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The Strength and Ductility of Two-phase Iron Alloys

Imao TAMURA, You ToOMOTA, Yukio YAMAOKA,

Saburo KANATANI, Masatoshi OzAWA, and Akire AXA0

Synopsis:

The strength and ductility of two—phase iron alloys with a ductile second phase were studied. The alloys
used in this investigation were classified in three groups, that is, Fe-Cr—Ni alloys composed of austenite and

ferrite, Fe-Ni-C alloys composed of austenite and martensite, and Fe-C alloys composed of ferrite and
martensite; these phases had various volume fractions.

The main results obtained are as follows:

(1) In case of Fe-Cr-Ni alloys having different volume fractions of phases, when the same heat treat—
ment was given, the better combination of strength and eclongation was obtained in two—phase alloys than
in single—phase alloys of austenite or ferrite. The main cause of this behavior was the difference in grain
size. The coarsening of grains in two-phase alloys was much slower than that in single-phase alloys.

(2) The effects of grain size on strength were shown by Petch type relations even in two—phase alloys as

well as in single phase ones.

(3) The effect of the volume fraction of phases on tensile properties with nearly the same grain size
depended on the difference between the tensile properties of the second phase and the matrix. As the ratio
of the 0-29, proof stress of the second phase to that of the matrix became larger than about 3, the relation
between 0-29% proof stress and the volume fraction became to deviate from a linear relationship; this is

known as the law of mixture. This may be caused by the difference of strains in the second phase and the
matrix which becomes larger with an increase of the ratio.
(Received July 26, 1972)
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Table 1. Chemical compositions of specimens (wt%).

c | si Mn P S Ni Cr Fe V.F.F.*
1| 0-009| 002 | 0-005| 0-002| 0:016| 17°64| 20-41 | Bal. 1002
(A) Fe-Cr-Ni | 2 | 0°002 | 002 | 0-005| 0-002 | 0-013| 7-35| 30-35| Bal. 6729
avstenite and | 3 | 0°002 | 0-02 | 0-005| 0-002| 0:009 | 10-49 | 28-18 | Bal. 50-89
ferrite 4| 0-004] 002 | 0-005| 0-002| 0010 1376 | 24-30| Bal 3240y,
5| 0-003| 003 | 0-00s| 0-002| 0:007| 303| 3497 | Bal 0%
Ms Temp.
B) Fe-Ni-C
(B) Fe-Ni 1 |.0005| 001 | 0-01 | 0-002| 0-008| 308 — Bal. —60°C
austenite and -
) 2| o023 | o021 | 0-22 | 0-004| 0-002| 288 | — Bal. —57°C
martensite
3| 037 | 004 | 0005 0°003| 0002| 2521 | — Bal. —50°C
V.F.M**
1| 0-001] 0-001! 0-003| 0005| 0006 — — Bal. 0%
(C) Fe-C ‘
2| 012 | 0005| 0-002| 001 | 0008| — — Bal. 21-19
ferrite and :
artensite 3| 019 | 051" | 0°009| 030 | 0013, — — Bal. 44-29,
4 | 033 0-72 0013 | 0-34 0-021 — — Bal. 7869,
5| 041 | 075 | 0-020| 0-21 | 0021 — — Bal. 1002

* Volume fraction of ferrite, ** Volume fraction of martensite

TEBEFTH LD, ERFCERL2DDTH Y,
Fe-C o —%f (Table 1 h, Fe-C FoD 3, 4, 5 0&
&) WTHROREMT 5. DK% Table 1
1T, KEERO RO F ORI % Fig. 1 iR T

ChbaEMEs L BREZEZXD, £ 05mm E
O E Lz, Thp GEEFRICFITIR, Fig. 20T
Tt X 5 B RRBA 2ER L.
- £A&ELhEh Table 2 XU 5 IR
W L7218, {L¥RREE, &% WIXEARMIERIC X b K & i
FELTERICH LA SEERBIIA 2 bo RIS EA
~ b TRMAV, 2EZ-~y FEE lmm/ min (B
SEEERY 5°5%10-4/sec) TisZ D7z

FRRE XS RORIEEFHRBETEE By
TESHTEDIT T Zin D7 '

2-1 Fe-Gr-Ni 8% (754 b&EF—RFFA )
ORNE -
900°C iFfE D fli 2 DIRE THESE, KEANLTT =
FA4 hEF—RFF4 POTHIREGHEME Lic. TR
H, Table ] WRTEOREALY = T4 MEREREZ D
SR SHESESE O, ThLDRAHMMT S
Wik, Fig. 1-(a), (b) @ Fe-Cr-Ni REEM D> B

PEIXOCEMORERIRLT, REDEEDHDPEL

5. Tiebb, 7x74 MEDQIEBER, Kk Cr35%,
Nib5% Tdhbh, F—R7FF+4 MEODREX, Cr23%,
Ni17%Tdh 5.

AN RS TR 5 BHIT, BEMRSRI S X CVRE %
LR, 0 T 1050°C Dl EoiBECrES L
b obE, BESH{E 1000°C £ THE L, £ZTIlhr {f
B LgicskgE AN Lz, (Table 2 £08) ,

Ft, 7254 MEEA-RAFFA VEOEEDES
KELT S e, HEAN{E 480°C T 100 hr DFF%h
MEBEHE L. ZhiE D, 7 =74 MBI LT,
F—R7FF A PEOHEDENKE L /LD (Table 3
&)

2-2 Fe-Ni-C &€ (F—AF+A bERILFH AL D)
DENIB ,

1100°C i@~ DRETH — A7 4 Moz
LIPS L. =84 bRV TRA—27
>4 PEMTHYD, Table | iR L%E Ms ALLTD
BALIBECSHTLIETIDA—2FF A bE=
FrH4A FOREMBIE L. BHBERAZEXDL T
LiTEoT, =NF Y4 POKBERET(LI SR

— 97 —



456 s gk &

% 59 4 (1973) 3=

(°c)
" 1400

1 200 |-
L

1 000

800 |-

Fe -~ '~ 10 - - 20 30 40
~ {at20°C) Ni (%)
‘ lo) Fe-Cr-Ni diagram

‘ C(Wtolo)
. (¢) Fe-C  diagram

Fig. 1. Constitutional diagrams of alloys used in
this investigation.

| (a), (b) Fe-Cr-Ni alloys. (c¢) Fe-C alloys.
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Photo. 1.

Optical micrographs of two-phase alloys composed of austenite and ferrite in Fe-

Cr-Ni alloys (as quenched), volume fraction of ferrite : (1) 0% (2) 32-4%

(3) 5089 (4) 6729 (5) 100%
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Photo. nite and martensite in
Fe-3194 Ni alloys, volume fraction of martensite : (1) 09, (2) 33-59 (3) 70-5%
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Fig. 3. Intensity of Cr-K, and Ni-K, radiations by Fe-Cr-Ni alloys with the same heat treatment
EPMA in Fe-Cr-Ni alloys with seveval volume (1175°C, 5hr).
fractions of ferrite.

(a) Mean effective grain
size. (b) Tensile properties.
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Table 2. Heat treatment for obtaining nearly
same grain size in Fe-Cr-Ni alloys.

Alloy | Heat treatment Mea:izzﬁfj)ti‘iz ]grain
1 750°C 0°5 hr 20-1

2 1070°C* 2 hr 19-1

3 1175°C* S5hr 14-5

4 1125°C* 12 hr 119

5 1020°C  1hr 18-9

* Specimens were cooled in furnace to 1000°C, kept for | hr.
at 1000°C and then quenched into water.
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Fig. 5. Effect of volume fraction on the tensile
properties of Fe-Cr-Ni alloys with nearly
same grain size. (a) As quenched.

(b) Aged at 480°C for 100hr.
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Table 3. Mechanical properties of austenite and ferrite in Fe-Cr~-Ni alloys.

Hardness (Hv) 029, Proof stress (kg/mm?) Tensile strength (kg/mm?2)
_ r* a** |Difference |Ratio| 7r* a*¥* |Difference |Ratio| 7* a** |Difference | Ratio
As quenched 126 | 225 99 1-8 16 50 34 31| 51 533 2 1'0
Agedt** 120 | 420 300 351 18 117 99 6:5| 42 123 81 2'9

* Austenite, ** Ferrite, ¥¥*¥ Aged at 480°C for 100 hr.
(alloy 5) (alloy 1)
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Table 4. 0 29, Proof stress and tensile strength of austenite and madrtensite in Fe-Ni- C alloys

029, Proof stress (kg/mm?) Tensile strength (kg/mmz)

7 bAustenite Martensite | Difference | Ratio | Austenite {Martensite | Difference Rat‘l;m ]
Fe-31Ni* 19 44 25 23 35 58 23 1-7 -
Fe-30Ni-0-2C* 19 70 52 36 47 106 | - 59 ‘ 2'-3“
Fe-25Ni-0- 4** 16 117 101 73 61 152 " 91 -4 I 95 )

* tested at RT, ** tested at 135°C. ) V
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6. Effect of volume fraction on the tensile pro-
perties of Fe-Ni-C alloys.  (a) Fe-319,Ni
alloy. (b) Fe-309,Ni-0'295C alloy. (c)
Fe-259,Ni-0-4%C alloy.
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Table 5. Heat treatment for obtaining nearly same grain size of ferrite in Fe-C alloys.

Alloy Heat Treatment Ferrite grain size (p)
1 Austenitization at 950°C for 1 hr — Holding at 785°C for 1 hr — [.B.Q.* 33-4
2 Austenitization at 900°C for 1 hr — Holding at 785°C for 1 hr — I.B.Q.* 29-1
3 - Austenitization at 1 150°C for 5 hr — Holding at 785°C for 1 hr —» I.B.Q.*¥ 33-1
4 Austenitization at 1 190°C for 12:5 hr — Holding at 785°C for 1 hr — I.B.Q.* 30°1
>5 Austenitization at 1 165°C for 24 hr — -Holding at 800°C for 2 hr — 1.B.Q.* —

* iced brine quench.

Table 6. Mechanical properties of ferrite and tempered martensite in Fe-C alloys.

Hardness (Hv) 0-29% Proof stress (kg/mm?2) Tensile strength (kg/mm?)
Tempering _ - ' - -
temp Ferrite ?é[::sri_te‘?r:icr- Ratio [Ferrite ?g:sri-te gger- Ratio | Ferrite ]t\::Inasri-te (I:)[:g;er- Ratio
600°C 101 " | 254 153 2'5 15 68 53 4-5 31 80 49 2:6
400°C 100 415 315 4:2 18 102 84 55 31 117 86 3“8
200°C 109 | 780 | 671 | 772 | 20 | 13¢ | 114 | 67 | 3¢ | 172 | 138 | 5.
140 <% #HELBELRIELABEOEM (v7 44
e R) OUHCE LSRR OBRY Fig. 7 KRT. (a)
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" reciprocal square root of mean effective grain
size (d) of Fe-Cr-Ni alloys with several
volume: fractions of ferrite.
Martensite %)
. -0 o - 26
—x 20 <&
SO —e 40 . ©asB0O
- —a 60 /‘
c —o 80 Z- 60
E 40F --- 100 ° %e/
= . o ) ‘AA 40 .
= ——
30+ LN
b * . —20
@ S
w X" —o-—g-0
« 20 o-———05= T
8
o
52 10
N :
o s 1 1 1 1 1 i ! - 1 1 I
e 4 5 6 7 8 9 10 1l 12 13

FE (mmt)

Fig. -9. Relationship between 0°29; proof stress and
reciprocal square root of mean effective grain
size ((d) of Fe-319,Ni alloys with several
volume fractions of martensite. ‘
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Fig. 10. Effect of parameter C (the ratio of 0-29,
§ proof stress of the second phase ~and of the
matiix) on’ relationship between 0-29 proof
stress-and volume fraction. (a) Fe-Cr-Ni

alloys. (b) Fe-Ni-C alloys. (c) Fe-C

alloys.
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Fig. 11. Schematic stress-strain curves; T, T’
strain curves of two-phase alloy composed
of A and B.

A : Stress-strain curve of single A phase alloy.

: stress—

B : Stress-strain curve of single B phase alloy.
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Fig. 12. Effect of C' (the ratio of tensile strength
of the second phase and of the matrix) on
relationship between elongation and vo-
lume fraction. (a) As quenched Fe-Cr-
Ni alloys. (b) Fe-3124Ni alloys. (c) Fe-
C alloys tempered at 200°C for lhr.
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Fig. 13. Stress-strain curves of respective single phases which compose two-phase alloys.
(a) As quenched Fe-Cr-Ni alloys. (b) Fe-319,Ni alloys.
(c) Fe-C alloys tempered at 200°C for lhr.
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