On the Influence of Interactions between Phases on the
Mechanical Stability of Retained Austenite in
Transformation-Induced Plasticity Multiphase Steels

PJ. JACQUES, J. LADRIERE, and F. DELANNAY

The mechanical stability of dispersed retained austenite, i.e., the resistance of this austenite to mechani-
cally induced martensitic transformation, was characterized at room temperature on two steels which
differed by their silicon content. The steels had been heat treated in such a way that each specimen
presented the same initial volume fraction of austenite and the same austenite grain size. Nevertheless,
depending on the specimen, the retained austenite contained different amounts of carbon and was
surrounded by different phases. Measurements of the variation of the volume fraction of untransformed
austenite as a function of uniaxia plastic strain reveaed that, besides the carbon content of retained
austenite, the strength of the other phases surrounding austenite grains also influences the austenite
resistance to martensitic transformation. The presence of thermal martensite together with the silicon
solid-solution strengthening of theintercritical ferrite matrix can “shield” austenite from the externally
applied load. As a consequence, the increase of the mechanica stability of retained austenite is not

solely related to the decrease of the Mg temperature induced by carbon enrichment.

I. INTRODUCTION

THE transformation-induced plasticity (TRIP) effect,
i.e., the mechanically induced martensitic transformation of
metastable austenite, has been proven for many years to
contribute very effectively to the deformation process in a
large variety of fully austenitic iron-based alloys. Numerous
studies have shown that the TRIP effect improves strength
and ductility by helping to maintain a high work-hardening
rate during straining.*~* This phenomenon is commonly
ascribed to two different mechanisms:*23 (1) the stress-
assi sted nucleation of martensitic variantsfavorably oriented
with respect to the applied stress (M agee effect™™ or orienta-
tion effect); and (2) the plastic straining of the surrounding
phases due to the volume and shape changes associated with
the displacive transformation (Greenwood—Johnson effect!*®]
or accommodation effect). In Fe-Ni-Cr alloys,>16171 Fe-Ni
aloys*18 or in other highly alloyed fully austenitic
steels, 319 tensile strength and el ongation are enhanced when
the chemical composition is such that the Mg temperature is
just below the testing temperature.

The TRIP effect is also thought to be the main phenome-
non responsible for the improved balance of strength and
ductility exhibited by the new and so-called “TRIP-assisted
multiphase steels.” Theselow-aloy C-Mn-Si steelsare quite
different from the previousfully austenitic TRIP steels. They
present a multiphase microstructure consisting of an inter-
critical ferrite matrix with a dispersion of bainite, metastable
retained austenite, and martensite. In the present case,
retained austeniteisaminor phase (~5 to 20 pct!®®) dispersed
in aferrite-based microstructure. Previous studies®~?4 have
shown that the enhancement of both strength and ductility
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in these TRIP-aided steels is related to the presence of this
retained austenite, which transforms into martensite during
mechanical straining.

In the case of cold-rolled steel sheets, the particular micro-
structure of the TRIP-assisted multiphase steels is obtained
by carrying out a two-stage heat treatment. As for dual-
phase steels, the first stage consists of an intercritical anneal-
ing, during which part of theinitial microstructuretransforms
into austenite. While dual-phase steels are directly quenched
to room temperature, TRIP-aided stedls are rapidly cooled
to a temperature at which an isothermal bainitic holding is
conducted (typically in the range from 350 °C to 450 °C).
During this second isothermal dwell, part of the intercritical
austenite transforms to bainite, whereas the remaining aus-
tenite is stabilized in such a way that it does not transform
to martensite during the final water quench to room tempera-
ture. The stabilization of austenite during the partial bainite
transformation isdueto carbon rejection from bainitic ferrite
into residual austenite and to the inhibition of cementite
precipitation from austenite when the steel contains enough
silicon. It iswell known that the displacive growth of upper-
bainitic ferrite is followed by rejection of the excess carbon
from bainitic ferrite into surrounding residua austenite,
where cementite precipitation occurs.?® This cementite pre-
cipitation can be totally inhibited in the presence of silicon
(typically around 2 wt pct), since silicon has a very low
solubility in cementite. As a consequence, the bainite trans-
formation leads to the formation of a mixture of carbide-
free bainitic ferrite and carbon-rich residual austenite. The
high content of carbon in thisresidual austenite bringsthe M
temperature below room temperature.l? As a consequence,
despite the effect of silicon on the activity of carbon in both
ferrite and austenite, conventional TRIP-assisted multiphase
steels always contain 1.5 to 2.5 wt pct silicon in order to
prevent cementite precipitation. They also contain from 0.1
to 0.4 wt pct carbon and from 1.5 to 2.5 wt pct manganese
(to improve hardenability).
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The present literature dealing with TRIP-assisted multi-
phase steels has not completely elucidated how the TRIP
effect influences the mechanical properties and, especially,
which parameters control the mechanical stability of retained
austenite when this austenite is dispersed in a ferrite-based
microstructure. While some studies have shown that the
improvement of mechanical properties is primarily related
to the initial volume fraction of retained austenite (which
increases with increasing contents of carbon, silicon, and
manganese),122-2 other studies have shown that not only
the volumefraction but also the stability of retained austenite
must be taken into account.[?22%30 A superior strength-duc-
tility balanceis attained when the strain-induced transforma-
tion of austenite develops gradually during plastic straining.
Austenitestability iscommonly ascribed to different parame-
ters such as the presence of stabilizing elements like carbon
or the reduction of austenite grain size. Whereas Sugimoto
et al.®Y and Itami et al.[*3 have shown that the morphology
of retained austenite influences its stability, hardly anything
has been reported on the possible influence of the other
phases surrounding retained austenite.

A recent study!® has demonstrated that large amounts of
austenite can be retained after a two-stage heat treatment of
a0.16 wt pct C, 1.30 wt pct Mn steel containing only 0.38
wt pct silicon (i.e., atypical dual-phase steel composition).
Up to 10 pct of the austenite was shown to be retained after
a short bainitic holding. In contrast to conventiona high-
silicon TRIP-aided steels, retained austenite, bainite, and
martensite (and not only retained austenite and bainite) are
present together with the intercritical ferrite matrix in this
steel grade. It was shown that this martensite favorably
influences mechanical properties by contributing to the
strengthening of the stedl. It was, therefore, concluded that
both a TRIP effect and a composite strengthening effect
contribute to enhance mechanical properties. Although the
mechanical properties exhibited by that low-silicon steel are
quite remarkable when compared to the properties of dual-
phase stedls or of solid-solution and precipitation-hardened
high-strength steels, they remain lower than the properties
of conventional high-silicon TRIP-assisted multiphase steels
with the same global carbon content. Indeed, in comparison
with a conventional TRIP-aided steel grade differing only
by a higher silicon content,[3¥ the true stress at maximum
load and the true uniform strain were found to be globally
lower (by 100 MPa and 0.05, respectively), despite similar
microstructures and volume fractions of retained austenite.

This article further investigates the influence of the TRIP
effect on the mechanical properties of two cold-rolled C-
Mn-Si TRIP-assisted multiphase steelswhich differ by their
silicon content. The purpose is to contribute to a better
understanding of the factors governing the transformation
of retained austenite during uniaxial tensile testing at room
temperature. The influences of chemical composition and
heat-treatment parameters on the stability of retained austen-
itewill be scrutinized. It will be shown that the mechanically
induced transformation of retained austenite is influenced
not only by the carbon concentration of retained austenite,
but also by the properties of the other phases.

[I. EXPERIMENTAL PROCEDURE

The chemical compositions of the two steels are given in
Table |. The composition of steel “HSi” (for “high silicon”)

2760—VOLUME 32A, NOVEMBER 2001

is typical of a conventional TRIP-assisted multiphase steel
with a silicon content of 1.5 wt pct. Steel “LSi” (for “low
silicon”) isan industrial steel grade containing amuch lower
silicon content. This stedl is, thus, more similar to conven-
tional cold-rolled dual-phase steel grades.[*¥ The microstruc-
ture and mechanical properties of steel LSi have already
been reported.[3¥ A cast ingot of steel HSi was hot-rolled
to athickness of 4 mm following aclassical procedure. Steel
HSi wasthen cold-rolled 75 pct to 1 mm in thickness. Being
an industrial steel, steel LS was hot-rolled to a thickness
of 5.5 mm following classical industrial practice. Steel LSi
was subsequently cold-rolled 82 pct to the same thickness
of 1 mm.

Heat treatments were carried out on 40 X 240 mm sam-
ples, with thelongest dimension oriented in therolling direc-
tion. The heat-treatment schemeis schematically represented
in Figure 1. The samples were first intercritically annealed
in afluidized bed furnace. They were then transferred to a
lead-bath furnace for the isothermal bainitic holding. The
mean cooling rate between the two isothermal holding stages
was approximately 70 °C/s. Table Il summarizes the three
heat-treatment conditions used for each steel grade together
with the nomenclature that will be used in the remainder of
the article: intercritical annealing temperature (T,) and time
(t)) and bainite transformation temperature (T,) and time
(t2). These heat-treatment conditions had been identified in
previous work to yield favorable combinations of strength
and ductility.[333435]

Tensile specimens were prepared according to the Euro-
pean standard EN10002-1. The initial gage length was 50
mm and the width was 12.5 mm. Tensile testing was done
at a crosshead speed of 2 mm/min. Measured loads and
elongations were converted to true stress—true strain curves.
Strain hardening was characterized by the incremental work-
hardening exponent (n;,), calculated from the stress-strain
curves as®

_dino
nincr—dm‘g

Because of the small grain size of ferrite (~5to 10 um),
the Vickers microhardness of the intercritical ferrite matrix
was measured using loads of 1 and 2 g in such away asto
keep the indentation size small enough in comparison to the
grainsize. Prior to thesetests, the sampleswere mechanically
polished with 0.25 um diamond paste and then electrolyti-
caly polished for 10 minutes in a solution of 5 pct HCIO,
and 95 pct glacial acetic acid, in order to remove any work-
hardened surface layer. They were finally etched with 2 pct
Nital to reveal the different phases. After indentation, the
diagonals and area of the impressions were measured on
scanning electron microscopy (SEM) micrographs. These
measurements were calibrated by carrying out the same
indentation tests with 1 and 2 g loads on standards of known
hardness under 10 g.

Microstructures were studied by SEM. A complete
description of the procedure used for the preparation of the
specimens can be found elsewhere.l*” The initial retained
austenite content of the samples, as well as the evolution of
the volume fraction of austenite after different extents of
plastic straining, were measured by Mosshauer spectros-
copy.[® Series of tensile specimens of each heat-treatment
condition were first strained to different levels ranging up
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Tablel. Chemical Compositions (1073 wt pct) of the Investigated Steels
(1073 Wt Pct) C Mn Si P S Cr Ni Cu Nb Al N
HSi 130 1420 1500 13 9 13 20 8 0 27 7.9
LS 160 1300 380 13 12 19 27 19 13 30 6.3

Temperature (°C)
A

Ac3f-o-o--- .. .
Intercritical annealing

Aclp--r :l:émperature T1

time t1

Bainitic transformation

Temperature T2
time t2

Water-quenching

>

Time (s)

Fig. 1—Scheme of the heat treatment applied after cold rolling in order
to generate a multiphase microstructure containing retained austenite.

Tablell. Heat-Treatment Conditions of the Three
Different Specimens of Each Steel Grade Considered in
This Study
HSi H-760-410 760 °C/2 min/410 °C/5 min

H-775-360 775 °Cl2 min/360 °C/5 min
H-775-410 775 °C/2 min/410 °C/5 min
LSi L-30s 730 °C/5 min/370 °C/30 s
L-60s 730 °C/5 min/370 °C/60 s
L-180s 730 °C/5 min/370 °C/180 s

to necking. Pieces 20-mm long were then cut from these
strained specimens and chemically thinned to a thickness of
100 um using a solution of 14 mL 40 pct HF and 100 mL
30 pct H,O, diluted in 100 mL distilled water. They were
then electrolytically polished at =15 °C in a solution of 5
pct HCIO, and 95 pct glacial acetic acid to a thickness of
30 to 50 um. Reproducibility was tested by repeating the
whole measurement procedure three to four times on some
specific specimens.

The volume fractions of intercritical ferrite, bainite, and,
possibly, thermal martensite (i.e., martensite formed during
guenching to room temperature after bainitic holding) were
determined by combining dilatometric measurements during
heat treatment and image analysis on SEM micrographs of
samples quenched after intercritical annealing.*® The grain
size of retained austenite was estimated for each specimen
by measuring the mean linear intercept of 300 to 500 grains
on SEM micrographs. Finally, the carbon content of retained
austenite was estimated from the | attice parameter measured
by X-ray diffraction using Cu K, radiation. The mean lattice
parameter determined using the (220)y and (311)y peaks
was_ converted to carbon content by using the relationship
3 (A) = 3.578 + 0.033 C (wt pct). The effects of manganese
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and silicon on the austenite lattice parameter were taken into
account by using the corrections proposed by Dyson et al .[*]

1. RESULTS

A. Microstructure and Mechanical Properties

Figure 2 shows typical SEM micrographs of steel HSi
after the three heat-treatment conditions considered for this
steel grade. Intercritical ferrite constitutes the major phase
of the microstructure, while the other phases (i.e., bainite
and retained austenite) are dispersed at the grain boundaries
of the ferrite grains. No martensite can be found in the
microstructure of specimens H-760-410 and H-775-410.
However, some grains of martensite can be found in speci-
men H-775-360, thusindicating that M is near room temper-
ature for this specimen. As indicated in Figure 2(a), two
types of retained austenite can be distinguished: (1) the part
of the initial intercritical austenite grains remaining intact
after the partia bainite transformation (“blocky-type” aus-
tenite); or (2) films of austenite inserted between the bainite
laths (“film-type” austenite). It is aso noteworthy that the
austenite grain size is quite small, as a consegquence of the
small grain size of intercritical austenite dispersed at the
ferrite grain boundaries and of the partial bainite transforma-
tion that consumes part of the initial grains or divides them
into several parts.

Figure 3 presents SEM micrographs of the microstructure
obtained at the end of the three heat treatments considered
in the case of steel LS. For these three specimens, the
intercritical temperature (730 °C) and time (5 minutes), as
well as the bainitic holding temperature (370 °C), were kept
identical. The nature of the second phases changed only as
a consequence of the change of the bainitic holding time
(30, 60, and 180 seconds, respectively). Specimens L-30s
and L-60s contain martensite, while only bainite and retained
austenite can be found in specimen L-180s. In addition to
austenite grains at ferrite grain boundaries, steel LSi speci-
mens also contain very small intraferritic austenite grains
(“isolated-type” austenite) resulting from the intercritical
annealing of cold-rolled pearlite colonies.[*

The volume fractions of the phases constituting the micro-
structure of the six specimens, as well as the grain size and
carbon content of retained austenite, are given in Table I11.
All specimens contain almost the same volume fraction of
retained austenite, except specimen L-180s, which contains
dlightly lessaustenite. Intercritical ferriteis alwaysthe major
phase, while the volume fractions of bainite are around 30
pct for specimens H-775-360 and H-775-410 and around 10
to 20 pct for the other specimens. Specimens L-30s and L-
60s contain 5 to 10 pct of thermal martensite (resulting from
the lower carbon content of retained austenite in these two
specimens). Specimen L-180s corresponds to the shortest
bainitic holding time at 370 °C needed to lower the Mg
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(b)

Fig. 2—SEM micrographs of the typical microstructure of steel HSi after
the three different heat treatments: (a) specimen H-760-410, (b) specimen
H-775-360, and (c) specimen H-775-410 (F: ferrite, A: austenite, and B:
bainite).

temperature of steel LS below room temperature. No mar-
tensite can be found in specimens of steel HSi, except some
grains in specimen H-775-360.

Table Il also gives the austenite grain size (mean linear
intercept) and carbon content (estimated from the lattice
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Fig. 3—SEM micrographs of the typical microstructure of steel LS after
the three different heat treatments: (a) specimen L-30s, (b) specimen L-
60s, and (c) specimen L-180s (F: ferrite, A: austenite, B: bainite, and
M: martensite).

parameter). While the grain size is amost the same for the
different specimens (around 1.7 xm), the carbon enrichment
is quite different. Specimens of steel HS present a higher
carbon enrichment of austenite than specimens of steel LS.
For specimens H-760-410 and H-775-410, the carbon con-
tent of austenite reaches the maximum level alowed for this

METALLURGICAL AND MATERIALS TRANSACTIONS A



Tablelll. Volume Fractions of the Different Phases Constituting the Microstructure of Each Specimen, Carbon Content
(as Estimated by X-Ray Diffraction), and Grain Size (Mean Linear Intercept) of Retained Austenite
Retained ‘Thermal’ Carbon Content Grain Size
Ferrite Bainite Austenite Martensite of Austenite of Austenite
(Pct) (Pct) (Pct) (Pct) (Wt Pct) (um)
HSi +3 +3 +04 *1 +0.03 —
H-760-410 75 17 8 0 0.93 20 =07
H-775-360 60 32 7.9 ~0 0.85 1.6 £ 0.6
H-775-410 60 32 7.8 0 0.97 16 £ 0.6
LSi
L30s 75 9 8.8 7 0.61 17 £ 06
L-60s 75 12 8.1 5 0.68 18 £ 0.7
L-180s 75 19 6.1 0 0.73 15+ 0.6
steel composition by the T, curve at 410 °C.%¥ For steel T‘;‘&%ﬁ;;“ —e— H-760-410
LSi, the carbon enrichment is lower because of the loss of —s— H-775-360
carbon by partial carbide precipitation.*® The carbon con- 1000 . : , —{ —&— H-775-410
tent of austenite in specimen L-30sis only somewhat higher
than the level estimated by considering that all carbon con- 800 i
centrates in the 25 pct intercritical austenite formed at 730 T
°C. A longer bainitic holding time is accompanied by a
carbon enrichment of austenite. After 3 minutes, the austen- 600 | 600
itein steel LS becomes sufficiently carbon-rich that it does
not transform to martensite during cooling to room tempera- 500
ture. In summary, the different specimens present the same 400 + 1
volume fraction of austenite with identical grain size, but oo
different carbon enrichments and different phases sur- 200 1 300 |
rounding the austenite grains.

Figures 4(a) and (b) present the true stress—true strain oo e Py — 200
curves of the six specimens. Steel HSi (Figure 4(a)) exhibits 0 ; P S
better mechanical properties than steel LS, i.e., higher true 0.00 0.05 0.10 0.15 0.20 0.25 0.30
stresses at maximum loads and larger true uniform strains. True Strain
Specimen H-775-360 presentsthe highest true stress at maxi- @)
mum load but a lower true uniform strain than specimens
H-760-410 and H-775-410. The best strength-ductility com- True Stress
bination is obtained with specimen H-760-410. For steel LSi (MPa)

(Figure 4(b)), it can be seen that, when the bainitic holding 1000 . . ' o L30s
time increases from 30 to 180 seconds, the true stress at —o— L-60s
maximum load decreases and the yield strength increases. —a— L-180s
Specimen L-60s, with the intermediate bainite transforma- 800 | RS ]
tion time, presents the largest true uniform strain for steel /%%a;f,f&A

LS. e e

Figure 5 presents the variation of the incremental work- 600 + 600
hardening exponent nj,. as afunction of strain. The straight s
line corresponds to the instability criterion g, = Ny, Where 400 G‘Mﬁ |
g, is the true strain at the onset of necking. It appears that 4*‘“‘*‘”‘ 400
the different strength-ductility combinations are associated 8 4*3—137;{/
with completely different work-hardening behaviors. The 200 4 o 300
large true uniform strains of specimens H-760-410 and H- 2 0
775-410 are associated with ahigh, slightly increasing incre- 000 001 002 003
mental work-hardening exponent during the entire straining. 0 ‘ ‘ t ’ !
Specimen H-775-360 presents a higher value of ny,. after 0.00 0.05 0.10 015 0.20 0.25 030
the Liders plateau than specimens H-760-410 and H-775- True Strain
410. However, thishigh initial level in specimen H-775-360 (b)

does not persist, and the progressive decrease of ny,,. induces
an earlier onset of necking. In comparison to steel HSi,
specimens of stedl LSi present acompletely different evolu-
tion of hardening during plastic straining. For specimens L-
30s and L-60s, n;, first increases to very high values (0.3
to 0.35) after the onset of yielding and, thereafter, steeply
decrease to values lower than for the specimens of steel

METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 4—True stress—true strain curves of (a) the specimens of steel HSI
and (b) the specimens of steel LSi.

HSi. In summary, the best mechanical properties with a
delayed onset of necking correspond to aninitially low value
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Incremental
Work Hardening

—e— H-760-410 —o— L-30s
—a— H-775-360 —o— L-60s
035 + /C{ —a— H-775-410 —a— L-180s

0.30 +

0.25 +

0.20 +

0.15 ¢+

0.10 i . : oy
0.00 0.05 0.10 0.15 0.20 0.25 0.30

True Strain

Fig. 5—Incremental work-hardening curves (n,) of the different speci-
mens of steels HSI and LSi.

of Ny, Which increases in steel HSi, and to the highest
initial value of n;,, for steel LSi.

The microhardness of the intercritical ferrite grains of the
two steel grades has been measured. For steel HSI, specimen
H-760-410 was chosen. For steel LSi, measurements were
made on specimen L-180s in order to avoid any possible
effect of the presence of internal stresses generated by the
formation of martensite during cooling (thermal martensite).
Up to 100 measurements were made in each case. The meas-
ured hardnessis 187.1 = 6.2 kg/mm? in steel HSi, whereas
itis 168.4 = 5.1 kg/mm? in steel LSi. The hardness of the
ferrite matrix is, thus, significantly higher in steel HSi than
in steel LS.

B. Variation of Retained Austenite Volume Fraction as
a Function of Plastic Strain

Figures 6(a) and (b) present the evolution of the retained
austenite content with plastic strain for each heat-treatment
condition of steels HSi and LSi. Even though all specimens
contain about the same initial content of retained austenite,
the rate of austenite transformation during plastic straining
is different. The retained austenite content decreases more
slowly for specimens of steel HSi (Figure 6(a)). For speci-
mens H-760-410 and H-775-410, austenite transforms very
progressively with plastic strain, while the decrease is some-
what faster for specimen H-775-360 and for the three speci-
mens of steel LS (Figure 6(b)). The fastest austenite
transformation rate is observed for specimens L-30s and L-
180s. It is noteworthy that a large part of austenite remains
untransformed when the specimens have been strained up
to the onset of necking. Thisis more clearly seen in Figure
7, which presents the variation of the proportion of retained
austenite transformed to martensite (1 — Vy/Vyo) as a
function of normalized strain (e/e,). For specimens of steel
HSi, only 50 to 60 pct of the initial volume fractions of
austenite transform before the onset of necking, while this
proportion is larger for steel LS (between 65 and 80 pct).
Figure 7 better illustrates that austenite transforms very pro-
gressively for specimens H-760-410 and H-775-410, but
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Retained Austenite
Volume Fraction (%)

10 . : — T

—e— H-760-410
—m H-775-360
—a— H-775-410

00.00 0.65 0.'10 0.r15 0.I20 | 0.25
True Strain
@
Retained Austenite
Volume Fraction (%) —o— L-30s
10 — L-60s
8

2
0 } + +
0.00 0.05 0.10 0.15 0.20
True Strain
(b)

Fig. 6—Retained austenite content asafunction of true strain for specimens
of (a) steel HSi and (b) steel LSi.

very much faster for specimens L-30s and L-180s. For these
two latter specimens, al the“transformable” retained austen-
ite is already transformed after only 30 pct of the true uni-
form strain.

In order to estimate the transformation rate of retained
austenite during plastic straining, Figure 8 presents an expo-
nentia fit of the variations of the normalized transformable
austenite, according to

Vy = Vy,,

= ke~ he

VyO - VYEU y
where Vv, is the volume fraction of retained austenite
remaining untransformed at true uniform strain, Vy, is the
initial volume fraction of retained austenite, and k and n
are constants. The transformation rate can, thus, be shortly
expressed by the n parameter.
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1- (Vv / Vi) —o— L-30s —e— H-760-410

—o— L-60s —m— H-775-360

1.0 . . —a— L-180s —a— H-775-410
0.8 L %_, _ ]
: _ :/;.%ﬁ"—:’ ﬁ:

r Ve ~ — J

0.6 1

0.4 1

0.2

e/g,

Fig. 7—Proportion of transformed austenite as a function of true strain
normalized by true uniform strain of the specimens of steels HSi and
LSi, respectively.

Vy-Vy,,

V}'o’"Vys,‘
1

-o— H-760-410 _o.. L-30s
& H-775-360 ..g... L-60s
A H775410 A

0.1

0.01 " T

True strain

Fig. 8—Variations of the transformable austenite as a function of true
strain for the different specimens of steels HSi and LSi. The straight lines
correspond to the exponentia fits.

Figure 8 shows that specimens H-760-410 and H-775-
410 exhibit a low transformation rate, whereas specimens
H-775-360 and L-60s exhibit similar transformation rates,
slightly higher than for specimens H-760-410 and H-775-
410. The transformation rates are very high for specimens
L-30sand L-180s. It is striking that specimen L-180s, which
contains a higher austenite carbon content than specimens
L-30s and L-60s (Table Il), transforms very rapidly, like
specimen L-30s.

Figure 9 presents micrographs of specimens of steel HSi
strained up to the onset of necking. It suggests that the
untransformed part of austenite corresponds to the interlath
austenite film associated with bainitic ferrite (the film-type
austenite). As shown in Figure 10, the isolated type of
retained austenite (dispersed inside intercritical ferrite
grains) present in steel LSi also remains untransformed at
the onset of necking.
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(b)

Fig. 9—(a) and (b) SEM micrographs showing the not transformed retained
austenite associated with bainite in the case of specimens H-760-410 and
H-775-360 after tensile testing up to true uniform strain.

Fig. 10—SEM micrograph of specimen L-60s after tensile testing up to
true uniform strain.

IV. DISCUSSION

The heat treatments presented here have been chosen in
such away as to generate microstructures containing almost
the same amount of retained austenitein spite of the different
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silicon contents of steels HSi and LSi. Furthermore, meas-
urements have shown that the average grain sizes of retained
austenite are not significantly different in these specimens.
However, these specimens differ by the carbon content of
retained austenite and by the nature and volume fractions
of the phases constituting the“matrix” in which the austenite
grains are dispersed (Table I11). These two differences seem
toinfluence in alarge way the true stress—true strain curves
(Figures 4) and, particularly, the evolution of theincremental
work-hardening exponent n;,.; (Figure 5).

It is widely admitted that the resistance of austenite to
martensitic transformation and, particularly, the mechanical
stability of retained austenite depend on its grain sizel*?44
and carbon content.[?”3042 |n the present case, the average
austenite grain size can be considered to be identical in
al specimens, so that this parameter cannot explain the
differences observed for the austenite mechanical stability.
As carbon is the best austenite stabilizer, a more carbon-
rich austenite has a lower Mg temperature, and the work for
triggering the martensitic transformation has, thus, to be
increased. The mechanically induced martensitic transfor-
mation, therefore, occurs later during straining. Figure 11
presents, for the six specimens of steels HSi and LS, the
transformation rate of transformable austenite (expressed by
the parameter n, determined by the exponentia fitting of
Figure 8) as a function of the carbon content of retained
austenite. For the three specimens of steel HSi (bold sym-
bols), the continuous line in this figure points toward the
apparent correlation between the carbon content of retained
austenite and its resistance to martensitic transformation.
Nevertheless, the specimens of steel LSi (open symbols) do
not follow this correlation line. The stability of austenitein
these steels, thus, appearsto depend also on other characteris-
tics of the microstructure.

A comprehensive interpretation of the mechanisms by
which the interactions between the various phases constitut-
ing the microstructure affect austenite stability would neces-
sitate a micromechanical model based, for example, on
Eshelby’s inclusion theoryl®* extended to elastoplastic
behavior!*46471 or using computational cell models. The
development of such a model is out of the scope of this
article. However, a qualitative insight may be gained by
resorting to basic principles and existing results of the
mechanics of composite elastoplastic materials. In TRIP-
assisted multiphase steels, the flow strength of retained aus-
tenite is higher than the flow strength of both intercritical
ferrite and bainite.[*! The present microstructures can be
considered to consist of a discontinuous composite in which
the austenite grains congtitute the reinforcing phase dis-
persed in a ferrite-based matrix (composed of a mixture
of intercritical ferrite, bainite, and martensite) that globally
presents a lower flow strength than the reinforcement parti-
cles. As shown by Bao et al.,[* isostrain conditions (Voigt
assumption) prevail during plastic straining of discontinuous
composites, as long as the flow stress of the reinforcement
particlesisnot larger than twice the flow stress of the matrix.
There is little doubt that most of the TRIP effect occurs
while both the austenite grains and the multiphase matrix
in which these grains are dispersed are flowing plastically,
which means that the strain-induced transformation regime
dominates during most of the tensile test. As the flow stress
of austenite grains is not larger than twice the flow stress
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Fig. 11—Transformation rate of austenite (expressed by the parameter n
of the exponential fitting of Fig. 8) as a function of the carbon content of
retained austenite in the specimens of steels HSi and LSi (continuous
line: linear fitting of the three specimens of steel HSi (identical chemical
composition); and dotted line: linear fitting of the three specimens of
steel HSi and specimen L-180s (identical nature of the nonintercritical
ferrite phases)).

of the matrix,“¥ the stress partition between the austenite
grains and the surrounding matrix during plastic straining
can be estimated by assuming isostrain conditions.

For the three specimens of steel LSi, which differ only
by the bainite transformation time, the increase of the carbon
content of retained austenite with increasing transformation
time brings about a progressive decrease of the content of
thermal martensite (Table I11). As a guide for the eye, the
dotted line in Figure 11 is a correlation line drawn for the
four specimens L-180s, H-775-360, H-760-410, and H-775-
410, which contain similar microstructures consisting of
ferrite, bainite, and retained austenite (with different levels
of carbon), but no thermal martensite. The transformation
rate (n) of specimens L-30s and L-60s is much lower than
the rate extrapolated according to this correlation line. It is,
thus, tempting to ascribe thislower transformation rate to the
presence of thermal martensitein the matrix. The presence of
hard martensite grains in the matrix can be assimilated to a
strengthening of this matrix that leads to a change in the
partition of the stress between the constitutive phases. Fol-
lowing the work of Bao et al.,[*¥ a stronger matrix, thus,
leads to a smaller mean-stress level within the austenite
grains and, thus, to a postponed triggering of the martensitic
transformation. Furthermore, since the eguivalent stress
(directly related to the equivalent strain) isnot changed while
the mean stress decreases, the stress triaxiality within the
austenite grains also decreases. As shown by Jacques et
al.,® a decrease of stress triaxiality causes a decrease of
the austenite transformation rate. The strengthening of the
matrix by martensite, thus, brings about a sort of “ shielding”
effect that causes a decrease of the austenite transformation
rate: despite a much lower carbon content, the retained aus-
tenite in specimen L-60s exhibits an apparent mechanical
stability that is comparable to that of specimen H-775-360.
It is worth noticing that this behavior is different from the
behavior reported for fully austenitic TRIP steels, in which,
as modeled by Stringfellow et al.,*@ a higher strength of
austenite (which, in that case, was considered to be the
matrix) increases the martensitic transformation rate.

A similar composite model could be used for interpreting
the influence of the silicon content of intercritical ferrite on
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the apparent mechanical stability of retained austenite. Since
theintercritical annealing timeistoo short to induce redistri-
bution of substitutional elements (paraequilibrium condi-
tiond®), the ferrite matrix in steels HSi and LSi contains
1.5and 0.38 wt pct of silicon, respectively. Silicon is known
as being a potent solid-solution strengthening addition for
ferrite.[525% This justifies the microhardness measurements:
intercritical ferrite is harder in specimen H-760-410 than in
specimen L-180s. Actually, the composition of steel LSi is
typical of cold-rolled dual-phase stedls, and the hardness of
the ferrite matrix measured in the present study isin good
agreement with published results on dual-phase steels.!>*%%
Theferrite yield strength may be estimated from these hard-
ness values by considering that, for a rigid-plastic material
indented by a Vickersindenter, the yield strength is approxi-
mately one-third of the hardness (o, ~ H,/3).56%" This
means that, due to the higher concentration of silicon, the
ferrite yield strength would be higher by about 65 MPa in
steel HSi than in steel LSi. This differenceisin good agree-
ment with the solid-solution strengthening effect of silicon
predicted by Ledie!™ Sugden et al,®¥ and Pickering et
al 1525389 who proposed a strengthening effect by silicon of
the order of 100 MPa for 1 wt pct of solute. On the other
hand, it seems that the solid-solution strengthening effect
of silicon is much smaller in austenite: Pickering!® and
Aranzabal®¥ report a strengthening effect by silicon in aus-
tenite of the order of 20 MPa for 1 wt pct of solute. It can,
therefore, be anticipated that the stress partition between
austenite grains and the surrounding matrix depends on the
silicon content of the specimens: the solid-solution strength-
ening effect of silicon would indirectly contribute to the
apparent mechanical stability of retained austenite in the
HSi steels. This interpretation could justify the fact that, as
hinted in Figure 11, the transformation rate in specimen L-
180s appears to be higher than the rate extrapolated on the
basis of the (continuous) correlation line corresponding to
the transformation rates measured for the three specimens
with a high silicon content.

Although intercritical ferrite is always the major phasein
TRIP-assisted multiphase steels, hardly any consideration
has been given in the literature to the influence of the
mechanical properties of ferrite.[2*l Many studies have aimed
at tuning the volume fraction and stability of retained austen-
ite in TRIP-aided steels by changing the amount of silicon
(from 1 to 2.5 wt pct).[2327:2842 None of these studies have
considered the solid-solution strengthening effect of silicon.
We propose that the austenite stabilizer effect ascribed to
silicon,1?”42 which leads to the exceptional combination of
strength and ductility of the conventional TRIP-assisted mul-
tiphase steels, could aso partly result from the higher
strength of the more silicon-rich intercritical ferrite matrix.

It has been shown in Figure 7 that, in the three specimens
of steel HSI, 40 to 50 pct of the initial amount of retained
austenite remains untransformed at the onset of necking.
Figure 9 confirms that, as aready observed by Sugimoto
et al.BU and Itami et al,[®@ the film-type austenite located
between bainitic ferrite laths cannot easily transform during
straining. Indeed, the carbon enrichment of austenite is the
highest along the broad face of the bainitic ferrite plate-
lets.[6288 Furthermore, this film-type austenite presents a
smaller grain size, which could play astabilizing effect. This
stabilization due to small grain size could also explain the
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absence of transformation of intragranular retained austenite
in steel LSi. The parts of retained austenite untransformed
at the onset of necking in steels HSi and LS are, thus,
related to the proportion of bainite and to the proportion of
intragranularly dispersed austenite, respectively.

V. CONCLUSIONS

This study aimed at scrutinizing the factors contributing
to the mechanical stability of retained austenitein two TRIP-
assisted multiphase steels which differed by their silicon
content. Different specimens were considered, for which the
initial content and the grain size of retained austenite were
similar. It was shown that mechanical properties are drasti-
caly affected by interactions between the phases. When
austenite is a dispersed phase in a ferrite-based multiphase
microstructure, its strain-induced transformation rate also
depends on the stress partitioning between austenite and the
surrounding phases. The resulting “apparent” stability of
retained austenite will, thus, depend not only on austenite
properties but also on the properties of the other phases.

In the case of the low-silicon steel LSi, the thermal mar-
tensite formed during cooling to room temperature increases
ferrite strain hardening in such a way as to bring about a
shielding effect, reducing therate of stressincreasein austen-
ite. This effect somewhat compensates for the limited stabil-
ity of austenite due to the low carbon enrichment. It is
proposed that the solid-solution strengthening effect due to
silicon leadsto a higher stress partition toward the intercriti-
cal ferrite matrix and, thus, also to another type of shielding
of retained austenite. The mechanical stability of retained
austenite, thus, appears to be influenced by the mechanical
properties of the surrounding matrix in a more complex way
than previously considered in the literature.
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