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Tensile Properties of an Age-hardenable Fe-16Ni-4Si Alloy

with Reference to the Structure Prior to Aging
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Synopsis:

An Fe-169,Ni-49,S8i alloy having a large hardenability due to a maraging mechanism was used to
study the effect of microstructures prior to aging upon the strength properties under a tensile test. In
contrast to the conventional solution treatment for maraging steels in the 7 field, the present alloy was
cold rolled by 809, at a martensite state (marforming) and annealed at the temperatures in the a7
two-phase range before aging, in an attempt to obtain microduplex structures showing a good combi-
nation of strength and toughness.

The marforming was found to increase both the tensile strength, ¢y, and the reduction of area, ¢,
due to the formation of proper duplex structures. In case, annealing was made at the temperatures
around 570°C, large uniform elongation, ¢y, was observed due to a transformation plasticity of
austenite which was formed on the annealing and would be rich in Ni, but the strength, gy=
120 kg/mm?, was rather low. In case, annealing was carried out at the temperatures from 600 to
650°C (still in the two-phase field), the reverted austenite was transformed on cooling into martensite
which in turn was strengthened by aging proportionally to the martensite fraction; the resultant duplex
structure had a strength of ¢,=158kg/mm?2, and a plasticity of ¢=279% and ey=19%, which were
better than thd combination, ¢,=132kg/mm?, ¢=259 and e,=1% in the same alloy that was
conventionally age-hardened without marforming and annealing.

The marforming had a dominant effect on the reduction of transgranular brittle fracture as well
as intergranular fracture associated with large austenite grains which had been present prior to the

annealing in the two-phase range.
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Table 1. Chemical composition (wt%,).

Ni Si C Mn S Fe

15.6 3.7 0.007 0.001 0.004 Bul.

Table 2. Transformation temperatures (°C).

As Af Ms Mt
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Fig. 1. Heat patterns for two kinds of thermal-
mechanical processes used in this study ;
in (a) “rolled” specimen (R) were mar-
formed before annealing and aging, while
no deformation was made in “homoge-
nized” specimens (H) in (b).
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. Variation of line broadening parameter,
4, and retained austenite fraction, F(y),
in rolled specimen, (R), after annealing
as a function of the annealing temper-
ature, T.
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Fig. 3. Change in Vickers hardness, Hv, of rolled
specimen, (R), with annealing temper-
ature, T. HT or CR means homogeniza-
tion-treated or cold rolled state respec—
tively.

Table 3. Classification of alloy structures at various annealing temperatures in marformed specimens.

Temperature .. Structure
Stage pera C Characteristic phenomena
range (°C) At ann. temp.| After cool.
I r. t.~360 Recovery of defects in martensite (a')* a' a'
Il 360~510 Hardening and softening due to maraging a' a'
il 510~600 Formation of stable austenite (y) & ferrite (a) r+a 7+a
W 600~650 F‘eixgrtx:tlon of stable and unstable austenite and r+a (r+a")**+a
A% 650~675 (Af) | Formation of unstable austenite and ferrite r+a a''ta
Vi >675(Af) Recrystallization of y which reverted from a' 7 a'

# g’ : Primary martensite, deformed or undeformed.
*% q’' : Martensite formed on cooling from unstable austenite.
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Photo. 1. Transmission electron micrographs of rolled specimens, (R) ; (a) as 80% rolled
(RO), (b) annealed at 420°C (R420 or RAO), (c) at 500°C (R500), (d) at
550°C (R550), (e) at 600°C (R600), and (f) 650°C (R650).
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Fig. 4. Variation of grain size in rolled and an-
nealed specimen as a function of anneal-
ing temperature near Af.
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Fig. 5. Typical stress-strain curves of rolled and
annealed specimens with or without final
aging. R and RA mean as-annealed and
annealed-and-aged specimens, respective-
ly ; numerals show the annealing temper-
ature. Cross marks indicate fast fracture.

r.t. ,, 400 500 600 700 80]0

T T T T T T T T
[ 11— IV-+V>!=—V[———>
T

Stages

180
L //O\E Aif i
T RA (annealed 1
\ & aged) |

&3 1

Go.2 Or Gy, (kg/mm?)
s £ 3
(e} (@) (&)
a
N
0—-; \\
&
.,/
/fﬁ
ot
-
|
[
A

- <00 / \ |
> 100 22 R (annealed) |

80 1 [T | L 1 f I ‘l_l ] L I
151~ Af -

: |

2 10f / -
~ f n
5 L ]
30 Folteg o
! Fva\lﬂ /.E'\U;
9"1‘" = L 1 L 1 \n'. ) S| E-

r.t. " 400 500 600 700 800

Annealing temperature, T (°C)

Fig. 6. Variation of 0.29;, proof stress, gg.,
ultimate tensile strength, ¢y, and uniform
elongation, ¢, of rolled specimen as a
function of annealing temperature, 7.

— 96 —



-

Resh (bt Fe-16Ni-4Si & & o Fe 4 aTALRL & 5B 97

) T T T T T T T T
p—
30 o 660°C
630°C
]
<201 ~
£
£ 1
£ °
ok 610°C ( Annealing temp.) -
5
q b
0(15-59001(: L 1 1 { 1 1 | 1
O 20 40 60 100

Martensite Fraction, F(X") , (°I)

Fig. 7. Relation between the strength increase,
doy, due to aging and the martensite
fraction, F(a''), before aging; the speci-
mens were rolled and annealed at the
temperatures in the stages IV and V.
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Photo. 2. Scanning electron micrographs of fracture surfaces in rolled-annealed-aged speci-
mens with different annealing temperatures; 7 ; (a) and (b) no annealing (RAQO),
(c) T=590°C (RA590), (d) T=630°C (RA630), (e) T=720° (RA720), and (f)
T=820°C (RA820).
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Photo. 3. Scanning electron micrographs of fracture
surfaces in homogenized-annealed-aged
specimens with different annealing tem-
peratures, T ; (a) no annealing (HAQ),
(b) T=600° C (HA600), and (c) T_
750°C (HA750).
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Fig. 9. Relation between ¢ and ¢, in typical .
specimens used in this work. Beneficial
effects of rolling (marforming) and an-
nealing in the two-phase field to form
microduplex structures are evident at a
finally aged condition. Numerals and zeros
mean the annealing temperature in degree -
C and without annealing; respectively.
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o L L THhOBES <A 7 3 —AREH A 5 b
TERC TR0 bh, EAEMC L5 BB
FTRILVT EOER SR
33 YNNI +—ALBLFELOYRICNT EER

B LicX 5, =17+ —2A%Mz 52 tictoT
ReZIM OIEMBE AR L, SRE-RE D 5:2% | L4 2
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100 & X W

% 66 4 (1980) & 1 =

ZEDE B0, T ORRY R E LHBESTER
b 500°C LI EEZhUTeT TEETS. Bk
F LIRE 500°C LI TOEFII~7 4 — 2L DHEE
K LD BIEIBE 0 b & &ieoh J r ARSI
DEHEM L, 2 b EEE TR S e il r KL
RreipochTse Ehibs 74 vV EES LAbh
oo T35 Uitk EoXEERRRIR, T kot
AINEBEWED L S~ 7 e A~ THD, &
Kb X s Bt osiBe i30Tk ELbh
22, =0k 5 AR K L (fragmen-
tation) ¥ 7ikE¥ 4 2MEL, AR OML L ELUO
R4+ ORBEREPETIOWA LT e HTHO
EEZLbRS.

www 500°C LI - CBEis ¥ LISEA, microduplex #H
fre S DB E LABOERRIGS v v 7 3 — A LD
CTEDBRBD, ThE e Ticx % [WAE#E
B pEEe y HoER, BEAREOAEZR LT,
B OBAL & BRI — AL OB oK & 3 W
RS ZRLDOEELDRD. FRIIBEILE LIBRET
DIGER Y1 PR A» SEMHCHITTHC L2930k
TOMTHLg T FRroB kEvwo teky, P
LS SR RPHEROBESETIDTHD . Af
AT (24EER) 73 AfERLE (r BAEER) ow
B E LTh, MITEEOE S M0 B T OBRE L
LhkEWwz & (Fig. 8 2M), I X OBHHRICNEHER SR
T RRE NP~ XEE R R bRic 7t %5 (Photo.2
L3R DLz OB ETH LTS, FFMIRBD
microduplex &R B3 OfE SR In Tk & REE
AR TH B, MEIES W5 EEN T [HE &
Bl X EMTEEBEL TV Ll b,
TDIOR=AT ¢ — 2EMZICERELE LET,
BRI T AR, BECOVWTUI~L 7 5 — 2%
BT 2 8E X DEL. L LK) TR ER,
L2 (@'"+ a) © microduplex ik L 70% (A7 —
oV) BEHIE, BB BHTAEE LD ME-KD
B E LV b D LTS,

4. & B

BB DT 5 LR E ST % Fe-16Ni-47/Si
=5 v P eV, BREhc 80% OBHEE
(=7 5 — &) BT\, B (a4 7)) 2HHBRTE
e ¥ L LB O5BEAREH %Y, «BHERSXF X
BWFERE ML LTHEL, KOLS 7 BHREEG
7z

. BErEBARAEBHELNE LRESZ TR L

h HTEB OBE/S ¥ LCHERT % (a + ) microduplex
Mgy o T, oMo TRIP ZRickzsk
X fe— ROV EER S huie s, BRESIRESIM B X O RN
¥ & b ERD DT,

2. 2MIROBEE LB OB X v ER T 5HEER
S, FOBERE LincER LI ARE r OB L ED
T 55, ZE 1 HOARR TR L O EDD
TR, SRR ORA, 2R E LE
DEHFCERE L TE L~ T vy A MED< v=—
CHBCIAHLDOL L TEEHBELS 5.

3. <AV 3 — AR, LOBOBEEE LOFECH)HD
b, B ORI LicERTHS. microduplex
MOBELLT y — AR IDOTHRELRR LD, JE
YRR D% LD OWMBHR LD BRI 5 LK
RizE & LTEMAOBAbiclk oo L xBHE L.

4. PAED X5 sEWEND, w7y —sd ATK
DT o 2 M8EEE e ¥ LEfT 5 < A= — o B OB
OB EYS, Beihiie AL S L CBREEERT S
feROFHEIHN, BE, WEORECERTHLEE
zbhb.

AR E BT T HIcS ey, FsORBE S 2 bhi
SREMEEMPEIESMBREMAE, SIURER
MataR % L O e e AT R AR ZeE o P
BRI U B IE B 38 L R ORI R R R b
BRCERLIEHOBEERTS.
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