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Abstract: The strength and ductility of low-carbon carbide-free bainitic (CFB) automotive steel are
not good enough. In this study, a short austenitization (SA) process in conjunction with isothermal
bainitic transformation was adopted to refine the bainitic ferrite lath, thus improving the mechanical
properties of low-carbon CFB steel. The microstructure evolution was traced by dilatometric measure-
ments and microstructure characterization, which revealed the refined microstructure by SA process.
Besides, the deformation behaviors of the studied steels were analyzed, indicating that the improved
work hardening capability by refined bainitic ferrite lath and more stable austenite were responsible
for the better strength-ductility match. The CFB steel treated by SA process exhibits a high tensile
strength of ~1180 MPa, and its elongation of 22.6% is comparable with commercial QP980 steel.

Keywords: carbide-free bainitic steel; short austenitization; bainitic transformation; work hardening;
bainitic ferrite

1. Introduction

The carbide-free bainitic (CFB) steels have received considerable attention over the
past few decades due to the well-balanced combination of strength and ductility [1,2],
which satisfy the ever-increasing demands for automobile steels to fulfill the requirement in
reducing carbon dioxide emissions and improving fuel efficiency. The CFB steels also have
good cold stamping and cold forming properties [3]. Their excellent mechanical properties
are attributed to the fine-scale microstructure composed of bainitic ferrite lath and retained
austenite without cementite precipitation [4-6]. The higher carbon content is primarily
for the fine-scale microstructure; it allows bainitic transformation at low temperature to
form tiny bainitic ferrite lath and stabilizes the retained austenite after this transformation.
Hence, many efforts have been conducted to investigate the medium-to-high carbon CFB
steels [7-10].

However, there are some undesirable factors introduced by the higher carbon content
in carbide-free bainitic steels. On one hand, the excessively long isothermal holding times
at low temperature for the bainitic transformation limit the industrial application [11]. On
the other hand, the high carbon content has a deteriorating effect on the weldability, which
is unsatisfactory for structural components that require welding [12]. Thus, some studies
focus on the designing of low-carbon CFB steel in recent years [13-15]. Caballero et al. [16]
and Hell et al. [17] have designed a series of CFB steels with carbon content between 0.2
and 0.3 wt.% based on thermodynamic and kinetic models. Even though a microstruc-
ture consisting of bainite ferrite and retained austenite was obtained in low-carbon CFB
steel, bainitic ferrite laths coarsening occurred, thus depriving the favorable mechanical
properties by fine microstructure. Some studies were attempted to modify the process of
CFB steels for refining the bainitic ferrite lath and thus improving mechanical properties.
Qian et al. [18] reported that the introduction of pre-formed martensite could accelerate the
subsequent bainitic transformation kinetics, reduce the thickness of bainitic ferrite lath and
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significantly enhance the impact toughness and tensile properties. The two-step isothermal
bainitic transformation process was adopted in some studies for refining bainitic ferrite lath,
and it involves forming a certain amount of bainite at a higher temperature, followed by
isothermal holding at a lower temperature [19,20]. However, the above-mentioned methods
are costly or complex, which are not favorable for the industrial production. Therefore, a
suitable process is required for optimizing the microstructure of low-carbon CFB steel.

The thickness of bainitic ferrite is determined by the driving force and the strength of
prior austenite [21]. It is thus believed that strengthening austenite could refine the final
microstructure of CFB steel. In addition, the features (fraction, size, and morphology) of
retained austenite are critical for the mechanical properties of CFB, which is also affected by
prior austenite. In the present work, a short austenitization (SA) process was adopted for
the adjustment in prior austenite of a high-strength low-carbon CFB steel. The effect of the
SA process on the microstructure evolution and mechanical properties was investigated in
detail. Besides, the SA process was designed based on the industrial continuous annealing
lines. In view of the low cost and process feasibility, this study will provide guidance for
the industrial use of bainitic steels.

2. Experimental Procedure

The chemical composition of the steel applied in this work was Fe-0.23C-2.85Mn-1.285i
(in wt.%). A 150 kg ingot was cast using a vacuum induction furnace, and slabs with a
cross-section of 40 x 100 mm? were forged and finally cut into blocks. After homogenizing
at 1200 °C for 2 h, the blocks were hot rolled into plates with a thickness of 3 mm through
seven passes at a finished rolling temperature of about 900 °C. Subsequently, the steel
was cooled in a furnace to room temperature for obtaining a microstructure of ferrite and
pearlite. Finally, the hot-rolled plate was surface descaled and cold rolled to 1.5 mm.

Dilatometric measurements were carried out using a DIL 805A-D~! dilatometer (Bahr
D805, Hiillhorst, Germany) equipped with quartz push-rods. The samples with dimensions
of 10 x 4 x 1.5 mm?> were processed along the rolling direction of the cold-rolled plate. An
S-type thermocouple was welded on the surface of the samples to monitor the temperature,
and Argon (Ar) with high purity was supplied for cooling. To determine the My temperature
of different austenitization processes, the samples were heated to 860 °C and isothermal
held for 300 s (CA) and 0 s (SA), followed by Ar cooling to ambient temperature at a
cooling rate of 10 °C-s~! (Figure 1a), referred to as CAQ and SAQ, respectively. As shown
in Figure 1b, the M temperatures of the CAQ and SAQ heat are 369 °C and 362 °C,
respectively, which were determined by the common tangent method [22]. Besides, these
samples were also used to measure the prior austenite grain size (PAGS). The heat treatment
processes applied in the current study are shown in Figure 1c. After austenitizing, samples
were rapidly cooled down to the austempering temperature (400 °C) at a cooling rate of
10 °C-s~! and held for 900 s before quenching to ambient temperature, referred to as CA400
and SA400, respectively.

Samples with dimensions of 1.5 x 60 x 150 mm?> were cut from the cold-rolled sheets.
The parameters of heat treatment were designed based on the dilatometry results. The
samples were heated to 860 °C for austenitizing in an air furnace with a heating rate of
5°C-s~! and held for 300 s and 0 s, respectively. Then, they were transferred to a salt bath
of 400 °C and held for 900 s, followed by water quenching to ambient temperature. The
temperature of each sheet was monitored by a K-type thermocouple welded on the surface.

In addition to the tension to failure, various true strain levels of 0.02, 0.05, 0.08, 0.10,
and 0.14 were performed for further investigation of the microstructure evolution during
tensile deformation. The rectangular sample for the tensile test had a thickness of 1.5 mm,
a gauge length of 50 mm, and a gauge width of 12.5 mm, machined in the rolling direction
according to the ASTM A370-21 standard [23]. The surface oxide layer of the tensile
specimen was removed by pickling after heat treatment. Tensile tests were conducted
using a SANS CMT-3000 tensile machine with a cross-head speed of 2 mm-min~! (nominal
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strain rate of ~5 x 1074 s~!) at ambient temperature. Three samples were repeated for
each condition.
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Figure 1. (a) Quenching processes; (b) dilatation curves of direct quenched samples; (c) schematic
illustration of heat-treatment processes. AL: the length change; Ly: the initial length.

The prior austenite grain boundaries were revealed using a saturated picric acid
solution with wetting agents at 65 °C and observed in optical microscope (OM). The
microstructure was characterized by an electron probe microanalyzer (EPMA). The samples
for the EPMA observation were etched with a 4 vol.% nital after mechanical grinding and
polishing. Electron backscatter diffraction (EBSD) experiments were performed with a
scanning step size of 30 nm. AZtec software was used to complete the data collection and
subsequent processing. EBSD samples were mechanically ground and then electrolytically
polished in a 10% perchloric acid solution at 20 V for 20 s.

The volume fraction of austenite and its carbon content of samples before deformation,
after interrupted deformation, and after fracture were measured by X-ray diffraction with
Cu-Ka« radiation run at 40 kV and 100 mA, scanning from 40° to 101° at a speed of 2°-min .
The volume fraction of austenite was analyzed by the following equation [24]:

1.41
Y= —r_ 1)
Iy + 141,

where V,, represents the volume fraction of austenite, I, and I, were achieved from the
mean integral intensities of the (200), (220), and (311) austenite peaks and the (200), (211)
ferrite peaks, respectively. The carbon content in austenite was estimated by the following
equation [25]:

a, = 3.556 + 0.0453x¢ + 0.00095xp1,, + 0.0056x 4 2

where xc, xp1,, and x4; represent the concentration (wt.%) of carbon, manganese, and
aluminum in austenite, respectively, and a, is the lattice parameter of austenite.

3. Results and Discussion
3.1. Microstructure Evolution

The optical micrographs of samples CAQ and SAQ revealed that the PAGS was obvi-
ously refined by SA process (Figure 2a,b). The grain sizes were normally distributed, and
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the average PAGSs measured with Nano Measure software according to the linear intercept
method were 10.8 &+ 4.0 pm and 4.4 + 2.0 um for samples CAQ and SAQ, respectively
(Figure 2c). The refinement in PAGS by the SA process would significantly affect the
subsequent bainitic transformation during the austempering process.

@ Bl CAQ: G-10.8=4.0 um
I SAQ: G=4.4+2.0 um
=30t
e
)
§ 20¢
g
L 10t
0

5 10 15 20
Austenite grain size (um)

Figure 2. Effect of heating processes on PAGS: (a) CAQ; (b) SAQ; (c) distribution of PAGS.

After the austempering treatment in Figure 1a, multiphase microstructures of bainitic
ferrite, retained austenite and martensite were obtained in both samples SA400 and CA400
(Figure 3). No allotriomorphic ferrite or pearlite was observed, indicating that the austenite
did not decompose before austempering. This was also verified by dilatometry curves,
which show no change in the slope before isothermal holding at 400 °C (Figure 4a). There
was a dramatic expansion during the isothermal holding process at 400 °C, resulting from
the bainitic transformation (Figure 4). Besides, carbide was not precipitated during this
process due to the high silicon addition. Thus, the bainitic ferrite was the primary phase
in both samples (Figure 3). Subsequently, slight slop changes occurred at the final cooling
stage, corresponding to the martensitic transformation (Figure 4a). The start temperature
of martensitic transformation (Ms") was estimated to be 186 °C and 151 °C for samples
CA400 and SA400, respectively, much lower than the initial M (Figures 1b and 4a). This
confirms that the austenite became more stable after the austempering process. Although
the two samples have similar microstructure constitutions, the size and morphology of
these phases are diverse.

Figure 3. Microstructure of the samples CA400 (a) and SA400 (b). BF: bainitic ferrite; M/A: martensite
austenite island; RA: retained austenite.
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Figure 4. (a) The relative change in length of dilatometry samples with temperature during heating,
cooling, and isothermal holding processes; (b) the expansion curves of bainitic transformation during
austempering at 400 °C.

The most obvious distinction in microstructure of two samples is the size of bainitic
ferrite plate, determined by the bainitic transformation of prior austenite. The bainitic trans-
formation is proceeded by incomplete reaction; and it is started with a sub-unit nucleation
at the grain boundary of austenite, and then it lengthens until restrained by the plasticity
deformation in austenite [26]. With the proceeding of bainitic transformation, the prior
austenite was subdivided by bainitic ferrite, and the transformation will be terminated
when the size of retained austenite is less than the critical size for bainitic transforma-
tion [27]. Thus, the bainitic transformation finishes firstly in SA400 due to the finer PAGS
(Figure 4b). After the bainitic transformation, the bainitic ferrite in sample SA400 is shorter
and thinner than that in sample CA400 (Figure 3). The shorter bainitic ferrite is attributed
to the restriction effect of prior austenite boundaries on its lengthening. The thickness of
bainitic ferrite plate in SA400 was measured to be 278 & 12 nm, while that in CA400 was
measured to be 407 &= 8 nm. The thickness of bainitic ferrite is significantly affected by the
austenite strength and driving force [28,29]. The two samples were treated by the same
austempering process, and thus the influence of driving force on the different thicknesses
was ignored. There was not enough time for the dynamic recovery of dislocation during the
SA process, resulting in more dislocations being retained in the prior austenite in sample
SA400. So, this austenite has higher yield strength with the contribution of dislocation
strengthening, leading to the smaller thickness of bainitic ferrite. Azuma [30] developed
a quantitative model for estimating the plate thickness. The calculated plate thickness of
CA400 was 409 nm based on this model, which is consistent with the measured results.

The retained austenite after austempering partly transformed to martensite, revealed
as M/ A in Figure 3. The lower M, temperature of sample SA400 implies that this austenite
is stabilizer due to the finer size (Figure 4a). This also leads to a reduction in M/ A size
(Figure 3). The volume fractions of austenite in samples CA400 and SA400 were estimated
to be 11.5% and 10.2%, respectively, by EBSD measurements (Figure 5), which are smaller
than the fractions of 14.5% and 16.1% obtained by XRD results. There are two morphologies
of austenite in samples CA400 and SA400 at ambient temperature, namely blocky austenite,
located between the unparallel bainite sheaves or at the prior austenite boundaries, and
filmy austenite distributed between bainitic ferrite (Figures 3 and 5). A previous study has
elucidated that not all thin film-like austenite could be identified because of the limitation of
EBSD resolution, especially in the size range of 20-100 nm [31]. Compared with the sample
CA400, the reduced size of austenite in SA400 is beneficial for the austenitic mechanical
stabilization. As shown in Figure 5c, the grain size of austenite in SA400 and CA400 is
0.33 £ 0.03 um and 0.38 & 0.02 um, respectively. More blocky austenite could be observed
in CA400. The carbon content in austenite is 1.15 wt.% in sample SA400, higher than that
of 1.02 wt.% in sample CA400, indicating the higher chemical stability of austenite.



Crystals 2022, 12, 1636

6 of 10

(2)

by

Blocky RA

Blocky RA

Filmy RA

Sl S um

(€) 0.25 I CA400; =038+ 0.02 um
I 5A400; d=0.33 +0.03 um

0.20

Frequency
©
[E=N
o

o
o
5]

o
o
S

02 04 06 08 10 12 14
Grain diameter of RA (um)

Figure 5. Band contrast (BC) maps of sample CA400 (a) and SA400 (b); (c) the grain diameter
distribution of RA.

3.2. Improved Strength-Ductility Match by SA

The engineering stress-strain curves of samples CA400 and SA400 are presented in
Figure 6a, while the mechanical properties are summarized in Table 1. Two samples
show continuous yield behavior, which is attributed to the activation of many movable
dislocations [32]. The high yield strengths above 700 MPa were obtained in two CFB steels.
In addition, sample SA400 showed higher tensile strength of 1174 4+ 7 MPa and elongation
of 22.6 £ 0.5% than those of sample CA400. Compared to commercial QP980 steel, the
ultimate tensile strength of samples SA400 was increased by more than 100 MPa, while the
elongation was essentially equivalent [33]. In addition, the elongation of samples SA400
was approximately 50% higher than that of the commercial QP1180 steel (Figure 6a) [34].

(a) (b)
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Figure 6. (a) Engineering strain-stress curves; (b) instantaneous work-hardening (n-value) versus
true strain.
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Table 1. Tensile properties of the studied samples.

Samples YS/MPa UTS/MPa TEL/%
CA400 740 £7 1102 +5 152 +0.3
SA400 789 £9 1174+ 7 226+0.5

QP980 [33] 634 1040 23.7
QP1180 [34] 993 1197 15.9

YS: yield strength; UTS: ultimate tensile strength; TEL: total elongation.

The enhanced tensile strength of sample SA400 is related with the optimized work
hardening behavior. Other than the monotonous decreasing in sample CA400, the n-
value of sample SA400 presents a slight recovery, and then becomes constant with the
increasing strain (Figure 6b). For the present CFB steel, their work hardening behavior
should be determined by the dislocation slipping and the TRIP effect. Firstly, the work
hardening rate is related with the evolution rate of dislocation. The reduced size of bainitic
ferrite gives a small mean free path for dislocation glide, and thus a bigger dislocation
accumulation rate. This contributes to the higher n-value of sample SA400. Secondly, the
austenite is significantly consumed during the deformation process (Figure 7). Although
the austenite grain size unlikely has any significant effect on strength [21], it is believed
that the work hardening behavior at this stage is significantly influenced by the TRIP
effect, which is determined by the carbon content, morphology, size, and stress state of
austenite [35-38]. The variation in the volume fraction of the austenite at different true
strain levels was measured by XRD (Figure 7), which can be reflected by applying the
following equation [39,40]:

fr = froexp(—ke) (©)

where f, is the volume fraction of austenite before deformation, f, is the austenite fraction
at strain ¢, and k represents the stability of austenite. The k values are about 12.0 and 8.3 for
samples CA400 and SA400, respectively, which reveals that the austenite in sample SA400
has a higher stability due to the smaller size and more carbon enrichment. According to
previous works [41,42], the blocky austenite in two samples transformed at low strain level
due to the lower stability, and the TRIP effect of the austenite with different sizes gradually
happened. As the austenite is more stable in sample SA400, its TRIP effect impels the
work hardening to a high strain level. Thus, higher work hardening ability was obtained
by sample SA400. The higher work hardening capability is responsible for the enhanced
tensile strength of sample SA400 (Figure 6a).

w6l a — CA400
~1er —— SA400
SRS
S 12} y=14.5¢12.0%
\..6 A
@ y=16.1¢8%
E s} 4
o
S
4+ A
0.00 004 008 012 016

True strain

Figure 7. Variation in volume fraction of austenite with true strain.

Meanwhile, the total elongation increases by 7.4% by conducting SA process (Figure 6a).
It is well known that the transformation of austenite into martensite delays the necking
by TRIP effect [43]. Besides, the voids formation in such CFB steels generally initiates at
the region of hard martensite, as the brittle failure of martensite offers the nuclei for void
growth [44]. Less martensite was obtained in sample SA400 than that in sample CA400 at
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the same strain, because of the lower Ms “ and postponed TRIP effect, and thus suppressed
the formation of voids. Consequently, better strength and ductility has been achieved in
the sample SA400 treated by SA process.

4. Conclusions

In this work, a SA process based on industrial continuous annealing lines was designed
for the development of low-carbon CFB steel with improved strength and ductility. The
microstructure evolution during this process was investigated, and its influence on the
mechanical properties was discussed in detail. The main conclusions are as follows:

(1) The average PAGS was refined from 10.8 & 4.0 um to 4.4 & 2.0 um via the SA process.
The fined PAGS not only reduces the size of bainitic ferrite lath, but also improves the
stability of retained austenite.

(2) A higher strength and ductility (tensile strength of 1174 MPa and elongation of 22.6%)
have been achieved by adopting the SA process, which is comparable or even better
compared with commercial QP980 and QP1180 steels. The enhanced work hardening
capability, by more efficient TRIP effect and refined bainitic ferrite lath, is responsible
for the simultaneously improved strength and ductility. Besides, less martensite in
SA400 is also beneficial for the high ductility.
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