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Solid Solution Hardening and Softening of Austenite in Plain Carbon Steel

Taku Sakal, Zhou Xu and Guo-Rong Zuanc

Synopsis :

Solid solution hardening and softening of austenite, i.e. completely opposite phenomena, have been reported for plain

carbon steel. These problems were studied in tension and compression tests for 0.05 to 0.84 mass % carbon steels. The
shapes of dynamic recrystallization (DRX) type flow curves are almost independent of carbon content. Peak flow stress
as well as steady state flow stress rapidly decrease with increase in carbon content and approach a certain value in high
concentration, i.e. solid solution softening takes place in the range of higher strain. On the other hand, flow stresses
in the range of initial work hardening rapidly increase and then go to a saturation, i.e. solid solution hardening occurs
at lower strains. The solid solution softening for stresses at higher strain can be attributed to the enhanced DRX caused
by increased diffusivity of vacancy due to the addition of carbon. In contrast, the solid solution hardening for stresses
at lower strain may be caused by the increase of dragging stress for dislocation motion due to carbon atmosphere or

€XCess vacancy.
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Table 1. Chemical composition of plain carbon
steels tested (mass 95).

Designation| C Si  Mn P S

0.05C steel | 0.051 0.26 1.46
0.15C steel | 0.15 0.30 1.48
0.41C steel | 0.41 0.31 1.49
0.84C steel ( 0.84 0.34 1.51

Sol.Al T.N

0.004 0.0028 0.028 0.0060
0.004 0.0034 0.015 0.0077
0.004 0.0043 0.019 0.0090
0.004 0.0061 0.027 0.0103
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Fig.l. (a) A series of typical stress vs. strain curves
derived from tensile tests for plain carbon
steels containing from 0.05 to 0.84 mass %
carbon at a temperature of 1133K and at an
initial strain rate of 2X1073s~. Austenitiza-
tion was carried out at 1233K for 0.9ks in the
test chamber before testing of each sample,
leading to the initial grain size of 16.5%+1zm.
(b) The flow curves in the range:of lower
strain are shown. Note that solid solution
hardening takes place at lower strains and, in
contrast, solid solution softening at higher
strains.
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Fig.2. Typical stress vs. strain curves derived from .

compression tests at a constant true strain
rate of 2X1073s7! and at 1133K for 0.059§ and
0.849 carbon steels.
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Fig.3. Effect of carbon content (a) on several flow
stresses and (b) on peak strain ep. 05001, Go.01,
0v0s and op are the stresses at plastic strains-
of 0.001, 0.01, 0.08 and &p, respectively. These
data are the average of over 10 experimental
values.
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Fig.4. Effect of carbon content on the diffusion
coefficient D at 1133K, frequency factor D,
and activation energy Qsq¢ derived from the
data measured by Mead et al'”. This figure:
shows also the apparent activation energy for
hot deformation Q for plain carbon steels?.

68

AEOFERIBE1133K I 3517 2 HEURED % Mead 6 DD, &
Do DBIEME R (3 CANTHE LIz, DORBEERENE
2D, L BRDQ. QeaD 416 EFHizFig. 4 277 T, Qt Qu

DIRFEBRFH R D ZEN LB LAYRICTHS, 2Ll
b, GUOTAHORERANVIRZBOHMLEXL LT 50
B, REFMCAESIDOBMCERE L TRNL L, 3610
COHRBED, THLAQuitE» TEICKEINELSLZ L
PHEEIND, LYo T, BUOTAOEEGHCHTS
EE R LD IR, BMVERSMIC L > TEls#I 3N 2
R EOBRKEFL LN R BNALRIC—2 074
eeDHIL/ 2 o GRIFEAFETHARE L, &p ML T I3 245 SR
THEFCEIIDET I LS TE—2n RT3 2
EH 60710, o BEINEERDOES Y B IOHBEY 25 2
BEELTEIC, LY T, epDREBEICAE S Wit (Fig.
3 (D) &, SHEFHCFIFTHHEELOB S »RE
BLHIBEINZ I L ZPHBIRELTCX I,

Dbtz s s L, BIVERERICL YBREINS
IRFBHD I DB, RFBEFICAE S Z4&F DILHGRE D
B & - TEEERARVREINESCRE S LS
Y, ZRIGERL Ted & Lot BT 28, Ry
U EEIEHEBALIRESHNE D LERINS,

Kz, EEMEERECH 2RO TABROERIC S CD
CTHRHTA I LIIT 3, 3T, BIROBADELROIEDD
BT AN F —Qu X B T O ANK —Q L 2D
B ANVEF—Q D E L THEINE QuDRFEGHIMZFED
BWAQ L QuOZEALD - THIZKE (GERT 2 2 I AT
H 5,Mead b ' MIIRF X & L RIEBOME I TIED D
UFTATCE 2 LD 6QuDIWA DY b DEAFIIQuiz & 3
LT3, —F, BT ERERT L RETMEHE
PLAFEIRIE > THCIZH S B THET 5 WTHEMEY S
D, ZORBZERTIRE CHAEL TEPHEBEL LA
FICTFEET 2 TR b X G IXFEHE L T 3. 2 OBRIZEHE
FHURNAR ECE L > TERDOY a 272K T 0L, B
DY azFlE T i EeRBIS N IRREBFRMC L - TR
TAHRILRY, ZOMREERELYIEN 5 TR HH
rons,

—X, Yy ORFRDIEEE L aF D 2 iR TH
2HIFRN S,  PIRFTERTOKRS LRRRF &K
TA4BETURERELAEOA—RATFA4 TR, B : LR
BOERFEEEMO A RERTOFHA RIS
AREEDH 2L G N B BN, 2D 5 REGTOREE
HAEEOERER ZEMOBEIRFERAADT] & 37 9 ok
TOMMIEDIC L VKRS NS 2 b, I ORMHENIEE

T2 BAMHEE(L (BkMb) ZHEBEEOBS» CREFT 2854, BEIRE
BRTBEDAOHBEERT (ERMECEMNEELRE) —EL
LTEHBHOHEM (B4) #HBLEZUAEL G Rv, KREMOS
DT ADIBHIE, FEELCESCEERTFOENIIE>TZ2DOX
WMayhrXEigdhas tFiohs,



JEF LS L AL YERN S = L 2 ER L ERHIC

o THRELTV 3, BUOTABOEERH Y LEIE

HELDT Z DM ORRETHREARDG &3 v EHN- & 3
», 2 RBHIROBRZEBFILI->TELE T aZDF[ 3
THCE 2R HET 510, BRREHOERE, U HHE
ERFE G T 2 RENRBREOEBMERVLETH A,
uiwﬁﬁ%ikwék,ﬁUfAﬁ@ﬁﬁ&%ETu
B AERE, RIEFBINCHE-> TEMOESXT 5 k51
EHMHVEL A ETXKESIN, ZORER LICHEMT
3 e ENAEELERNS, Zhioxl, SOTATEHE

MEETIZR ) 2 ERE, BUPIEHRSIY S L5 CE{E

PSR - THES R, ZWIREBEHRIMCE- TIRE
ANES AL D R2» 1 EBRIEFRRALYERNS b D
LisRaAans,

4. m

REF 3154 —257F4 b OBEEHEL L 1212851k
LeS AR T ABRRCELT, 3R LEHOTRERICL -
THERET L IARIOEEI, RKOL53ztvohs,

1) BRI L DAL A MBI 2 E Y — 2 B o-c i
WOTARIL, BRERINCAES TNIRESSEELT 5 LSt
RIBLAFRALTH S, ©—2i5h b EEKEEN IRE
BMCAECES L, B0TFAROEH T CIRESAKRILE
SHEH HAL,

2) BRI N % & LR O3 AR I TRLERE = 350 5 b
HRREFBCACEML, 22 TREGEEELRRSHEA
b,

Thbb, REHIOVTINITHREINTVWE2A—
2FF 4 b QEIEHEL L 1 LRSI, FHOLIEL
HAET B,

3) BT AROBERMEE T3 5 BRI, B0 H
B3z i@ @SmERERi i THRcXRINS,
REFTIM-AECERFOLBGRE O XT3, BINE
ERBEVEE S WAR I 3R, ERIEHREL L,

69

REMII A —RTFA4 + OBEEEFE LKL 561 B

Ry EEBEHEBRICREHEA L,

4 EU T ABOBEMEE T & 2 BRI, REGEM
k> TERNLDEEN XS 2 RTEIEPLLVTAEL 3 2 L TXES
SNAFEEMEYD Y, ZHHREE LI L TEEHE
LYV I L ELONS,

ARFFIL SN R ZE 2 O T E R E O T7 L S,
WL B A0BHEDO 1BELTLDOTHY, JUMKE
BIFEAALBHLEPRRCOBTH L2 AERITRE
BMEXBO 2 LI LRESBHBLEI T, 10, AR
THW I 4 EEOMRMIZ, BASRE ) TIEE S b
SIS LDTHY, T B LB LETET,

X 7

1) ﬁ}@#&fﬁf)ﬂl@ﬁﬁ% (HA45BR), (1982) [SRSRIFRIEFEITR
=4

2) #£131-132EVEILFESHMHE (HASKMB 246, (1989)

3) Recrystallization’92, ed. by M. Fuentes and J. Gil Sevillano,
(1993) [Trans. Tech. Pub.]

4) X, KNFHK KIEBER  BASEELSH, 19 (1979),
p.432

5) EilE—  IWEEOHR L R, (1984), p.161[ A ARSMit2]

6) HH XML MNI, 9(1968), p.127; 10 (1969), p.610

7) H. Yada, N. Matsuzu, K. Nakajima, K. Watanabe and H.
Tokita : Trans. ISIJ, 23 (1983), p.100

8) M. J. Stewart : The Hot Deformation of Austenite, ed. by J.
B. Ballance, (1977), p.47 [AIME]

9) #EHF W, KIBIESE £ L8, 67 (1981), p.2000

10) P. J. Wray: Metall. Trans., 13A (1982), p.125

11) FE b3k, BH 0 BARSBELE, 55 (1991), p.286

12) T. Sakai and J. J. Jonas: Acta Metall., 32 (1984), p.189

13) T. Sakai, M. G. Akben and J. J. Jonas: Thermomechanical
Processing of Microalloyed Austenite, ed. by A. J. DeArdo et
al., (1982), p.237 [AIME]

14) T. Maki, K. Akasaka and 1. Tamura: Thermomechanical
Processing of Microalloyed Austenite, ed. by A. J. DeArdo et
al, (1982), p.217 [AIME]

15) S. Sakui, T. Sakai and K. Takeishi: Trans. ISIJ, 17 (1977),
p.718

16) KIGIESE, R, BEH . BARESEEaE, 54 (1990),
p.435

17) H. W. Mead and C. E. Birchenall : Trans. AIME, 206 (1956),
p.1336

18) C. Wells, W. Batz and R. E. Mehl : Trans. AIME, 188 (1950),
p-553

19) A B, HxBH5 . BEREEESE, 29 (1965), p.351



