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Stress Relaxation and Hot Ductility of Steels in Intermittent Tensile De-
formation at Temperatures from 700 to 1 300°C

Yasuhiro MAEHARA, Hiroshi TOMONO and Yasuya OHMORI

Synopsis: :

In order to understand the effects of straightening points of continuous caster on the surface cracking
susceptibility of the slabs, stress relaxation during hot deformation of low alloy steel austenite and austeni-
tic steels has been studied by means of intermittent tensile testing at temperatures ranging from 700 to
1300C. The processes of deformation to given strains at a slow strain rate of 4X 10 s~ ! and subse-
quent stress relaxation for 3 min were repeated. Stress relaxation is largely suppressed by lowering the
deformation temperature especially in Nb steels because of the dynamic precipitation of NbC. Although
the carbonitride precipitates nucleating dynamically can grow into considerably coarser particles in the sub-
sequent relaxation process, the dynamic precipitetion introducing the ductility loss can occur in the next
deformation. Thus the ductility in the intermittent deformation is completely the same as in the continuous

deformation, indicating that increasing the straightening points will enhance the dynamic precipitation be- .

cause of.lowering the average strain rate, resulting in significant enhancement effect on the surface crack-
ing frequency. While at higher temperatures, since the stress relaxation can occur much easily, the multi-
point straightenng could give considerable 1mprovement effect on internal cracking which is usually formed
at temperatures close to the solidus.

Key words: hot deformation; continuous casting; hot ductility; low alloy steel;
stress relaxation.
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Table 1. Chemical composition of the materials used (wt%).
Steel C Si Mn P S Ni Cr Al N Others
A 0.18 0.33 1.54 . 0.015 0.005 — — 0.039 0.0092 —
0.21 0.33 1.48 0.020 0.006 — — 0.038 0.0064 0.047 Nb
C 0.14 0.22 — 0.03 0.004 30.03 — 0.043 0.0006 —
D 0.16 0.22 — 0.03 0.001 30.36 — 0.045 0.0006 0.098 Nb
E 0.02 0.42 0.75 0.032 0.002 6.80 24.53 —_ " 0.154 2.75 Mo
THODTHS. WEBIFTER L TR 50 kg st [
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DOEHBEE T 700~1300°C DFTE DIRE ICKEIR, NbC . min
SDE L WIFHATE S 54w X ) 128 HEbo 0 B Y e

T 10 min ZiBRE L2, TOBEAEE () 4X107*
s 13 L<CiE1.6X107 %7 C0.3% 2wl 1% D5
BERE 20 % TEEEZPHL T 3 min FRARET 24
g (LLTFRIKBIREHT S) 2 BEEADH 10% &%
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Fig. 1. Examples of stress relaxation test ; Steels
A and B, deformed at 900°C. An arrow shows

bending in the curves.
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Fig. 3. Definitions of work hardening rate and
stress relaxation rate.
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L TROZIITHEELRE L RIEETEAE () OME?
A, BEOCH D% € =4X10" %" T 0.3% %

Steel B (d) SteelD

Solid : Intermittent deformation
Broken : Continuous deformation

Fig. 2. Stress-strain:curves by
intermittent and continuous de-
formation. Procedures of 0.3%
straining at e =4X 10" *s 7! and
stress relaxation for 3 min were
repeated isothermally. (2) Steel
B, 1300°C, (b) Steel A, 1300°C,
(¢) Steels A, and B, 900°C, and
1 2 3 (d) Steels C, D and E, 900°C.
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Fig. 4. Variation of work handening rate with
total strain in Steel A. Strain and strain rate in
each deformation are 0.3% and 4X10 7 4s™ 1.
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Fig. 5. Variation of work hardening rate with
total strain in Steel B. Strain and strain rate in
each deformation are 0.3% and 4X 10" *s™ L.
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Fig. 6. Variation of work hardening rate with
total strain in Steels C and D. Strain and strain
rate in each deformation are 0.3% and 4X10 %5~ L,
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Fig. 7. Variation of relaxation rate per holding
for 3 min with total strain in Steel A.

RN Steel B
\

(o]
80r \

A O,

\ o0 1300°C
Moy %

60r

N
A‘{A{A_ anj20°C

907000, o 1050°C

Relaxation rate (°%/3min)

40F o7 ~0-0~
e
I
900°C
20+ .,O—o-.-o—o—.—o—
o 800°C
« A- Aa —4—.
e 0—‘—"‘ $=4=00c

0 0.01 0.02 0.03 0.04
Total strain

Fig. 8. Variation of relaxation rate per holding
for 3 min with total strain in Steel B.
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Fig. 9. Variation of relaxation rate with total
strain in Steels C and D.
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Fig. 10. Effect of strain rate on tensile

properties in Steels A and B deformed at 750 and

850°C. Filled mark specimens were deformed to 1%

and then relaxed for 3 min, and this procedure was

repeated until final fracture occurred.

(a), (c): Deformed continuously
(b), (d): The procedure of 1% deformation and subsequent relaxation for 3 min was repeated until final fracture occurred

Photo. 1.
(e), (d) 750°C.

Fracture surfaces of Steel B specimens deformed at ¢ =1.6 X107 3 s ! at (a), (b) 850°C, and
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Wk O THE B L7, 900°C L TERLAD#ET
FEHED B VIIRIRGBEEEO WA LT NbC &
Bbonhnafrir &g snsz. D% 900°C T
Tl &DBEHR OB % Photo. 2 IZ7RF. @k
TRICLDT € =4X10" 4™ 1 THil THRER L
29% DWW % /R L7z Photo. 2 (2) Tid 20~30
nm OHT WAL BB s n, Fh o FEME %
B L CTHERLTWAH,S LI, BB EZBHRZ < HEIR
CHRDOTWA, THICKL, € =4X107%"! T 0.3%
ERLZO% 3min 5B S HIRE% 12 B DK
L (BfAEARICL T 3.6%) 1727 Photo. 2 (b)
TR A 60~70 nm & EREFLOEAICE~XT 3
EREREL, L2LFRSEREDFRERZLTVS
HDODERLEZHT. L TWDB L DHFL . ThS O
W3 R E TR A3 12 & 2 T NbC Th 5 2 & 05§
FHa . :

(a): Continuously deformed at § =4X 10~ *s™! until final fracture
occurred (total strain was 29%) )
(b): The procedure of 0.3% deformation at ¢ =4X10"*s™ ! and
subsequent relaxation for 3 min was repeated 12 times (total

strain was 3.6%) ’

Photo. 2. TEM  micrographs shc;wing NbC
precipitates in Steel D¢ specimens deformed at

900°C.
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Fig. 11. Variation of work hardening rate with
temperature, deduced from the data in Figs. 4-6.
The specimens were deformed to 0.3% at ¢ =4 X
10 " *s ! and then relaxed for 3 min, and this
procedure was continued repeatedly.
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#1000°C AT OZHH 21 NbC & LCHIH & BsA S
58, WL TCER LS, NbC EEA S h D%
B LCHAICBIMATH L (Photo. 2(a)), MoK
PME*BORNRABELFHEL TELVRILEHES
PV Z D &5 LTHAER L 72 NbC RS 3RO
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Pl s N5 O TIREABAAH Z D I12 < %% (Fig. 12).
Z ORERNE X0 B BT I T AR TV o £ S
LB, &I2HHPHRTIREROEA SRR
M oOMArBE SN O THEF3.6% £FL -
Photo. 2 (b) D JA¥ 29% #HFiZ T L 72 Photo. 2 (a)
LD BB LTwB EEZOND., L2 LEYDS
Photo. 2 12 5 N5 X 5 %M thH) O iz 8 72 2 B A B
AHE VTR I A M oL L IRLIEFER SR
BITAHTHA . MILEZEL NbC R k> Tid L
AYEER ST RVOE, FRPFEEERO D4 v iEE
DObDTHY (Fig. 3), NbC OEIHHT HIZ X BEYEAH
hEnwkHEEZONL, BHERKEOIETBANI
NbC BHH LTV T b HAHRER A, FHE, R

g
Steel B

1 i A
800 1000 - 1200
Temperature (°C)

Fig. 12. Variation of relaxation rate per 3 min at
total strain of 0.04 with deformation temperature,
deduced from the data in Figs. 7-9. The specimens
were deformed to 0.3% at e =4X 10" *s™ ! and then
relaxed for 3 min, and this procedure was continued
repeatedly.
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D 700~1 300°C 2 B S 5 BIKG [IREIAIC L ZIETIAEH & Sk 1177

HEEORELKE (R, EAEE L @E OB
DR S TEBERO ZNICHNL T A ~10" %7 AL
BTSSRI EICEO>THELIUETTS (3:3), o
BP9 7IC8ET 5 REN & BEICHERL, AL+
VR8I AIN ©%, Nb i <id NbC 0¥ shityfmT
U & o TRAATE L LRI FAT I & 20 & L CRIFRIE
HREZ 3 (Photo. 1) T ISEKTAHLDTH 5.
D& HRALBRR AR ORAEELF L ThHhE
BRERLTHLEDLL W (Fig. 10). THIERDND_>
DEHIZLBEEZOLNS., Thbb, 41 TR
3142, (1) EREHHL T ZO R0 ERNIZES
TERINIZLL, EAGHOMENEONLVIE, K
O (i) RO PRI ICENITH L TR
B3R 2 R L3 575, B o L &Ik %38 <
N 0BT 2k L TREZ A2 & I0K B, LA
MHOTRAT THBERDOEAGE %Mo 7% sBIEILI,
EEAENFFRCTHHED BB O I I3 L TEKRD
BRI EDbhrs, FREDD D, SEBEICELOT
B DOFHEAEENET T 5 2 & 125050 THEO
fafbizvoZz 3 s h, REMELHTH LIk D,
2L Y BREZEESICULHBEMER DR T
L, XS0 72914 VOES 2T ZLicL bk
LRI H A RREHLFTE BT L LERE
LRdwv Al U FHETH 700°C 3R~ +45<Thh, H
MEZETHICRSHICBELRECRKELILELE RS
9.
EASEORRRIEELZ LIFH 2 LI X2THEAT
% (Fig. 12) #%, 1300°C Tii 100% DIEHEANE S
B, A b bR EICREL BT A LEND .
INBHIOPVTEHELIIRE EET A2, BEILRETT
BRI BRI S L Bbh b O THERb O
IS ABEALONRIFETCELTHA .

5 # ]

BKEEM, Ni & 30% MLt —27F 4 MK
Ce-7x254 bW EMHERS 6/ ZHAT VA%
BT 1300°C fm#kfg 700~1300°C T—ENEA LS
Z 721 3min IO B & ¥ ARG IRER 21TV, EF
RO THEAL & e DAL 2 W, SRENE E OE
KEowTKRE LA (1) InTEfkxI2EEAE ()
n¥mE LBICERL, ZoRBHNTAE. bELAEE
REICKELSEE SN, SBIEZ W L3I HERFIC
FEEAFRIY)RLTVERIIEZOMEIINS R B, (2)
JCIHERE ORI S K& {, i< e A
/P&, 1300°C THH 2L 0.3% KD 3 min

BEFOZNEDL L L L BRBEADES 22 1§
T 60% & ILERI/NS V. (3) BTN RIRIC
BWTIE NbRMICEoTHELLIIHIEN S, Thid
NbC OB HIC KB EMBEHO Y v LD fEHIZ LD
THHENS, 22 LERERCEIEREICAR L 72
i NbC 20 HDRFERIIHET HBENEINLD
THEHZE SN A NbC NF 38 OEREROGAIC T~
TEEDEHATH S, (4) I8N TRE LS W%
Ve WO LD TH Y, BMITFHOMEI AL
DT NbIRMOEBELIZEAES TRV, (5) 727501
Al ¥ )V FH§To 700°C B THEHBXRFIEICL2Tr—
a BREPBHEINLSOTRIR Y LD &M IT#EE
NEL, IHBEBMREIKRELS LS. (6) KR Y~Y/a
THIROES IETEEOELEEICKE KL, EBi
25ELTHEDLS V. THIEBIKRERCHOTHH
B efb % # < R =L SBT3 CRESRE L CEBhIAT
HL, 22 IEHrELIIGITAEICED EEZ
BB, (7) LEADTAI TEEICBITAEBIELAK
OWNNE, &FHEF —FIC L TERPOTFYTE A EEE

F T2 O THRE ORISR 2 15 L, R

¥ EBEIELHILIIR A, (8) BiREToOILHEMI
BIDRTVOTEARASEOREIEPFTCES, Lo
2T, BEMETOOLATHLAHELROBIEIZIZE N
BEALGEREEZONRS.
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