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Yielding Behavior and Change in Dislocation Substructure in an UltraLow Carbon Martensitic Steel

Koichi NAKASHIMA, Yoshitomo FUIMURA, Hiroyasu MATSUBAYASHI, Toshihiro TSUCHIYAMA and Setsuo TAKAKI

Synopsis : As-quenched martensitic steels exhibit a unique yielding behavior characterized by very low elastic limit. This phenomenon deeply relates to
the behavior of mobile dislocations which have been introduced by martensitic transformation. In order to clarify the effect of mobile dislo-
cations on the yielding behavior of martensitic steels, tensile testing, measurement of dislocation density by X-ray diffractometry and TEM
observation were carried out in an ultralow carbon martensite (Fe—18% Ni alloy). And then the effect of dislocation strengthening on the
yield stress was also discussed in terms of Bailey—Hirsch relationship. Elastic limit and 0.2% proof stress are very low in the as-quenched
martensite, however slight pre-straining to the martensite has caused a marked increase in the both properties despite of a significant decrease
in dislocation density. It is also confirmed that slight pre-straining to the martensite causes a clear microstructural change from randomly dis-
tributed dislocations to cellar tangled dislocations. These results suggest that mobile dislocations in martensite can easily disappear through
the dislocation reaction and remained dislocations form cellar tangled structure in the early stage of tensile deformation. The Bailey-Hirsch
plot for 0.2% proof stress indicated that the data of pre-strained martensite are just on the line extended from the data of cold-worked ferritic
iron, while that of as-quenched martensite is obviously lower than the value expected from the Bailey-Hirsch relationship. This means that
mobile dislocations in martensite do not contribute to dislocation strengthening but only make the yield stress lower through the generation
of plastic strain.

Key words : ultralow carbon martensitic steel; dislocation density; dislocation distribution; elastic limit; yield stress; Bailey—Hirsch relationship.
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Fig. 1. Optical micrograph (a) and TEM image (b) of as-quenched 18% Ni martensitic steel.

Table 1. Chemical composition of steel used in this study
(mass%).

C N Si Mn Ni Ti Fe
18%Ni steel | 0.002 <0.001 <0.01 <0.01 18.14 <0.01 bal
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Fig. 2. Nominal stress—strain curve of as-quenched 18%
Ni martensitic steel. A broken line is the
stress—strain relationship expected by Young’s
modulus measured by quarts vibration method.
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Fig. 3. Relaxation behavior of as-quenched 18% Ni mar-
tensitic steel. The case of Fe-2%Cu alloy, which
exhibits clear yielding behavior, is also shown
for reference.
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Fig. 4. Nominal stress—strain curve of 18% Ni martensitic
steel that was subjected to room temperature relax-
ation testing at 300 MPa for 240ks.
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Fig. 5. Changes in dislocation density (a) and elastic limit
(b) with slight deformation by tensile testing in
18% Ni martensitic steel. The pre-strain is true
plastic strain.
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Fig. 6. Relation between moving distance of dislocations
and plastic strain produced by the movement of
dislocations.
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Fig. 7. TEM images of 18%Ni martensitic steel as-
quenched (a) and 0.02% pre-strained (b).
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Fig. 10. Changes in dislocation density (a) and elastic
limit (b) with cold rolling in 18% Ni martensitic
steel.

Fig. 11. TEM images of 18% Ni martensitic steel cold-
rolled by 5% (a) and 10% (b).

THA9,

—ARS, ITREE U =SB RORRIG i, ERah
72D D 1/2 12 Hoffil§ 5 &1y 5 Bailey-Hirsch 0 B
RTBETZLZZLAMEN TS, Fig12id, fisn
JEZER THBELE L 2248k & 18%Niv LT v 44 FHAD
0.2%ii /1% (SR E) ORI E LTRL TV S, 5%
UEDOWBIEEAEL 2w T o34 b OF— 213, %l
HAE U 7= gk D 7 — 4 1 B IME X M A EMOIER FifiE
LT3, w7 r4¥4 MlIZE T 2Nl k2 ERsb
DN ECZ LRI TOE DT, BIRRED
FRIZDVTIE, 0.2%M SIIZBI L TR D & 5 % Bailey—
Hirsch DBIRASBEIL T 5 LR TE B (4L, I
FEDOFHI A (1) TIT S Z & 23% M),

G, [GPa]=0.1+1.2X1078 pY2eceeeeneiii (4)

CZTERTNERE, BARTLT V41 D 0.2%]i
NB(HELP S PHEN DL D ZMIIEMEEL %5 5T
WHZETHS, UL, MARYLT V44 MfErKL

56

Dislocation density, o (m-2)

1x10%  1x1015 3x1015 5x1015 1x1076
12 T T T T 6%

- Co2[GPa] =0.1+1.2x108 p'2 @«»‘" -
_ ~ %
T 10t T
O Cold-rolled martensite ‘ef’
bS’ osl @ ________ . As-quenched martensite
a i '\\\\150/2 03%gp, | O 7
2 o6 N ) o.ozf’/@‘rE E
‘(7)' . N PO 4~ -
Yy L W -
8 O N Priory tensite-deformed
Sof oS -
x S
S, [ ]
S 02fEsy ~ _

TS Cold-rolled iron
in|
i "

O 1 ! 1
0 0.2 0.4 0.6 0.8
(Dislocation density; 0 )"2 (m™)

1.0x108

Fig. 12. Relation between 0.2% proof stress and disloca-
tion density in cold-rolled iron and 18% Ni
martensitic steel.

TEEZMA T EF -2 3REI(HATELLNZE
OGN EH L T ZEMbrd, IO LIE, @
BEZTTEEROBMMRILAFERTE LN L, ZLC
Bailey-Hirsch D B & 134 7 < & & {7 [7 £ 28 H U248 A
Ao LA AT AR TR YT Z L ARIEL
THd, 5RAIZ, BRTHPIIERTE ZENOBEE L
10°mM* FBEPE INTHED, ()R 6 PN SR
{LDFRFUT 13GPaFEE & REERG 6 5,

4. 5

BEANE FOMICRF18%NIVILT V¥4 FIZEL
T, BB CORMNOBEER S AOE 2 HE L
WERNOFEB AL 22T 5 & & 61D, )-8 2his
EOMBZBHEPIZ L, £/, —EREER (V520
Y=g ViR MBI &0 R A S X 1
AEHI DWW THIRGRER 217\, MR85 5
B LOMEZHE 22 L7z, BohBRIZRDOEED
ThH5,

(1) BWERFEZILT V54 M, B EospER
ERZERRENSNO LHTHBOT & N 5 BB EIR %)
EIRT . COBRIE, wIUF U4 PR oA
SN B ZBO BN VAMIS IO KIZME- TEH T 3
ZEIDRKT S,

(2) UV92€—va/R55RD, BREIEELLIZk >
TH|ANTLT V34 NMZFEEMA S L, POl
BMET T 2128 22b 6, MRS 02%0 Hid 5
T5, ZL, PEOMNSIZ &> TRFED B 28
WIZRISUTHAL, BB LN S {td 2 8B 12%
JBT2EDTHY, ¥ b L -EMBOMEAEERIZE > C
Rt R b S h 7= 2 ISR 5,

(3) REBEEOEN#HT2BEREM- BT, Hp



O#Ef AT 2L L 2RI DWW T, £ D 0.2% i
7713% D Bailey-Hirsch DRARATE A 6N 5.

0y, [GPa]=0.1+1.2x107% p'

L Bou[Esf AR L, LMo bAEZ 5T
WEWT AT VH A MZDOWT, 0D 0.2%M )14
|22 Bailey-Hirsch DA 6 PR E N B K D3ENIC
W2 & SR L 7=,

KA XTI T HICH 720, BEANR - JHEZED
7= IR R F R A FE T e 8% a1
EHFH L F T,

57

2)
3)
4)
6)
7)
8)
9)
10)

11)
12)

BIRTE LT VA RIS B BREIRRE) & RO 4L

X 73

Hifir SRR OBIERE, HAEMER, 30T, (2000),
27.

BB @ BEMERET, 48 (2004), 130.

G.K.Williams and R.E.Smallman: Philos. Mag., 8 (1956), 34.
W.H.Hall: J. Inst. Met., 77 (1950), 1127.

H.Muir, B.L.Averbach and M.Cohen: Trans. Am. Soc. Met., 47
(1955), 380.

T.Sakaki, K.Sugimoto and O.Miyagawa: Tetsu-to-Hagané, 67 (1981),
2172.

K.Sugimoto, T.Sakaki, T.Fukusato and O.Miyagawa: Tetsu-to-
Hagané, 70 (1984), 1712.

B FE, tilime, LsE, SARE 559 bl H AL
AT I 2 A SRR, (2004), 11

S.Morito, S.Iwamoto and T.Maki: Int. Forum for the Prop. & Appl.
of IF steels2003, IS1J, Tokyo, (2003), 365.

J.E.Bailey and PB.Hirsch: Philos. Mag., 5 (1960), 485.

M.J.Roberts and W.S.Owen: Trans. Am. Soc. Met., 60 (1967), 687.

K Nakashima, M.Suzuki, Y.Futamura, T.Tsuchiyama and S.Takaki:
Mater. Sci. Forum, 503-504 (2005), 627.

465 I



