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Segregation and Precipitation of Carbon in the Vicinity of Dislocations during Strain Aging in Low Carbon Steels

Naoki MARUYAMA and Manabu TAKAHASHI

Synopsis

: Segregation and precipitation behaviour of solute C in the vicinity of dislocations during strain aging was investigated by internal friction

(IF) measurements, 3-dimensional atom probe (3D-AP) analysis, and TEM observations. IF measurement has indicated that approximately

3-6 C atoms per atom plane segregated along dislocation after straining. On the other hand, smaller amount of C segregation, 1.3 atoms per

atom plane, along a dislocation after aging at 170°C was found by 3D-AP analysis. The distribution of C atoms after aging appears to show C

atoms has segregated to dislocation core with strong interaction, whereas C atoms interact weakly with dislocations before aging. It was con-

firmed that iron carbide plays an important role on strain aging behaviour in low carbon (LC) steels containing more than several wt. ppm of

initial solute C. During a strain aging at 170°C, the nucleation kinetics and distribution of iron carbides were observed to be affected by an

initial dislocation density, due to the preferential precipitation of the carbides on dislocations. The reason for the pre-strain dependence on

strain aging behaviour in the LC steels seems to be well explained as the effect of dislocations on nucleation kinetics and distribution of iron

carbides.
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Fig. 1. Increase in yield stress during isothermal aging at

various temperatures in 2%-prestrained LC steels.

507 I



I 508

$% & 4H Tetsu-to-Hagané Vol 93 (2007) No. 7

10
g b
~6r
£
Ear >
=, ) |
Qapp 71kJ/mo
ok
_2 1 1
0.002 0.0025 0.003 0.0035
1T (K1

Fig. 2. Determination of apparent activation energy for
strain aging in 2%-prestrained LC steels.
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Fig. 3. Effect of prestrain on the increase in yield stress in
LC steels aged at 170°C.
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Fig. 4. TEM image in the steel prestrained (2%) and aged
for 20 min at 170°C

Fig. 5. TEM image by extraction replica method showing
the distribution of carbide particles after aging for
10,000 min at 170°C in (a) 2%-prestrained, and (b)
10%-prestrained steels.
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Fig. 6. Internal friction as a function of temperature in LC
steels after annealing, after skin pass (SP) rolling
by 1% and tensile pre-straining (PS) by 1%, and
after skin pass rolling by 1% and tensile pre-strain-
ing by 10%.
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Fig. 7. Concentration of solute carbon in matrix, C,, esti-

mated by internal friction after various straining,
and after subsequent aging for 20 min. at 170°C.
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Fig. 8. 3D atom map of C in the steel 10%-prestrained and
aged for 20 min at 170°C.
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Fig. 9. Stress—strain curve of tensile prestraining (2%),
and subsequent tensile straining after holding for 1
min at 20°C.

Table 1. Measured dislocation density p and the estimated
number of carbon atoms on dislocation N after

straining.
plm/m’] Ny [atoms/plane]
After annealing <1x10"%
1% SP 5.7x 10" 49
1% SP - 2% PS 8.0x 107 5.6
1% SP - 10% PS 2.0x10" 3.1

SP: skin pass rolling. PS: tensile pre-straining.
p: measured dislocation density after straining

DCHETD LT v TRNS, AT,

AC,

'dFe
C _ A7 110
Ng=Ny -

sol(strain)

o

[atoms/plane]

22T, AC ) E EAR ML DA L BEECE
(Fig. 72M#) , pIE TEM/EELSEIZ & 0 F2Mll U 72 4a Qi B &

ThHbH, NJITHAEREL D D becHDE T, dF, i3 bee
kD 10 FRIOMIPEZ V7=, Table 1IIRT & D12, #x
i EADOCRTEN X312 5560 E R S hiz.
i, ENRMEOIBICEECE T2 mr L2224 I
e LT, EAMME, & WEEZNE £ TOMRRRST
WA, WA TCOERES T OWTI»TH 5 LI

IhaH, Fig. 9DMERIZINT &K 5 12 Snoek Ordering (3 kEHF
BITHRIZHETH 5720, BAEDT — 2 TN FHMHO
BB DEE CIRF ORI & WE 25 Z &3l
V,

—#, TE 0% 170°C T20 5 FE%h U 72 & D dx
7 B0 CRMT & NG 1 3DAP T Ic K D Bifidsfik & & 7
0 13RI &HE & A, mind U =Bl o Clmb &
THDBH31~5612RXTHhEIroT-, ZOBHEL T,
N B TO CHEHMBEDE & RIS D 2 DODRE T
AEZHZLTENMCHEBE TR L BDbhS, Thbb,
170°C TOWERNZ & 0 =07 _EIZRALI O H 25 % 5 (Fig.

4, 0.73eVIEE & X T B ALt i o WSkl %
JLF — 102003 - IR LR R OIS 13 & O EAER T

FIFE—(0.61~065eVEDERKEVWEELZLND, Z



D7, A OIS JBIFITAEL T3 CIR T
WERhH OPLEUC K D A C & s & LTt 4 2 {6

HPEWEEZ OGNS, —F, EiSE CEHEFEDHEESE
L £ —13HRNIZIE075eVIRIEDTH 1, Rk

EROBEHAA T ILE - LIRTRI%ETH S5, 20720, ik
AR A3 3 CETE, Sahr RO S 135 &
MEERT 5 CEAIZIA TR P T8 IR eI FE
TEHIENTELEEZLN, SH3DAPTHIE L 72Cid
SZE S E AR L - CH 7 Th 2R A &0,
Btz B 3 COmMIED I nmFEELIT Td 0 IEHE IS
o2 Z L (Fig. 8), BENIZ L DBEREE DM &b
BN ORB LA L Z & & FRnHEl A2 LHL T 5,
Wilde 5 I3 ZEXEY A BER) & 1T > T W BRI EF O C
it & 3DAP THIE L, 7 nm F2E DI RATIED CIRAT %
MWEL T, HooRBoOCHfiER2E (STHK15D
Fig. 3), BB & BbN A MEICIZCAP a2 DORFEIC
ZROCHHEELTCNB LS ICRAS, 325, KER
TERERIAT (TRAER) (3867 OIS 350 lhlkk
DCHMHLDIVEMELR BB EFEZENED, ZOFEEIC
DNWTRESHOBETH 5,
4.2 PHEBCEELERFMBIEA AL
AETIE, EHPOXAH =2 L THEHIBER TS
Iy b LILFBRIEANC K B E SR & R &
B UL BTSN DB I DWW TR ENISHEHRT 5.
Table 213 0%, 2%, 10%DTFEEMNIL 728D % 170°C T
mﬁﬁﬁ%%@bt%@%¢c®ff%ﬁéﬁﬁ,Z%%
CEEMNICAELZEDTHS, 2IT, BBECEC,IE
N EBEEIERASE TR & N 7=fi, $=f7 RO CHRE Cy 13 3DAP
TR B IR O NG (=13) e R L 228005 1 p
[m/m’] (Table | B8) » &R L 72l (Eq. (3), FHE LD
CHRE C,, 13K 7 C T IZB§ % Gibbs Free Energy of Excess
(~0.57 atoms/nm?)*” & BT D O R EHT(S,=0.161)

M OEE L, BILE UCHTET B CREBC,, %
CEAMLHEI DD CHREEZELIINEDTH S,
Cyis [Wt'ppm]=1.6><10_[4'p .................................. (3)
ZOERPOMEPm &I, B LISITIREL L THF
TEM R/ CHE 5L Cp 13 2% T EDBA T 1.3ppm, 10% P E
DBATE33ppm EENTH D, KR LICHTTEEZ C

ECyZMATEREAZ SppmEETH % FRRILMD 170°C
TOBEBRIZ3ppm U T EFELSNED T, P EOKER
K0, BEEHZ K BPERRERIND A H =X L& LTl
EREECEDMHAEMFIZE D <EMEOREL (9 b L
ILEERRE) DAL 2, bRV ks =Y
TRIRE e TE < DRI, TERIC SIS SRR
METOFERDOEE CE T 2~5ppmDETH B L E L 6N
%, HBEMAORNIMUZHY 3 BIKREBHEARH O
WIHEE CEIE B ppm 2 5 20ppm FEE D HMAANTH % L

37

IR KA 51T B BN P ORROTRALRMT I & UMl BT

Table 2. Estimated carbon concentration in each site after
annealing, and after straining and aging for 20
min at 170°C.

Ciol Cuis Cop Cearnice
ppm] [ppm] [ppm] [ppm]
After annealing 43 --- -
1% SP -170°C/ 20 min. aging 17.8 0.9 1.1 232
1% SP - 2% PS -170°C/ 20 min. aging 10.7 1.3 1.1 29.9
1% SP - 10% PS -170°C/ 20 min. aging 3.3 3.3 1.1 35.3

Cyy: C as solute, Cy
Coapide: C as carbide

: segregated C on dislocation. Cyy: segregated C on grain boundaries,

ENBH, FHROBEBECRETSppma A5 &5 55
TP AL BH)ME ST U TERRAE I A a7 5 L C
K THHED LM NS,

3 SEGEEIC K 2 ERFHEE(L
EEERhHO X 4 v 24 b AEERILIC K BREREE
B ERADZZLEEET S, FiPO looping #4412
Ko THRRMEOE AN s TnB LT3 L, ZO5EL
HILBETAICKORDZZ LN TE S,

EA
&t
)
4.

R~
[ ,

2Gb
(3.741- f713=1).d

carbide

Gm‘owan:

G, pl3/s—H — 22X b, AZRILIO R
R4 IR TFOBEETH S, ZoNIZ2%TE
fHIN412 170°C %20 2 R L 72 50RHZ B 9 5 J28R1E % 1K
ATBE, Ao, =142MPall/k b, 22T, AV &4

b D RFES # f1d Table 20 C . GBBE L ZMETH 3
4.6X1072vol% % Fiv>y, SRIRALHIR ¥ DR d g 130 L
7N IO TEMBISEH S HIE L 7220 am DB A AV /2, Z
FUZHE L T 170°C %20 R & BB E A= J5R
il 70MPaf2E TH 1 | looping MM IZ D < LR EM
P LEABRRIZRFES > T 5,

RO EERIE A = X6 & LT, B0 cutting HERE >
PIEINTNE, ZDRAHZXLIZH ﬁh%#m%%¢
EWBAICHEBA NS EEL0N0Th D, FRREEIR L
BT 2EELS, XV A4 PRTOEE, huw
nm FEE % 512 looping B 2> & cutting R\ D EFE 2 HE Z
B XNTHED, 170°CTOERFHIZHBNTI000UT
®ﬁ%%ﬁfﬁ?éﬂéﬁm%®k$ F30nm L FTH
52k, &5 ium”if@hwfihﬁﬁﬁi$%t
%miéba&%aéc,ma<aéwmcwﬁuwﬂ
TH AV HA PHRERIBE I EE RIET AN AL L L
T cutting D & 5 FE 2 HDIES i)i“ﬁyﬁf‘iﬁ 5 k91
Bbhd, —77, 170°CT L KRB ORI & % & Fig.
5@K%Lti5t,ﬁmMmé%iémk&ﬂx/ﬁ4
POEIAHBBEML TL %, 20 &9 &R Tid looping 1%
B X529 RENE 52 EEZ 6, FEE, 1000
DEBALDE A DK T PEE S TS,

orowan
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4.4 FEEFHHBOFEREN

AHT T ER RO T ERFAECOONTRET 5,
3 1HITIRARAZLE S, TPREESEMLU 2ROt 2
ORI A E T T2 D, 1 H IR
TORRBYE LREBECETH D, 28 ERERRBATO
RAE =23 E 20 ThH D, TESKEOGAORN
BUICBWT S LAY AT A S HEE, YRR 3
DO RGRE AR E <, Z OREF AL I A
Mgz B RmL (31 261), SHUR{LOE G HEENE
IR 6 5 ¢ 50 ThbeELENS, - H,
PR MR OIS AE, IRAEINT A b 3 ez
DIZHIHORRRERIE RIS, BRSO T
HYE MR 2 2B L 2 DERfIE O~ b Y 2 2P & (il 7
RALDHTI T 5 - OB T RSN 5. BTFE
B OISR T platcau SN B IHFEZ DWW Tk, AKX
Y4 P BB S R L AR 2 5
TL WV, 20RO TRILIIOD 772 S RO 4 X
BRELSENMLEL LA=DTHIEEZLEND,

5. #EE&

NI E B L O7 AT a—73EEHNT, BAMI
#% b KON OER EAD CIRIT RO, K OHESh#
DCHMEBOBE LTS 2T & T, LCITO TRERh I
BT 5 CIAEIRAE & 2 DRRIRERIE NOREIZB L TUTD
T a5 72,

(1) FEAMME#RIZHNT, EAEEMGE S (8010)iHE
bREERE) & 720 3~6 TR D C IR T2l B e L
TWBEREMED H B, T CIZEERL & Tid ik < BRh 5 B
OHMIR TG EFOEEFERAE2 L ThwbEE21 605,

(2) 3D-APEEMWBZ &2k D, 170°CHh# D #x
L it %2 CEAWD THBEIE Eh iz, i EAo
RHTIE 1 nm P2, AT RIEEMN I R & 5720 131
ETHD, TOCKH ARG E@CEEEREZ L TW5
EEZEZLNB,

(3) MEbfRic v TR EICmTTTEE 2 CIH T ORE
&4 SppmFRETH 2D T, KERhaiOBEEC A 2T
ThhuLay P VIVEEREO A TERRR #35P]TE
BLEIONE, —F, IhaBAHUBEBCAE5DR
MOERZHZBI L T, RIS RDOEFS %5 2 5 BER
H B,

(4) AREBTHOZHICEL TE, ERRIFEIZRL
MBKREREGELT0D, FTEEELDO X A =X LIZEL
TEEI0nm P T ORI Y 4 X Tl cutting %, Zh &
DKE LY A X Tl looping I & B A EUE LA Z -
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TWbEEAD L, ERNICK DR RMEZ( 2B C
%,

(5) ERFIHBMEITERICID ZOREMPREL > T
770 JURFRIRRY T OREREE AL DO F & Ll E DR KiE
AC, W TERIZEDRELDZ N, ZORKIZRILMOET
A A Th BURNOEEOEND, RO EE &
B EEREL 272D ThIEELLNS,
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