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Abstract: First, strip cast samples of high strength microalloyed steel with sub-rapid solidification characteristics were prepared by simulated
strip casting technique. Next, the isothermal growth of austenite grain during the reheating treatment of strip casts was observed in situ through
confocal laser scanning microscope (CLSM). The results indicated that the time exponent of grains growth suddenly rise when the isothermal
temperature higher than 1000°C. And the activation energy for austenite grain growth were calculated to be 538.0 kJ/mol in the high temperat-
ure region (above 1000°C) and 693.2 kJ/mol in the low temperature region (below 1000°C), respectively. Then, the kinetics model of austenite
isothermal growth was established, which can predict the austenite grain size during isothermal hold very well. Besides, high density of second
phase particles with small size was found during the isothermal hold at the low temperature region, leading to the refinement of austenite grain.
After isothermal hold at different temperature for 1800 s, the bainite transformation in microalloyed steel strip was also observed in situ during
the continuous cooling process. And growth rates of bainite plates with different nucleation positions and different prior austenite grain size
(PAGS) were calculated. It was indicated that the growth rate of the bainite plate is not only related to the nucleation position but also to the

PAGS.

Keywords: microalloyed steel; strip casting; precipitation; austenite growth; bainite transformation

1. Introduction

In recent years, high strength steels have received wide at-
tention to achieve the goal of automobile lightweight, which
is the development trend in automobile industry. Among
them, high strength microalloyed steels is considered to have
a good application prospect because of their low alloy cost,
excellent combination of strength and ductility [1-5]. At
present, the main casting methods of high strength microal-
loyed steels are conventional continuous casting (CCC) and
compact strip production (CSP) [6-8]. However, a lot of
rolling processes are needed to produce the hot rolled strip by
these two production methods, leading to high pollution and
high energy consumption.

Unlike CCC and CSP technology, strip casting techno-
logy can directly cast the molten steel into the steel strip with
thickness of several millimeters followed by single pass hot
rolling (rolling reduction below 30%) to obtain final strip
product [9—-10]. The production line of strip casting to pro-
duce hot rolled strip are greatly simplified since it integrates
the processes of casting and rolling [11-14]. Due to the rapid
solidification process of molten steel and the elimination of a
large amount of processing stages like hot rolling, strip cast-
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ing technology possesses many advantages, such as emission
reduction, energy saving, and low operating and investment
costs, and the strip cast production has sub-rapid solidifica-
tion characteristics [15—16]. Therefore, strip casting has at-
tracted extensive attention from researchers all over the
world. At present, twin-roll strip casting (TRSC) is the most
popular strip casting technology for steel strip production,
and it has been successfully used in steel industry for the pro-
duction of plain carbon steel, low-carbon microalloyed steel
(we < 0.1wt%, wc represents the mass percent of element C),
silicon steel, and stainless steel [9-10]. To explore the feasib-
ility of producing advanced high strength steels by strip cast-
ing, some researchers have done many fundamental studies
on the strip casting of dual phase (DP) steel, transformation-
induced plasticity (TRIP) steel, and twinning-induced plasti-
city (TWIP) steel using pilot-scale strip caster or lab-scale
strip-casting simulator [17-22]. It has been demonstrated that
the steel strip produced directly by strip casting without any
hot rolling or heat treatment owns a lower strength than that
produced by conventional methods [18]. Consequently, ex-
tra thermomechanical treatments of the steel strip produced
directly by strip casting were applied to achieve a better com-
bination of strength and ductility. For example, Xiong et al.
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[17,20] improved the comprehensive mechanical properties
of DP and TRIP steel strips by using hot rolling. Shrestha
et al. [23] and Xie et al. [24] enhanced the strength of low-
carbon microalloyed steel strip without loss in ductility
through the formation of clusters induced by aging treatment.

Austenization is often applied in hot rolled low-carbon
steels produced by conventional casting to obtain finer aus-
tenite grains and final microstructure, and therefore a better
combination of strength and ductility can be achieved
[25-30]. Besides, the kinetics of austenite isothermal growth
and bainite transformation during reheating and cooling pro-
cesses of the steels produced by conventional casting was
also studied widely [31-35]. However, the austenite iso-
thermal growth and bainite transformation during the reheat-
ing and continuous cooling processes of the steels with sub-
rapid solidification characteristics which was produced by
strip casting have not been studied yet. In our previous study
[36-37], the strip casting of high strength microalloyed steel
(wc = 0.2wt%) was simulated to investigate the interfacial
heat transfer and the microstructure and mechanical proper-
ties of strip cast without extra thermomechanical treatments.
In this study, confocal laser scanning microscope (CLSM)
was used to in situ observe the austenite isothermal growth of
the high strength microalloyed steel produced by simulated
strip casting at different holding temperatures and to in situ
observe the bainite transformation during continuous cooling
after isothermal hold for 1800 s. Then, the kinetics of austen-
ite isothermal growth and bainite transformation was invest-
igated.

2. Experimental

The chemical composition of investigated steel was
shown in Table 1. The strip cast samples used in this study
were obtained by strip-casting simulator in the Steel Re-
search Center at Central South University, China, as shown in
Fig. 1. In our previous study, it has been demonstrated that
this strip-casting simulator can simulate the strip casting of
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steel well [37-38]. Fig. 2 shows the experiment process of
the strip-casting simulator. At first, 5 kg experimental steel
was put into the crucible and heated to 1560°C by induction
furnace under the protection of high purity argon atmosphere
(Fig. 2(a)). Through proportion integration differentiation
(PID) control technique, temperature of experimental steel
was ensured to be 1560°C until the experiment completed.
Next, the copper substrate was immersed into the molten
steel at the speed of 0.7 m/s and stayed in the molten bath for
350 ms (Fig. 2(b)). Then, the copper substrate with strip cast
formed by sub-rapid solidification was withdrawn to original
position (Fig. 2(c)). And the microstructure of the strip cast
was proved to be bainite ferrite (BF) and acicular ferrite (AF)
mainly by optical microscope. In the end of strip-casting sim-
ulation experiment, the air-cooled strip cast with the dimen-
sion of 30 mm % 40 mm x 1 mm (Fig. 3(a)) was removed
from copper substrate. During the whole experiment process,
high-purity argon gas was used for protecting furnace
chamber.

Table 1. Chemical composition of studied microalloyed steel

wt%
C Si Mn Ti Mo Cu Nb Fe
020 0.25 1.4 002 0.15 001 0.04 Bal

In order to in situ observe the austenite grain isothermal
growth and bainite transformation by confocal laser scan-
ning microscope (CLSM, VL2000DX-SVF18SP), strip casts
produced by strip casting simulation were machined into
cuboid samples with the dimension of 4 mm % 1 mm x 3 mm
(Fig. 3(b)). The cross section of cuboid samples was selected
as the observation surface after being polished. The temper-
ature history during the reheating and cooling treatment of
strip cast samples using CLSM was shown in Fig. 3(c). Dur-
ing the CLSM experiment, samples were heated to a certain
holding temperature (850 to 1350°C) with a heating rate of
15°C/s. After isothermal hold for 1800 s, the samples were
continuously cooled to room temperature at the rate of 30°C/s.

Water inlet Water outlet

Top view

Front view

(b)

Fig. 1. Schematic illustration of (a) strip-casting simulator and (b) copper substrate.
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Fig. 2. Experimental process of strip-casting simulation: (a)
molten steel at target temperature, (b) immersion of the cop-
per substrate and stay for a certain time, and (c) quick with-
drawal of the copper substrate. (d) Obtained strip cast sample
(top) and its microstructure image (bottom).

High purity argon gas was used to protect the samples from
being oxidized during the in-situ observation. Charge-couple
device (CCD) camera was used to record the microstructure
evolution during CLSM experiment at the rate of 5 frames
per second. ImageJ and Photoshop were used for calculating
the austenite grain size and the length of bainite plate. For the
transmission electron microscope (TEM, Talos F200X) ob-
servation of second phase particles in steel samples, the strip
cast samples were reheated to 970 and 1050°C, respectively,
using muffle furnace with a heating rate of 15°C/s, then were
water quenched after holding for 1800 s in order to retain the
second phase particles formed at holding temperature. Foil
samples for TEM observation were prepared by lon beam
thinner (IBT, Gatan691). In this study, the thermodynamic
software (FactSage 7.2) was also employed to calculate the
possible second phase particles of the studied steel.

3. Results and discussion
3.1. Isothermal growth of austenite grain

The isothermal growth process of austenite grain for the
sample held at 1150°C was recorded by CLSM, as shown in
Fig. 4. With the increasing of holding time, the austenite
grains grew gradually and slight trace from previous grain
boundaries can be observed. Fig. 5 shows the austenite grains
of the samples held at different temperature for 1800 s. It can
be found that the effect of holding temperature on austenite
grain size is not obvious when the holding temperature is
lower than 1000°C.

Fig. 6 shows the austenite grain size of the strip cast
samples held at different temperatures for 1, 10, 100, and
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1800 s. It has been reported in our previous study that the pri-
or austenite grain size (PAGS) of strip cast for the studied mi-
croalloyed steel was approximately 80—300 pm [37]. It is in-
dicated that the short-time reheating treatment below 1000°C
can effectively refine the PAGS of the strip cast, which is be-
neficial to the refinement of the final microstructure and thus
to the improve the final mechanical properties. Compared
with the PAGS of the strip cast without reheating treatment,
the PAGS distribution of the strip cast after reheating treat-
ment is more uniform, which is consistent with the result re-
ported by Daamen et al. [22].

The kinetics model of austenite grain isothermal growth
can be expressed by the following equation [33]:

D" - D" =Kt €))

where K is rate constant, n is time exponent, ¢ is holding
time, D is average austenite grain size, and D, represents the
austenite grain size at # = 0. It is noted that the simple model
of austenite grain isothermal growth is widely used for the
calculation of time exponent n [33,39]:
D'" = Kt ®))
The logarithmic plot of austenite grain size versus holding
time was shown in Fig. 7. It can be seen that the slope of the
logarithmic plot can be divided into two groups: high tem-
perature region with high slope and low temperature region
with low slope. According to Eq. (2), the time exponent at
different holding temperature is equal to the slopes of the
lines shown in Fig. 7. The time exponents are shown in
Fig. 8, which suggested that the time exponents n suddenly
rise when isothermal temperature higher than 1000°C. Be-
sides, n rose slowly with the increasing temperature when the
holding temperature is below 1000°C and remained relat-
ively stable when the holding temperature is higher than
1000°C. In order to simplify calculation, the average time ex-
ponent n was calculated to be (0.06 + 0.015) in low temperat-
ure region (below 1000°C) and (0.22 + 0.015) in high tem-
perature region (above 1000°C). The time exponent in this
study is far lower than the theoretical time exponent value of
0.5 for high pure metal [40—41], because the solute dragging
of solute atoms and the pinning force of second phase
particles for the studied microalloyed steel can hinder the
movement of austenite boundary effectively. Fig. 9(a) shows
the equilibrium phase diagram of the second phase particles

© 1350°C, 30 min
1350°C.’ 30 min

Temperature / °C

Time /s

Fig. 3. Schematic diagrams of (a) the strip cast sample obtained by strip-casting simulator, (b) the cross section of samples from
strip cast for in-situ observation, and (c) the temperature history for the heat treatment of strip cast samples using CLSM.
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SRy

1150°C |

in the studied steel by Factsage. It can be seen that the second
phase particles between 700 to 1300°C are mainly carbides
(TiC and NbC). It has been reported that the cooling rate has
a great influence on the size and number density of the
second phase particles in steel [42—43]. Compared to the steel
strip produced by CCC or CSP processes, the steel strip pro-
duced by strip casting is more difficult to precipitate carbides
because of the rapid cooling rate during secondary cooling
process [37]. However, second phase particles would precip-
itate during the isothermal hold of strip cast according to the
equilibrium phase diagram (Fig. 9(a)). In order to identify the

@ N

Fig. 5. Austenite grains of the strip cast samples held at 850 (a), 920 (b), 970 (c), 1050 (d), 1150 (e), 1250 (f), and 1350°C (g) for 1800 s.

second phase particles, TEM examination was conducted on
the water-quenched strip cast samples after isothermal hold at
970°C (low temperature region) and 1050°C (high temperat-
ure region) for 1800 s. Fig. 9(b) and (c) shows the bright-field
(BF) images of the second phase particles, from which it
could be observed that the second phase particles with a
smaller size and higher number density precipitated during
the isothermal hold at the low temperature region compared
to the high temperature region.

The pining force F of second phase particles can be calcu-
lated as follows [33]:
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Fig. 6. Relationship between austenite grain size and holding time under different holding temperatures: (a) 850, 920, and 970°C;

(b) 1050, 1150, 1250, and 1350°C.
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Fig. 7. Logarithmic graph of austenite grain size and holding
time.

F=oyl 3)

where ¢ is constant, y is grain boundary interfacial energy,
and f and r are volume fraction and radius of particles, re-
spectively. According to Eq. (3), the pinning force of second
phase particles on austenite boundary during the isothermal
hold at the low temperature region is higher than the high
temperature region. Consequently, austenite grain grew
slowly and became more refined in the low temperature re-
gion, which results in a lower time exponent in the low tem-
perature region than in the high temperature region.

The rate of atomic diffusion is an important factor for

(@ (b)
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Weight percentage / %

0 Il Il Il Il Il Il
700 800 900 1000 1100 1200 1300 1400
Temperature / °C

035+
030+ High temperature region
2025¢ '
g ¢ ° 'Y o
% 0.20 |
2015f
= .
0.10 Low te?perature region
£ (]
0.05F |,
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Fig. 8.  Variation of time exponent with isothermal tem-
perature.

hindering secondary phase particles growth in the lower tem-
perature. The rate of atomic diffusion rises with the increase
of the holding temperature. So, the radius of second phase
particles increased with the rise of holding temperature,
which results in the decrease of the pining force. According
the previous study, the value of time exponent n was also
considered to be related to the pinning force from second
phase particles [33]. Therefore, the value of n rises slowly
with temperature in the low temperature region. With the in-
crease of the rate of atomic diffusion, the secondary phase
particles precipitate completely at about 1000°C, which res-
ult in the suddenly rising of » in the Fig. 8.

Fig. 9. (a) Equilibrium phase diagram of the second phase particles in studied steel by Factsage software; TEM BF images of the
second phase particles the water-quenched strip samples after isothermal hold at 970°C (b) and 1050°C (c) for 1800 s.
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The value of rate constant K in the different temperature
can be obtained by the slope from the plot of D'/"— D/
versus t according to Eq. (1). The relationship between K and
activation energy for austenite grain growth in the steel can
be expressed by the following equation [33,39]:

K= Aexp(%) 4)

where A4 is material constant, Q is activation energy, R is gas
constant, and 7 is holding temperature (Kelvin temperature).
In order to calculate the activation energy, the relationship of
In K and —1/(RT) in the low temperature region and high tem-
perature region is plotted in Fig. 10. It can be obtained from
Fig. 10 that the activation energy for austenite grain growth
during the isothermal hold of strip cast samples is 538.0
kJ/mol in high temperature region (above 1000°C), and 693.2
kJ/mol in low temperature region (below 1000°C), respect-
ively. Obviously, the activation energy for the austenite
growth in different temperature regions are higher than the
activation energy for the diffusion of elements in y-Fe
[31,44]. This is mainly due to the fact that the formation of
(Nb,T1)C particles prevents the migration of austenite grain
boundary and thus increase the activation energy for the aus-
tenite growth. Besides, the solute elements also increase the
activation energy for austenite grain growth by solute-drag
effect [45]. It also can be seen that the growth resistance of
grains in the high strength microalloyed steel produced by
sub-rapid solidification is higher when the temperature is be-

low 1000°C. Therefore, it is indicated that the reheating tem-
perature selected for actual strip casting production should be
below 1000°C for avoiding the coarsening of austenite
grains. A higher activation energy in the low temperature re-
gion can be attributed to the evident pining effect during iso-
thermal hold.

Furthermore, the kinetics model of austenite isothermal
growth can be deduced as:
/006 _D(l)/OAOG _

10°
3.001 x 1043exp(—6.932>< ﬁ)r (T <1273 K) 5)

17022 _ 1/022 _
D D, =

1 5
2.996 x 1025exp(—5.38 X %)t (T > 1273 K) (6)

Fig. 11 compared the measured austenite grain size with
the calculated austenite grain size using the above kinetics
model, which shows the agreement between the experiment
measurement and calculation. It can be concluded that the
model established in this study can effectively reflect the kin-
etics of isothermal austenite growth of the studied microal-
loyed steel produced by strip casting process.

3.2. Kinetics of bainite transformation

The bainite starting temperature (B;,°C) and martensite
starting temperature (M;,°C) of steels can be calculated ac-
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Fig. 10. Arrhenius-plot in (a) low temperature region and (b) high temperature region.
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cording to the empirical formula Egs. (7) and (8) [46]:
Bs =745 - 1100.)(; - 590-)Mn - 39(L)Nj - 680)Cr -
106wy + 17N + 6(1)%r + 29w§40 @)

M =496.1(1 - 0.620wc)(1 —0.092wp, )(1 — 0.033ws;)
(1-0.045wni)(1 = 0.07wc,) (1 =0.029w0)
(1-0.013ww)(1 +0.12w¢,) ®)

where w is the mass percent of elements in steel (the unit is
%, and only numerical values are used for calculation). Based
on the chemical composition of experimental steel, B; and
M are calculated to be 625.15°C and 373.85°C, respectively.
After isothermal hold at different temperature for 1800 s, the
solid phase transformation from austenite was observed in
situ by CLSM during the continuous cooling process of strip
cast sample. According to in-situ observation, the solid phase
transformation in all samples took place in the range of
633-470.9°C. Obviously, the phase transformation during
continuous cooling process belongs to bainite transformation.

Fig. 12 shows the typical in-situ pictures of bainite trans-
formation in the strip samples held at different temperatures.
The bainite transformation is closely related to nucleation po-
sitions, which can be divided into grain boundaries, phase in-
terface, stacking fault, the free surface within grains [34-35].
Since there were almost no inclusions in the studied steel, the
nucleation positions of bainites plates in this study are di-
vided into three categories: at grain boundaries, within grain,

Int. J. Miner. Metall. Mater., Vol. 30, No. 2, Feb. 2023

on preformed bainite. In the previous study, non-lamellar ce-
mentite demonstrated the existence of carbon diffusion in the
initiation of bainite transformation [47—48]. It can be seen
that the bainite nucleated at austenite grain boundaries firstly,
then nucleated within grain, and nucleated on preformed
bainite plate finally (Fig. 12(a)~(d)). This is because the high
energy of grain boundaries caused by irregular atomic ar-
rangement and lattice distortion is conducive to carbon diffu-
sion and bainite nucleation.

The growth rate of the bainite plates nucleating at differ-
ent positions was also observed and measured by CLSM, as
shown in Fig. 13. Fig. 13(d) shows the length variation of
bainite plate marked in the Fig. 13(a)—(c) with time during
the continuous cooling process after isothermal hold at
1350°C for 1800 s. It is indicated that the length of bainite
plates is linear with time and the growth rate of the bainite
plate marked by red circle is estimated to be 304.68 pm/s.

Using the same method, the growth rates of bainite plates
nucleateing at different positions during continuous cooling
process after isothermal hold at different temperature were
measured and summarized in Table 2. The growth rate of the
bainite plates in this work was calculated to be in range of
14.57 and 369.68 um/s. Nutter et al. [49] has reported that the
maximum velocity of ferrite/austenite interface migration in
the Fe—-C—Mn alloy is 0.5 um/s, and it was calculated to be
lower than 8 um/s in the Fe—C alloy by Liu et al. [50].
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Fig. 12.
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Typical CLSM images of bainite transformation during continuous cooling process after isothermal hold at 1150 (a—d),
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Fig. 13. (a—c) Growth process of the bainite plate nucleated at austenite grain boundary during continuous cooling process for the
sample held at 1350°C for 1800 s and (d) the plot of bainite plate length versus time.

However, the average velocity of martensite/austenite inter-
face migration in the Fe—Al alloy was calculated to be about
210 pm/s by Liu et al. [51]. Obviously, the growth rate of the
bainite plates is much higher than that of ferrite and close to
that of martensite. This is because the formation of bainite or
martensite from austenite belongs to displacive phase trans-
formation, which is different with the diffusional phase trans-
formation of ferrite from austenite. It also can be found from
Table 2 that the average growth rate of the bainite plates nuc-
leating at grain boundaries is the highest and the average

growth rate of the bainite plates nucleating on preformed
bainite plate is the lowest. It can be attributed to two reasons.
At first, the bainite plates nucleating at grain boundaries grew
at a higher temperature, which promoted the diffusion of car-
bon element and thus led to a higher growth rate of bainite
plates due to the diffused characteristics of bainite transform-
ation. Besides, more vacancies and dislocations at grain
boundaries can act as the channels for carbon diffusion,
which also promote the growth of the bainite plates nucleat-
ing at grain boundaries. However, the formation of bainite

Table 2. Summary of growth rates of the bainite plates under different conditions

Holding temperature / °C Nucleation position

Lath growth rate / (um-s™")

Maximum Minimum Average
At grain boundaries 188.08 60.52 138.47
1150 Within grain 152.41 34.26 81.93
On preformed bainite plates 107.11 14.57 55.34
At grain boundaries 291.77 54.56 169.93
1250 Within grain 154.30 70.90 115.46
On preformed bainite plates 116.35 55.45 80.81
At grain boundaries 369.68 88.55 180.82
1350 Within grain 250.70 42.56 143.64
On preformed bainite plates 287.82 41.59 117.86
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ferrite increases the carbon content in the surrounding aus-
tenite, and thus increases the stability of austenite, which in-
hibit the growth of the bainite plates nucleating in the pre-
formed bainite plates.

As shown in Fig. 6, the grain size of austenite during iso-
thermal hold process is positively correlated with holding
temperature. Fig. 14 summarizes the average value and the
standard deviation of the growth rates of the bainite plates
nucleating at different positions during continuous cooling
process after isothermal hold. It is indicated that the growth
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Fig. 14. Growth rates of the bainite plates nucleating at grain
boundaries, within grains and on preformed bainite during
continuous cooling process after isothermal hold at 1150 (a),
1250 (b), and 1350°C (c) for 1800 s. Error bar represents
standard deviation.
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rates of bainite plates in coarse austenite grain is higher than
that in fine austenite grain. It has been demonstrated that the
carbon and manganese elements would easily gather at the
austenite grain boundaries during the continuous cooling pro-
cess when the temperature is higher than austenite formation
temperature [52]. Compared with coarse austenite grain, the
migrated distance of the carbon and manganese elements in
fine austenite grain is shorter, leading to a more serious se-
gregation at grain boundaries. The segregation would en-
hance the stability of austenite, thus reduce the growth rate of
bainite plates nucleating at the austenite grain boundaries.
Meanwhile, previously formed bainite plates in fine austen-
ite grain provide more resistance for the growth of bainite
plates than coarse austenite grain. Therefore, the overall
growth rate of bainite plates in fine austenite grain is lower
than that in coarse austenite grain.

The bainite fraction of 95% was deemed as the end of
bainite transformation. The relationship between bainite
transformation fraction versus transformation time during
continuous cooling process after isothermal hold at different
temperature for 1800 s is shown in Fig. 15. It can be seen that
the time required for bainite transformation completion is 6.6,
7.2, and 6.6 s after isothermal hold at 1150, 1250, and
1350°C for 1800 s, respectively. Therefore, although the av-
erage growth rate of single bainite plate in coarse austenite
grain is faster than that in fine austenite grain, the overall
bainite transformation rate of strip cast during continuous
cooing after the isothermal hold at different temperatures are
similar each other. This is because the fine austenite grain
structure has more nucleation positions on grain boundaries
and therefore can produce more bainite plates at the same
time, as shown in Fig. 12.
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Fig. 15. Relationship of bainite transformation volume frac-
tion and transformation time during continuous cooling pro-
cess after isothermal hold at different temperature for 1800 s
and the images of bainite transformation completion after iso-
thermal hold at 1150°C (a), 1250°C (b), and 1350°C (c) for
1800 s.

4. Conclusions

The austenite growth and bainite transformation during
the reheating and continuous cooling processes of microal-
loyed steel produced by simulated strip casting were ob-
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served in situ by CLSM for the first time. Then the kinetics of
austenite isothermal growth and bainite transformation were
investigated, and the conclusions were drawn as follows.

(1) When the holding temperature below 1000°C, the aus-
tenite grains of the microalloyed steel strip produced by sim-
ulated strip casting grew slowly during the reheating treat-
ment, due to the inhibition of austenite grain growth by
small-size second phase particles like NbC and TiC. The kin-
etics model of austenite isothermal growth during the iso-
thermal hold of the microalloyed steel stripswas deduced as

10
D'/0% _ p1/*%= 3,001 x 1043exp(—6.932 X ﬁ)t (T <1273 K)

i 5
and D'/02 —D(gm =2.996 % 10256xp(—5.38 X %)t (T>
1273 K).

(2) The precipitation behavior of second phase particle
was significantly affected by the holding temperature. The
particles precipitated at low temperature region (<1000°C)
was fine and high-density, which can inhibit the growth of
austenite grains well. With the increasing of holding temper-
ature, the particles become coarse and the number density of
particles decreases. The activation energy for austenite grain
growth during the isothermal hold of the microalloyed steel
strip produced by strip casting was calculated to be 538.0 and
693.2 kJ/mol in the high temperature region and low temper-
ature region, respectively.

(3) During bainite transformation, nucleation took place at
grain boundaries firstly, then within grains, and finally on the
preformed bainite. The average growth rate of the bainite
plates nucleating at grain boundaries was the fastest and that
on preformed bainite plate is the lowest. The growth rate of
bainite plates is also related to austenite grain size and the
bainite plates grow faster in coarse austenite grain. However,
the overall bainite transformation rate is similar for different
holding temperature in spite of different austenite grain size.
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