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The Effect of Recrystallization Texture on the Low-Temperature
Deformation Behaviour of a Two-Phase Stainless Steel

Tadahisa NAKAMURA and Kunio WAKASA

Synopsis:

The tensile properties, the strain-induced martensite transformation and the fracture mode in the
temperature range between —196°C, and room temperature were studied for a two-phase steel composed
of nearly equal volumes of austenite and ferrite. Recrystallization textures were observed in both the
austenite and ferrite phases. Tensile test specimens were taken in the directions parallel (§=0°), 45°,
and vertical (#=90°) to the rolling direction.

The main results obtained are as follows:

(1) Effects of the anisotropy due to the texture on tensile properties (fracture elongation, tensile
strength, and 0°29, yield strength), amount of strain-induced martensite transformation, cleavage crack
length, and dimple size were measured. The transformation had a marked effect on fracture elogation
and tensile strength.

(2) The transformaticn-induced plasticity was evaluated with both the amount of martensite
transformed per unit strain and the tensile strain at the initiation of transformation in austenite phase.
As the initiation strain for martensite transformation bacame larger, the fracture elongation increased.
At a constant tem perature the larger the amount of martensite per unit strain was, the larger the
fracture elongation was. This phenomenon was clearly observed at —50°C. All of the strain-induced
martensite in the low temperature range was observed as lath-like martensite.

(3) The behaviour of ferrite phase in the low temperature range gave characteristic aspects to the
fracture mode. Cleavage cracks occurred in {00l}a planes and their propagation was disturbed at spots
of a martensite, therefore specimens didn’t fail brittlely in the low temperature range. The cleavage
crack length observed on fractured surface was in maximum at —196°C and had the length of about
35 microns at § of 45°. Equiaxed dimples were about 5 microns in the maximum size at —50°C in
the case of 0° or 45°-specimen.
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Table 1. Chemical composition of two-phase stainless steel (wt%).
o | m I'mo | ¢ Si | Mn P!l slo|lmloc!| w % Phb . Fe
| ! i ] L B
23-19 | 491 | 1-47| 0025 053] 0-51| 0-023] 0-006 094091013 0133 % 0-0005 | Bal.

a2 (110)(332)
* (225)(732)

(a)
Fig. 1.

={001)(110)

(b)

Recrystallization textures of a two-phase stainless steel

(a) (200)7 pole figure, (b) (200)a pole figure.

WTEB LTHRITDHIDTH 5.
2. = B

2.1 =¥

Table 113, REtOLEMKE RY. k& ELEHE
LT, 0°, 45° :X0f90° o 3O AR (LT 0
EF53) KUY RZLTHE 2 0mm, iRIE 6-0mm,
RS 18- 0mm OHIRSE BREAERA T BRI L7
SRERF OB F LAERE 1000°C, 1 hr, 10-4 torr FERF
DOEZRTREFLALOL FIRET FS LTITROL.
Fig. 1%, Bels & LcilBho r e a MOBEAES
Mk md. Fig. 1 (a)o r HOBELOEFC LR
iz Fheh (110) [332] & (225)[2321 ©&% b, Fig. |
(b) ®atdEHArbx (001)[110] T H%. fdk, X
DEFIAFHOE—~ 2 FE% 20c.p.s 1 L LTE
HL7-bDTH5.
2-2 RERA&K

SIEREAEBRYE —196°C » S FIRF TORER TITR Vv,
SPEREEE 0-5mm/ min TH5. LHEBORBH VI

HPAMBC X SR, €y -2 OflE, X 65
B, EOEFIRMEIC X ML, EERETFHEM
i X5 WmEEBER{TL Ok,

JF M SE RISV U R & KEEEE A R CE
FRDIEE L, FIURBEKRCHEL L 2k.

£y b — AEXRTEREL AR, wE 200g 2 VR
ERR-rhod afl & 7 BT DWW THBIE L.

X EE f5E X & LT FeKa #8% v Kp 3%
DOREEICE Mn B/ % By, BIE L BiEE, @
FHDEE, 1104, 2004, 211, TH Y, 7 HDES, 11,
200,, 220, TH 5. HIE Lica & v HBO &Er EEE
g S BELZEIE L, £MOEHHSEE O [E
LEMOEELZERE LD, a wivF 2 Y4 B FE
£ T5HETE, (ata’ = vF A L) O EFHE
&k, Bk & R LTEROBIE» L a' v v5 v
H4 rREEEZE L.

Hklo Mg Hix —196°C fHETH Y, Ma slasdtfl

DOESHET BRL, 6 =0°, 45° o4, —22°C <
HY, 6=90° DIFA, —26°C THDof. ZIT Mg
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Photo. 11T HE/s & U7zl DA BABSRH R R 7.
(a), (b), (c)FFhLHEER, &5 M EELE
BIOCEERELGRECEELTMOMBM TS S. FELTERS
B2 DEEERIIaETHY, BVWiESBE rETe 5.
R LS EIESINS. a R ED 5 F

SRR S ‘,a\\_.’cz,«\ B

Photo. |. Optical micrographs of annealed specimen
observed on (a) rolling plane, (b) longi-

tudinal section, and (c) transverse section.

BOEIEVIEER L CRIETS LE) 8% THDH. JEE
WEDaffs X r HOBRBOFHORES I, &b
iC§98p THS. Photo. | (b)MBTRT IS alil rif
1396 ¢ ORETRBIRICIEA TV S.

Photo. 2 37 & LB @ 7 HR X T a FADHEE
B FTETHDH. HHEPIC BESN D R OoBUIT A
(VAN

b , -~
Photo. 2. Transmission electron micrographs of
annealed specimen (a) 7y phase, (b) «

phase.
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Fig. 2. Variation of hardness with tensile strain

at room temperature.

— 71 —



2070 &% + 8

3 6l £ (1975 8=

Fig. 213, FETO aBH IV 7 HOE » h — AFFX
DEBFROT LI T HELETT. ki Licatls 7
FMOE o I —AWFX 32 nFh 236 & 232 TH 5. £H
DE v B~ AMXIER L EHiTEMLTwWE, £L3E5E
OFHLTOafiDE » H—AFXX r HOMI D L k=
.

BT, 2OX5katBkX U r 2L RS 2B
BT 5R->THE LN G H-OT %8, SIEHEHE,
ITBEFE VT 94 PERBR XU % OMEEL, s
LEXDWC, ThTNOBERELR~5.

3.1 SH-UF L

Fig. 313 —196°C, —150°C, —102°C, —50°C,
0°C X XUEIRTO BIIEH-AHOT & dhikis Rt
[N OMEET RFE 2 VIR mER cHloETh 5. ¥
X 0=0°C DI THB. —196°C ik ZEMET 5
REDPECADLIENEIETT 5. ZOEITOETIRER
BRCEHEINR B ChckETS. cod it
BIEZ T YA FERES L Ulkdodcls HiE, UE
DERFR CNsd UCHER K RT3 525, B
D2 NT YA FERBOFA D 7o IT I T Lo 48 A3
BRI AR, 200 TREIC L 5 Wi{b2S XU
D, FE ChoERBBILShTB OO LR LEW
CHHLLNT K5 ERBEDLNA. Mg A COEN-
O T H iR O IRE 18-8 X 7 > v 2§\ DT & ElEL
SNTWEY., EERELSIGET S E rHIIsELS <L
FrYA MEEBLTRY, ZOEAMETH S FEL
US4 UCRRBR A vE kb L7z, —150°C & —102°C
DIGT-OTHHBTIE —196°C OBE5D X 5 /s BHTE S
MR iR S h 7 < 0, I B b /s v AKCEAE IR S
17% OTHEBEET 2>S50vwienh, bk Eho
BRI ok BELL vAF ¥4 FEIZ —150°C

t 1 50

£

£

z -102%T S0
a 100

e

@ 26%C

T 50

g ]

2 0%,

Nominal strain (%)

Fig. 3. Nominallstress-nominal strain curves of a
two-phase stainless steel.
Tensile axis is parallel to the rolling
direction; §=0°.

& —102°C T, xhih, 490% & 46% CTHotz.
2iFES, —50°G, 0°C, FiROBE, FOIEI-0FTh il
MOBIRILEBHPE T GETEoh SOk E
ML T ERTE, —50°C oS anZiess 34
% THol. Thicx LT 0°C LFiBDBASLREIIAE
LT olc. ZhOHDRETD [EH-0T R T
BEND LEFIINEL, FEHLCNO0 bR L. &
DR CHUISHERHHFO L D 7~8% /IS WU TAE L
7c.
DB (0=45°, 90°) DIEH-UF % ghigo Eik
BEIRETRITS dD LD 0=0° DPESOIEIKIC FHEL
LTwi-.
3-2 SIEMEOREEENY

B OESHBIC IR T 5 B H M RTHEY, 3138
S, 0029 Mk EoHEic Wb UL LWEER S 2
7z

Fig. 4 3REMHTY, SIERE S, 0°2% WihoiRE Tk
TAHELERT. OV K2 o Tho
B DEE»D —22~—-26°C %£C, FEAELILL
TWigwas, LB vF ¥4 basE Urz —50°C
Wied & Al LS L 2. —50°C UG EED I
TEEdiw LW b LA &<, 0=90° g4
—50°C TOMONVIMDFRERF & IE~NTH 15% BHAG<,
0=0°, 45° DX S MHU D L — 2134 Ulero7s.

: | 170
2 16
200 V x\k 50 <
i Elongation iy 5
o
S
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» o €=O° 130
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A
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R T
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-200 -I150 -100 =50 0 50
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02% yield strength (kg/mm?)
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|

Fig. 4. Variations of fracture elongation, tensile
strength and 0°29 vyield strength
with test temperature observed in three
directions; #=0°, 45° and 90°.
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—102°C DL F T &3 B OO I ZL DI D7
KRB O BRE®HR X Mg SDTREQCKTLED
WA EhnL, £oEE WEiHROS RANT BB 0=
90° DBAI F VT, HELAEERCbI2TRLK
X W I I o7, FRICR LT 0°2% i )1 b BEEBRA T
LRy, MFEOEmMERTH, FR,D Mg 5F
T & A SIREC X 5L T EPRFHMIITH D
7.
3.3 a' TAFUYA PORERNEZOERER

Fig. 512, a' <7 %A PSRBT T UDHT 3
T D EEOBEOTHELX BB LTRYT. Ms s
THt —196°C T, a' w7 54 R EREHERD
P DI ARBR T TIERAELTVWHEDT, TDOVOTHER
0% ThbdETSH. a <7 ¥4 bOFARAZ R
LI RAD, REOETEE DX VERWTEROT
Ll o7, —50°C, —102°C, —150°C TOOT 4
Bixrhsh 7%, 5%, 1% THH, 0 DRI HEER
OB RETORSIEY B> Mo STO0T

i L sas |

~ 043 T~
] 42 )
16
o ¢=0°
* §=45°
2 12+ 5 6=90°
g g |
w
: /
B g
2 4r ////
DA
0 loea .
-200 -150 —100 -50 (o}

Test temperature {°C)

Fig. 5. Effect of test temperature’on the tensile
strain at which the martensite transfor-
mation Initiates.

50
o @ =O°
40 o 6 =45°
- ]
~ 30} | a 6=90
52 \
2 20 ‘ AN
(2]
: \<E:¢>§§§J
S 10}
= | 7% strain
0 l
-200 -150 -100 -50 0}

Test temperature (°C)

Fig. 6. Amount of martensite in specimens strained
1794 and 309, at various temperatures.

{

Optical micrograph of speci;en cooled
to —196°C.

Photo. 3.

Photo. 4. Transmission electron

micrograph  of

strain-induced martensite in two-phase
stainless steel deformed at —196°C.

LB AR L & 51T 42% (0=90°), 43% (0=0°),
45% (0—=45°) TH b, WWIEHC a w7 ¥4 bHE
C-

Fig. 613, 17% 0% & 30% OFHTHEIE L o
v F YA PROREC X BEILERY. T Y
4 MERERYIMAT X O TBR L, TOZERBRRIIARE
Boine EbhicEmL, #EFELd —196°C TR
KEtn, POREOLERE ELHA LT Mg 5T
Yook, MURECOEBERRCEVEES X
THERBA T LRSS L, —EDHAL
BWEwsrok.

34 TNTFYA4 MER

Photo. 3 1%, —196°C % Ty EN L& DI EIRMER
e X HEBEMEMERT. MIRER=VT YA b
DL EE 0L OMBEE SIS, L Ofhic 1 {ED
wikvF o4 bbdHH, TORBEAT 2~3% 2
fECdh-o7-. Photo. 413, —196°C THEiETAR Lz
LT EMICE LT AR VT 4 bOBERERY
HThnH. —150°C, —102°C k X &° —50°C T %,
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(2) Dimple pattern. Fractured by 47% tensile strain at 0°C,
8=45°,

(b) Cleavage cracks. Fractured by 472 tensile strain at
—196°C. §=0°.

Photo. 5. Microfractographs.

50
X a0}
= o g=0°
£
= 30 T e o=45°
£ _ o
S ‘I\ 2 6=90
o .
o 20}
g
>
8
© o}

0

~-200 -150 -100 -50

Test temperature (°C)

Fig. 7. Effect of test temperature on cleavage crack
length on fracture surface.

—196°C LFHRIC T Ak = v ¥ 4 FASEREE X P 7-.
TADBEN HOMRBIC I ANERINTED, 72D
(S 02 4 BETH O/
35 mEmE®s

IYEZTEAR, MMImIC RS 50382 5 » 2 &
T4 TNTHD. BBy S5 v v13 —196°C, —150°C,
—102°C, —50°C THRELTHY, 71 v FHERBL

6 i
o §=0°

5 & g=45° O
3 A 9=90° /\
N9 o -
@
@
o
;,g 3 loesr O s 08—

2
-200 ~150 =100 -50 o 50
Test temperature (°C)

Fig. 8. Effect of test temperature on average
dimple size on fracturc surface.
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Photo. 5 (a), (b) ik, #hZh 0°C 7+
(O=45%) & —196°C DEIPHL 5 » & (0=0°) DOHITH
5. MEERA & DHWIHHUNE 47% THDLH. BEX
Fa TR KREFWMATH ), MOBETLRCE S
MLDOPMEEIN. 255 P I8BEY 5 » 2 CThH D &
HEZI, Lad Fig. 1 (b)) atio FisSEa Wk
D EFHHLA (001) [110] T HBDT, atfd {001} Fic
FEELIESBH Y 7 v 20CHh 0, I SETIC I AT
AV

Fig- 7y, B35B2 5 » / B3 DIRE 5T 5L % T
T REERTD Y 5 5 2 IIHERE V- ORlE SR
fo. ok 2K, 0=45° OFERA T —196°C ToHFy
TS5, THY, 4~5 D a FEOEESN rhic BEEY
77 v VBFETS. —102°C L —50°C TR Y 5
vy 7RSI E L8y BETHY, XiEIHD
tHoD {001} MCTH4E LT/

Fig. 813, 71 ProX&EX0iBEicHT 5 2850%
T P FUCARBIE L TR LS 5T
TEFT 4 FNDOKRE X BRE. Z DR E DOIHISE v kT
HICRWTERS W EERZT 5 HEICIR > TR 7.
T4 FPDORESE —50°C THEKEL DTSR,
Zhix 6=0° 45° DFPHFITFEBETHY, VWoIEd 0=
90° DFF, TOKRESIE —102°C & —50°C ¢l
RE LR Th Tt k& hdeT &t

1. & i

41 SEEEMEOARAKEN

HEER 1T Fig. 1 WiRT X511, affd r O
DWTHEMESHELZE>TVWE. LaRo2T, &8
Eiexidsd sBREHE (Fig. 4, =7 44 FEEES
(Fig. 6), mMfmmcElgEshs 8B 5 » v EX (Fig.
7) 7T 4 FroRES (Fig. 8) i+ 5 HkE
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VIR X EN LD LDz, —50°C TOBUD
fEvx 0°, 45°, 90° WA/ &L, ThLh 67%,
65%, 52% T o7z, ¥EWEEHICE = vF 34 b
BHEHME LTV B DT, T DOLEEPHREHICHEES
32TWB EBbhS. FITH LR DT VT
+4 FEREEAAIET S L, ZoEE 0°, 45°, 90° o
Eic/hx< b, FhEh 34%, 28%, 9% THDI.
—196°C DS, WTFNORERN L E £ X ITTEeK
<7 ¥4 MEREL TR D, —150°C £—-102°C Tl
KRS X B REBKROMER r RO BB
XIUERREBS O r MR SRR L TV Va3 H 2
7=.
AEERR X, BREFEACOMTCHEYT 50 TER
EErd, ZOOTFHRTIE o w0734 bBFELT
WBZEMD, TOEOKEITIEROFENDHD.
0=90° TOEIE, MOHBMA & T, SRENT &
HRKE D/,
0°2% THitbd Mg SLTRED (UF L &b Ent
TV b, BEREX 0 X 5 B ERIE R 27
BER s 5 5 sEX1E, —196°C L —150°C T §=45°
DEXBELEDTVDA, ILITEWRE, —102°C
& —50°C To(EERERSH & bRE8y THDO/ -
F 4 FADRkEXE, —50°C FpE&HBRAC K
WCEL BETH DM, &< §=90° Difs, —50°C
TOEIORBA & T /hal, 4p BELDT.
SlED X 5z, BEEME T %A MKEEIZERE
WEbRTED, ZOWMOBEERRICELD VT~
4 NEBRO S MRERICERT S 30 LFEILND.
4.2 MIFRILTVHA PEFREEMOER
EERIZ ft L7 2R F VAT, —50°C LLFT
17% X D/hX v OFHCEWT, IMLHER w7 o3
4 RZREAE UTR D, BEEHEREONE —50°C TRA LS
5. THRRBE OFMCEBLTRD, 0=0°% 45° 0
FHEORG K T BEC bbb, £ T, 7% OF
LD y BN RE LA @' =7 ¥4 PEEZDOR
DOTLETHRUKE, dM/de Zkd>THI. TIT,
a wTFUHA R MiE, X gEcko R B O
£z k1T HETHS. Fig. 9 13, —50°C, —102°C,
—150°C % X 08 —196°C TORMHO & dM/de L D
Ga T, HER —EOBHE, WO dM/de DI
Ind & dICEEHC LTI D, mE ORI IXRATES
BEssd 5. LaL, BAd EETO BEHHROO Ei
dM/de 3 A E L TH 2l bHT L REL IRV Lk X

2073
80 1
. -50°C)| o~° "
60 = ~102%
32 b .a————'r
s 40 . y -1967C —
2 o =0 ~150°%C
S 20| * =45
= a 6=90°
0
0 05 0 I'5
(dM/de)

Fig. 9. Relation between (dM/de) and elongation
at various temperatures.

i, 0=0° OE, dM/de DEVX, 0-68(—50°C), 1-04
(—102°C), 1-08(—150°C) & 1-48(—196°C)D X >
BEOCIKTFE L DML TWHSDIKE LT, MWEHY
DIEEFNFIN 67%, 54%, 43%, 47% /WS <7D
Tw5b. LEanoT, 49508 >ORFBREEHHU DK
XX EELrELTEY, THhiE o =79 A4 D
TR TH D EEZHND.

T ORI Fig. 5 1 X g, iU g KT
B BHIEE —50°C TiE, 17% O €T WELIEHE
THBEDIE LT, WO S WiE —196°C T
RS CIC a' = v T A RREET S, —50°C
b —196°C LIt BT, a 2T oA PRI
FTO HONE 0=0° O HKE N Tk, ThXh 50% <&
47% Thbh, LEHEDO HTRELALE Pb L. af
2T YA OFAR IR ORINC 5T
Z LD s.

—50°C iz s\ ThE, 8=0°, 45°, 90° DNEIC REMEON
PMETF LTV, Zhid, ShREAmE 2T P A b
LREDFEA T HEAME (fafEm) &0tk DEM
CHERT S 2T ESL. REE LT, o w7y
4 FOSFREE 18-8 27 v 2 giod FafEmE {225} mY
LMUTHBETSH. Fig. | (a)izkwT {225} M6
Hd52%, 205 bORKEGIE 270 L LD, TibbiFTE
EENELEV (225 mEHRA LT, A7 Vv ARES
SERERAAE & ORI - OMEEY kb L, 6=0°
L 90° o IBL, FREFN 61° & 90° kb Thb
DFEEEH 45° KIEWVIEE =7 ¥4 FERRD 72HD
FAMEEL LT VLD EE XL, TOEEEIX 0=
0° DIPSEL DT ENERICHETE S,

F7:, Z OMMOLEREFEIMICO & SDORFMA A LR
7-. J. A. Harr, V. F. ZAckAY & E. R. PARKER §
i, Fe-Ni-C &4 BREA— A7 F4 FR) OZERER
YR L, IR T oy A MRS BEEI
v, IMTREERBAEINT S L BELTWDY. &b
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Fig. 10. Effect of various of prior deformation (0,
5, 17, 3294 at —196°C) on amount of
martensite and elongation in tensile speci-
mens deformed to failure at room tem-
perature, after —196°C,
g=0°.

prestrained at

FC P LBl 088, Fig. 313\ CRERHM O A3k
L BIRE, —50°C T 17% OFH Lk rs o 494
EEECTHIENOLRIEA LD LT, Fh X 0KiE
T ST DR T LR A% Bt J. A
Hare 7250 FEBT—E5EIC 51T HEBICH LS
WL DTHD, MIFEF<wLF 4 bomLilibE
~DFELRAEC LD EBBELATHY, EOEWEE
ErLXTNIERECRE LT AKX ALTF 94 bR
DI HEEDE VLIS L EZLND.

4.3 WX EY

B L7 IREM TR, (a+ 7)REHED 282 7 o
L AGHDOMEERR & LTCEBRIZ 5 v 2 27 1 P e s
KFEFTDEREE F1 o PNVOLNBERIND EBERDH
5. BEY 5 v 08, —196°C OBETRBRE DTS » k
"2 7 (Photo. 5 (b)) R WTHEEIE XN, BIE5
727 v 0 afBRIAELCKZDDTH DT HhnbbT,
—196°C TOREHHRUNE 47% (0=0°) 3 o7,

Fig. 10 vx, —196°C TCHIOT %% 5 2720 bLitA
T EIR T WL TR 27 & X OB : —196°C
THRELK « w7 44 FEE2 —196°C TORFRTO
THmITH LTRT. TR ER 5%, 17%, 329 <
HB. a wNT YA PRIZEREOEINE & b 14
mts. 2oL, riaho a' w794 MR
OF % 5%, 17%, 329% ODlECEhFh, 4%, 229,
42% C Ho7c. WMIOTH 32% Tk, KRB Ao 74
W 42% THDODT, riERELICINT o H A ML
BBLTWD. §IO0TFH 17% omBA i, ZELTY
BV rHEBPFAELTYWHDT, BB 5 » 1388 RE
DTrHRICGERLTWE, #HBA1I3% 0OFH0D L
B L7cd FA6NR5D. T LT, BT 329%
DRBFTIRHAIIT 2 5 » 2% 8T afle a' w7

A MBHFEELTVWDDT, FHTOLERIEIIHS 2D
DR X2T EhhbNbETHAS. BEEY 5 » 213
Fig. 7z k¥, —196°C CHM4ES 35, BETH D,
ET T v VDD a' wTF A4 CNOFENHY S

y VOEE L L Cw5 Z EMBHE . R0
&%, S. D. AnToLovIcH 4 ELH TV 512, L7335 T,

BIOT 2 329% OMERK TIX, BERHZ 5 » 4 RSB TO
LD b ETHEELELT, 70 LEHER 18% Th
5 2FY, ZOHBAROLMHTIL50% L, —196
‘CTOWEIHEY, 47% LFBRETHS. Lisi>T,
—196°C % —150°C DEREMCHRERE T, 7= & 2588
B 5 v 24T CTD, a' wF ¥4 ppd T D%
ZHIEL, a' w7 94 FEYE, ok SRS
L EDTRETH 5.

7oA P, EERE Lo cHEIh S LT
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