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Deformation Behaviours of a 0.16% Carbon Steel
in the Austenite Range

Seita SAXUI and Taku SARAI

Synopsis:

High temperature tensile deformation of a 0.169%, carbon steel was studied over a wide range of strain rates
from 1.43 sec~* to 2.73 x 10-%sec*! in the austenite (r) range. The shape of the true stress—true strain (¢-¢)
curve showed a sharp maximum or regular oscillation in the low strain region and then reached to a steady
state deformation in the higher strain region. With a given initial grain size, D, the g-¢ curve is expressed
solely in terms of the first maximum flow stress, ¢y, or Z in the following equation. gy which is independent
of Dy can be correlated with temperatuer, T, and strain rate, &, approximately by the following deformation

equation;
e 4 Qo) <_. (Qn)ﬂ »
é=4 o'M-cxp<—- RT or 7| =é-exp RT =A.-0x

in which n (=5.4) and Q (=68.5 kcal/mol) are nearly equal to those obtained in creep experiments. The
energy value is almost the same as the activation energy for self-diffusion in the 7 phase of the 0.16¢, carbon
steel.

The austenite grain size (D) in the deformed structure is unchanged in the high strain region. D is a function
of ¢y or Z in the above equation and is independent of the actual Dy and 7 or é. From these results and the
metallographic observations reported previously!®, it is considered that the high temperature deformation
of the 0.169, carbon steel in the y range is controlled by the dynamic recrystallization process assisted by
the diffusion of atoms.

The mono-peak stress type curve is observed when the grain size decreases with deoformation (D> D), and
the oscillated stress type curve appears when the grain size increases with deformation (Dy<<D). Itisconclud-
ed, therefore, that whether the observed g—¢ curve shows a peak stress type or an oscillated stress type depends
on the relative difference between the initial grain size, Dy, and the dynamically recrystallized grain size, D.
This suggests that the shape of g—¢ curves is dependent on not only Z but also Dy and the change in the shape
with Z and D, is explained qualitatively in terms of the nucleation and growth model applied to the dynamic
recrystallization.
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A 0.169% KEM* ILTHE LAMBERTD
DTH D, FIEDLENE POMMELLL F L TH B0,
REBA OETHREIFTHEX 25mm, (§ 3mm, £
0.25mm T FEMERE LTw5b. FEBiC FAuvicst
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sec™t) Ciih UREIA O LA FHEERBRE I TH 5.
FEERIEF » FEBHHE T DWW BRI BT dh B0~
12).
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LbDETHDHTHD. HERBRTHEY Y oRa—F
FARBHREA v vy 5 7, KESRBRTIRSR L~
FEBVWTRIEZICHR L.

3. RERBRLER

3.1 AEH-ROTHHEBROBRIRICEIEL
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P:0.008, S:0.006, O:0.012 & wt95.
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Fig. 1. Changes in true stress-true strain curves
of 0.16% C-Fe with the initial grain
sizes as indicated in the insert at 940°C
and a strain rate of 2X10-3sec-1.

0.16°LC-Fe
6 [~T=940°C
£=20x10"sec -
] ™
sl T
£ %,
o
Z . 0.2
u‘nr .
QO
=3} \{R\ J
('3 L =4
g i o Oao0z : é
=20 010
1 los L a%s |~
]
_,-o—-’—"’/
o9, . ; — 0
0’ 3 4 5 6

Initial grain size (mmi‘)

Fig. 2. Initial grain size dependence of 0.2g;
off-set yield stress (7g.992), first and second
maximum flow stress (opm and o'y,
strain to oum (em), and magnitude of
stress oscillation explained in Fig. 8 (dos
and dog).
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— 88 —



=

A —AFF AL VERICE TS 0.169% REBOLERES 287

BIERRBR AT D7, ZOBAD Do v 37.8p TH
D7 FRIVBERECKEREE LD [040°Citkid
HEBERBRLITRDI. ZDEED Dy 13 48.0p TH
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Fig. 3. Typical true stress-true strain curves of

0.167%, C-Fe.

(a) at temperatures between 890°C and
1 040°C and a strain rate of 2x10-2sec—!
and (b) at 940°C and various strain
rates between 1.43sec-! and 2.73x10-5
sec~i.
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Fig. 5 1% Fig. 4 OF — & b3kdiz loge & 1/T
EOBRRETRTH, RPOZERODENL on ITITEA
EHRIFELE V. L2 TohEd Qp k<&, Qo=
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Fig. 4. Strain rate dependence of the first maxi-
mum flow stress at tempertures between

890°C and 1040°C.
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F(g)=A4.-q% KRG I TR e (3)

F(g)=A"-exp(Bo) TG JIREI -0 (4)

F(a)=A""-(sinh ao)® £JGHHIE - (5)

T 4 A, A", v, B, a i3 & DITIREKITL
mWEETH 5. Fig. 6 1z Q,=68.5kcal/ mol % P
TEHE L Z2 & on EOBRERT. Fig. 6 (a) i
3) KON AT L7 logoy & logZ » DE%
%, Fig. 6 (b) & (5) ROBMLEFHS7DIT sink
B L LTHERAEE L b DTHS. ZL oy &D
BRI (3) & h (6) RTILKERTEBL XS,
—%#9 13 kg/ mm BUF O AfEE I IBUE T hos
BIEPHIC LT 5 5 2% (4) BOBHREYTT om
L log Z L OROE BRI, HESDSV 13 kg/
mm? L B CRLTB 2 E05 on & (4) T EET
LORBEY TV (Fig. 4 Z88).
2T, 0.16% C-Fe o 7 {HIRIC 3T 5 B 5B

R VB NS CTETRT A LTS, b
B9 13 kg/ mm? LUF DS N A CrEk K HEEE ik
T 5.

é=A-o§-cxp(— Q, )

RT
F 7213,
Z<:é.cxp(,,. 2, >=A. GRpeeeeeererneneesen (6)
RT 4

* Z OHIICRAIEOAROSFHEE ¢ 2AV:. —BROBEBEE
2RI LB ERRE TR, 2O TA2HEE £ ), Z=g/
l+eo (e0 : AFROTH) LFEDRB. Ld2T ZF 2H0O MO
Zener-Hollomon ¥ Z & Z ¢ O#{FIE, logZ=log Z—0.434.
e (e:HOFR) tig3. Fig. 7 XD ey ORKMIZEIIZ 0.4 T
DB b, logZ & log Z F OEREART 0.17 BETH 3. Th
REBRUIC log Z OLZALON 6 L WETIUINI DB 5. Z &
Z EDERMNIL, ZSIE ey 12 Z OBRELTEDEBZIOT
(Fig. 7), MBDEEZ Z T URMAIRELTS. UhdoT,
oy & 7Z DRI oy & Z LOBELETAERDIV. Fal,
(6) ROBE% Z TERIL, Z=A4'-045-25(4’=0.9x 106 (mm?2/
kg)s-25.sec~t) CHJTEBIINB.

¥O00) ROER « & 3), () ROER » 8 DEicit, a=§/n
2 AEAEMERNIT 51917 Fig. 6 (a) kD n=5.4, 21:752 &
BTl 3 oy & logZ L OPEEL D £=0.43 BFLh3EDT,
a=0.08 Lig5.
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Fig. 6. The relation between theffirst maximum
flow stress, op, and the Zener-Hollomon
parameter, Z, in log-log scale (a) and
in log (sin h)-log scale (b) for 0.16%

C-Fe.
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Fig. 7. Changes in strain ¢p; and ey, measured
as indicated in the insert, with Z for 0.16
% C-Fe.
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UL LS OREIRETS 07D OFEHAL = 3L ¥ — 1V
ThBH. Zhkb 0.16% C-Fe oy IR KT 5L
1, BER I OTEEREINZEMWERSEC X VEEX
htwsiEzbhs.
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BIIA O T 2 E X L NC N E R TOTHE em &D
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Fig. 8. Changes in stress dos, doy and 4'oy,

measured as indicated in the insert, with

- Z for 0.16% C-Fe with a grain size of
37.8 4.
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(Do=31.54 DL 2D cy-oy tiER) HLROLNEG ey-Z HiEfE
PRI, LMD 3cERING.

ELIEHIRBOKRE X dos, dou, do'y & Z LD
BfRA R LTWw%. dos & dow H—FT 5 Z¢ DAL
D Z FEE T, dos WIHIC don LD KTHY, 70
EVE Z OBEICEECEMT 5. Ze: DLbici b & doy

WEEAD, 20 Z AT ISHOESERINL T
WhH. IhX Y, Zo Bk Z {BRIC KT B o-c i

i, 81 OBAKGHER LIEBE IR 2 RE S &7 h
LEFIKEBOEITAD, Zeo LETRIENENEZTL
TRBIRET 52 L, EFRREERCADL Z Lb»
5. —%, Zco STO Z B CV don WEHIT dos X
DNRTHY, o-e BFIE 7 REMHFEOHD XS5/
JCNIRBETRL, R LASLELLTWHmEZRL
Twb. LrLZD ZBRTS da'u VX don X DI
THoHb, o-e HIIBEIOENIRBI 26K L h 5
BOT R CRIRBIZ MRS CE W REL 2T T X
ST BS.

SED5FRHER T, EHIKEBLERIEN os FEHZ
B THRBCBIE T 5 2 X TE LD §CREM
D a &y BECETFHREDRBROBRTIE, ou &
os DIRE L OTHREECXHELIXTERCTHD, £
72 oM & os DEWE om F7VE os OXRE I RILIE
WICNEWELL LD, SERMERTH 2h &3
FURREBAEONL EEZONDOTY, Z Z TR
WKBIEETES om & os IWHRBEHE LTLUERAVWS
ZEieT B,

33 F—R7+4 FMEBICHITITRBE

AUHT ¥ COERAME ORIER R L TR OEHR O
BIERERD LT, WKEFETLHETEELTVS.

(1) om 2FRTOTH em BEEHOF — 257 F 4
bEESERIEE Do HRE L THNE, ZOBEKE LT, Lk
MOT oy OB E LTEEBTES (Fig.6, 7). ey &
HMEZLOBIBOTH ec L ORIT ec=(0.7210.06) -
em EEDELBAGMERKILLZZ E 519, g-c ghfgic
B 58 1 ARG HOHERIT Z OMBIZE LOBLE & iR
KRR LTV A.

(2) o-e ghERIZ, & Z SEHETIRIS ) DA RBD
LT L—ZFENETRL, & Z BETRICHESZTR
L, ZhxREIEANLIE—ECNETT (Fig
8). HBTILEIBDTHLDA — 27 F4 MESFLOF
MEEE, OTAROEMCEVCERLENE 2Rl %
RUSH D, BOTHESTRRBREN (T, &) kKXo
TREDDHD—EOERNELTTLOCLDH30,
hid o-c BRI BT 5 EFREBELOHB LEHET S
A, :
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Fig. 9. The relation between dynamically recry-
stallized grain size in the high strain
region'® and Z for 0.169; C-Fe.
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(3) BOTHERDOF —2F 54 FREARNY, HE
FHT X BT WTND AV WL L s dai &,
ThEFERCREIORBTMMME LR ET 5
AR & B —BRICIRE L KEER R L7219, 2
BiEENE D Low EORMICIX, o =K.-D-N(K,N
HEHTHD, N=0.70TH5) TEb¥ 5EEIRKT
L, ZOBEBRRZERTHECWAED LT T X > TEIL
LD, LZABTID on & D LOBEFGIE, (6)
REBVIUE Z & D LofEE LT RRDL HicE
HEBKEDS.

Z=K'.D-nN (K'=A-K”) (7)

Fig. 9 13 logD & logZ L OB{RERTH, Ko
BEROEE s kDR TWE e N off 3.78 i
FLLLBLS5|WTHSE. MLy, THMGFOA
— A7 A4 MESNOEHEET Z OB E L ik
TEDHTEMPD, TOMEIZER D (i< SR IEaR
CEBECBRLTVWS EE ISR LS.

LAl bR LA TRd Qo DiEX Y, 0.169%C-
Fe @ y {HIC BT 5 HE2HE LTV 5ENNEIEARE
i, RS THS LERSND. & ORISR
om & o-: DEIEOTHKL LT EHEGRD, ThiE
NOBRELOTALEECLBE LVWELZRDTWSE L
Ezbh5.

B ERE G2 T T EBITR O Ee O —ARAVEE &
LT, (1) o-¢ BWRIZ BT BEXRGN WG NESHD
BN, (2) TR Db DR Z v ¥ —13 2
V)=~ FPERDODDEL Y 16~46kcal/ mol 13 ¥k X
WIHD, - (3) EOT AR OEHMENT, SHRTHA
ELL IZIEEMOLSN» 5k, BESMAE X
ST B, = L URI[FLENA LY. UL,

— 92

0.16%C-Fe m#ERz Lo (2) & (3) OfFEERE
v ZOMEDERAI, SEoMELELTEREIRTY
3.
34 BH-OTHBBEOEREBHBLR
0.16%C-Fe @ 7 fEIRIC ST D o-c BHEGIL, B Z5F
BOREVEXRENLEITEZRL, & Z BRTRENR
BEw Lict wIThBOTAERTIRERRELSE
ERTH, DX S5 g-c giORT(LOFELL,
BRSSP TR LTV B EEZ LR S Cu) ®
Nigh) pr-h 6 L (FIFR UTH 5. SeLLars 5,822 i
RUVRBRIZIOTELNS - BN L, o-c il
MOFIRIEFiE. TERT 2200 FTH em & ex EDK
IBEBRIZ X DTHES & L, EMEMERLTRD2TVS.
TihbbE ZEETE, en<e: DBRICH VIEXIEH
RiFERTORKML, T eu>er O BRI DBIE Z
BTG NIREZ RT L H X bhb. SeLLars ST X
%5 aFe® 2 Ni®® ol U ) HEBRERS, Wik T B
Rossarp Hiz X% 0.25% C-Fe o U Y HABREE RN,
LERDOEZTHHICHBETES. SEOFBEHER T,
EER Uiz Z fHBNTIE, HiC exn>er THDDITHRL
(Fig- 7), o-¢ HiRDOWARIT Zow F0E Ze, #5EE L
TEILLTWwWD (Fig. 8). L7asi>T 4ED 53R
DEERVE, SELLARS LDE X CTIES (L FHPBTELR VX
S5TH5B.
RUHAREFIREB O R LD L S IR B
HD125& LT, WERFRE—JENTOERLTHY, %
HRXREH N TOERTHE OB VEE L LA
5. RUDVEBICX S o-c dhfly, hEIERBA O
BIPI, FRICBOROTHEOTHAEREDLE LY HE
z, SEODOFERRBIC LD o-¢ HIBROOTIEEKE
BT S8R (Fig. 3 (b)) 2AVhIE, BIEYR
NEFRICEDTCEHETES. Fig. 10 0 Eic X
DTHBI o-c WL SRR It XD o-¢ @K EHE T
T. RUORRIZI S o-¢ fIIRDOET SRR B D
o-cHfREELOTvE. (DNoy DEFORDE e
MRS, ThOHDET opn OHEINCEWENT 5.
(2) EHIRENIIBIET D5, ERRLOKE INRAT
5. (3) é=10"%sec™! DL XD e; IBRAKBRD ex i
HAEEXEV. (4) LI LECTSER0ERG i
* NE R TARES LOREALBRBAR, ¥E R =R/N ogg
EHWE (=R/ND (N—-1) BOBHRAED SRI2TNBE L, %
BANERTREAROTAREE 7. CARDTA 1 ARG
J1 oy REBIWBEF—ETHBLRET 3. BABHO 74 & 11
HET S 7o 2, SEPELE o-- HE (Fig 3 (b)) »5E»
5NB3DT, i FEOMERIET S brodRI 3. rhELER
BATHEINB VIR, ZOBRHBTREZS MV ZOBHETH
3EEBALNS. FHETHGIERAR, R=5mm, L=40mm

(Z®D R/L Hid Sernars 531922 QB DL 1T L)
N=10, t=R/N=0.5mm & 3.
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8 3
0.16°%C~Fe Torsion test 1 d "“ )
D.= 37.8B M (Caluculated) ) 0.16%C-~Fe
T7 [T =940 °C—— ———— Tension test ]| 163_ i
E /,/ ~ (Experimental) ‘\
5 6 A /\\— = o .2 \=—Z-D(from Fig.9)
ot e j g 7] @ 10 N -
§ ) / E = 10" seé b \.\ \
-5 i )
hrd / ) 1d B \\
/, . , N e
; P/ //>t‘\ ’Qt_’\c;\ ~ — 0 \\\ ° °
- / ’,r e 104 se‘é-p .g 1 o N N — \
/ N *~eo “Zc2-Do
3 77 s} 9 \\~
N 1 0 = \\\\.\
0 ’ 1 1 1 n L L 1 1 1 i L \ZC'I - Da\\
V] 01 02 03 04 05 0.6 1 05
True strain
Fig. 10. Comparison of true stress-true strain 7
curves derived from torsion test (calcu- 10 L 1 1
lated) with those in tensile test (experi- Y 40 80 120

mental) for 0.169; C-Fe at a high
temperature.

BT, IIIE-FHLTWEY U VBT s1T5
em, ex & Z OB GHEME) X, SIERARICE
7% Fig. 7 L13EN Y, Z=2x10Wsec™! TR L%
N EDOE Z T en<er ORHRERLA. BLE
DIEFTFER L D, SELLARS B og-¢ HIFRICEET 5% 5
i, D L B5ERMBRICET A RGERA T 2 &1
BT WES S,

LTAHTERMOA — A7 F 4 MEFRHIER Do H* 37.8
pTHELRBRFEZ5RAB LI L E, Dy LRIUKEX
OENWIFE R 24T 55 BEH Fig. 9 X b Z=2x
10%sec=t TH 5, OfEIE Fig. 8 IR L7z Zo=
Tx109sec1 & Zg=1.6X101tsec-! DOlic A2TWw5b.
Tixbb Z=2X10"sec~! DLLOHE Z fAKTERT S
&y o-e fhERECNIRBIZ IR S SRS N2 3 & mT
Xowizh (Fig. 8), ¥ BOTAMEMT £ T 589
BfEMNED I Dy X VBAPTHZ &/ dn s (Fig.
9): ZO2LODOBRRHEAGLTHLA TV LEZLR
XD TZTEEDLIIIRETHMEE LT X742 o-¢ #h
MROFZKIE, Do & D LDXRNBERIC L VEE D L DR
BEExi. ZORBOEYUER, H1iK o-c BIKO
ERDBZELT 2RO Z (Tihbb Za & Zeo) 25 Dy
WE2TET L8, T2 oDlEROZED LD
BRI Z L DX DBR & ISIES LW T & 2R T,
1l DD E ENBEEAS. £ 2T Dy DR D 3 EHE
DRBAICOVWT o-c I HEIEL, ThEI D& Dy T
Lz Fig. 8 LRU dos-2, don-Z BRAEKDHER
zfiis>fc- Fig. 1l 3B ONLERD Z & Dy, LD

* Fig. 10 BRI o O55E, Rossarp 53 HFIE LI 0.25%
C-Fe DRUHRBLIMBRRBCL A3 ZNTND o-c dhB R HE 172
RRIBEI-BLTH3,

Initial grain size (m)

Fig. 11. The relation ketween critical Z (Z¢, and
Zce) and initial austenite grain size, D,
for 0.169, C-Fe. The broken line shows
the relation between Z and dynamically
recrystallized grain size, D, in the high
strain region.

Bk Fig. 8 OF -4 L IR LTWS. Mo
#x Fig. 9 LELHDOT Z & D LOBEFEETRT I,
D Z-D iy Zoi— Doy Zco— Dy DEIRER & FAT L
T BEOHBOMIC AT VWS, Zhd b o-e ghgoD
KL Dy & D LDOKRPERCI>THREZD LV HFE
ZDEEME, Fig. 11 @ X > CTERINCIEH Sz &
EzbhX 5. Fig. 1113, o-¢ fifgoRKIE Z 23
T Dy iWEDTARELENTHZEERL, &LIT
HAsS SR 2 H T 5384 T, Fig. 8 & Fig. 11 X
D, 7 REWME LSRR, K Z 8k
5 o-¢ B TIHHLNA S W EABHEINS.

LRLOEF AT 5 E R BT AR T T
Tvd. XTI Dy P—EDELED o-¢ HEDORIK
ZABI DV THETS L, BIRIFF S &I i U TR R R ©
Fok AW TEER SRR 2R A7 Fig. 11 3 Dy @
R 5FBRAF AR CIBE L O T 2RETHRRB Lz &
&, MR (Dor) #ERA TS HIRBIDSE D, HHL (Dos)
AN TREBRIGIIZTPBbNS ¢ 2T (HiER
@)* ZDLEF—2FF4 MERNOTHERIZE
B WEER(D) R T X5 aTbERL, BOTA
TREHRBH & DITIZER U 8 ESESENE D 27T
Xowksrs.

T bl OV ROREVIRE LM (F2R0T4E
B) LEBC X OTERLAVOT R A VX~ BT
* BREE (1), () o~ DB
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292 % t &1 m®m6e3g (1977) B2S

PR E ORI RS —ERAROR & 5 ITEK
HFTo:H 2603 ThbbPEREAMNOMMBEEL
5 5FOENE, BEARERYc) ORRERT (o< 1/Dy)
THET B EE 5N 5. RGBT TlaRERER
THARBEER DG v in s, MR BEESSS
BRI I D, LedS2T en i3T5 EE X
bhso (Fig. 7). DR ey £TOD o-¢ B O
RUCHBAIT 2L ZEA LN ERT A v ¥ —p 8T 57
B, ey DBRPHOES L Z A TREIT BOK & K
ER I DB LCw L. —FHHRRBRA TR
DI LR BRI REEBRAKE V2D, L VNSi em T
AR RS 0T WEAS. Ll
Bk & BREDORIMNTH KB 2E0ER Iz A vy
—RAREL LW, KELE AR SEL E
T DOREREIINE»BHD. ZOXSUEMHFTTakEsH
Frixtdmml, ThP—EDOKE XKD T TOEBERRE
T, o-¢ WMk EICIEHIREVEDN S & & EFTH]Y T
Bt LT 5b.

LLEDEE» L o-c gD RIS TG D> E 703G
JHRENETRT DX, Dy & D Lo J/NEBRICL>CR
F5HT L, LADT o-c thifn K&\ Z KL
Dy (REHEZTRTZ &0, & HCHNEGRCN LER
B—REEFAVEZRACCEMNILHEABTEL LELZD

Stress

size

Grain

Em
Strain

Fig. Initial grain size dependence of stress-sirain curves (a)
and austenite grain size in the deformed structure-
strain curves (b) at a temperature and a strain rate
(Schematic).

ks,

4. & @

0.16% C-Fe @ y {Aiz 33 B3 ELH % T T/,
KR THEREE O

(1) o-¢ HRIKETTRT Z OFEVEETIEX
SHETFETL, & Z B CshiESr R LA,
WFRAHO FAERTRERRELERE T L. 0
o-¢ HHQOTRIY, TEMOEHEE D KR CHR
W Z Lo ckiEcEs.

(2) BIEKIEN o ODIBE T LOTHEE IT
X BZHLIE, W RTEWHER TR Kb f.

Z(=é-exp( 1%; >>=A-Uﬂ'x

F72iT,
é=A-o% -exp(— Qo >(6)

RT

FROEMSELT F VX~ (Q4=68.5kcal/ mol) 11 0.16
% C-Fe @ y #HItH1T 5 Fe RFOECIAEDOERL
I 3 IWF— 61.5kecal/ mol T VVETH 5.

(3) BEEWBOF — A7 F4 MEGKOTHERE
D i, BOTHEKTIZIE—EEETRL, 2O D XE
EBRCTHW Dy & T 2 ¢ OBV ELT on OHD
B¥E LT, i (6) R0 Z e LT—FMIC
gEmIhic.

DL EDFEEE T & AT 1B 5 MBS R0 5,
0.169% C-Fe @ y 4AMIC KV 5EIBEHIZ, WEic X
DTXERINCHHFEMARC X VEEShD %%
bhs.

(4) ZEFOA — X7 F4 MERRIE Dy LEE
SERRE D L oXNBERIE, (1) TRULE o-c ghifio
WRZE(L RO T WS, DDy DX 5 ITEERIT
BT 5 & ol I RKIG N T 03B bh, D> D,
D LS TERCHWCEI(LT 5 & SEHIREMRE DR
5.

(5) (4) XY o-c HEROIRIE, Z WRET S
FTHL Dy THIKETHZ ENLPLHN, ZOX Ik
o~¢ MR OIROZ(LIE, BIMEREMIZH LEER—K
RETFVEZRAVCEENICHIATE 3.

BBITERIFR 21778 5 BSIC TIEE W 2 7 WA H B E A
HRAYEE L ST ERO—PI TH IR iR
FEHTZRCFECORBFLET. FHAETH7:0.16%
RERT, BAFE () cEEIhLESERED
DTHY, FELBILBLEFET.
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