBHICERE LTS, 0,120
WTHL2EAEEBTCBHOSFT ATELD S 5~9
kgf/mm® B\ 75, € DEREFEIC K BEIZEML
TEBIPROOND. ThbbHREMSER L 2-ELEE
083X 107 3s ' LTOLERTIR, BEARENKT
M o, BEAT B, BAEENZOMEML S &
0, ZEARBEIITEALKEL L 5.

3-3 WHERRE

A, B#i% 650°C, 900°C " WiBEICEB VT & =
0.83 X 1073 s ! THMF L 72 & X DBkE % Photo. 2 I-
RT. ASD 650 °C DEFIC B W TR FHEE (Photo.
2a)), MBS A LNABK@LEICENT TN
B yRREEHEES KT 2 EDT VD &
b7 % (Photo. 2b)). B#i% 650°C TEF L& &
b FEBRDOBIEFEARD 5 niz, BREE ZEE ¥
TH%900°CICEIFD L, A OREERAE BRI,
K AEBIEA~FEIT T 5 2% (Photo. 2 ¢)), B SMOME
12 650 °C TERLABE LB yNRENKEL S
L Tw/: (Photo. 2 d)).

B % 900 °C CHEWT L 72 & X OBBEREIC B LITT
EHEEDOEE% Photo. 3 I27RT. FEAEEN 0.83 X
1072s7 b RE WA, WPUERBIEORADLED S

N %% (Photo. 3 a) DKHN), FAHHEEA 0.83 X 1074
s TEBATHE YHABEOAPBESAD L) IC
%% (Photo. 3¢)). FFRHE % & S IZFEMICEET 2
&, HWBHXKELEAREOERTIRENT 4 > T IUH
R EnsDIZx L (Photo. 3 b)), EEAEELERT
B7F4 NS 6B 2D HBEREICEL ZoTWw
% ((Photo. 3 d)). 7 ¥ Photo. 3d) HIZEEITRL
ZZHEE EOBEE 1um BLEOM AT HY 2, EPMA
THWOER, MnS THBHZ Edbrork. Ll
NS RHRTHDL 2V ErSRILICIIEERRL 2

WEEZ LA,

3-4 HWETELREOHEE

Photo. 4 IZTlj$ % 0.83 X 1073 s ! mEAHE TH|
SRAEHT L 72 3B O BRI 65 0 MEWT T ARLAR & BIREE &
BfR%Rd. A% 850°C TER L7354 (Photo. 4
b)) ZERWTHIE y R EICAER L 200 ¢ (BW
o) o THB Y, yHAHEEE L TWvw5 (Photo. 4
a), ¢)). B#% 850°C TEHT % &L ERIBRED Aes
BHUETHBIEDLLHEOLTHDY, EIEED ¥
FIFICIE e iR L TRV (Photo. 44)). %8 A
WMo y RIIEREH 650°C L b 850 °C DL D
FHMNZ D TWAER, ZHIIHEME CIKELEAR
BEZON7FR y IS EEA Y LB T
%2 5 (Photo. 4 b)).

Photo. 5 IZ X%l % 650 °C TH5RALHT L 723K 08k
HIVTEE ORERTEHRE L EAEEOBEBERT. W& D
EAREREN 0.83 X107 s DA, 750°C TERL

a), b) £ =0.83 X 107 %!

¢),d) :=0.83 x 107 47!

Photo. 3. Effect of strain
rate on the pattern of fracture
surface of Steel B deformed at
900°C. An arrow in a) indi-
cates transgranular ductile
fracture. Arrows in d) show

. coarse sulfide particles identi-
fied by EPMA.
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tensile direction

5

tensile direction

72 & % (Photo. 4 a), ¢)) EEIBRIC YRR EICAERKL
7=FIMT a W22 TENAMERE L T % %% (Photo. 5 a),
c)), BEAHEEN—HKEL 2D E yRATREHEIC
HEL yRHRNICAEKTZ20 a DEFEL L 25
(Photo. 5b), d)).
3:5 HHPOREE

EAEE 0.83X 10 3s ' TOERICLD2THELL

a) Steel A, 750°C
b) Steel A, 850°C
¢) Steel B, 750°C
d) Steel B, 850°C

Photo. 4. Microstructures
in the vicinity of the frac-
ture surfaces on the longitu-
dinal cross sections of the
specimens deformed at ¢ =
0.83 X 107371,

a) Steel A, ¢ =0.83 X 1073571
b) Steel A, : =0.83 X 10 2%s7!
¢) Steel B, ¢ =0.83 X 1073s7!
d) Steel B, ¢ =0.83 X 107 %71

Photo. 5. Microstructures
in the vicinity of the frac-
ture surfaces on the longitu-
dinal cross sections of the
specimens  deformed  at
650°C. -

WIEMEZ/RLCHRET L7 B (Fig. 1) OBHEL» S
A=K TRV AECI>THE LAY %
TEM/STEM (2 & D ERE L 72, # R D —Bl% Photo. 6
WZRT. KENTRT & 512 650 °C THEMT L 230 ok
HEDEF 1+ T NVOKEIZ (Photo. 6 a)), F 72 900
°C THEWT L 72 B OB E — 1 = (Photo. 6 ¢)) #h %
NEZEH 100m OB FELELTB), Thbid
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Photo. 7. Extraction replica image of a Steel B
specimen deformed at 650°C at &= 0.83 X
10~ 3s 1, showing V(C, N) precipitation within the
matrix. Dark areas are due to lamellar precipitation
of cementite formed during cooling from the de-
formation temperature.

TEM PHIBR#LEFE 3T ¢ STEM-EDX £— FiZ &k % X
WMAMEHHATHZEICED VI(CN) TH5HZ LI
- (AR

Photo. 7 (24, ZEHIEE 650°C, EAHE 0.83 X
1073 s CREWTL 72 B SEOBBTE LR O MERTET L 1
H—K Uy TELTYAECIOTHE L y RNOH
% TEM CHREL-HRERT. 2B8EBCRIHH
FRBIRCHEB L= 4 b TH Y, 7IHTOHWHR
DEHEICER LD TH S, KATRTLIICH

a), b) Deformed at 650°C
¢), d) Deformed at 900°C

Photo. 6. STEM micro-
graphs of V(C, N) particles
extracted from fracture sur-
faces and their EDX ana-
lyses in Steel B deformed at
¢= 0.83X10 357 Arrows
show V(C, N) particles.

10 nm DO R AT A > ¥ 4 FDEVFEIKIZ L
BLTBY, YHRC—RBICGHFELTVZb0THE S
EHbhA. IO EYIE TEM AOHREEET
WEHFIZE Y V(C,N) ThHas I LRSI, B
% 900°C TEFLALEDL 650°CICBITAERLEA
BOV(C,N) OFTIHFERE S h-.

4. %E =

A, Biifi *BEARETCER L SOEENE
BIREIZ X AZ{L 2 EAMIC Fig. 3 1I2/RY. 2B
WCREHED—-ASHPRRETHAHLNEZMMOEET
FORME? AR LIFIFELVHEHVTELERD
LM T TR L7, BRERLIKE 7~ 7/« A
TIREAEELT 5 & Aes HETH SEMEIET L
Mo A, BERFEROLEETRGBEE FEKERDO 2
ht o b EERICHS (Fig. 3D). ¥e ZHIREEIC
BUARAEROD L2 yRFEICERLAZT 4V
LAROPIMN «a THAHZ EH»5 (Photo. 4 a), Photo. 5
a)), TOERE v/a KRAKBTTREE THS Aeg 1T
CEDHIMICEOTHETLALDEEZONS.,

VARMLAEBRERCBVTOESNRAE LS
DiF y/e ZHIETH S, BIbBIEEEME TREL
5755 (Fig. 3 ®). EHoB/MEZERER, SRZE
WM, VEMBREFROMEIIEL 5. THNIEIHMHETH
L YHOERLENY C OEEIZXI2>TKRELSRD, 7
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High C
(Steel A)
AN

DUCTILITY

1 1 1
600 800 1000
DEFORMATION TEMPERATURE (°C)

@ Lowering of the ductility trough temperature region due to
increase of C

@ Broadening and deepening of the ductility trough due to
dynamic precipitation of V(C, N)

Fig. 3. Schematic illustration showing effects of
C and V on the temperature dependence of hot duc-
tility.

BWREICEBR LN ¢« EOIHENKEL 22 TE
HREROESVHPHEINT HZOTHY, B yRAI
BT L7 VIC,N) A0 HERBETA-O &
Eibhb.

/e ZHIBORALICIE Y RRICHTET % a HLEA
BRI L CTEELXE®R* b2 E X HNS. Fig 2
WRL7Z: A, BRSO y/e ZHBIZB I H5RMEHE &
a BB IEIEAEREORELBEMIIRT L
Fig. 4 D& 122 h, WL b2 ¢ ~10"3s7 ! #3iC
SHRUTCRAE CRILL, bl ETREM SIS
m{E4 % (Fig. 4¢)). —7, 0, 22V THKREN %R
L7z &e~10"3s ' LT CREAEEDETICO2NT o,
AT B, ELAEREFOELHELSE 0, 3FEA
HEICLLTIIZ—FL %5 (Fig. 4b)). ZOHFE
a DHHEOHBIZL O THHTES., T2bb, EAH
WEE AR T 5 L AR IR S T BRI E <
B R OBICHTINT 2 o B ETRAT 555, B
WCHHT S c BREAEEN 103 s ' 2BLH LR
BT % (Photo. 5). % DiEREHIICHTH L a
LEIICHE L a 265 bREEKD o BIZEIICH
WL c OFHEE UL - EARERTEE*RT X
3127% % (Fig. 4a)). EAEEN103s ' 28BS
RS AU o DHFHIEAEEICEIN L EAFETHIC
Lo T yRPICHLERT %S (Photo. 5) 728, HH®
@ TRT LI CEHEDKRE CEBEL 0, 25UTIT—EI %
HEEZOND. VERMT 2 EEPDOQ TR LD
Wy REPC B 72 V(C, N) 25#7H L T (Photo. 7)

AMOUNT OF a

STRESS

DUCTILITY

1 1 ] 1
07 10 10 07
STRAIN RATE (s-1)

@ Effect of 7/a transformation
@ Effect of V(C, N) precipitation

Fig. 4. Schematic illustration showing strain rate
dependence of 7/a transformation and tensile prop-
erties in ¥/a duplex phase region.

WEELT 525, yRFLEECHB L V(C,N) 2584
FDFEAEE L 72T (Photo. 6 a)) MILzBIET 57
OERER (AS) L LEESETT2LEbNs.
Ry ToORILICOVWTER S, KR 7y THEIK
WM (A#) 2ERTHE, FOEBEIEIAEEICX
LEEmWiEE R L (Fig 2), RNEEKELE L TH)
Wi+ % (Photo. 2¢)). BREMIC V %ML TR 7
WTEETEL, EAEBEORVIHENERIIETL
(Fig. 2), SUERREIIRPIREPEREE A O S RERR T (2L
WREMEEE~ £ 8173 5 (Photo. 3). T OFE XL
TOLIEEZONS, Thbh, BEAREEETIE
V(C,N) OBIBIAT A LIS CERA ¥ R & RN
WIFHEIIND B - OWE N NESBIREET 5.
Thia L, BEAEEEE T y A»HMEZ V(C,
N) OBRFHIC X 0EEL, yRFE LI V(CN) #
WA EICX D Z0RPICAL S LEESNLEKD
VR RO ~NEASERTHHERYY, LoV
(C,N) HIFH»SEBDFA FAFK & h(Photo. 6¢)),
ZNOHAEMIGERE L CHINICES -0, BIEE 7R
REHREY BT S, Z0H4E&SH Nb(C,N) 2 AIN®
BT IS X B REALIRETD e o s @A TED L
Eiohb.

PED X 5ic, ve ZMHIEE L RKE yHOWTHD
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Table 3. Precipitation hardening due to V (C, N)
precipitates in Steel B specimens deformed at a
strain rate of 0.83X10 3~ L.

650°C 900°C
(kgf/mm?) 1.3%10* 4.0%x10%
b(um) 2.9%x1074 3.7x1074
A(um) 0.14 0.50
Teale (kgf/mm?) 26.4 3.0
Zobs (kgf/mm?) 5.0~9.0 2.0

fefbicxt LTd V(C,N) @ y R HIC X (LA E
ELrERELOIEAbNS. £ THREBICB VT
ViR X 5ERIEH O EFASHTHEBEOAICE DT
HATEADEIDICOVTELICRE 2MA . T
BAL* EEBRICEET A7 0B AOEFVHRB SN
TWah, T TRIFHNFTHS V(C,N) nERX
D LR FHOEHDHHKE VDT (Photo. 6, 7), #n
AN BEF2 WA ENTELRVERELT
OrowaN DETF NV EFEH L7/, T4 bH, Orowan DE
FNED W X BT DOWINE o 3,
Teate = b/ A

THZoN5.

TITC, u, bIEFENFRBMHOEIMRL N—F— R -
N7 M, ARWHKEFHEBEBETH S, 2B 14 &
Fig. 2 & k72 Vi £ 5 o#mE oEE
Thh.

WEO—fl% Table 3 12777, KR y B CIkEtEHE
FEMEELIZIZHE LW LD S, Z OREETONHE
{t7% OrowaNn D EF NV CHBETEBLZ EdbAL. h
W LT e ZHBER I EMEGFEM L D HY
v, S, ZREPICIEIONES W e BERT S 720,
V(C,N) OHHIC X B ORI % 8 L 72 720 (Fig.
4) EEZOLNS,

5. & £

WSS OREE L OBEICB VT, KR 7~
Ve “HBIIBI2ERFEMOBRERICBLIEFTV
DB OWTHRET L 7.

(1)EREMCTIHERZMIZI T Aoy AFETT
BHDT, Aey HET ke ¥ HEFEHHELTER Ol
LR B AR ~F1T T 5.

(2)ViERmAcEehrsmeasnse V(CN) o5y
KRO A% 6T yRINIC S BIRBMIAT H L TR AN % E
b5 50T, yHFICH ) EKO BRI RN o i
EAVEDL, RETEDE < M) v 7 X &S HEFIH

CEOTEL RS FERHICAER, EBEIICESLD
T yRFEMERE * O LB KR v TK
RN B,

(3)Z DAL Nb(C,N) * AIN OBHEIHTHIC
LBbDEFEPLTHBY, yNFAEEEDT 1+ ¥ TV,
¥ a ZHB TR EBIEVD, 7 TIRIFICEAEEE
1074s P FTTIFBLIEFIEL 5.

(4)V(C,N) oz & 5 y Rk, 78Tk
OrowaN DEFNIZEDTHBETE S5, y/a BT
BRERHD y>a BEVEGTHOTHEML 2 5.

(5)¥/e ZHH, yHOVWTFRIZBWTHLEARE S
Eiyn L ERREHICEET S, g ko V(C,N)
OB HAIHF LN D ) 2, Ve ZHBRIIBWTHI
FAE NI e d YRR OHTH LT Rl ot m
ENBEDTHS.
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