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Effect of microstructure on the stability of retained austenite in transformation-
induced-plasiticity steels

Abstract

Two Fe-0.2C-1.55Mn-1.5Si (in wt pct) steels, with and without the addition of 0.039Nb (in wt pct), were
studied using laboratory rolling-mill simulations of controlled thermomechanical processing. The
microstructures of all samples were characterized by optical metallography, X-ray diffraction (XRD), and
transmission electron microscopy (TEM). The microstructural behavior of phases under applied strain
was studied using a heat-tinting technique. Despite the similarity in the microstructures of the two steels
(equal amounts of polygonal ferrite, carbide-free bainite, and retained austenite), the mechanical
properties were different. The mechanical properties of these transformation-induced-plasticity (TRIP)
steels depended not only on the individual behavior of all these phases, but also on the interaction
between the phases during deformation. The polygonal ferrite and bainite of the C-Mn-Si steel contributed
to the elongation more than these phases in the C-Mn-Si-Nb-steel. The stability of retained austenite
depends on its location within the microstructure, the morphology of the bainite, and its interaction with
other phases during straining. Granular bainite was the bainite morphology that provided the optimum
stability of the retained austenite.
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Effect of Microstructure on the Stability of Retained Austenite

in Transformation-Induced-Plasticity Steels

[.LB. TIMOKHINA, P.D. HODGSON, and E.V. PERELOMA

Two Fe-0.2C-1.55Mn-1.5Si (in wt pct) steels, with and without the addition of 0.039NDb (in wt pct),
were studied using laboratory rolling-mill simulations of controlled thermomechanical processing. The
microstructures of all samples were characterized by optical metallography, X-ray diffraction (XRD),
and transmission electron microscopy (TEM). The microstructural behavior of phases under applied
strain was studied using a heat-tinting technique. Despite the similarity in the microstructures of the
two steels (equal amounts of polygonal ferrite, carbide-free bainite, and retained austenite), the mechan-
ical properties were different. The mechanical properties of these transformation-induced-plasticity
(TRIP) steels depended not only on the individual behavior of all these phases, but also on the inter-
action between the phases during deformation. The polygonal ferrite and bainite of the C-Mn-Si steel
contributed to the elongation more than these phases in the C-Mn-Si-Nb-steel. The stability of retained
austenite depends on its location within the microstructure, the morphology of the bainite, and its inter-
action with other phases during straining. Granular bainite was the bainite morphology that provided

the optimum stability of the retained austenite.

I. INTRODUCTION

THE introduction of new types of steels in the automo-
tive industry, such as transformation-induced-plasticity
(TRIP) steels, has been driven by the requirements to increase
the ductility without compromising the strength. The TRIP
steels offer a unique combination of ultimate tensile strength
(~1000 MPa) and elongation (up to 40 pct).!!! The microstruc-
ture of these steels consists of polygonal ferrite, bainite,
retained austenite (~10 to 20 pct), and martensite.[?! The
main phenomenon responsible for the improved mechanical
properties has been proposed to be the deformation-induced
transformation of the metastable retained austenite to marten-
site during straining.!** Based on this, most of the past
research has concentrated on the relationships between the
volume fraction and stability of the retained austenite and
the mechanical properties.5*! It has been reported that an
increase in the volume fraction of retained austenite increases
the strain-hardening coefficient, which leads to an increase
in elongation.>®”! On the other hand, a number of articles
have shown that a higher amount of retained austenite does
not necessarily result in a higher uniform elongation, because
the higher amount of retained austenite may have a lower
average carbon content, leading to low stability during
deformation. Hence, there is an optimum amount of the
retained austenite required to increase the elongation of TRIP
steels.[8!

The main parameters that can dictate the stability of the
retained austenite during deformation are the carbon con-
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tent, size, morphology, and distribution within the microstruc-
ture. The carbon content determines the chemical driving
force for the transformation of retained austenite to marten-
site, the stress-free transformation strain (through its influ-
ence on the lattice parameter), and the flow behavior of the
retained austenite.!'?! It has recently been reported that
retained austenite with a low carbon content (<<0.5 to 0.6 wt
pct) transforms to martensite more rapidly during plastic
straining and does not contribute to an increase in elonga-
tion."!! On the other hand, a much higher carbon content
(>1.8 wt pct) results in the incomplete transformation of
the retained austenite to martensite after deformation and
also does not lead to an increase in elongation.!"?! Recent
research has also shown that retained-austenite grains larger
than 1-um are unstable and do not contribute significantly
to the ductility of the material,!'¥! since smaller retained-
austenite crystals contain less potential nucleation sites for
the transformation to martensite and, consequently, require
a greater total driving force for the nucleation of marten-
site.””] On the other hand, the retained-austenite islands,
which are smaller than submicron size, have a low tendency
to transform to martensite, even if necking occurs, and, thus,
do not contribute to the ductility.!'*15!

The morphology of the retained austenite is also import-
ant for the stabilization. The best elongation behavior has
been observed when the retained austenite is present as films
between the subunits of bainite, rather than as blocky regions
between sheaves of bainitic ferrite.!'®!”! The blocks of austen-
ite tend to transform to martensite under a small strain and,
consequently, do not contribute to the TRIP effect.'s! The
kinetics of the deformation-induced transformation can also
be affected by the location of the retained austenite in the
microstructure. According to Tsukatani et al. '8 the pres-
ence of the martensite in the vicinity of retained austenite
diminishes the TRIP effect because martensite propagates
stress directly to the retained austenite, which may then eas-
ily transform to martensite at an early stage of straining.!®)
Bainitic ferrite can also act as a barrier against the autocat-
alytic propagation of the y — «’ transformation.”!
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Recent publications have also revealed the importance
of the effect of polygonal ferrite and the interaction between
polygonal ferrite, retained austenite, and strain-induced
martensite during straining on the structure-property rela-
tionship in TRIP steels.!'”?%2!] However, since the TRIP
steel microstructure also contains bainites with different mor-
phologies, it is proposed that the effect of the interaction of
all phases present in the microstructure on the microstructure-
property relationship should also be considered.

The key objective of this work, therefore, is to study the
stability of the retained austenite during deformation and to
understand the contribution of polygonal ferrite, bainite, and
the interaction between the different phases in the microstruc-
ture and the mechanical properties of thermomechanically
processed TRIP steels.

II. EXPERIMENTAL

Two experimental C-Mn-Si steels, with and without the addi-
tion of Nb (Table I), were studied. These steels were received
in the as-rolled plate condition from BHP Research—-Melbourne
Laboratories.

A laboratory rolling mill was used to simulate full-scale
rolling. The thermomechanical processing schedules were
constructed, based on the analyses of the continuous cooling—
transformation data, to form the microstructures with 50 pct
of polygonal ferrite and carbide-free bainite to stabilize the
maximum volume fraction of the retained austenite to room
temperature. The samples were reheated in a 15 kW muffle
furnace and soaked for 120 seconds at the temperature of
1523 K (Figure. 1). After the soak time, the samples were
pushed immediately through the rolling mill at 1373 K, where
the first deformation (g; = 0.25) took place followed by a
120-second hold to achieve a uniform, recrystallized austen-
ite grain structure. Then, the samples were cooled at ~2 Ks™!
and subjected to the second deformation (e, = 0.47) at
1098 K (non-Nb steel) and 1123 K (Nb steel). After the
second deformation, specimens were cooled at ~1 Ks™' to
943 K, to form ~50 to 60 pct of polygonal ferrite. Two spray
guns were used to cool the specimen at ~20 Ks™! to 773 K.
At this point, the samples were lowered into a fluidbed furnace
and covered with aluminum oxide sand to hold the sample
at a 723 K coiling temperature for 600 seconds. After holding,
the samples were quenched in an iced brine solution. The
final thickness was ~6.5 mm.

The microstructures of the specimens were characterized
using optical metallography and transmission electron micro-
scopy (TEM). Specimens were sectioned parallel to the
deformation direction for optical metallography, while thin
foils for TEM study were cut perpendicular to the deform-
ation direction. The specimen preparation for optical exam-
ination involved standard metallographic procedures. These
samples were etched with 2 pct Nital to reveal the microstruc-
ture. Micrographs were taken along the deformation direc-

tion from the center of the specimens. Thin foils were pre-
pared by twin-jet electropolishing using a solution of 5 pct
perchloric acid in methanol at 253 K and an operating volt-
age of 30 V. Bright-field and dark-field images and selected-
area electron diffraction patterns were obtained using a
PHILIPS* CM20 microscope operated at 200 kV.

*PHILIPS is a trademark of Philips Electronic Instruments Corp.
Mahwah, NIJ.

To investigate the NbC precipitation, the TEM replicas from
the quenched samples after the deformations in the recrys-
tallized and nonrecrystallized austenite regions were studied
using bright-field image TEM and energy-dispersive X-ray
spectroscopy analysis.

Room-temperature mechanical properties were determined
using an Instron 4500 servohydraulic tensile-testing machine
with a 100 kN load cell. The crosshead speed was fixed at
0.5 mm/min. Subsize samples with a 25 mm gage length
and 6 mm thickness were used to minimize the amount of
material.'*

The strain-hardening coefficient (n) was calculated from
the stress-strain data using the following equation:'?!

_ d(ino)
T dn )

(1]

where o is the true stress and ¢ is the true strain.

The stability of retained austenite and the transformation
behavior of phases, as a function of the plastic strain, was
studied on the samples after tensile testing using a heat-
tinting technique and TEM investigation. The samples after
straining were cut along the longitudinal direction and per-
pendicular to the deformation direction into 3-mm-thick
slices. Three dimensions (I = length, r = thickness, and w =
width) of these small sections were measured before and

1523

1373
TNR
943

773
723

TEMPERATURE, (K)

TIME, (s)

Fig. 1—Thermomechanical processing schedule.

Table I. Chemical Composition of Steels, Weight Percent

Steel C Mn Si Ni Mo Cu Nb Ti N
Nb steel 0.21 1.51 1.49 — 0.004 0.02 0.039 <0.05 0.0007
Non-Nb steel 0.21 1.55 1.55 0.009 =0.008 0.003 0.005 =0.003 0.0035
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after tensile tests to define the equivalent of strain, using the
following empirical equation:!**!

2
&= \g\f( g o) (e~ &)+ (e~ 8 [2]
where g, = In(t,/t,), &, = In(l}/l,), and &,, = In(w;/w,).

After that, the TEM samples were prepared from these
sections to study the retained-austenite stability.

The heat-tinting technique was used to distinguish austen-
ite and martensite.”*’ An unmounted sample was polished
and etched with 2 pct Nital for about 15 seconds. After that,
the sample was heated in a furnace in air at ~533 K for
2.5 hours, without a protective atmosphere, then cooled to
room temperature. With this technique, the various phases
appear as different colors under the microscope. Polygonal
ferrite and bainitic ferrite are beige, retained austenite is pur-
ple, and martensite is dark blue. This method provides the
opportunity to observe the changes in the retained-austenite/
martensite volume fraction, distribution, and size during ten-
sile testing. Scanning electron microscopy and X-ray analysis
were carried out on the samples before and after the heat-
tinting technique to ensure that the heat treatment, used in
the heat tinting, did not affect the volume fraction and the
stability of the retained austenite. The volume fraction of
retained austenite obtained from the X-ray data was similar
to that after the heat-tinting technique. Quantitative analy-
sis of retained austenite and martensite after heat tinting was
accomplished using image-analysis software.

An X-ray diffraction (XRD) analysis was carried out using
a PHILIPS PW 1130 (40 kV, 30 mA) diffractometer equipped
with a monochromator and Cu K, radiation to confirm the
amount of martensite and retained austenite formed in the
microstructure. Spectra were taken in the range of 26 from
30 to 90 deg, with a 0.5 deg step size. The integrated inten-
sities of the (200),, (211),, (200),, and (220),, peaks were
used in the direct comparison method® to determine the
volume fraction of retained austenite in the rolled samples
and in each section of the tensile specimens with different
amounts of strain. The XRD data were also used to calcu-

late the carbon concentration in the retained-austenite lat-
tice using the following equation:!2®!

a, = (0.363067 + 0.0783/(1 + 0.2151
(100/wt pct C — 1))) X (1 + (24.92 — 51/(1 + 0.2151

(100/wt pct C — 1)))) X 10~%T — 727) [3]

An estimation of the contribution of the polygonal ferrite
and bainite present in the microstructure to the total elon-
gation of steels was based on the calculation of the indi-
vidual strain of these phases at different strains. The strains
of the individual phases were determined using the linear-
intercept method along three (longitudinal, transverse, and
perpendicular) directions of each section, with 20 inter-
cepts/measurement before and after tensile tests. The cal-
culations of the bainite strain included the contribution of
the strain-induced transformation of the retained austenite.
After that, the strains of the phases were calculated using
Eq. [2].

III. RESULTS

A. Microstructure and Properties of Steels after
Thermomechanical Processing

The microstructures (Figure 2) formed after laboratory
rolling were similar for both steels, consisting of 50 to 55 pct
polygonal ferrite, carbide-free bainitic phases (granular bainite
and acicular ferrite), and 14 pct retained austenite and marten-
site. Granular bainite is characterized by the absence of
carbides and the presence of isolated regions of retained austen-
ite and martensite between crystals of bainitic ferrite, which
have a grain or plate morphology (Figure 3(a)). The acicular
ferrite structure appeared to be a bainitic structure with
retained-austenite and martensite layers between the bainitic
ferrite laths (or lenticular plates) (Figure 3(b)). The retained
austenite of both steels was observed in five main mor-
phologies: (1) blocky islands between polygonal ferrite grains
(Figure 3(c)), (2) islands at the polygonal ferrite/bainite inter-
face (Figure 3(d)), (3) islands in granular bainite (Figure 3(a)),

Fig. 2—Optical micrographs of the Nital-etched (@) non-Nb and (b) Nb-steel samples after thermomechanical processing (PF is polygonal ferrite, M is

martensite, RA is retained austenite, and B is bainite).

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 3—Thin-foil TEM microstructures of (a) island of retained austenite in granular bainite, (b) acicular ferrite with interlayers of retained austenite,
(c) retained austenite in polygonal ferrite, and (d) martensite/retained austenite constituent. PF is polygonal ferrite, BF is bainitic ferrite, GB is granular

bainite, RA is retained austenite, and M is martensite.

and (4) films or layers between acicular ferrite laths (Fig-
ure 3(b)) and (5) the retained-austenite/martensite constituent
(Figure 3(d)).

The microstructural analyses of the samples revealed that
the polygonal ferrite grain size of the non-Nb steel was
13.0 = 2.6 um in thickness, while the ferrite grain thickness
in the Nb steel was 9.0 £ 1.9 um (Figure 2). The refinement
of the polygonal ferrite grains appeared to be due to the for-
mation of the NbC particles in the microstructures of Nb
steel (Figure 4). These particles displayed a globular or cubic
form and were observed within the matrix and at the grain
boundaries. The average size of the carbides was 25 = 10 nm.
The Nb steel appeared to have a higher amount of acicular
ferrite, while granular bainite was the dominant bainitic phase
in the non-Nb steel. The martensite islands in the Nb steel
were coarse, with a slightly higher volume fraction than in
the non-Nb steel (Figure 2, Table II). Moreover, the amount
of retained austenite between the polygonal ferrite grains
and at the bainite/polygonal ferrite interface was higher by

2334—VOLUME 35A, AUGUST 2004

about 10 pct in the microstructure of the Nb steel than in
the non-Nb steel.

Despite the microstructural refinement and the similar
amount of retained austenite in the microstructure of both
steels, the non-Nb steel exhibited a better combination of
mechanical properties; in particular, the non-Nb steels had
the higher value of ultimate tensile strength with a higher
value of uniform elongation (Figure 5, Table II). The micro-
structural dissimilarity between two steels led to the differ-
ence in yield strength. The Nb steel demonstrated a higher
value than the non-Nb steel (Figure 5, Table II).

The study of strain-hardening variation also revealed the
difference in the microstructural behavior during straining
for two steels (Figure 6). The strain-hardening coefficient
for the non-Nb steel gradually reached a maximum (0.30)
at a strains of ~0.08 and ~0.22, demonstrated almost steady
behavior during further straining, and then decreased con-
tinuously (Figure 6). The n value for the Nb steel increased
steeply to a maximum (~0.165) at the beginning of straining

METALLURGICAL AND MATERIALS TRANSACTIONS A



and then exhibited a gradual decrease during further straining
(Figure 6). A more gradual behavior of the strain-hardening
curve correlated with the higher uniform elongation in the
non-Nb steel.

100,

80 f

Intensity (counts)

Energy (keV)
(b)

Fig. 4—TEM replica micrograph and EDXS spectra of NbC particles.

B. Microstructural Behavior under Applied Strain

The heat-tinting technique was used to reveal the differ-
ent behaviors of the phases in the two steels during tensile
deformation, as this technique allowed local analysis of the
phases. Metallographic observation of the non-Nb steel and
Nb steel tensile samples after heat tinting at several levels
of strain exposed the differences in the microstructural evo-
lution for the non-Nb and Nb steels (Figure 7). Although
the samples contained similar amounts of retained austen-
ite, the rate of the retained-austenite transformation during
plastic straining was more gradual in the non-Nb steel
(Figure 8).

non-Nb steel

—_
(-]
(=]

Nb steel

o

o

o
—

Tensile Stress, (MPa)
e (o]
o [
— 52

¥
o
—2

5 10 15 20 25 30 35
Tensile Strain

Fig. 5—An example of stress-strain curve for the non-Nb and Nb steels.

non-Nb steel
Q3 e Nb-steel

008 012 016 0.20 024 (028 032 0
True Strain

0.00

1 1
0.04 38

Fig. 6—An example of strain-hardening coefficient behavior with true strain
for the non-Nb and Nb steels.

Table II. Mechanical Properties and Volume Fractions of Retained Austenite and Martensite in the Samples
after Thermomechanical Processing

Yield Total Uniform Carbon
UTS, Strength, Elongation, Elongation, RA, Martensite, Content of
Steels (MPa) (MPa) (Pct) (Pct) (Pct) (Pct) RA (Wt Pct)
Non-Nb
steel 970 = 50 530 = 50 43 = 8 28 £ 5 14 =2 6+2 1.8
Nb steel 960 * 50 700 * 50 26 £5 14 £5 14 +£2 9+2 1.6

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 7—Heat-tinted microstructures of the («) and (c¢) non-Nb steel and (b) and (d) Nb steel: (a) and (b) before testing and (c¢) and (d) after 0.2 strain
(PF is polygonal ferrite, RA is retained austenite, M is martensite, and BF is bainitic ferrite).

15 - —a— nen-Nb steel
1aL & ---#--- Nb-steel
131 %
12 \\_‘\ \
1"mE . 1
X 10 Th
el g L ‘\\
&t
> B8r LN
7t
6
g5+ T
4 L 1 1 L 1 1 1
0.00 0.05 010 0.15 020
True Strain

Fig. 8&—Volume fraction of retained austenite at different strains.

Examination of the microstructures of the non-Nb and Nb
steels during straining revealed that the rate of retained-
austenite transformation during straining was affected by its
location within the microstructure. The retained-austenite
crystals between the polygonal ferrite grains and at the bai-

2336—VOLUME 35A, AUGUST 2004

nite/polygonal ferrite interface transformed to martensite at
early straining for both steels (Table III). However, deform-
ation in the Nb steel led to a rapid decrease in the amount
of retained-austenite crystals at these locations, while the
non-Nb steel demonstrated a more gradual decrease in the
amount of retained austenite (Table III). Despite this, TEM
investigation revealed some of the untransformed, coarse
blocks of retained austenite in polygonal ferrite and at the
polygonal ferrite/bainite interface in the microstructure after
a 0.14 strain (Figure 9(a)). Furthermore, some of the retained-
austenite crystals at the polygonal ferrite/bainite interface
showed partial transformation to martensite (Figure 9(b)).
It was also found that the kinetic of the retained-austenite
transformation during testing was affected by the morphology
of the bainitic ferrite. The retained austenite formed between
coarse, long, parallel bainitic ferrite laths transformed to
martensite at an earlier stage of deformation than those
located within granular bainite. Moreover, the regions of
retained-austenite crystals located in close proximity to the
bainitic ferrite laths transformed faster than the areas in the
middle of the austenite crystal (Figure 9(c)). The retained
austenite between the refined bainitic ferrite laths appeared
to be overstabilized and was observed in the microstructure
of the Nb steel even after fracture (Figure 9(d)). The retained

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table III. The Distribution of the Retained Austenite within the Microstructure of the Steels at Different Amount of Strain,
Percent (BF is Bainitic Ferrite, PF is Polygonal Ferrite)
Strain, (&)
0-0.06 0.1 0.14 0.2
Location Non-Nb Nb Non-Nb Nb Non-Nb Nb Non-Nb Nb
RA between BF, pct ~80 ~70 ~85 ~90 ~90 ~95 ~95 ~99
RA on PF/Bainite Interface, pct ~18 ~25 ~15 ~10 ~10 ~5 ~5 <1
RA between PF, pct ~2 ~5 0 <1 0 <1 0 0
Total amount of RA, pct 13 11 12 10 11 8 8 5
Total amount of martensite, pct 8 13 9 14 10 15 12 18

Fig. 9—Thin-foil TEM microstructures of (@) retained austenite in polygonal ferrite after 0.14 strain (zone axis is [310],), (b) retained austenite/martensite
constituent after 0.1 (zone axis is [332],), (c) retained austenite after 0.2 strain (zone axis is [114],), and (d) partial transformation of retained austenite

(zone axis is [310],).

austenite between the bainitic ferrite grains in the granular
bainite demonstrated the optimum stability, with a gradual
transformation to martensite during deformation.

While the transformation of the retained austenite started
at an early stage of straining, the deformation of the poly-
gonal ferrite was not evident for strains below ~& = 0.14 for
both steels. Optical examination of the longitudinal section

METALLURGICAL AND MATERIALS TRANSACTIONS A

of the non-Nb steel after tensile testing showed that after a
0.14 strain, the deformation was concentrated in the poly-
gonal ferrite matrix, causing it to flow around the bainite
islands, leading to an elongation of the polygonal ferrite.
The polygonal ferrite grains elongated by 47 pct at 0.14
strain and 95 pct at 0.2 strain in the non-Nb steel. The Nb
steel demonstrated a different polygonal ferrite behavior.

VOLUME 35A, AUGUST 2004—2337



The polygonal ferrite grains were subdivided into subgrains,
but did not flow around the bainite regions (Figures 7(c) and
(d)). The polygonal ferrite grains of the Nb steel elongated
by 35 and 50 pct at 0.14 and 0.2 strains, respectively.

The behavior of the bainite phase varied in both steels.
In the non-Nb steel, the concentration of strain in the bainitic
ferrite led to flow of the bainitic ferrite laths around the hard
martensite/retained-austenite islands and to their elongation
along the deformation direction (Figures 7(c) and (d)), while
the Nb steel did not demonstrate this effect. The calculated
elongation of the bainite in the non-Nb steel was 14 and 75 pct
at 0.14 and 0.2 strains, respectively. In contrast, the bainite
in the Nb steel elongated by only 10 pct at a 0.14 strain
and 20 pct at a 0.18 strain.

IV. DISCUSSION

A. Morphology, Distribution, and Stability of Retained
Austenite

The multiphase microstructure formed in all samples after
thermomechanical processing controls the combination of
strength and ductility. While the presence of martensite
increases strength, a significant amount of polygonal ferrite
and retained austenite leads to high values of elongation. It
is generally accepted that a higher volume fraction of retained
austenite improves elongation due to the strain-induced
transformation during deformation. In the present work,
the volume fractions of polygonal ferrite, bainite, and retained
austenite were similar for both steels. However, the C-Mn-Si
TRIP steel showed a better combination of strength and duc-
tility than the C-Mn-Si-Nb steel. This was somewhat surpris-
ing, considering that the C-Mn-Si-Nb steel had a more refined
microstructure and a higher volume fraction of acicular ferrite
with interlayers of retained austenite present, which is consid-
ered to be the most favorable morphology for providing
the TRIP effect.*! It is suggested that not only the retained-
austenite morphology and carbon content, size, and distribu-
tion of retained austenite in the microstructure are responsible
for this difference between the two steels, but also the deform-
ation behavior of other phases present in the microstructure
and also their interactions.

One of the major factors responsible for the retained-
austenite stability is its carbon content, which is affected
by the retained-austenite distribution within the microstruc-
ture. Despite the similar amount of retained austenite and
the more refined bainitic structure in the Nb steel, the average
carbon content in the non-Nb steel was higher (1.8 wt pct)
compared to the Nb steel (1.6 wt pct). It appears to be due
to a much higher fraction of retained austenite between the
polygonal ferrite grains and at the polygonal ferrite/bainite
interface in the Nb steel than in the non-Nb steel. This
retained austenite has a lower carbon content than that
between the bainitic ferrite grains or laths, due to the absence
of a second carbon enrichment during the bainite reaction.
This distribution of the retained austenite in the Nb steel
could be explained by the difference in the morphology of
the bainitic structure formed in steels. Since the length of
the acicular ferrite laths depends on the grain size,”® a reduc-
tion in the austenite grain size, as in the Nb steel due to the
NbC precipitation, refines the bainitic ferrite laths in the aci-
cular ferrite. The formation of refined acicular ferrite in the
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Nb steel leads to the increase in the internal stress generated
during a displacive bainite reaction. This could increase the
ability of the retained austenite to remain between the poly-
gonal ferrite grains and at the polygonal ferrite/bainite interface
rather than between refined bainitic ferrite laths or grains.

The difference in the distribution of retained austenite
before straining in the two steels also leads to the different
transformation behaviors of retained austenite during deform-
ation. The retained austenite present between the polygonal
ferrite grains tends to transform to martensite at lower strains
due to its lower carbon content and, thus, does not improve
the elongation of the steel. Furthermore, the retained austenite
at the polygonal ferrite/bainite interface also did not contri-
bute much to the elongation of steel due to the nonuniform
carbon distribution within the retained austenite crystals and
the partial transformation of retained austenite to martensite
at lower strains. It is suggested that the part of the retained-
austenite crystal in close proximity to the polygonal ferrite
has a lower carbon content and transforms to martensite
at lower strains, while the areas in close proximity to bai-
nite have a higher carbon content and are more stable. The
martensite, formed in the low-carbon region, could propagate
the stress to the austenite during further straining and lead
to an increase in the transformation rate of the retained
austenite. So, the higher amount of retained austenite between
the polygonal ferrite grains and at the polygonal ferrite/bainite
interface found in the microstructure of the Nb steel could
be responsible for the lower uniform elongation of this steel.

The bainite morphology also affects the rate of strain-
induced transformation. The formation of a high volume frac-
tion of acicular ferrite, as in the Nb steel, leads to the rapid
transformation of some of the retained-austenite crystals to
martensite at an early stage of deformation due to the inter-
action between rigid bainitic ferrite laths and the retained-
austenite crystals. On the other hand, the acicular ferrite
morphology favors the formation of a high volume fraction
of the supersaturated retained austenite due to the geometrical
restrictions of the bainitic ferrite laths. The refinement of the
acicular ferrite in the Nb steel even increased the tendency
for the formation of the supersaturated retained-austenite crys-
tals. During straining, these were further divided, becoming
even smaller and more stable. Smaller retained-austenite
islands contain lower potential nucleation sites for the transfor-
mation to martensite and, consequently, require a greater total
driving force for the nucleation of martensite.”! This could
explain why these retained-austenite crystals did not transform
to martensite and did not contribute to the increase in the
elongation of the Nb steel.

The partial transformation of the retained-austenite crystals
between bainitic ferrite found in the Nb steel could be
explained not only by the interaction between bainitic ferrite
and retained austenite during straining but also by the pres-
ence of the defects in the austenite, caused by the lattice dis-
tortion due to the interstitial atoms, which increases the strain
energy.?! It is thermodynamically possible for the carbon
atoms to move to the defect area and reduce the total strain
energy. Consequently, carbon-depleted zones could be formed
in austenite,’”! which leads to the partial transformation of
the retained austenite crystal during straining. In contrast,
the granular bainite, as in the non-Nb steel, stimulates the
gradual transformation of the retained austenite to martensite
during straining.
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A higher amount of coarse blocks of martensite initially
present in the microstructure of the Nb steel could also be
responsible for its lower elongation. These martensite regions
in the Nb steel might be formed during quenching after the
600-second hold at 723 K as a result of insufficient holding
time to enrich the retained austenite by carbon. This suggests
that the transformation is more sluggish in the steel with Nb
and requires more time for completion than in the steel with-
out Nb.

The strain-hardening behavior of the non-Nb and Nb steels
reflects the difference in the dynamic of the retained-austenite
transformation in these steels (Figure 6). The non-Nb steel
demonstrated a gradual variation of strain-hardening rate.
This results in the slow transformation of retained austenite
to martensite under straining at room temperature, which
delays the onset of necking and ultimately leads to the higher
uniform and total elongation.”’ A sharp maximum in n, as
found in the Nb steel (Figure 6), is evidence of more-rapid
transformation of the retained austenite to martensite during
straining.®” This correlates with the lower values of total
and uniform elongations found in the Nb steel.

Moreover, the presence of a higher volume fraction of
martensite and the formation of the acicular ferrite in the
microstructure of the Nb steel affected not only the elongation,
but also led to the increase in the yield strength of steel.

In summary, the lower uniform and total elongation of the
Nb steel can be explained by the higher amount of retained
austenite between the polygonal ferrite grains and at the
polygonal ferrite/bainite interface, the higher amount of over-
stable retained austenite between bainitic ferrite laths, and
the higher amount of martensite formed in the microstructure
of the Nb steel before deformation. However, the characteris-
tics of the retained austenite, discussed earlier, do not com-
pletely explain the microstructure-property relationships in
the TRIP steels.

B. Role of Polygonal Ferrite and Interaction between
Polygonal Ferrite, Retained Austenite, and Martensite
during Straining

The polygonal ferrite in each steel showed a different
behavior during straining. The microstructural changes of
the polygonal ferrite were observed after ~0.14 strain. For
the Nb steel, this strain corresponded to the onset of necking,
while at this strain, the strain hardening of the non-Nb steel
demonstrated a second maximum (Figure 6). At different
stages of straining, the polygonal ferrite grains in the non-Nb
steel elongated by almost 2 times more than in the Nb steel.
This means that the strain concentrated in the polygonal fer-
rite matrix and caused it to flow around the bainite and
martensite islands. The polygonal ferrite in the Nb steel
showed a lower ferrite deformation than in the non-Nb steels
and did not flow around the bainitic region during straining.
This could be a direct result of the Nb addition promoting
precipitation hardening of the ferrite and/or through grain
refinement, which leads to the strengthening of ferrite.

One further point, which should be noted, is the higher vol-
ume fraction of martensite between the ferrite grains and at
the ferrite/bainite interface in the Nb steel. The presence of
“as-quenched” martensite in a soft polygonal ferrite matrix
led to the formation of a plastic-deformation zone in the polyg-
onal ferrite surrounding the martensite islands (Figure 10). As
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Fig. 10—TEM micrograph (bright-field image) martensite/polygonal fer-
rite interface before testing. Arrows indicate an increase in the dislocation
density in the polygonal ferrite.

reported by Goel et al.,*!! this could contribute to an increase
in the strain hardening of the polygonal ferrite. In addition,
the presence of the hard phase in the soft matrix could increase
the strength of the matrix by itself and affect the stress par-
titioning between the phases. The interaction between the
polygonal ferrite and as-quenched martensite during straining
also should lead to the formation of an additional plastic-
deformation field in the soft matrix that will increase the strain
hardening of the polygonal ferrite.

The strain-induced transformation during straining also
affected the deformation behavior of the polygonal ferrite. As
mentioned previously, the retained austenite present between
polygonal ferrite grains and at the polygonal ferrite/bainite
interface transformed to martensite at an early stage of defor-
mation. These new strain-induced martensite islands might
create extra plastic-deformation zones in the adjacent poly-
gonal ferrite grains due to the volume expansion accompany-
ing the martensite transformation and the new dislocations
generated in the polygonal ferrite.*! This could increase the
strain hardening of polygonal ferrite and decrease the mean-
stress level within the retained-austenite islands and, through
this, delay the austenite-to-martensite transformation. This
could be responsible for the presence of coarse untransformed
blocks of retained austenite in polygonal ferrite after a 0.1
strain in the Nb steel. Hence, the contribution of polygonal
ferrite to the stress-strain behavior during deformation should
be considered as interaction between polygonal ferrite, retained
austenite, and martensite.

C. Behavior of Bainite during Straining and Interaction
between Bainitic Ferrite, Retained Austenite, and
Martensite during Straining

It was found that the bainite morphology also affects the
structure-property relationship in the TRIP steels. Similar to
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the polygonal ferrite behavior, the bainitic ferrite of the non-
Nb steel also flowed and elongated around the hard marten-
site islands during straining (up to 95 pct at 0.2 strain). The
bainitic ferrite in the Nb steel was more rigid and demonstrated
a lower degree of elongation. The higher resistance of baini-
tic ferrite in the Nb steel to the tensile deformation could be
explained by the refinement of the bainitic ferrite laths in the
Nb steel. Theoretically, the refinement of the bainitic ferrite
laths with different crystallographic orientations should increase
the mechanical stability of the retained austenite. As mentioned
previously, if the residual austenite is closely surrounded by
the relatively rigid and refined bainitic ferrite, the mechanical
stability of the retained austenite also increases due to the
geometrical restrictions of the bainitic ferrite laths.*? This also
increases the strain hardening of the bainitic ferrite, preventing
the elongation of bainite. In addition, the martensite between
the bainitic ferrite grains or laths could also strengthen the
bainite and affect the overall deformation behavior of this
microstructure.

It was observed for the Nb steel that the retained austenite
between long, parallel bainitic ferrite laths transforms to
martensite at the beginning of straining. Furthermore, the
part of the austenite crystal in close proximity to the bainitic
ferrite laths transformed faster than the core. This could be
due to the rigidity of bainitic ferrite laths caused by the
higher level of carbon (by ~0.2 to 0.3 wt pet),** the increase in
the dislocation density due to the displacive type of trans-
formation, and also by the morphology of the bainitic ferrite.
This might stimulate the retained austenite-to-martensite
transformation at a low strain due to the concentration of
the stress at the interface with its further propagation into
the retained austenite crystal during testing in the Nb steel.
Thus, the interaction between the bainitic ferrite laths and
the retained austenite during straining, on one hand, influ-
ences the strain-induced transformation of retained austenite
and, on the other hand, affects the behavior of bainite.

The retained austenite with optimum stability, which
showed the gradual transformation to martensite during
straining, was found in the non-Nb steel within granular
bainite. It is suggested that the bainitic ferrite present in the
form of grains propagates less stress to the retained austenite
during deformation and does not stimulate the rapid transfor-
mation of the retained austenite to martensite. Since the non-
Nb steel contained the higher amount of granular bainite, it
demonstrated the greater elongation.

In summary, due to the complexity of the microstructure,
the mechanical properties of the TRIP steels are more depen-
dent on the deformation mode of each phase and the inter-
action between phases present rather than just the volume
fraction and stability of the retained austenite, although this
is a function of the surrounding phase morphology.

V. CONCLUSIONS

The analysis of microstructure-property relationships in
thermomechanically processed TRIP steels, with and with-
out Nb, has been conducted. The results have shown that
the mechanical properties of the complex multiphase
microstructures are determined not only by the strain-induced
transformation of retained austenite, but also depend on the
characteristics and interactions of all phase present in the
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microstructure. Both polygonal ferrite and bainite are respon-
sible for a good combination of strength and ductility in
the TRIP steels.

Moreover, the morphology of the bainitic ferrite plays a
vital role in the retained-austenite stabilization. It has been
demonstrated that the coarse blocks of retained austenite
located in the polygonal ferrite or at the polygonal ferrite/
bainite interface transform to martensite at an early stage of
deformation, while the retained austenite present between
the bainitic ferrite laths is more stable and can remain in the
microstructure even after the testing to failure. This is due
to its higher chemical and mechanical stability. The granular
bainite, as the dominant second phase, provides the optimum
stability of the retained austenite and shows the maximum
contribution to the elongation.
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