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The Effect of Temperature, Strain Rate, and Carbon Content
on Hot Deformation of Carbon Steels

Taku SAKAL and Masayuki OHASHI

Synopsis :

High temperature tensile deformation of carbon steels containing from 0.036 to 1.09 wt%, C was studied
in the temperature range 873 to 1 373 K over a wide range of strain rates between 1 and 10-%s-1. The
shape of true stress—true strain (g—¢) curves in the austenite (y) range is expressed solely in terms of the
first stress peak (op) or Z in the following equation, and the relation is almost independent of C content.
6p can be correlated with temperature (T) and strain rate (¢) by the following equation in the range of
stresses below 110~120 MPa ;

Z=¢-exp(Q/RT)=A4 g}
in which A, m, and Q decrease with C content. The activation energies for deformation (Q ) are nearly
the same as those for self—diffusion. These results being almost the same as those of 0.16%,C steel report—
ed previously®? it is concluded that the high temperature deformation of carbon steels in the y range is
controlled by the dynamic recrystallization process assisted by the diffusion of vacancy.

gp in the y range decreases with C content in the whole range of Z used. This solid solution softening
is considered to be attributed to the enhanced dynamic recrystallization process caused by increased dif-
fusivity of vacancy due to the addition of C in the y range.

The flow stress maximum (« ; ferrite) or the first stress peak (y), o, of mild steel (or iron) changes dis—
continuously near the A; point, and ¢, at a Z is always larger in the y range than in the a range. This
is considered to be attributed to the differences of vacancy diffusivity and of the dynamic restoration pro—
cess (i.e., recrystallization in the y and recovery in the a) which may be caused by the difference in the
stacking fault energy. ’

The flow stress in the initial work hardening region (¢.) is larger in the y range than in the « range in
the lower Z, but ¢, in the both ranges can be expected to become equal with an increase in Z. This is
caused by the difference of strain hardening behavior in the both ranges and the lower strain rate (or Z)
dependence of ¢, in the y range.
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Table 1. Chemical composition of steels (wt9s).
Disignation C Si Mn P S O Sol. Al
0.0369%C steel 0.036 0.028 0.27 0.007 0.003 — —
0.169%C steel 0.16 0.31 0.52 0.009 0.006 | 0.0172 0.007
0.289%C steel 0.28 0.32 0.50 0.007 0.007 | 0.0144 0.004
0.53%C steel 0.53 0.45 0.50 0.008 0.009 | 0.0155 0.004
0.679,C steel 0.67 0.45 0.49 0.008 0.014 | 0.0184 0.004
1.092,C steel 1.09 0.63 0.49 0.008 0.017 | 0.0113 0.004
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Fig. 1. Changes in the austenite grain size with
reheating temperature for 0.036~1.092;C steels :
holding time 600 s.
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Fig. 2. Strain rate dependence of typical true
stress-true strain curves of 0.03624,C steel in the
a range (a) and in the gamma range (b).
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Fig. 3. Changes in strain-hardening exponent,
n(=d log a/d log ¢), measured in the initial strain
hardening region, with flow stress maximum (&)
or first stress peak (7), gp, for 0.0369,C steel.
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Fig. 4. Temperature dependence of flow stress
maximum (a, a-+7) or first stress peak (), ap,
at strain rates between 18s-! to 2.73x10-55-1
for 0.0369,C steel. The data at 18s-! is the
result reported previously by the authorst®),
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Fig. 5. The relation between first stress peak, o,
and the Zener-Hollomon parameter, Z, in log-log
scale (a), in semi-log scale (b), and log(sinh)-log
scale (c) in the y range of 0.036%,C steel.

LFomRNEET 5 ZRICENE, XEBEREZHAWTD
FAEENCES. T TRLVEELIZOREEMT Y
BOLEFBRXEAERRTAHIELICTS. Tibb,

é=A~oﬁ“-exp<—%>"'"""'”'“““""""(4)

+HXo m=>5.8, Q=309 k]/mol 1, gLLNBERIMD 7 D
neoRBcELhTWES m=4.7, Q=280k]/mol!®),
5 — FREIC TS m=5.1, 0=308k]J/mol®» iz
FEE L. £ 7 k0 BOIRE D 7o D OIEEIL = %
¥ 280kJ/mol IEWETH B, Zhib, 7§D
BIREWRIREIC X > TR I N2 ENEIEAERIC X D
mEIhbEELILND.

a, a+y WD F — 21T 2T b RO D KV H3H
feTchdn, Fig. 4 0hbDfEoF— 21z (2) &K
A L TROAEERIRE L >TELTHZ &,
F T RTESAL2LTNL ORFHERITZ 2 TRE
Pt 5. 1 Dl alROERFBIRALERES 2SI ZL
FT5HZEW, H2iT atr B CIEEBRIEE AV 2 FAR
OWFEERL L NS DTN ELT 5 2 LA UTER
EWHBLETH ETHDH.

— 137 —



2004 gk & M

3 67 4 (1981) 11%

3-2 yHEHOEEEBHICHELZT CEEROEE

3-2-1 BMEIEER - -

H, EREEO riko o-¢ BIBHIIRE E OF Bk
DEALI A IS RTEIRD L% RTH, FThbid
0.036%C fafER (Fig. 2 (b)) LEELIT 5. o-c ih
MO IR EZRTEFELT, WIEC—2 E5H op 275
TEEDOTH ¢p, ep & RO FENEH BZRTOTH
LDFE ex, BHRBO KES % KT dos, dou, 4ok
L EHBBF LN BY. Fig. 6 11 0.53%C gHoRE L DR
BELOTHEEILETEINLEZEAFE op (F7122)
L ORIRERT. 1.09%C HHOE &£ D7 — 2 12EET 3
A3, X DRI Fig. 6 OB TRT X 5ic 0.539%C g
DFEREFE—FT 5. thoREWMOEED Fig. 6 &
WIER TR 2R LY, Lrd EREHO 7 Ry 62
pm & Lt ZFBOLNSTHAIFRLITEAE—F
TBHZ Nk, Tinbhh, REHWD 7 MO o-¢
BHARIZARIE op (27013 Z) O— RIS C M X h,
TN HOBEBIICRIZ I DOTIEE AEZIL Ui & £555
Ehs. Fig. 6 OFETF ep, ex, dos i EWBHT 2%
b T o TV 508,

HREHD op OUE L OTHEE RSB RT
F— R TREMTS. bR (2)
Re@ALCRkdbN5 QWO Fig. 5 LFE CEH»
LTRbLN 3 ZRFEROLEKS Table 2 zg &»
TRY . EREFEMOLH AR 0.036%C gt h &
ML XS5, SRRV ZHMO 7 — % %% 2 hif sinh
Fa%E AV 205 Y TH B, —F 110~120 MPa
CUF DG EET D ZH RE (4) XTh+oriE
hTE 5.

JENFEEm D CEIESBA (Licho>T (Do m!
VAN VW2 Y =1, U D®), FHES QLR CE
LRTWBRHRELFUTHS. Q13 Table 2 TR LA
ERZEHO 7 R Fe [RF-OHCHEID b DiEMAL
T ANWF Qs LIFIFFHELL*, wihd CEothnic
RV LT s,

REFO r BMOZEREHRICECILTIEALFRE
THY, £72Q1F Qe EIFEHELVWEWS L Lok
wxt L, #iERD 0.16%C §M i3 5 BTSSR 09558
TE5LFEabh5. Tibb, REHAD rigiickiys
LERGERARBERTCoOGFacBfL <, MExRE
OBHFERBC IV ERI N LE LI5S,

3:-2-2 FEEAEKILER

F1 -5 op OV EERER T, SER
* 01 Qea L YT 29~46k]/mol 12EAXWN. UL, TOER

(9) RSN THERROBEEFECETIHIES o KELTH
5Q 2EITT 320 L IFRETL.

Z1!s'
1°10°  10° 10”
0.53°%C Steel
(do = 62 um)

U0

"“—109°%C Steel
/e|  (de= 62um)
e
Ep 3 x-
7/

1 1
0 50 100 150 200
(a) O% /MPa

Ep and Ex
(@]
[
=

Z/s!
1P107 102 10° 10°
0.53%C Steel o]

‘(do:62pm)////
4 a0

A0s I MPa

403, I MPa

0 20 40 60 80
(b) Op | MPa

Fig. 6. Changes in strain ¢, and ey (a), and stress
dos, doy and dgy (b), measured as indicated in
the inserts, with first stress peak or Z for 0.539;,C
steel. The broken lines show the data for 1.099,C
steel.

O 1173K, @ 1223K, A 1273K, A 1323K.

Wie r REOHM (26~72 pm) TIHF L AL METS
LT EERBREETHR LY. Fig. 73— 0iREL
OF 5@ E TRIE L EIRETD op & CEHEBFEDHE
BETRT. op BOCEE ELEIFTHEBWCHELL,
0.5%C LLECIEE A —ZEEE2TRTH, Z OEEEKEK
ERFREESEH W FT XCORBENT (T, &) o=z
Shiz. Fig. 8 1% o-¢ g0 CRITAES BRI
KB (T=1273K, £=2x10-3s5-1) TH5. EiHtk

— 138 —



REMOTIREREDIC L JIETTRE,

CTHAEELREZEGFREOR

2005

Table 2. Material constants in the deformation equations of (2) and (4) in the austenite
range of carbon steels.

Designation 0.0369,C steel 0.169,C steel 0.539,C steel 1.0994,C steel
A/MPa-m.s-1 5.0 4.0 2.5 4.0
m (Stress range/ 5.8 5.4 5.25 5.2
MPa) (op<<110) (ep<<120) (op<<120) (op<<120)
a /10-3MPa-1 7.4 8.0 9.2 8.7
B /10-2MPa-1 4.3 4.3 4.85 4.5
Q/k]J- mol-1 309+10 286+7 270+9 27245
Qsa/k]: mol-1* 280 257 226 226
* Qg shows the activation energy for self-diffusion in the austenite range of carbon steels20>.
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of carbon steels20)., This figure shows also the
results of Q measured in creep test!9) and in torsion
test’®) for carbon steels.

LRELRLEDTWS. FOFRELT, 1. 49 -7
TR Y — PEEREE LTy B8, TSRS
MO DR E ZFeF vz &, 2. Al Wk
DESKHOCTHECLBIEE EERBCES ST
ZILBEND Z P EMFEZ LRSS, Z2TRQAOD
PIESESHRBRA BT DR VBB T Tic e
E®, TORFROMIIFRETZLicT 5.

3.3 TELSNOETEICHESTEL

Fig. 10 13 2x10-8s-1 GifllsE Lic B R EWD KL
SN (r TE ] ©—2[5) op DIREIC 52
{EETRT. op X Ay AMHETAE ARNERELERT
A5, TDOE(bm CaicfEvy b LT 1.09%C Hciz
BRELD. LehioT, akié rHckF5 op 0¥
AT KELBhBZtic/kd. Fig.7 @ op—
Chia i~y L TR S s figko op 13 0.036
%C DTN EITITHE L &L 5.

MR D o FH TR ok 7o QU 309k]/mol T
L0, Zhix 0.036%C o rHoQ & 1T AES L
v (Table 2). %z, Q=309k]j/mol % FivTEE L
7eZitst LT 0.036%C fHo il & ftigko adfic ki %
ThEho op & 0.05, 0.1 QROTHRZ LTS &S
DEIETET vo.05 Coa HFHEM LT Fig. 11 xR,
K OIEED Zk 4% ¢, o MHOZKSHIE, U
BLOTHEETRR LA EOEYFRT LTS,

T HDOERIS TS EMIE L ZER TR alorh X

T1/°C
700 800 900 1000 1100

200
Carbon Steel
E-2x10°¢"
150
o
a
= )
~ 100k S\
b | A3
. ¢ \L\
50 ,\ Acm—\?i\\',,%\\
. \%36 q\,.\\
S TS
A1 point
0 [

300 1000 1100 1200 1300 1400
Temperature [/ K
Fig. 10. Temperature dependence of flow stress
maximum (a, a+FeyC, a+7) or first stress peak
(r) for 0.036~1.099,C steels in the temperature
range 923 to 1373 K and at a strain rate of 2x
10-35-1,
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€18 at 173K
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Q = 309 kJ/mol —————— Gumrlno iron
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Fig. 11. Changes in flow stress maximum (a) or
first stress peak (7), ap, and flow stresses at strains
of 0.05 and 0.1, g4 and g4, with Zener-
Hollomon parameter, Z, for iron. A range of
strain rates at 1 173 K is also shown. The data of
gamma iron is the same as those of 0.036%C steel
(Fig. 5), and the data of alpha iron is the results
reported previously by the authors!®.

€15 at 173K

108 10* 102 10°
T T T T T T T L
-2 lron
= 120p- Q = 309 kJ/mol
8 ACD
b L
<
*g- 80 -
155 - | AQsy
<)
ba “© /
D ,:ﬂ_\A%.os
O 1 1 1 1 L 1
10° 10° 10" 10"

Z = Eexp(Q/RT) / &'

Fig. 12. The relation between the difference of
flow stress in the both ranges of gamma and alpha,
doy, 4601, 400.05 and Zener-Hollomon parame-
ter, Z, for iron. A range of strain rates at 1173
K is also shown.
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