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The present study investigated the microstructure evolution and mechanical behavior in a low
carbon CMnSiAl transformation-induced plasticity (TRIP) steel, which was subjected to a
partial austenitization at 1183 K (910 �C) followed by one-step quenching and partitioning
(Q&P) treatment at different isothermal holding temperatures of [533 K to 593 K (260 �C to
320 �C)]. This thermal treatment led to the formation of a multi-phase microstructure consisting
of ferrite, tempered martensite, bainitic ferrite, fresh martensite, and retained austenite, offering
a superior work-hardening behavior compared with the dual-phase microstructure (i.e., ferrite
and martensite) formed after partial austenitization followed by water quenching. The carbon
enrichment in retained austenite was related to not only the carbon partitioning during the
isothermal holding process, but also the carbon enrichment during the partial austenitization
and rapid cooling processes, which has broadened our knowledge of carbon partitioning
mechanism in conventional Q&P process.
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I. INTRODUCTION

THE requirements of vehicle weight reduction and
improved crash performance have promoted the devel-
opment of new generations of advanced high strength
steels (AHSS) with a good combination of strength and
ductility. As one of the promising path towards these
properties, quenching and partitioning (Q&P) heat
treatment[1,2] has attracted considerable interest in the
last several years. This treatment aims to retain some
austenite at room temperature that will transform into
martensite upon straining, delaying the onset of necking
through the transformation-induced plasticity (TRIP)
effect,[3] which ultimately offers excellent work-harden-
ing behavior.

The concept of the Q&P process is to develop a
multi-phase microstructure in steels, mainly consisting
of martensite, retained austenite, and/or ferrite.[1,2,4,5] In
a typical Q&P process, the steel is initially subjected to a
full or partial austenitization treatment, which is fol-
lowed by rapid cooling to a temperature between the
martensitic transformation starting temperature (Ms)
and finishing temperature (Mf) to form a certain fraction
of martensite. The steel is subsequently held either at the
same temperature (i.e., a one-step Q&P process) or at a
higher temperature (i.e., a two-step Q&P process) to
allow carbon partitioning from the initial supersaturated
martensite to the untransformed austenite. Finally, the
steel is quenched to room temperature, where the
austenite with insufficient carbon enrichment is likely
to transform into fresh martensite while the sufficiently
stabilized austenite may be retained at ambient
temperature.
The extent of the carbon enrichment in retained

austenite is dependent on the steel composition and heat
treatment schedules. Most of the current research has
been focused on the Q&P processing of low carbon
steels after full austenitization, which normally produces
a duplex microstructure composed of martensite and
retained austenite.[6–10] Here, the carbon enrichment in
the retained austenite is mostly ascribed to the carbon
rejection from the initial supersaturated martensite. In
comparison, if the Q&P processing is performed
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following partial austenitization, one can expect higher
extent of carbon and manganese diffusion from ferrite
into the intercritical austenite due to the different
solubilities in these two phases, which would further
stabilize the austenite.[11] Moreover, proeutectoid ferrite
might form upon the initial cooling from the partial
austenitization treatment temperature, further con-
tributing to the partition of carbon into neighboring
austenite.[11–13] During the subsequent isothermal hold-
ing process, the remaining austenite would be further
stabilized through the carbon partitioning from the
preformed martensite. However, more recently, bainitic
transformation may take place during the isothermal
process at a temperature either above or below the Ms

temperature,[12,14–22] and this could further stabilize the
remaining austenite by rejecting carbon into adjacent
austenite, even though the formation of bainite may
reduce the fraction of unstable austenite.[17,23,24] The
phase transformation behavior would be more interest-
ing if the steel is partitioned below Ms temperature or
undergo the one-step Q&P processing, which has
recently attracted much attention. However, there is
limited research[12] on the isothermal phase transforma-
tion behavior during holding below the Ms temperature
with the presence of pre-existing ferrite if partial
austenitization is applied. This thermal treatment may
result in a complicated mechanism of carbon enrichment
in retained austenite and the formation of its final
morphologies, which will be a point of interest to be
investigated in the current study.

In the present study, one-step Q&P processing fol-
lowing prior partial austenitization was performed in a
C-Mn-Si-Al TRIP steel. The aim is to systemically
examine the influences of intercritical annealing, rapid
cooling, and isothermal holding processes on the
microstructure evolution and the resultant mechanical
behaviors. In particular, the microstructure evolution
and mechanical performance during the Q&P process at
different isothermal holding temperatures [533 K to
593 K, (260 �C to 320 �C)] were examined in compar-
ison with a direct water-quenched condition.

II. EXPERIMENTAL PROCEDURE

A. Material

The material used in the current study was cold-rolled
TRIP steel sheet with a thickness of ~ 2.0 mm supplied
by Wuhan Iron Steel Corp. (WISCO), China. The
chemical composition is shown in Table I. The
as-received microstructure consisted of ~ 53 pct ferrite
along with ~ 35 pct bainite, and ~ 12 pct retained
austenite (Figure 1(a)). The critical austenite start and
finish temperatures (Ac1 and Ac3) on reheating at a rate
of 30 K/s and martensite start and finish temperatures
(Ms and Mf) on cooling at a rate of 80 K/s were
determined to be [1039 K, 1273 K, 496 K, and 668 K
(766 �C, 1000 �C, 223 �C, and 395 �C)], respectively
(Figure 1(b)) using a DIL805 dilatometer (TA Instru-
ments, Germany). Here, rectangular flat specimens with

Table I. Chemical Composition of the Current TRIP Steel, in Weight Percent

C Mn Si Al Fe

Melt composition 0.25 1.45 0.52 1.13 balance
Estimated austenite composition at 1183 K (910 �C) using Thermo-Calc software 0.31 1.62 0.52 0.95 balance

Fig. 1—(a) SEM micrograph of the as-received TRIP steel. F, B, and RA correspond to ferrite, bainite, and retained austenite, respectively. (b)
Dilatometric curve of the experimental TRIP steel during the reheating and cooling processes. Ac1, Ac3, Ms, and Mf are the starting and finishing
temperatures for the formation of austenite and martensite, respectively. RD and ND represent rolling direction and normal direction,
respectively.
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the dimension of 10 mm 9 4 mm 9 2 mm were used for
the dilatometry testing. Compressed nitrogen gas was
used as the cooling medium.

B. One-step Quenching and Partitioning Treatment

The as-received TRIP steel sheet was subjected to
different heat treatments (Figure 2). During the one-step
Q&P treatment, the specimens were reheated in a
fluidized bed furnace under an argon atmosphere to
1183 K (910 �C) at a rate of approximately 30 K/s and
held for 5 minutes to partially transform the initial
microstructure to austenite. The steels were subse-
quently transferred to a salt bath furnace set at different
isothermal temperatures of [533 K, 563 K, and 593 K
(260 �C, 290 �C, and 320 �C)] for 90 seconds, followed
by water quenching to room temperature. The cooling
rate in the salt bath furnace was estimated to be ~ 80 K/s.
Another sample was directly water-quenched from
1183 K (910 �C) after the partial austenitization treat-
ment to produce a dual-phase microstructure. The
specimen temperature was measured by a thermocouple
inserted into a hole drilled in the specimen. Similar heat
treatment cycles to the Q&P heat treatments were
simulated using the dilatometer in the current work to
study the phase transformation behavior of the steel.

C. Microstructure Characterization

Microstructural characterization of the heat-treated
steels was performed on the normal direction–rolling
direction (ND–RD) plane, using scanning electron
microscopy (SEM) including electron backscatter
diffraction (EBSD). A standard mechanical polishing
including a finishing polish routine with a 0.04 lm
colloidal silica suspension (OPS, Struers, Denmark) was
employed for preparing samples for SEM analysis. A
final 2 vol pct nital etching was carried out where
applicable. SEM imaging was performed using a field
emission gun (FEG) SEM (Zeiss-Supra 55VP, Ger-
many) integrated with an angle-selective backscattered
(AsB) detector.[25] EBSD analysis was carried out using
Zeiss Leo 1530 FEG-SEM equipped with a fully
automatic Aztec HKL EBSD attachment (Oxford
Instrument, UK), operated at 20 kV and a step size of
50 nm. The HKL Channel 5 software was used for post
processing of the EBSD data.

X-ray diffraction (XRD) analysis was implemented
for phase identification on the rolling direction–trans-
verse direction (RD–TD) plane of the current steel
treated under different conditions before and after
tensile testing, using PANalytical X¢Pert PRO MRD
(XL) X-ray diffractometer with Cu Ka radiation, oper-
ated at 40 kV and 30 mA. After fracture, XRD mea-
surements were performed at a location close to the
fracture surface in the gauge area. The XRD specimens
were prepared following a standard practice composed
of successive grinding, mechanical polishing, and chem-
ical thinning as described in the ASTM Specification
E975-13.[26] The final chemical thinning was conducted
using a solution of an equal volume ratio of nitric acid,
hydrochloric acid, and distilled water.[27] This corrosive

solution removed ~ 250 lm of the surface layer, where
the retained austenite may have transformed to marten-
site during sample preparation. The fraction of retained
austenite was calculated using a direct comparison
method with the integrated intensities of (111)c, (200)c,
(220)c, and (311)c peaks, and (110)a, (200)a, and (211)a
peaks.[26] The austenite lattice parameter, ac, was
determined by the positions of the four austenite peaks
using Cohen’s method.[28] The carbon content in the
retained austenite was estimated by the following
equation[29]:

ac ¼ 0:3556þ 0:00453xC þ 0:000095xMn
þ 0:00056xAl;

½1�

where ac is the austenite lattice parameter in nm and xC,
xMn

, and xAl are the concentrations of carbon, man-
ganese, and aluminum in austenite, respectively (in wt
pct). Note that xMn

and xAl represent the equilibrium
values in austenite at 1183 K (910 �C) calculated by the
Thermo-Calc software (see Table I). The effect of silicon
was not considered in Eq. [1]. The carbon content in
austenite represents the average value for all austenite
grains despite the possible variation of carbon content in
austenite grains of different morphologies (block or film)
or a single austenite grain (carbon gradient) due to the
insufficient partitioning process during partial austeni-
tization, subsequent cooling, and isothermal holding
processes.

D. Tensile Testing

The tensile specimens were machined from the
heat-treated sheets having 25 mm gauge length and
5 mm gauge width. Uniaxial tensile testing was per-
formed using Instron 30 kN 5967 machine equipped
with a non-contact extensometer at a true strain rate of
1.0 9 10�3 s�1. The work-hardening behavior was
analyzed using Hollomon’s equation[30]:

Fig. 2—Schematic representation of the direct water-quenching and
one-step Q&P treatments of the TRIP steel. RT and WQ indicate
room temperature and water-quenching, respectively. Ac1, Ac3, Ms,
and Mf are the starting and finishing temperatures for the formation
of austenite and martensite, respectively.
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r ¼ Ken; ½2�

where r and e are true stress and true strain, respec-
tively, K is a constant, and n is the instantaneous
work-hardening exponent and could be calculated
using the following equation:

n ¼ edr
rde

½3�

The criterion for necking is: drde ¼ r, thus n ¼ el, where
el is the uniform elongation.

III. RESULTS AND DISCUSSION

A. Microstructure Evolution

1. Partial austenitization
In the current study, the microstructure evolution

throughout the heat treatment was extensively investi-
gated by dilatometry followed by microstructure char-
acterization. The volume fraction of austenite after
partial austenitization was estimated to be ~ 78 pct
using the lever rule along with the dilatation curve of the
fully austenitized specimen (Figure 1b). This resulted in
a change in the composition of the remaining austenite
at 1183 K (910 �C), enriching the carbon content to an
average value of ~0.31 wt pct based on the Thermo-Calc
calculation (Table I). In addition, this treatment might
cause a heterogeneous carbon concentration in different
austenite grains after reheating the as-received mul-
ti-phase microstructure at 1183 K (910 �C) (Figure 1a).
For example, austenite grains that form in the vicinity of
cementite typically contain a higher carbon content than
other regions. This variation in carbon concentration
could lead to diverse phase transformation behaviors in
the remaining austenite on cooling.

2. Initial rapid cooling
When the steel was subjected to the first rapid

cooling process after partial austenitization, there was
a length dilatation at a temperature range of [~ 1036
K to ~ 775 K (~ 763 �C to ~ 502 �C)] for all heat
treatment schedules (Figure 3), suggesting that the
results are consistent and reproducible. This dilation
might be related to the proeutectoid ferrite transfor-
mation upon rapid cooling.[12] This transformation is
consistent with the shadow-like (i.e., image contrast
difference) regions appearing in the ferrite grains. They
were mostly in the vicinity of the second phase
(Figures 4(b), (d), (f), and (h)), which confirms the
formation of proeutectoid ferrite for both Q&P pro-
cessed and direct water-quenched conditions. Similar
observations have been reported by others[12] and the
shadow-like region in ferrite was referred to as epitax-
ial ferrite. The untransformed ferrite and newly formed
epitaxial ferrite were mostly elongated along the rolling
direction (Figure 4), with a volume fraction of 26 ± 1.4
pct and an average grain size of 2.6 ± 0.1 lm.
Noticeably, the total volume fraction of ferrite
obtained after the completion of the heat treatment
schedule was slightly higher than that estimated from
dilatometry experiments (i.e., ~ 22 pct), most likely
ascribed to the formation of epitaxial ferrite.
Further cooling revealed a dramatic volume expan-

sion at a temperature of ~ 624 K (~ 351 �C) for all heat
treatment conditions, indicating the occurrence of a
martensitic transformation. As a result, the ferrite grains
adjacent to the martensite may have been deformed,
exhibiting dislocations in the grain interiors
(Figure 5).[31] This temperature can be referred to as
the martensitic transformation starting temperature of
the partially transformed austenite (hereafter referred to
as M¢s), which is significantly lower than the full
austenitization condition due to the aforementioned
carbon enrichment in austenite during partial austeni-
tization and subsequent epitaxial ferrite formation.
Below the M¢s temperature, the dilatation curve behav-
ior changed depending on the heat treatment conditions,
representative of different phase transformation behav-
ior that occurred afterwards. As for the continuous
cooled sample, representing the water-quenched condi-
tion after the partial austenitization treatment, the
dilatation increased continuously up to a temperature
of ~ 573 K (~ 300 �C), beyond which there was a linear
contraction with a decrease in the temperature (i.e.,
negative dilatation slope). Another slight slope change
also appeared at ~ 426 K (~ 153 �C) (shown by red
arrow in Figure 3), which is most likely related to the
continuous formation of martensite from the remaining
austenite with higher carbon content. As mentioned
previously, some of the austenite has been enriched in
carbon during the partial austenitization and subsequent
cooling sequences. In addition, the level of carbon
content is expected to be non-uniform and to depend on
the size of the austenite island and where it was formed.
As a result, the M¢s temperature may locally vary and
each region of austenite will transform over a different
temperature range on cooling. However, it appeared
that such level of carbon enrichment might be

Fig. 3—Relative change in length as a function of temperature for
different dilatometry schedules. The gray square is enlarged in the
right bottom, showing the fresh martensite formation upon final
cooling after the completion of isothermal holding treatment.
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insufficient for the austenite to be retained at room
temperature. As shown in Figure 6(a), no austenite
peaks appeared in the XRD spectra, suggesting that the
austenite has most likely transformed fully into

martensite during the water-quenching process. As a
consequence, a dual-phase microstructure consisting of
martensite and ferrite was mainly formed in the direct
water-quenched steel.

Fig. 4—SEM micrographs of the (a, b) water-quenched and one-step Q&P processed TRIP steels at isothermal holding temperatures of (c, d)
533 K (260 �C), (e, f) 563 K (290 �C), and (g, h) 593 K (320 �C). The white squares in the left images (a, c, e, and g) are enlarged in the right
images (b, d, f, and h). F, M, C, BF, and EF indicate ferrite, martensite, carbides, bainitic ferrite, and epitaxial ferrite, respectively. RD and ND
represent rolling direction and normal direction, respectively.
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3. Isothermal holding
For the Q&P processed conditions, austenite partially

transformed to martensite when the steel was rapidly
cooled to the isothermal temperature. The fraction of
martensite progressively increased with a decrease in the
isothermal temperature, from ~ 21 pct at 593 K
(320 �C) to ~ 36 pct at 563 K (290 �C), and ~ 47 pct
at 533 K (260 �C) calculated from the dilation curves
using the Koistinen and Marburger (K–M) model.[32]

Accordingly, the fraction of remaining austenite is
estimated, ~ 53 pct at 593 K (320 �C), ~ 38 pct at
563 K (290 �C), and ~ 27 pct at 533 K (260 �C).
Significant dilatations were observed below the M¢s
temperature in all specimens during isothermal holding
(Figure 3). The extent of dilatation though altered
depending on the isothermal holding temperature, the
dilatation increased with the isothermal temperature
from 0.032 to 0.065 pct, and 0.113 pct for [533 K,
563 K, and 593 K (260 �C, 290 �C, and 320 �C)],
respectively. This is mainly associated with the

formation of bainitic ferrite during the holding pro-
cess.[14–16,19,22] As the isothermal temperature was
reached, the martensite supersaturated in carbon is
tempered and rejects carbon into adjacent remaining
austenite (i.e., carbon partitioning).[1,33] It has been
reported by the current authors[34] that the partitioning
time of 90 seconds might be inadequate for the com-
pletion of the carbon homogenization in austenite at the
current isothermal holding temperatures, particularly
for blocky/coarse austenite grains/islands (Figures 7(b)
and (d)). Thus, a steep carbon gradient within a single
austenite grain is expected in the present study, which
has also been reported by others.[11,35–38] Additionally,
the aforementioned carbon enrichment in the remaining
austenite, resulting from both the partial austenitization
treatment and the epitaxial ferrite formation, signifi-
cantly contributes to the heterogeneity of the carbon
concentration in the austenite. This heterogeneity sug-
gests that, in the current study, the remaining austenite
before isothermal holding most likely appears in both

Fig. 5—SEM-AsB micrographs of the current TRIP steel isothermally held at 563 K (290 �C) for 90 s. The white square in image (a) is enlarged
in image (b) showing the dislocations in ferrite. RD and ND represent rolling direction and normal direction, respectively.

Fig. 6—(a) XRD spectra of the TRIP steel subjected to different heat treatment schedules before and after tensile testing. (b) The calculated
retained austenite fraction and carbon content of the Q&P processed steels under different conditions.

1514—VOLUME 49A, MAY 2018 METALLURGICAL AND MATERIALS TRANSACTIONS A



low carbon and carbon-rich regions. Therefore, the
martensitic and bainitic start transformation tempera-
tures (Ms and Bs) of the carbon-rich austenite would be
relatively lower than that of the low carbon austenite.
As the carbon partitioning proceeds, theMs temperature
of the carbon-rich austenite would be further decreased
and becomes lower than the isothermal holding tem-
perature. As a result, this austenite is expected to
transform into bainite as the holding time increases and
simultaneously further rejects carbon to neighboring
austenite.[24]

The second phase islands that were formed during
Q&P treatments appeared differently compared with the
direct water-quenched condition (i.e., martensitic island)
after etching by nital. SEM characterization of these

regions exhibited martensitic characteristics containing
carbides (i.e., transition carbide formation), whereas the
other region showed lamellar structure. These
microstructure characteristics were frequently observed
under all Q&P conditions, particularly at higher isother-
mal temperatures (for example, 593 K (320 �C),
Figures 4(c) through (h)). The lamellar structure in
SEM and EBSD micrographs (Figures 4(c) through (h)
and 7(a) and (b)) most likely represents bainitic ferrite.
The decomposition of austenite into bainite during

the isothermal holding process, particularly at a tem-
perature below Ms, has recently attracted a lot of
attention.[12,15,16,19–21,39,40] A small amount of pre-
formed athermal martensite is considered to be able to
markedly accelerate the bainitic transformation kinetics
by providing more nucleation sites,[15,19,21,22,39] com-
pared with those where the steel is cooled to a
temperature with a high undercooling below Ms.

[41,42]

To further clarify the formation kinetics of bainitic
ferrite in the present study, the incubation time for the
bainite formation is calculated using the method devel-
oped by Bhadeshia[43] and also used elsewhere.[12,44,45]

The bainitic incubation time was estimated to be
60 seconds at 593 K (320 �C), 180 seconds at 563 K
(290 �C), and 705 seconds at 533 K (260 �C). Thus, the
isothermal holding time of 90 seconds is sufficient for
the bainite formation at 593 K (320 �C), but might be
insufficient at [563 K and 533 K (290 �C and 260 �C)].
However, it might be still possible for the current steel to
form bainite under these two conditions considering the
aforementioned accelerated effect by the presence of a
small amount of martensite.[19,21] As a result, in the
present study, the bainite is most likely to form when the
steel is isothermally held for a certain time at a
temperature below M¢s. This phenomenon is more
pronounced when a small undercooling below M¢s is
applied, for example, the 593 K (320 �C) condition for
the current steel. The bainitic transformation ceases
when the carbon content in austenite reaches the To

curve, (Figure 8, To is a temperature at which free
energies of austenite and bainitic ferrite having the same

Fig. 7—EBSD band contrast combined with color-coded phase maps of the one-step Q&P processed steels at different isothermal temperatures
of (a) 533 K (260 �C) and (b) 563 K (290 �C), where red areas represent fcc structures. RD and ND represent rolling direction and normal
direction, respectively.

Fig. 8—Calculated To and Ms temperature of the present steel as a
function of carbon content in austenite. The dashed line represents
the overall carbon content in steel at 1183 K (910 �C). The three
open triangle symbols indicate the measured carbon content in
retained austenite at room temperature under different isothermal
holding temperatures (i.e., 533 K (260 �C), 563 K (290 �C), and
593 K (320 �C)).
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composition are equal),[46] which is called the incomplete
reaction phenomenon.[47] The To value of the present
steel is calculated using the method proposed by Peet
and Bhadeshia[45] (Figure 8). The experimental carbon
content in the retained austenite measured by XRD is
approaching the To curve, particularly for samples
isothermally held at [593 K and 563 K (320 �C and
290 �C)]. This correspondence suggests the occurrence
of a bainitic phase transformation and the rejection of
carbon into adjacent austenite at these isothermal
temperatures.

4. Final cooling
During further cooling after the isothermal holding

process, there was a linear contraction observed for all
Q&P conditions. Similar to the continuous cooled
sample, a slight slope change was observed at the
temperature of [~ 405 K, ~ 375 K, and ~ 353 K
(~ 132 �C, ~ 102 �C, and ~ 80 �C)] for the isothermal
holding temperatures of [533 K, 563 K, and 593 K
(260 �C, 290 �C, and 320 �C)], respectively. This slope
change may be due to the formation of fresh martensite
from remaining austenite with insufficient carbon

enrichment, which was more significant under the
533 K (260 �C) condition compared to the other two
Q&P conditions (Figure 3).
Apart from the fresh martensite formation from the

remaining low carbon austenite, some other austenite
with adequate carbon enrichment was retained at room
temperature (Figures 6 and 7). The fraction of retained
austenite increased gradually with the isothermal hold-
ing temperature, from 7.8 ± 0.2 pct at 533 K (260 �C) to
9.4 ± 0.3 pct at 593 K (320 �C) (Figure 6(b)). The
carbon content in the retained austenite was calculated
to be ~ 0.95 wt pct at the isothermal holding tempera-
ture of 533 K (260 �C) and further increased to
~ 1.15 wt pct at 563 K (290 �C), and then reduced to
~ 1.08 wt pct at 593 K (320 �C) (Figure 6(b)). The
retention of austenite is most likely associated with
further carbon partitioning during the isothermal hold-
ing process besides the initial carbon enrichment from
the partial austenitization and epitaxial ferrite formation
as no austenite was retained for the direct water-
quenched condition. The increase in the retained
austenite fraction with the isothermal temperature
agreed well with the increase in the austenite fraction

Fig. 9—(a) Engineering stress–engineering strain curves, (b) instantaneous work-hardening (n-value) curves, (c) tensile properties, and (d)
formability index for the water-quenched and one-step Q&P processed TRIP steels. YS, UTS, UE, and TE indicate yield strength, ultimate
tensile strength, uniform elongation, and total elongation, respectively.
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remaining for partitioning at the beginning of the
isothermal holding process. The enhanced partitioning
kinetics as well as the remarkable formation of bainitic
ferrite at high temperatures (for example, 593 K
(320 �C)) might also account for the corresponding
increase in the retained austenite fraction. However, the
lower fraction of preformed martensite at 593 K
(320 �C) is most likely responsible for the lower carbon
content in the retained austenite (~ 1.08 wt pct), com-
pared to the 563 K (290 �C) condition (~ 1.15 wt pct),
because of the reduced amount of carbon for
partitioning.

In addition, the retained austenite was observed in
two types of morphologies in the microstructure
through the EBSD examination: blocky retained austen-
ite; mostly distributed in the vicinity of the ferrite grains
and film/plate retained austenite; commonly observed as
films/plates between martensite or bainitic ferrite laths
(Figure 7). Not all film-like retained austenite was
indexed by EBSD due to its small thickness, typically
in the range of 20 to 100 nm,[15,48–50] which is mostly
lower than the spatial resolution of the EBSD technique
(i.e., 50 nm, which was used in the current study). The
mechanism of the carbon enrichment in retained
austenite differs, depending on its morphology. For
the blocky retained austenite located in the ferrite grain
boundaries, it might be firstly enriched in carbon during
the partial austenitization and the formation of epitaxial
ferrite, and further stabilized by the carbon partitioning
during the isothermal holding process. For the film-like
retained austenite between martensite or bainitic ferrite
laths, it is most likely ascribed to the carbon partitioning
from martensite and isothermally formed bainitic ferrite
upon isothermal holding.

In general, in the current heat treatment schedules, a
dual-phase microstructure composed of martensite and
ferrite was produced in the direct water-quenched
condition. However, a multi-phase microstructure con-
sisting of ferrite, tempered martensite, bainitic ferrite,
fresh martensite, and retained austenite was exhibited in
the Q&P processed condition. The retention of austenite
is attributed to the combined effects of carbon enrich-
ment from the partial austenitization, epitaxial ferrite
formation, and the carbon partitioning from martensite
and isothermally formed bainitic ferrite.

B. Mechanical Behavior

The current microstructures that were obtained in the
Q&P processed steel offered a superior work-hardening
performance in comparison with the direct water-
quenched condition (Figures 9(a) and (b)). For the
direct water-quenched steel, a high instantaneous
work-hardening exponent (i.e., n-value) was observed
at the beginning of straining and it then declined
remarkably. Soft ferrite phases deform initially, but
the deformation ability of ferrite is limited,[51] resulting
in straining of the martensite during further deforma-
tion. The high n-value at the beginning of deformation is
likely due to the high fraction of martensite (i.e., 74 pct
experimentally) containing high density of disloca-
tions.[10,51,52] However, the interaction of dislocations

could contribute to a significant decrease in n-value
during the late stage of straining.[53] This thermal
treatment ultimately resulted in a yield strength (YS)
of 1083 ± 112 MPa and a high ultimate tensile strength
(UTS) of 1894 ± 29 MPa along with the uniform and
total elongations (i.e., UE and TE) of 6.0 ± 0.3 and 9.8
± 0.3 pct, respectively (Figure 9(c)).
For the Q&P processed steels, the work-hardening

behavior could be divided into three stages based on the
difference in the slope of the instantaneous work-hard-
ening curves (Figure 9(b)). At the first stage of straining,
the n-value was high at the beginning and then decreased
continuously. The comparatively lower n-value is asso-
ciated with the presence of retained austenite and the
lower fraction of martensite compared with the direct
water-quenched steel. Also, the unpinned dislocations in
ferrite (Figure 5) should be considered responsible for a
decrease in the n-value.[31] In addition, a lower disloca-
tion density in martensite resulting from the tempering
treatment on isothermal holding gives rise to the
increased deformation capability of martensite.[10]

Therefore, the Q&P processed steels revealed much
lower yield strength than that of the water-quenched
steel, which also depended on the isothermal holding
temperature. The YS decreased from 736 ± 9 to 647 ±
4 MPa as the isothermal temperature increased from
[533 K to 563 K (260 �C to 290 �C)]. Afterwards, it
increased to 716 ± 6 MPa at the isothermal temperature
of 593 K (320 �C). It should be noted that the n-value of
the steel isothermally held at 563 K (290 �C) was
initially lower and then became higher than that of the
other two conditions (i.e., [533 K and 593 K (260 �C
and 320 �C)]). The higher n-values at 533 K (260 �C)
and 593 K (320 �C) at the beginning may be explained
by the higher fractions of tempered martensite and fresh
martensite at 533 K (260 �C), and the significant pres-
ence of bainitic ferrite at 593 K (320 �C). The latter
resulted in an increased carbon content in the adjacent
unstable austenite (i.e., lower fresh martensite start
transformation temperature upon final water quenching,
Figure 3), which might further enhance the solid solu-
tion strengthening of the fresh martensite.[54] As the
straining proceeds, there might be strain-induced
martensitic transformation of unstable blocky austenite
(Figure 7(b)) for the 563 K (290 �C) condition, which
simultaneously enhances the work-hardening.
At the second stage, the work-hardening exponent

decreased slowly and became nearly constant. This led
to the distinct changes in total/uniform elongations,
showing a slight decline in TE from 15.9 ± 0.3 to 14.8 ±
0.4 pct whereas a continuous increase followed by a slow
decrease in UE from 10.8 ± 0.3 to 11.4 ± 0.4 and 9.8 ±
0.3 pct as the isothermal temperature increased from
[533 K to 593 K (260 �C to 320 �C)]. In the current
study, the retained austenite almost fully transformed
into martensite at failure (Figure 6(a)). This transfor-
mation behavior could contribute to the work-harden-
ing and hence delay the onset of necking, suggesting the
enhancement of both strength and ductility (i.e., TRIP
effect).[3] Thus, this plateau-like stage is mainly related
to the TRIP effect of the retained austenite.[53] Gener-
ally, more retained austenite might give rise to a more
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pronounced TRIP effect and then higher n-value.[55]

However, the highest fraction of retained austenite was
observed at 593 K (320 �C), which was not in agreement
with the highest n-value shown at 563 K (290 �C). This
disagreement may be explained by the different stabil-
ities of austenite retained under these heat treatment
conditions. In general, the retained austenite with a
lower stability would transform into martensite at a
lower strain. The stability of retained austenite mainly
depends on: (i) chemical composition especially carbon
content in austenite[56]; (ii) size and morphology[57]; (iii)
surrounding phases.[58] In the present study, the highest
carbon content was obtained at 563 K (290 �C), sug-
gesting the higher stability of retained austenite at this
condition. Thus, it is reasonable that the highest n-value
is observed in the steels isothermally held at 563 K
(290 �C). The morphology of retained austenite plays a
significant role in its stability in a Q&P steel.[48] In the
present steel, the retained austenite appears in different
morphologies including blocks and films (Figures 7(a)
and (b)). The broader plateau region of work-hardening
might be associated with the continuous TRIP effect of
the retained austenite with different stabilities. This
effect ultimately resulted in the superior mechanical
behavior (i.e., UTS: ~ 1400 MPa; TE: ~ 16 pct) com-
pared to the direct water-quenched condition in which
no austenite was retained. At the third stage of straining,
which corresponds to the post-necking elongation, there
was no obvious difference for the three Q&P conditions,
exhibiting a continuous decrease of n-value with strain.

The formability index (i.e., the product of UTS and
TE) of the current steel displayed a significant increase
after applying the current one-step Q&P heat treatment
in comparison with the directly water-quenched condi-
tion. The lowest value of 18.6 ± 0.3 GPa pct was
obtained for the direct water-quenched condition. For
the Q&P processed conditions, it exhibited a continuous
decrease from 22.8 ± 0.2 to 20.0 ± 0.7 GPa pct with an
increase in the isothermal holding temperature from
[533 K to 593 K (260 �C to 320 �C)] (Figure 9(d)).
Thus, the application of one-step Q&P processing along
with the partial austenitization treatment resulted in an
optimum combination of strength (UTS: ~ 1400 MPa)
and ductility (TE: ~ 16 pct) at the 533 K (260 �C)
condition.

IV. CONCLUSIONS

In the current study, one-step Q&P processing com-
bined with partial austenitization treatment was applied
to a CMnSiAl TRIP steel. The phase transformation
behavior during the intercritical annealing, subsequent
cooling, isothermal holding, and final cooling processes
was investigated. In addition, the effect of the mul-
ti-phase microstructure on the work-hardening behavior
was also discussed. The following conclusions were
drawn:

(i). The present one-step Q&P processing with
prior partial austenitization treatment resulted
in a multi-phase microstructure composed of

pre-existing and epitaxial ferrite, tempered
martensite, bainitic ferrite, fresh martensite,
and retained austenite, which were formed in a
complex phase transformation system during
the first cooling, isothermal holding, and final
water-quenching processes.

(ii). Significant amount of retained austenite was
produced in the steel after the Q&P treatment,
which was obtained through the redistribution
of carbon during different stages of the heat
treatment procedures. These include an initial
carbon rejection from the pre-existing ferrite
during partial austenitization and the epitaxial
ferrite during rapid cooling, and also carbon
partitioning from the initially formed athermal
martensite and the newly formed bainitic ferrite
during isothermal holding. The carbon concen-
tration was found heterogeneous in the austen-
ite, which brought new insights to the carbon
enrichment mechanism in the one-step Q&P
treatment.

(iii). The one-step Q&P processed steels exhibited
lower tensile strength but better ductility com-
pared with the direct water-quenched ferrite +
martensite dual-phase steel. A continuous
decline in work-hardening with true strain was
observed in the dual-phase microstructure,
whereas the one-step Q&P processed steels
exhibited a three-stage work-hardening behav-
ior consisting of a broad plateau-like stage,
mostly attributed to the remarkable TRIP effect
of the retained austenite upon straining. This
also ultimately led to an enhanced formability
index of the Q&P treated samples (~ 23 GPa
pct).
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