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Two transformation-induced plasticity steels, with and without Nb–Ti addi-
tions, were subjected to uniaxial tension after simulated thermo-mechanical
processing. Electron back-scattering diffraction, with phase segmentation
implemented during post-processing, was used to investigate the stability of
retained austenite (RA) by analyzing its size, morphology, and neighboring
phases. The rate of RA transformation to martensite was higher in the Nb–Ti-
containing steel than in the base steel as most RA was co-located between
bainitic ferrite with parallel arrangement of laths in the former steel.
Depending on the location of RA and the developed stress state, its stability in
tension declines in the following order: RA in bainite > RA at polygonal fer-
rite/bainite interfaces > RA embedded in polygonal ferrite grains and at
polygonal ferrite triple junctions or grain boundaries. Fine grains of RA may
be less stable than their coarser counterparts if they are located in unfavor-
able stress regions of the microstructure.

INTRODUCTION

The successful design of advanced high-strength
steels relies on an in-depth understanding of the
interrelationships among alloy composition, the end
microstructure after thermo-mechanical processing
(TMP) and desirable mechanical properties. In
many steel grades, such as transformation-induced
plasticity (TRIP)-assisted, quenched and parti-
tioned (Q&P), and medium Mn TRIP steels, for
example, the general aim was to achieve a desired
fraction of retained austenite (RA) within the
microstructure after various thermo-mechanical
processing routes. This stemmed from research in
the 1980s and onwards that showcased the impor-
tance of the deformation-induced transformation of
RA to martensite in increasing the work hardening
rate and improving the strength, ductility and crash
resistance of alloys.1–5 It follows that the extrema of
RA rapidly transforming during the early stages of
deformation or not transforming at all by the end of

it are not beneficial to improving the alloy’s
mechanical properties.6–9 Consequently, and to
maximize the positive effects bestowed by RA, the
metastable phase needs to exhibit a gradual rate of
transformation throughout deformation. Thus,
efforts were directed at elucidating the factors
controlling so-called RA stability (i.e., its resistance
to martensite transformation under stress/strain),
as addressed in several reviews.10,11

It is now well known that the chemical and
mechanical stability of RA is influenced by several
factors such as carbon and manganese concentrations
in RA,5,12–16 its size,7,15–18 morphology 6,8,13,19 and
orientation,20–23 its location and neighboring
phases 4,6,22,24,25 as well as the directionality of the
imposed macroscopic stress.26–28 Consequently, it is
not a trivial task to determine whether a single or a
combination of factors plays a dominant role in
dictating RA stability. Furthermore, depending on
the conditions, the same factors may exert opposite
effects. This is because RA stability is also related to
the complexity and variety of microstructures that
form during TMP, particularly in multiphase TRIP
steels, as well as differences in the stress/strain states(Received April 28, 2021; accepted August 30, 2021;
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of the individual constituents within the microstruc-
ture. Therefore, reports on the factors responsible for
RA stability remain controversial to date.

The microstructure of low-carbon TRIP-assisted
steels typically consists of �40–60% equiaxed polyg-
onal ferrite (PF), 30-40% carbide-free bainite with 5-
20% of RA and martensite making up the remain-
der. Two types of carbide-free bainite are usually
present:29 (1) parallel laths of ferrite with interlay-
ers of RA and martensite, which is termed bainitic
ferrite (BF), or acicular ferrite (AF) when laths have
multiple orientations, and (2) granular bainite (GB),
which comprises irregular-shaped ferrite plates
with RA and RA/martensite islands.

Although it was initially believed that higher
carbon contents in RA would result in increased
chemical stability, it was subsequently found not to
always be the case. Depending on the processing,
neighboring phases and size, the carbon distribu-
tion may not be uniform between30–33 and
within10,34 RA grains, leading to its partial trans-
formation to martensite in carbon-depleted regions.
Furthermore, Refs. 14, 35, 36 showed that the
presence of Mn, which is an austenite stabilizer like
carbon, also influences RA stability. In this case,
while up to 3.3 wt% Mn is beneficial, further
increases in Mn up to 4.7 wt% affect the partitioning
of carbon in RA thereby reducing the latter’s
chemical stability.14 Alternatively, Tirumalasetty
et al.35 linked the reduction in RA stability in Mn-
rich grains with additional internal stresses due to
the inhomogeneous distribution of Mn. While film-
like RA in bainite was generally considered to have
a higher carbon content than those in PF,37 subse-
quent atom probe tomography and electron energy
loss spectroscopy investigations31 showed that the
carbon distribution of RA in different areas of
bainite is also heterogeneous. It depends on the
size of the prior austenite region from which the BF/
GB formed, and in some instances, RA in PF has an
even higher carbon content than those in BF.

With respect to mechanical stability, it is gener-
ally accepted that coarser-sized RA transforms
earlier than finer ones.6,7,15,17 This is related to
the number of potential nucleation sites (slip steps
and stacking faults) available. In addition, it is
believed that smaller RA grains have higher carbon
content; thus, their higher chemical stability aids
their mechanical stability.17,20 However, this was
contested by Xiong et al.31 who showed that some
smaller RA grains possess lower carbon content
than coarser ones. More recent research showed
that large RA grains remain untransformed and
may form either deformation twins or subgrains,
both of which reduce the free path for dislocations
and increase the resistance to martensite transfor-
mation.38 The orientation of RA grains also exerts a
significant effect.26 For example, grains whose {200}
planes are oriented at 0� and 90� to the tensile
direction are more susceptible to martensite trans-
formation.18,20 Knijf et al.39 reported that grains

oriented < 45� or perpendicular to the tensile
direction transformed first because of the higher
tensile and shear stresses on them. Furthermore,
the rate of transformation to martensite is a func-
tion of the stress state, with the highest rates for
plane strain tension, lowest rates for uniaxial
compression, and intermediate rates for equi-biaxial
and uniaxial tension.28

The effect of RA morphology on its stability is
probably the most controversial factor. The reason
for this is the isolated consideration of its morphol-
ogy separate from the effect of neighboring phases,
namely, their effect on solute partitioning into RA,
response to plastic deformation and load transfer
between neighboring phases.

Knijf et al.39 suggested that large aspect ratio RA
grains were less stable than globular RA without
referencing its surrounding neighborhood. Contra-
dicting this observation, some studies reported that
film-like RA is more stable than RA surrounded by
PF because of the former’s high C content, higher
hydrostatic pressure and stress shielding by BF
laths 37,40–42. Timokhina et al.6 found that RA located
between PF grains has the lowest stability, followed
by RA located at the interfaces between PF and
bainite and then by RA films in BF. Contrarily,
Tomota et al.43 suggested that due to the stress
relaxation in PF, blocky RA enclosed by PF tends to be
more stable. In further agreement, Tirumalasetty
et al.21 and Lomholt et al.44 suggested that RA grains
located at PF grain boundaries are the first to
transform, whereas RA fully embedded within PF
grains transforms later upon rotation.21 On the other
hand, Zhang and Findley 45 compared the stability of
RA within BF and PF, respectively. Their analysis
showed that the differences in stress partitioning
between BF or PF and adjacent RA did not affect the
latter’s stability. Rather, the higher stability of RA
within BF was linked to its higher chemical stability
on account of the higher carbon content.

Based on the above, the complexities related to
RA stability in TRIP steels and the dominance of
individual or combinations of factors continues to be
under debate. In this article, we utilize electron
back-scattering diffraction (EBSD) to clarify the
effects of RA morphology, its size and neighboring
phases in thermo-mechanically processed low Si,
high Al TRIP steels subjected to uniaxial tension.
Although EBSD investigations on RA stability were
previously reported, for example, Refs. 21, 23, 25,
39, 44, 46, most of them did not segment the bcc
phases to evaluate the individual effects of PF and
ferrite in bainite and martensite.

EXPERIMENTAL PROCEDURE

Two 6-mm-thick hot-rolled plates were received
from GIFT-POSTECH. Their compositions are
given in Table I. Hereafter, a low Si, high Al steel
and one with further Ti and Nb additions are
referred to as the base and Nb–Ti steels,
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respectively. Samples of 8 (rolling direction, RD) 9
20 (transverse direction, TD) 9 6 (normal direction,
ND) mm3 were electro-discharge machined and
thermo-mechanically processed using a Gleeble
3500 simulator. The TMP schedule47 involved heat-
ing at 2 �C s�1 to an austenization temperature of
1250 �C followed by a 120 s hold and then cooling to
1100 �C where a 25% thickness reduction was
applied via plane strain compression followed by a
120 s hold. Then, the samples were cooled to a finish
rolling temperature of 850 �C for the base steel and
875 �C for the Nb–Ti steel where a further 47%
thickness reduction was applied. This was followed
by 1 �C s�1 cooling to the accelerated cooling start
temperature of 680 �C for the base steel and 690 �C
for the Nb–Ti steel to form �50% polygonal ferrite.
To avoid pearlite formation, the cooling rate was
increased to 20 �C s�1 on cooling to the bainite
formation temperature of 470 �C where the samples
were held for 1200 s before water quenching to room
temperature.

Dog-bone-shaped tensile test specimens with
gauge dimensions 7 (length) 9 3 (width) 9 0.9
(thickness) mm3 were produced by electro-discharge
machining from the TMP samples. Uniaxial tension
was conducted at a constant strain rate of 4.5 9 10�4

using an in-house modified 5kN Kammrath and
Weiss GmbH mini-tensile stage. The yield strength
(YS) was defined as the 0.2% offset proof stress. The
work hardening rate ðH ¼ dr=deÞ and the strain
hardening exponent (n ¼ e=rð ÞH) were calculated
from the true stress versus true strain curves.

Following the tensile test, the samples were first
sectioned along the tensile direction and then cut
along the TD into three parts corresponding to: (1)
the end undeformed grip section of the sample
(nominally corresponding to 0 strain), (2) the quar-
ter gauge length section of the sample which had
undergone uniform elongation up to the ultimate
tensile strength (UTS) and (3) the middle necked
section of the sample containing the fracture. The
RD-ND cross-sections of all three samples were
electropolished using a Struers Lectropol-5 with an
electrolyte containing 330 ml methanol, 330 ml
butoxyethanol and 40 ml perchloric acid at 50 V,
�0.95–1.2 mA, 17 �C for 90 s.

EBSD maps were collected on a JEOL JSM-7001F
field emission gun-scanning electron microscope
operating at 15 kV and �5 nA and fitted with a
Nordlys-II detector interfacing with the AZtec soft-
ware suite. A step size of 50 nm and map size 105 9
79 lm2 was maintained constant for all conditions.

The acquired maps were cleaned by removing wild
orientation spikes. Unindexed areas tended to con-
centrate at grain boundaries and were filled in by
extrapolating up to six neighbors. Throughout
cleaning, the minimum misorientation for grain
reconstruction was 2� and the grain boundary
completion angle was 2�.

The raw EBSD maps comprised two phases, face-
centered cubic (fcc) austenite and body-centered
cubic (bcc) ferrite, and non-indexed areas. In this
study, four phases, namely, polygonal ferrite (PF),
ferrite in bainite, RA and martensite, were distin-
guished via a segmentation procedure using the
grain orientation spread and grain size criteria.48

The threshold values used for segmentation were
based on an evaluation of the slope of the normal-
ized cumulative distribution with respect to the
origin.49 The threshold value corresponded to the
point when the change in the slope with respect to
the origin tended to 1. The segmentation procedure
is described in greater detail in Refs. 48–50. Low-
angle boundaries are between 2� £ h< 15� whereas
high-angle boundaries are between 15�< h< 62.8�.
A minimum spatial resolution of six times the
nominal step size was maintained constant in all
maps.

RESULTS

The representative stress-strain, work hardening
and instantaneous n curves for the base and Nb–Ti
steels were previously reported in Ref. 47 and are
shown in Fig. 1. The Nb–Ti steel depicts a slightly
better combination of tensile properties (YS = 476 ±
7 MPa, UTS = 749 ± 20 MPa, uniform elongation
(UE) = 18 ± 0% and total elongation (TE) = 29 ± 0%)
compared to the base steel (YS = 445 ± 44 MPa,
UTS = 722 ± 34 MPa, UE = 15 ± 0% and TE = 25 ±
4%). As stated in Ref. 47, the base steel exhibited
continuous yielding and correspondingly smooth
work hardening and instantaneous n curves. Con-
trarily, somewhat discontinuous yielding was noted
for the Nb–Ti steel, with the work hardening and
instantaneous n curves declining steeply up to
�0.01 strain and then reaching local maxima at
�0.02 and �0.05-0.08 strain, respectively.

The segmented EBSD maps at 0 strain, UTS and
fracture are shown in Fig. 2. The microstructure at
0 strain is characterized by bands of PF (�75% area
fraction) and bainite (�18%) on account of the
latter’s transformation from pancaked prior austen-
ite. The RA and martensite phases comprise the
remainder of the microstructure. The overall
microstructure was finer in the Nb–Ti steel than
in the base steel with PF grain sizes of 8 ± 4 lm
versus 12 ± 6 lm, respectively. Most of the RA was
confined to bainite with only a small amount
present in PF. Two morphologies of bainite are
clearly seen in the EBSD maps: (1) granular bainite
with high internal misorientation neighboring small
fractions of blocky RA or RA/martensite constituent

Table I. Nominal chemical composition of studied
TRIP steels in wt%

Steel C Mn Si Al P Nb Ti

Base 0.15 2.00 0.30 1.00 0.05 – –
Nb–Ti 0.15 2.00 0.30 1.00 0.01 0.03 0.02
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and (2) bainitic ferrite interlayered with relatively
coarse RA (�0.2–1 lm thick). The initial area
fraction of martensite was due to the transforma-
tion of a small fraction of low stability RA (probably
due to its relatively low carbon content) during
quenching from isothermal holding.

Localized areas of high strain at fracture resulted
in the white unindexed areas in Fig. 2e and f. The
unindexed areas are predominantly located near
grain boundaries and at interfaces between
phases/ferrite morphologies. Based on the nomi-
nally indexed values, the rate of decrease in RA and
increase in martensite area fractions from 0 strain
to UTS and fracture is higher in the Nb–Ti steel
compared to the base steel (Table II). However, the
area fractions of PF and bainite in these maps vary
on account of the three strains being represented by
three different samples. It follows that the rates of
decrease and increase in RA and martensite area
fractions could be misrepresentative of the actual
trend. To account for this, the area fractions of RA
and martensite at different strains were normalized
with respect to the sum of polygonal ferrite and
bainite fractions (i.e., the non-transforming phases).
As seen in Table II, the normalized values of RA and
martensite are similar to their nominally indexed
counterparts*.

Figure 3a and b shows the distributions of
equivalent grain diameter of RA for both steels at
different strains; with the 0.15 lm minimum grain
size being six times the EBSD map step size. The
average RA grain size at 0 strain is slightly coarser
in the base steel compared to the Nb–Ti steel. At
fracture, the remaining RA had grain sizes< 1 lm
in the base steel and< 0.7 lm in Ni–Ti steel.

The relative frequencies of the 3 9 3 kernel
average misorientation (KAM) at different strains
are shown in Fig. 4a and c for the bcc phases/mor-
phologies (PF, ferrite in bainite and martensite) and
the fcc phase (RA). With higher tensile strain, the
peaks shift rightwards to higher mean KAM values
along with an overall broadening of the distribution.
This indicates an increase in the accumulated strain
in the phases.

The variation in the mean local misorientation at
different strains is presented in Fig. 4b and d. In
both steels, the small standard deviation values for
PF at 0 strain are due to the low orientation
gradient within PF grains. For PF, the mean KAM
increased by �150% between 0 strain and fracture
in the base steel whereas the increase was �183% in
the Nb–Ti steel. For ferrite in bainite, the mean
KAM increased by �10% between 0 strain and
fracture in the base steel and �85% in the Nb–Ti

Fig. 1. (a) The engineering stress-strain curves, (b) work-hardening
rate and (c) instantaneous n-value as a function of true strain.

*In theory, the normalized area fraction of martensite at fracture
should be approximately equal to the sum of the normalized area
fractions of RA and martensite at 0 strain. However, the above
logic holds true only when the same area is tracked at different
strains. It is reemphasised that this is not the case in the present
study.
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steel. For RA, the mean KAM increased by �30%
between 0 strain and fracture in the base steel
whereas the increase in the mean KAM value in the
Nb–Ti steel was �100%.

As mentioned previously, RA formed various
morphologies due to the TMP applied in this study
and was found in different locations in the EBSD
maps of the two steels. As a result, an aspect ratio of
1.5 was used to differentiate film and blocky-type
RA morphologies. The results showed that an
�0.65–0.73 area fraction of RA had a film-like
morphology whereas an �0.27–0.35 area fraction
comprised blocky-type morphology in both steels.
Table III shows the exact amount of RA in each
phase and the RA morphology in bainite as a
function of strain. For this analysis, any RA located
at PF/bainite interfaces at 0 strain was allocated to
bainite. To confirm the effect of RA grain shape on

its stability while mitigating subgrain size effects,
morphological analysis was also applied on large RA
grains. Nevertheless, the ratio of the blocky-type to
the film-like RA remained the same as in Table III.

Select examples of RA grain response when located
in different areas are shown in Figs. 5 and 6. Small
RA grains located at PF interfaces transform fully to
martensite (Fig. 5a). While coarse RA grains embed-
ded within PF grains undergo partial transformation
(Fig. 5b), small RA grains within the PF do not
transform (Fig. 5c). As shown in Fig. 5, the fraction of
low-angle boundaries in the immediate vicinity of
untransformed RA and transformed martensite
grains is higher than in other parts of the matrix.
These areas evidence local strain fields such that the
increase in geometrically necessary dislocation
(GND) density is concurrent with their rearrange-
ment into low energy configurations. The local

Fig. 2. EBSD phase maps for the base steel (a, c and e), and Nb–Ti steel (b, d and f) at three different tensile deformation conditions; after TMP
(zero tensile strain, a and b), at UTS (c and d) and at fracture (e and f). HAGBs = black color; LAGBs = light green color. The polygonal ferrite
(PF) = blue, retained austenite (RA) = red, ferrite in bainite = green and martensite = yellow; white are non-indexed areas. RD = map horizontal;
ND = map vertical. (a and b) are adopted from Ref. 50 with permission from Elsevier, Copyright 2014 (Color figure online).
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increase in GNDs was required to accommodate: (1)
the inhomogeneity of plastic deformation around
hard RA/martensite crystals in PF and (2) the volume
expansion accompanying martensitic transforma-
tion. In both steels, there is a considerable amount
of RA at the interface of bainite and PF, a signifi-
cantly larger fraction of which transformed to
martensite after tension compared to RA located
within the bainite. The former observation is also
apparent when noting the higher numbers of marten-
site grains at martensite-bainite/PF interphases at
UTS (Fig. 5d and e). The orientation and shape of RA
grains with respect to PF/bainite interfaces also
affect their stability. The remaining RA grains
located at the PF/bainite interfaces tend to (1) be
parallel to the interface (Fig. 5d-e) or (2) protrude in
PF grains (Fig. 5d and f). It is observed that the
stability of protruding RA grains is higher than for

RA grains that are oriented parallel to PF/bainite
interfaces as most of the RA grains oriented parallel
to the PF/bainite interface tend to transform to
martensite at UTS. It is also worth highlighting that,
in many instances, coarse blocky and lath-like RA
only partially transforms to martensite (Fig. 6). This
subdivision leads to (1) an increase in small-sized RA
grains and (2) a change in aspect ratio from long film-
like morphologies to smaller blocky RA instead.

At fracture, the area fraction of RA grains
remaining at PF/bainite interfaces and embedded
within bainite/martensite clusters was estimated to
be �0.3 and �0.7 in the base and Nb–Ti steels,
respectively. Most of these RA grains in both steels
were located within the bainite with only very small
numbers in base steel found at the PF/bainite
interfaces.

Table II. Summary of the unindexed and phase area fractions in the base steel and Nb–Ti steel at different
strains

Steel Strain unIdx PF Bainite

RA Martensite

Nominal Normalized Nominal Normalized

Base e = 0 0 0.776 0.165 0.05 0.053 0.009 0.010
UTS
e = 15%

0 0.743 0.177 0.012 0.013 0.068 0.074

Fracture
e = 25%

0.043 0.650 0.260 0.0027 0.003 0.046 0.051

Nb–Ti e = 0 0 0.713 0.188 0.094 0.104 0.005 0.006
UTS
e = 18%

0 0.643 0.255 0.014 0.016 0.088 0.098

Fracture
e = 29%

0.060 0.600 0.280 0.0006 0.001 0.06 0.068

unIdx unindexed, PF polygonal ferrite, RA retained austenite

Fig. 3. (a, b) The equivalent subgrain diameter of retained austenite variation during tensile test for (a) base steel and (b) Nb–Ti steel (Color
figure online).
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Fig. 4. Kernel average misorientation distribution of the bcc [bainite, polygonal ferrite (PF) and martensite] and retained austenite (RA) phases at
different tensile strains (a and c) and the mean and standard deviation of the KAM value for each phase/morphology (b and d) for base (a and b)
and Nb–Ti (c and d) steels (Color figure online).

Table III. Effect of tension on the area fractions of various retained austenite (RA) morphologies located in
polygonal ferrite (PF) and bainite

Steel Strain RA in PF

RA in bainite

Blocky (AR £ 1.5) Film (AR> 1.5) Total

Base e = 0 0.013 0.270 0.730 0.987
UTS
e = 15%

�0 0.332 0.668 �1

Fracture
e = 25%

�0 0.338 0.662 �1

Nb–Ti e = 0 0.005 0.345 0.655 0.995
UTS
e = 18%

�0 0.347 0.653 �1

Fracture
e = 29%

�0 0.344 0.656 �1

AR grain aspect ratio
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DISCUSSION

Effect of Strain on the Internal Misorientation
of Different Phases/Morphologies

The maps at fracture contain unindexed areas.
Therefore, the KAM calculations for all phases/mor-
phologies may suffer from some error related to the
non-inclusion of the unindexed areas. Generally
speaking, the highest KAM values were predomi-
nantly returned at/near the grain boundaries due to
the accumulation of dislocation tangles at the grain
boundary.51 The effect of volume expansion when
RA transforms to martensite on the local misorien-
tation gradient in ferrite was also observed in DP
steels containing 24%–38% martensite.52

It was previously reported that strain partition-
ing varies according to the microstructure and
chemical composition.53 However, Fig. 4 showed
that PF had low mean KAM values compared to
harder phases such as bainite and martensite.
Accordingly, the plastic strain during tension will
not be uniformly distributed in this multi-phase
steel. PF will tend to yield first, and, following a
period of work hardening, the stress is then trans-
ferred to harder phases such as austenite, bainite
and martensite.54,55 In agreement with the above,
and in both steels, the mean KAM values at 0 strain
were the lowest for PF and the increase in mean
KAM values from 0 strain to fracture was the
highest in PF compared to other phases/ferrite

Fig. 5. EBSD phase maps showing examples of retained austenite state after deformation: retained austenite in polygonal ferrite (a–c); retained
austenite at polygonal ferrite/bainite interfaces (d–f). (a, b, f and d) Base steel; (c, e) Nb–Ti steel. HAGBs = black color; LAGBs = light green color.
The polygonal ferrite (PF) = blue, retained austenite (RA) = red, ferrite in bainite = green and martensite = yellow; white are non-indexed areas.
RD = map horizontal; ND = map vertical (Color figure online).
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morphologies (Fig. 4c and 4d) and is associated with
the rapid work hardening of PF.

In both steels, the mean KAM values of RA at 0
strain were relatively higher than PF due to the
deformation applied in the non-recrystallization
region during TMP. Between UTS and fracture,
RA tended to higher mean KAM values at quicker
rates compared to bainite and martensite.56 The
above is contrary to previous work on the uniaxial
tension of Q&P steel, which showed that the rate of
increase in KAM values in RA surrounded by
martensite was much slower than that of marten-
site and that strain concentrations were localized at
RA/martensite interfaces.25

Compared to the base steel, the quicker rates to
higher mean KAM values in RA in the Nb–Ti steel
were also associated with the quicker rates to
higher mean KAM values in ferrite in bainite. This
finding is predictable since most of the RA is located
within bainite in both steels. KAM analysis in
Ref. 46 on a TRIP steel showed that when the mean
KAM value increased by 10% in RA, the mean KAM
of ferrite (which in that study included PF, ferrite in
bainite and martensite) increased by almost 100%.
The latter can be explained by the overall higher
strain accommodated by bcc phases/morphologies,
which comprised the majority phase fraction com-
pared to the minor fcc phase fraction. However, that
study did not distinguish between various bcc
phases/morphologies.

In contrast, the mean KAM value of 1.04� for
ferrite in bainite in the base steel is significantly
higher than the 0.66� calculated for the Nb–Ti steel.
Between 0 strain and fracture, the mean KAM for
ferrite in bainite increased by �10% in the base
steel and �85% in the Nb–Ti steel. Differences in
the predominant bainite phase morphology in the
base and Nb–Ti steels help explain the large

variation in KAM values at 0 strain as well as the
increase in mean KAM values from 0 strain to
fracture. The predominant GB morphology in the
base steel as opposed to BF in the Nb–Ti steel is
suggested as the reason for the difference in mean
KAM values at 0 strain.47,50

On the Stability of Retained Austenite

In agreement with multiple reports.1,6,18,19,24,57

this study also shows a significant reduction in the
volume fraction of RA with uniaxial tension. The
decrease in the normalized area fraction of RA was
more drastic in Nb–Ti steel (from �0.104 to �0.001)
than the base steel (from �0.053 to 0.003). In the
following paragraphs, the stability of RA is dis-
cussed with respect to its location in three different
regions: (1) within PF, (2) at PF/bainite interfaces
and (3) within bainite.

As seen in Table III, the area fraction of RA
within PF at 0 strain is far lower than in bainite.
Between 0 strain and UTS, nearly all RA in PF
either fully or partially transformed to martensite.
Similar results were reported in Ref. 6 where only
the 0.02 and 0.05 area fraction of RA remained from
starting fractions of 0.13 and 0.11 between PF
grains in the base and Nb high Si TRIP steels,
respectively. In that study, all RA grains trans-
formed to martensite after 0.1 strain. In general,
the low stability of RA within PF is related to the
latter being the softest among all phases and its
rapid work hardening at the start of deformation.
Following a period of PF work hardening, and since
the yield strength of RA is higher than that of PF43

due to its higher carbon content, the load transfers
over to the RA within PF grains.

The stability of RA within PF depends on the
exact RA location, for instance, at PF triple

Fig. 6. The partial transformation of the film (a) and blocky (b) retained austenite grain in bainite in the Nb–Ti steel at UTS. HAGBs = black color;
LAGBs = light green color. The polygonal ferrite (PF) = blue, retained austenite (RA) = red, ferrite in bainite = green and martensite = yellow. RD =
map horizontal; ND = map vertical (Color figure online).
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junctions, between PF grain boundaries or within
the interior of PF grains. Similar to the observations
made by Tirumasetty et al.21 and Lomholt et al.44,
the RA located at PF triple junctions (Fig. 5a) fully
transformed to martensite whereas the RA embed-
ded within PF grains, depending on their size,
either remained untransformed or was partially
transformed (Fig. 5b and 5c). Due to the inhomo-
geneity of plastic deformation, the transformation of
RA located at boundaries/triple junctions is facili-
tated on account of differently oriented neighboring
PF grains at its interfaces, the development of
higher stresses at grain boundaries and their junc-
tions and a triaxial stress condition in RA grains. In
the case of RA embedded within PF grains, GNDs
form around them to accommodate the inhomogene-
ity of plastic deformation. The load transfer to RA
takes place after sufficient work hardening of the
surrounding PF. These RA grains then rotate to
accommodate the deformation before their subse-
quent transformation to martensite21 or remain
untransformed. The observed RA behavior agrees
with Ref. 26 where ferrite grain boundaries and the
number of surrounding PF grains influenced the
stability of RA within PF. However, there is also a
size effect on RA stability, which may be related to
the non-uniform distribution of carbon and Mn
within RA. It is speculated that small RA grains are
more uniformly enriched in carbon, and possibly
Mn, such that they remain untransformed. On the
other hand, the carbon and Mn distribution in
coarser RA grains tends to be more non-uniform
(Fig. 5b) such that they subsequently undergo
partial transformation.

The RA grains located at PF/bainite interfaces
showed an intermediate resistance to transforma-
tion with many relatively large RA grains protrud-
ing into PF remaining untransformed at UTS
(Fig. 5f). In Refs. 7, 24, 30–33, 58, it was reported
that the non-uniform distribution of carbon between
and within different RA grains, and the partial
transformation of parts of RA grains, could be
responsible for an overall reduction in the stability
of RA. Consequently, the partial transformation
observed in parts of RA grains close to PF in this
study (Fig. 5e) could be explained by the influence of
the low chemical stability of RA as well as the
higher stresses at/near interface regions. The chem-
ical inhomogeneity in RA at PF/bainite interface
arises from carbon partitioning to RA during the
formation of bainite. If the diffusivity of carbon is
assumed to be 1.71 9 10�16 m2/s, estimations of the
diffusion distance for carbon at 470 �C in 1200 s (i.e.,
the simulated coiling stage during TMP) returned to
0.5 lm. Thus, carbon could not reach the center of
RA grains> 1 lm in size. However, some RA grains
> 1 lm remain untransformed. These protruding
RA grains are embedded in one PF grain on two
sides and are in contact with bainite on the other
sides. Moreover, these RA grains show a higher
density of low-angle boundaries as shown in Fig. 5f.

The subdivision of large RA grains into subgrains
can be suggested as a factor that enhances the
stability of RA because it reduces the effective
volume for martensite nucleation. In the current
study, the number of RA grains that experience
enhanced stability by grain subdivision was not
enough to statistically draw a definitive conclusion,
but it remains a factor that may need further
investigation.

Many RA grains at PF/bainite interfaces and
within bainite partially transform to martensite
(Figs. 5d-e and 6). This partial transformation led to
three changes in the microstructure: (1) an increase
in the area fraction of fine RA grains compared to
the 0 strain condition, (2) a reduction in the aspect
ratio of RA grains and (3) an increase in the area
fraction of freshly formed martensite. The former is
responsible for the standard general conclusion that
finer RA grain sizes are the primary determinant of
RA stability. However, from our earlier discussion,
the location of fine-grained RA is a more crucial
factor than size alone as the stress state dictates
whether fine-grained RA remains stable or under-
goes transformation (c.f. Fig. 5a and 5c). Partial
transformation leads to the subdivision of RA into
smaller volumes, and these small volumes may
reach a critical size below which martensite trans-
formation is not initiated. Furthermore, when RA is
surrounded by a harder phase like ferrite in bainite
or martensite, hydrostatic pressure is exerted on
RA, which translates to a decrease in the marten-
site-start transformation temperature.59 If RA is in
contact with a hard phase which does not accom-
modate the stress, then that stress could be directly
transferred to RA and trigger martensite forma-
tion.60 However, if ferrite in bainite or fresh
martensite has the capacity to strain harden, then
it provides a shielding effect for RA, thereby
increasing its mechanical stability.40 This is the
reason why thin films of RA and fine blocky RA
resulting from the original subdivision of RA trans-
form to martensite at later stages of tension or
remain untransformed. The rate of transformation
of RA within BF in the Nb–Ti steel was faster than
the RA within GB in the base steel. This could be
related to the faster rate of strain accumulation in
the parallel arrangements of laths in BF compared
to ferrite in GB of base steel (please refer to Sect.
‘‘Effect of Strain on the Internal Misorientation of
Different Phases/Morphologies’’ re KAM). Thus,
higher stresses accumulated at RA/BF lath bound-
aries assisted the transformation to martensite.

Both chemical and mechanical stabilities play a
role in the deformation-induced transformation of
RA to martensite. While the above discussion on the
mechanical stability of RA (size and shape) is based
on the analysis of two-dimensional EBSD maps,
supplementary three-dimensional investigations,
which account for RA grain shape and/or its sur-
rounding neighborhood, are required. It is also clear
that alloying elements, the phases present (which in
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turn are affected by TMP history), phase character-
istics (including size, morphology and defect sub-
structure), the interaction between phases during
deformation as well as the overall stress state play
important and interrelated roles in RA stability and
warrant further investigations.

CONCLUSION

RA stability in two TRIP-assisted steels subjected
to uniaxial tension was investigated using EBSD.
Segmentation of the bcc phases into PF, ferrite in
bainite and martensite during map post-processing
enabled a better understanding of how deformation
is accommodated in the studied steels and led to the
following conclusions:

1. The rate of transformation of RA in the Nb–Ti
steel was higher than in the base steel and is an
indication of the higher stability of RA in the
latter steel.

2. Phase segmentation enabled kernel average
misorientation analysis of all phases/morpholo-
gies in both steels. The rate of increase in the
mean KAM values of ferrite in bainite in the
Nb–Ti steel was higher than in the base steel.
This behavior was related to the predominant
bainitic ferrite morphology in the Nb–Ti steel.
Compared to granular bainite, the parallel lath
arrangement of bainitic ferrite was deemed
responsible for the lower stability of RA.

3. The partial transformation of RA grains could
lead to misleading conclusions on the high
stability of small RA grains. This study demon-
strates that the partial transformation of large
RA grains introduced smaller RA grains. Finer
RA grains could be unstable depending on the
stress state, for example, if located at PF triple
junctions or between PF grain boundaries.

4. The locations of RA and neighboring stress
states have a pronounced effect on RA stability
in combination with its chemical stability (i.e.,
the amount and uniformity of enrichment by
solutes). As a function of its location, RA stabil-
ity was found to increase in the following order:
PF grain boundaries/triple junctions < the
interior of PF grains< PF/bainite interfaces<
within bainite.
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