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Tensile Strength of Chromium Steel during and after Solidification

Hideo Mizukamli, Akihiro YAMANAKA and Tadao WATANABE

Synopsis : Phase dependence of tensile strength of chromium steel during and after solidification has been studied by a technique for high temperature

tensile test. The experimental technique enabled a sample to melt and solidify without crucible, and we can measure a minute load in a solidi-

fication temperature range by the experimental technique.

A numerical model for the analysis of phase transformation during and after solidification was developed with an assumption of local equi-

librium at liquid/solid interface or /¥ phase interface.

The zero strength temperature was in agreement with zero ductility temperature, and both of them appeared at the solid fraction of about

0.8.

The tensile strength of chromium steel was dependent on the phase state but not chromium contents. Equations for prediction of tensile

strength of & and y phases were determined using the experimental results in combination with the previous results for carbon steel and

stainless steel.

05=0.014(T; o~ T)+1.2, MPa
6,=0.067(T, 4~ T)+6.7, MPa

Tensile strength of & phase state is smaller than that of y phase, and temperature dependence of tensile strength of § phase is also smaller

than that of ¥ phase.

The tensile strength of & and y coexisting phase is predicted from the following equation.

Ceip=0s st 0, [,

These estimated values are in good agreement with experimental results.

Key words: tensile strength; ductility; chromium steel; solidification; solute redistribution.
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Table 1. Chemical composition of samples (mass%).

Samples C Si Mn P S Cr
OCR 0.20 0.24 0.90 | 0.012 | 0.0011] tr.
2CR 0.20 0.24 0.88 | 0.011 | 0.0010 1.98
5CR 0.20 0.25 0.89 | 0.011 | 0.0010{ 4.90
9CR 0.20 0.22 0.90 | 0.011 § 0.0010 8.91

13CR 0.20 0.23 0.89 | 0.010 | 0.0010[ 12.40
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Fig. 1. Measurement system of tensile strength during so-
lidification.
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Table 2. Diffusion coefficients of solute elements.

Element |D° | m¥s D’ ,m¥s D" ,m’/s
C 1.27 X 10%exp(-19450/RT) | ref. | 7.61X 10°cxp(-32160/RT) [ ref. |8.4X107 | ref.
Si 8.0X 10%exp(-59500/RT) | 21) [ 3.0X 10%exp(-60100RT) |21) [51x10° |22)
Mn_ |7.6X10%xp(-53640/RT) 5.5 X 10°°exp(-59600/RT) 44X10°
P 2.9X10*exp(-55000/RT) 1.0% 10%exp(-43700/RT) 1.4X10°
s 4.56 X 10*cxp(-51300/RT) 2.4 X 10*exp(-53400/RT) 43%10°
Cr | 23X10%xp(-57200/RT) | 23) | 1.69X 10%exp(-63200/RT) | 23) | 4.8X10° |24)

Table 3. Calculation conditions.

Parameter Value
Primary dendrite arm spacing, #m | 600
Number of segments 300
Cooling rate, Ks™ 0.17
Position of initial interface, &« m 1
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Fig. 3. Comparison of calculated relation between solid
fraction and temperature of this model with the
equilibrium model.

(a) sample 9CR and (b) 13CR.
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Fig. 4. Calculated results for the relationship between fraction solid and temperature.
(a) sample OCR, (b) 2CR, (c) SCR, (d) 9CR and (e) 13CR.
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Fig. 5. Tensile strength behavior during and after solidification. Filled circles represent the experimental results and solid line rep-

resents the calculated results, respectively.
(a) sample OCR, (b) 2CR, (c) 5CR, (d) 9CR and (e) 13CR.

5 EERER
5-1 BIRMEORBEEN

Fig. 512 ¥EEARE B & ORI 361 % 5 1R O #lE
HRAERT, FAMPIIIAHROMET L EHWTTRIL
7-HHORE L IBEORBRE HbY TRT. kI, EHETR
THIEME O PHIEEFRIZOWTIIHRT 5,

Fig. 5(a)iZakBRF OCR D5 1iR#E D RIEF R4 7. 5l
R II(L+6) 2O BEIRMIFHEE TRE L, EHRRE
K DR 10KIE VR THIRME I8 MPa & %5 5, KEER
REEHMEIC VT, BESEELTO y Mg T5IR™E
BEEOERTE L IIHKAT S,

Fig. 5(b), (c)IZakBRH 2CR, SCR D5 IR E DHRER R &

ZRFIRT, FIREEOREEH T, AR OCRDY
ALERTHO, WThoOBA L YIE S & LEOE R
FRBATRET S, Wih i, EEZ TR yHEEHE
Lk, BEEBEEE T TREEENTMPat R T, v
MERATEREAK T2 L, SERREIIHATS.
RERF 9CR DBIER R % Fig. S(MITRT . RABHR OB
, EERESE THRIS(S+y) 2MEB AR T 5 2 & 23 akBR A
OCR, 2CR, 5CR & 13H 7 %5, ABRF 9CRDGIRME X, &K
EZFOCR, 2CR, 5CR & [EBRIZ(L+8) 2B TRHET 5.
(8+7y) 2H8%EEE L Oy MBIV TREDK T &
LI BREE IS RT 5.

&

Fig. S(e)i=/R$hRIZ, #ABRR 13CR D5 IR & fthDAER
Fr & FARIC(L+6) 2 TRE T 5. iR 13CRDG
A, BEMMETT 2 & (L+6+y)0D A &l 4 E#E %,
(8+y) 2 TRAEET 5. ERLAREHREZHEET 5
(L+6) 210 K L+ 6+y) 3HEIKAIAN 0, 5IRMBE
OB T Iz 2 MO B A /NS, (5+y) 2 MHHH
2BV, SIREEIIEEOEK T L L ICHAT 5,

BRI Z 5 BB 1REE O RBIFE) & Maf 45 72
¥, Fig. 6(a)l25REE L BMHEORFZE R T, BHED
BHIZIZRNA OB EF L AL 2. KERFHICHW
T, WTFhOHEOHA & 5 IR SEMHFN0.8 TRE
LT, ZOBRIZPL YD 50 ITHIH DO@EANIZ H
5,

BIEREIZT Y F 94 FEILAKA L THID TRBET 5
LDEEZONG, AEBRERTIIEMEEN-L LD F
THIEREARBELEWI EH, 6, ¥V F T4 AL
ALEDBDIBEMENSTH S L TFHEEhE, TVF
4 FELPEAS L 2%, EHEEOEMELLIZT VS
A FOKATMERET 720, 5EEMRELHMMTEDEE
Abhd,

5-2 EMOREEE)

Fig. 6(b)i 2 EEENBMIZ BT 2 M & EHEEOBKRER
3., EMHBETROBIEFT LICKDHREL 22, WTho
RERF OBA S EMIIEMHEEN S TREL TH D, 55k




10
<
S s @
= °
B 6 [ [Symbols | Samples ]
g ® OCR -
E 4 A 2CR °
o L [ 5CR o ¢ ¢
) (@) 9CR [
5] * 13CR a
[_‘ 0 L L 1 P~
0 0.2 04 06 08 1
Fraction of solid, -
1.5
(b) °
53 -
g 1r Symbols | Samples
= ® OCR
S N 2CR * A
S05 F [ w SCR
) [©) 9CR °
* 13CR g
0 L L 1 ‘nl

0 02 04 06 038 1
Fraction of solid, -

Fig. 6. Tensile strength and elongation vs. fraction of solid.

HMEARRTAEMHEL KL T 5, THTEHAL D
HREFMTH 5, BEEROMMNZ DN TEME 5IRMBE
LEBEICHIICINKT S5, ZOBE» S, FREEREER
Mz W TERBEORBUIMEEIZHALEZT Y FF74 b
FEOERAEIZEILEDEZELO5N S, &k, Schmidt-
mann 5 * I EHORBIRE L 5BEREORTEE NEL
BLEVWIRELET-> TV B, ZHEMmE R ERA D
EAER A FITHD TS 720 KIFFEORE L i) 25 HEM: % 5T
MTEEP--EDEELZOND, 27 L, RFRTKD
F-HEME R BIERER R ICHIE L 7= RA.E OXIE & B 5 22
L, tekoHET L ORE BT T2 Z L ASKROFE
LEbIS,

6. EX

6-1 SFIREEDHEKFENS

FHEOFIINETIREM VB LA T 7 L 28 'ODEK
ERF A O CEBENER B 25 BEMEOME 21T, %
NENOHIZE T SHEM B L Uy ARMHEO5 |5 E 23
ZREBHMGIRIE A e L U 2B CTRETE 3 Z L2 ER
ISR LTz, AETIEZIhE TOHERE »HE CEIET
AL, BrasfoBRERL 2,

Fig. 7i2@ 7 u L8, RFEMB KO 27 v L 2HOAER
Hr & RO ClllE L 725 |9k & ZRERMIRIE 2 L L -
REZOBGRE L L O TRT. &2 T LHOFEEE RO
MR AREREEREIC Tyl 5 0I3(5+y) 2 MK
TH0, SHEHMEMAFEL LV, S, kB 13CR
ISy A AR A TE L 2 72 D RIRI R 25 13RS Ol
EEAL, H7 U LAFO5REEIREZEOEME L §
IZHAL, ZOMEAIZRFERL LA T VL A#OBE L

BEEML L VRE%ICE T 52 v 4RO SRETES

30

OCR

[

A 2CR
O
+,

9CR

ref.15),16)

Tensile strength, MPa

0 50 100 150 200
Temperature difference, K
Fig. 7. Tensile strength vs. temperature difference for

chromium steel, carbon steel'® and stainless
steel'®,

Rt TH %, yHOBREE IXEEZOK THTMPaTH D,

BEENEATHIZORTKREL LD, BEENISOKT
¥18MPak k5, ZHIZH L CSHDOBIRME L, WmE
ZEOKDOBIZH IMPak /NE <, IREZEH 200K & K Z <
%5 TER4AMPaTH 0, FIERME OB R
vV, SHE yHOBEERE LGy v 48, REHL LT R
F UL AW ThOEE L EEEIIE L TRIERRIZS
3, AICBEZDOBAL RS yHOGTHSMHELD & 515
HMEIEREL, FRREEREELRE WV, &7 T L,
REMBEOZT VL AEMO SHH 5\ Ly HOF R
LEEEOMGE Db TBEL, ZoERAEMTIIR
KR

05=0.014(T5 yur= )+ 1.2, MPa  R¥=0.878 -+--veveeeeeee (8)
0',/:0.067(T7,,s,an—T)+6.7, MPa  R2=(.895 +-+erveeocecees (9)

272U, o5 6D 5I5RMIE [MPa], o, y D515k
[MPa), T o : S H D FHAA RURIE K], T, g0 ¥ MO Bl b8 R TR
K], T:BE(K], R F5E+H 6T,
SHEYHOKRELBVIIESBETH D, SHOHRM
B RO AR T, YHOZHWZHEOIHFBT TH 5,
RBHOERORE A & 6 b THRHDOTROEDOE & X
LD TR TOITAEOLABTLOEE 0D, &
SREMERODL IR T TH 5 MO Ay & D AL
S, 20D SHEOERyHED E51EERME S/ NE < Xk
DL ELZOND, Gk, AW TIZ SHEMERS &
Oy BRI O 5 3R O Bl E S RICEEILROMEH
K OB ORENED S A, THRYIBORERE
12 & B IRMRIRE R A E BB IS & 5 BIESIRE D%l
R, SyEROBMGE KU TIREDENP BN TS %
weELOLNS,

62 SIREEDTFA

#oo SHEMB LUy HBMEEEIZ BT 255RBE,HZE
RERRARIGIE 2 HHe L LR TTPRITE 52 & % Fig. 7

IR L7, 22 TIREZ T LHMOS+y) 2RIz T 5
FIEREEOTH 4, MER®E2HOCTITWZORAMEER

597 N



£ & $HVol. 85 (1999) No. 8

af L7z, MEENRIUI(S+y) 2MHBRIC I 1 2 5[5R&E
BEERE L TRATHEDTIENTES,

Ol5iyy= 05" [ Oyt fyrrrmmessmmessssseissninniis (10)

72721, Oyy:(8+7) 2MD5RMEEE[MPa), 05: SHD5I
RHE[MPa), o,: yFO5IRMEE[MPa), f5: SHOEIE[-],
Sy HOBIG[-1TH %, HEME SV yHEHDSIRR
EiLFig. 7O %, stHEH LT yHDOEIA T Fig. 4 D%
EEhEhREW,

ER A REBF OCR~13CRICEMA U, A&l & FHlfE %
HE UMSERINC K 2 TR S % 8at L7z, Bk O Fig.
SICERTTHRRETT.

Fig. 5(a)~(c)IZeREBRH OCR, 2CR, SCRO FHIlEER 4 Z h
FIORT, yMYMAREEIZ B 5 515RE O FRlE I flE
il X —E L, PHIEIZREOKT & & & ICEBE IR
K9 %, Fig. S(ADRERF ICRDIFA, EEHIZ(S5+7y) 2
MEBK L, BRIy HEHE L5, THIE S HERE %
W3 e, y BB TIREE DK TIC Oh TEENIC
BT 3, (5+7y) 2RI VT IERE IZIEE DK T
EEHITHFIIH AL R WA, ZhiFFig. 4138 L 2RRIC
SMHE yHOHNEPERMWIZEN L W=D TH S, Fig.
S(e)NZFABA 13CRD FHIFER 27892, (6+y) 2HHEE A
JAL SHEDWEAD B KOy HOBMARER 2k 7205 RAE
OFRHBEISEARITIIEL L

WTIORBRF OHE S PREIZHEM@EIGENZ &2

5, MEANZE 2 PHESRATHHEEAOND, &k,

INFTICHKBRTHALL-GE s oL, REM, 2571
ZHIZThhE TV F 74 MROGEEMBEEEZE L Ty
% h%, EEERAEIZRE L 515REE OBEIZ 5% & 5 ICET
PREREELZOND,

7. ¥8

AW TIE, Eims RABREE 4 H v TERBERIZ BT
@y a LfO5RMEDRE AT -7, 72, BII¥EN
FEt E AR S EEEH R ET L ABEL, HEE
FIZEB T 5HOKEELE TRIL 72, SI3ERE L HOIREEDR
HAE R L-BR, UToR@s/E-.

(1) ¥BEERER LUCEE®ROSREEL, S7u s
DOMHOREIIRFL TEILT S, bk, KFROFESRAF
TTiE, &7 0 s§lOMROBEBIBRD N r -7,

(2) REBREFHTFIZBNT, REM, 2701 2A#HE
KUE O LHHD S B X Oy HO SRS 3 ZRER AATR
AL LZIREXEOBBE L TEhThAXATHOEH
TIENTES,

28

R?=0.878
R?*=0.895

05=0.014(T; ...~ )+1.2, MPa
0,=0.067(T,, you—T)+6.7, MPa

L start

(3) AREREZHETIZBWT, (6+y) 2HOFE®E %
BEMPlE LTRATH EbEh 3 MEANZ X O PHlTX
%,

O-(éer): Cs ‘f;3+ G;/ f:y

(4) FURBEE LOCEMORBREIT L, wWTh
DIFE L EWRIAFREBIC I 1 5 BEIEEN 08 THBT S,

X [

1) W.T.Lankford Jr.: Metall. Mater. Trans., 3 (1972), 1331.

2) H.Fuji, M.Oda, T.Ohashi, K. Kawamura and K.Asano: Tetsu-to-
Haganeé, 64 (1978), 2148.

3) H.Suzuki, S.Nishimura and S.Yamaguchi: Tetsu-to-Hagané, 65
(1979), 2038.

4) E.Schmidtmann and L.Pleugel: Arch. Eisenhiittenwes., 51 (1980), 49.

5) E.Schmidtmann and L.Pleugel: Arch. Eisenhiittenwes., 51 (1980), 55.

6) E.Schmidtmann and F.Rakoski: Arch. Eisenhiittenwes., 54 (1983),
357.

7) E.Schmidtmann and F.Rakoski: Arch. Eisenhiittenwes., 54 (1983),
363.

8) G.Shin, T.Kajitani, T.Suzuki and T.Umeda: Tetsu-to-Hagané, 78
(1992), 587.

9) H.Hiebler and M.Wolf: CAMP-ISIJ, 6 (1993), 1132.

10) M.Hojo, 1.Suichi and S.Tanaka: CAMP-ISIJ, 6 (1993), 1134.

11) PDeprez, J.P.Bricout and J.Oudin: Mater. Sci. Eng., A168 (1994), 17.

12) T.Revaux, PDeprez, J.Bricout and J.Oudin: IS/ Int., 34 (1994), 528.

13) H.Mizukami, K.Murakami and Y.Kitagawa: Tersu-to-Hagané, 81
(1995), 792.

14) T.Nakagawa, T.Umeda, J.Murata, Y.Kamimura and N.Niwa: ISL/ Int.,
35(1995), 723.

15) H.Mizukami, S.Hiraki, M.Kawamoto and T Watanabe: Tefsu-to-
Hagané, 84 (1998), 763

16) H.Mizukami, K .Nakajima, M.Kawamoto and T.Watanabe: Tefsu-to-
Hagané, 84 (1998), 417

17) W.D.Murray and F.Landis: Trans. ASME, 81 (1959), 106.

18) J.O.Andersson, L.Hoglund, B.Jonsson and J.Agren: Fundamentals
and Applications of Ternary Diffusion, ed. by G.R.Purdy, Pergamon
Press, New York, (1990), 153.

19) S.Crusius, G.Inden, UKnoop, L.Hoglund and J. Agren: Z. Metallkd.,
83 (1992), 9.

20) B.Jansson, M.Schalin, M.Selleby and B.Sundman: Computer Soft-
ware in Chemical and Extractive Metallurgy, ed. by C.W.Bale and
G.A.Irons, The Met. Soc.of CIM, Quebec, (1993), 57.

21) Y.Ueshima, S.Mizoguchi, T.Matumiya and H.Kajioka: Metall. Trans.
B, 17B (1986), 845.

22) Handbook of Physico-chemical Properties at High Temperature, IS1J,
Tokyo, (1988), 181.

23) EBF -7y (BGEI3MR), W, HAL, (1993),20.

24) S.V.Subramanian and G.R.Purdy: Can. Metall. Q., 12 (1973), 455.

25) T.Okamoto, S.Matsuo and K .Kishitake: Tetsu-ro-Hagané, 63 (1977),
425.

26) T.Umeda, J.Matsuyama, H.Murayama and M.Sugiyama: Tetsu-to-
Hagané, 63 (1977), 441.

27) EBAREER, PR #, MM B EESREIC BT 3 hENE
), SRR EMESEMRSEEIZHT 5 N FNEIB W,
HASSH ., ®a, (1985), 87.

28) Z.Fan, PTsakiropoulos, P.A.Smith and A.P.Miodownik: Philos. Mag.

A, 67 (1993), 515.




