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Abstract: The effect of cooling rates on acicular ferrite
(AF) nucleation was observed in situ by laser scanning
confocal microscopy. The precipitation characteristics of
TiN–MnS inclusions, the austenite grain size, and the
content and morphologies of AF were analyzed and com-
pared under different cooling rates. The results indicated
that with the increase of the cooling rate, the size of
TiN–MnS inclusions precipitated in the test steel gradu-
ally decreased while the inclusion number increased.
When the cooling rate increased from 0.2 to 10°C·s−1,
the average inclusion size decreased from 2.7 to 1.3 µm.
The austenite grain size decreased gradually with the
increase of the cooling rate, and the larger the cooling
rate was, the more uniform the grain size distribution.
The AF proportion increased first and then decreased, it
reached the maximum when the cooling rate was 5°C·s−1,
which accounted for 82.6%. Meanwhile, the dendrite size
decreased gradually, the average length decreased from
30 to 5 µm, and the average width decreased from 2.8
to 0.7 µm when the cooling rate increased from 0.2 to
10°C·s−1.

Keywords: cooling rate, in situ observation, TiN–MnS
inclusions, austenite grains, acicular ferrite

1 Introduction

Non-quenched and tempered steel is widely used in
major engineering fields such as automobile manufac-
turing, petrochemical, marine equipment, etc. due to its
short manufacturing cycle, energy saving, and excellent
mechanical properties [1–3]. In recent years, the produc-
tion and preparation of non-quenched and tempered
steel have become the focus of many engineers and
researchers as the steel industry pushes toward the pro-
duction concept of high efficiency, energy saving, and
environmental protection [4].

At present, the microstructural uniformity present in
non-quenched and tempered steel affects its service life
and performance improvement seriously. Many researchers
have dealt with this issuemainly in twoways. Among them,
some researchers have improved the microstructure and
properties of steel by microalloying [5–7]. Lu et al. [8,9]
found that the morphology of MnS inclusions in non-
quenched and tempered steel changed to spherical shape
gradually through Zr microalloying, and the inclusion dis-
tribution was more uniform. In addition, the polygonal
ferrite proportion in the grain was increased, the micro-
structure was refined effectively, and the plasticity of steel
was significantly improved. Mirzaee et al. [10] showed that
the addition of the Ti element with mass fractions of 0.7 and
1%made the grain size more uniform, reduced the segrega-
tion of Cr and C elements, which significantly improved the
microstructure of steel. Javaheri et al. [11] demonstrated that
the addition of Nb inhibited the growth of austenite grains
and refined the grains sufficiently, which made the size
distributionmore uniform and propertiesmore outstanding.

Other researchers have improved the microstructure
of steel by controlling rolling and the cooling rate [12–14].
For example, Bakkaloğlu [15] reduced the rolling tem-
perature from 850 to 740°C and found that the ferrite grain
size decreased, the yield strength of the steel increased
from 330 to 425MPa, and the ultimate tensile strength
increased from 430 to 528MPa, the elongation decreased
from 38 to 27%. Ghosh et al. [16] found that when the test
steel was cooled at the rate of 35°C·s−1, the microstructure
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of the steel was mainly acicular ferrite (AF), its strength
was 888MPa, and the elongation was 15.3%. When the
rate was 1.15°C·s−1, the major microstructure was pearlite,
its strength was decreased, and the ductility was greatly
improved. However, when the rate cooling was further
decreased, the strength did not change significantly. Bu
et al. [17] pointed out that increasing the cooling rate
inhibited the precipitation of carbides in Ti–Nb–Mo micro-
alloyed steel, and the averagemicrohardness of ferrite grains
was gradually reduced. When the cooling rate was 0.5 and
1°C·s−1, a large number of nanoscale carbides NbC and (Ti,
Nb, Mo)C precipitated in the test steel, and the ferrite volume
fraction was more than 95%. And the microhardness of
the ferrite grains exhibited maxima with a cooling rate of
0.5°C·s−1. When the cooling rate increased to 5°C·s−1, only a
few carbides of size less than 20 nm precipitated.

Given the above, many researchers tend to improve the
microstructure of steel to improve performance. Nevertheless,
microstructure transformation often occurs at high tempera-
ture, and the traditional metallographic research method
cannot observe the high temperature phase transforma-
tion and its cooling microstructure transformation directly.
Therefore, in this study, laser scanning confocal micro-
scopy (LSCM) was used to observe the dynamic process
of phase transformation in situ and study the effect of
cooling rates on the precipitation characteristics of AF
nucleation site TiN–MnS inclusions and AF nucleation
effects, which has an important guiding role in optimizing
the controlled cooling process, improving the microstruc-
ture and mechanical properties of the steel.

2 Experiments

In this experiment, industrial pure iron, electrolytic man-
ganese, industrial silicon, titanium sponge, and alloys of
other elements were used as raw materials. The non-
quenched and tempered steel 35 MnVS was melted by a
vacuum induction levitation furnace. The chemical com-
position of the test steel is shown in Table 1.

Cylindrical samples with a size of Φ7.5 mm × 3 mm
were cut from the test steel. All surfaces of samples were
ground to keep bright and prevent the sample oxidation
surfaces from affecting the experimental process. One of

the surfaces was polished and treated as the experi-
mental observation surface. The pretreated sample was
placed in acetone and ultrasonically cleaned for 10min
and blow-dried. Then, it was put into an alumina crucible
while keeping the polished side up. The crucible was
placed under a laser scanning confocal microscope to
start the experiment. The cooling intensity of different
temperature sections was accurately adjusted by a liquid
nitrogen cooling system.

Liquidus temperature of the test steel was 1,480°C
calculated by the material property software JMatPro.
Based on the results, the heating and cooling process of
the test steel was designed. The sample was heated from
room temperature to 1,500°C with the rate of 130°C·min−1

first, and then the heating rate was reduced to 10°C·min−1.
The heating was stopped when the temperature rose to
1,520°C. The cooling of the test steel was carried out
according to the cooling scheme established in Table 2.
Argon gas was used as the protective gas throughout the
experiment with a gas flow rate of 50mm3·min−1.

3 Results and discussion

3.1 TiN–MnS inclusions

There are many factors affecting the formation of AF,
such as austenite grain size, cooling rate, steel

Table 1: Chemical composition of the test steel (wt%)

C Mn Si S V N Al Ti Mg T[O]

0.36 1.29 0.51 0.054 0.10 0.012 0.041 0.025 0.013 0.0122

Table 2: Cooling scheme of the test steel in different temperature
sections

Cooling section Temperature range Cooling
rate
(°C·s−1)

Other
temperature
section cooling
rate (°C·s−1)

Austenitizing
temperature
section

1,490°C → 950°C 0.2 1.25
1.25
5
10

Phase
transition
temperature
section

950°C → room
temperature

0.2 1.25
1.25
5
10
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composition, inclusions, and so on [18–21]. Research stu-
dies have shown that [22] the ability of inclusion-induced
AF nucleation depends mainly on its composition and
size. TiN–MnS inclusions were one of the main inclusions
in the test steel of this study. The distribution of such
inclusions was dense and dispersed, which made the
induced AF more advantageous in quantity, and thus
became the main AF nucleation sites.

Figure 1 shows the precipitation of inclusions observed
in situ by LSCM. The composition of these inclusions was
detected by energy-dispersive spectrometry (EDS) when the

sample was cooled to room temperature. The black sphe-
rical inclusions in Figure 1 are primarily composed of
Al2O3–MgO. These inclusions have a high melting point
and maintain solids at molten steel temperature, their com-
position and content do not change with the increase or
decrease of temperature. When the temperature of the test
steel dropped to about 1,410°C, a great number of small-
sized TiN–MnS inclusions were precipitated in the steel
(arrows in Figure 1). These inclusions were dispersed in
the steel and the final precipitated TiN–MnS inclusions
made no difference under different cooling rates. Figure 2

Figure 1: The precipitation process of TiN–MnS inclusions.

Figure 2: The results of inclusion EDS detection.
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shows the EDS results of TiN–MnS inclusions. The average
size and number of TiN–MnS inclusions precipitated under
different cooling rates were measured and counted by
Image-Pro Plus. The results are shown in Figure 3.

It could be seen from the statistical results that as the
cooling rate increased, the average size of the precipi-
tated TiN–MnS inclusions gradually decreased, while
the number gradually increased. When the cooling rate
was 0.2°C·s−1, the number of inclusions was 249·mm−2

and the average size was 2.7 µm. The number of inclu-
sions was doubled and the average size was reduced by
1.4 µm with the cooling rate increased to 10°C·s−1. As the
cooling rate increased, the energy required for inclusion
nucleation decreased, and the precipitation was more
likely to be promoted. Simultaneously, the time reserved
for inclusions from nucleation to growth was shortened,
and the inclusions were less likely to collide or grow
before they had been precipitated. Therefore, the inclu-
sion size at high cooling rates was relatively small while
the inclusion number was large.

Figure 4 shows the process of nucleation and growth
of AF on TiN–MnS inclusions observed in situ by LSCM.

When the temperature dropped to about 775°C, AF began
to nucleate on the inclusions and then continued to
grow. When the temperature dropped to 745°C, sec-
ondary dendrites appeared on one of the AF dendrites.
As the temperature continued to decrease, the number of
AF induced by inclusions increased and all of them kept
growing in different directions. It could be seen from the
figure that AF interlocked with each other. And the AF
growth directions were different which was more favor-
able for forming the self-locking microstructure. Mean-
while, the inclusions were densely and widely distributed
and the number of induced AF was also relatively large.
The total number of TiN–MnS inclusions in five continuous
fields of view and the number of inclusions that could be
used as AF nucleation sites were statistically analyzed. The
results indicated that approximately 75.0% TiN–MnS inclu-
sions could induce AF well.

3.2 Austenite grain size

According to the Hall–Petch relationship, the finer the
grain is, the higher is the strength [23]. The grain size
of the metal material at room temperature is related to
the austenite grain size [24,25]. It is well known that the
smaller the austenite grain size is, the smaller is the grain
size of the transformation product, so it has some influ-
ence on the microstructure and properties of the steel.
Many scholars [20,26–28] believe that the AF content in
steel has a great relationship with the austenite grain
size. There is a range of austenite grain size, within which
the number and size of AF generated reach the optimal
balance. When the grain size is outside this range, the
proportion of AF decreases. Studies have shown that
[28,29] the austenite grain size is not only related to the
steel composition, heating rate, holding time, etc. but
also related to the cooling rate of molten steel.

Figure 3: Comparison of the average size and number of TiN–MnS
inclusions under different cooling rates.

Figure 4: AF nucleates on TiN–MnS inclusions.
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Figure 5 shows the morphologies of austenite grains under
different rates observed by scanning electron microscopy.
AG in the figure represents austenite grain and AGB repre-
sents austenite grain boundary. On the whole, the auste-
nite grain size gradually decreased with the increase of the

cooling rate. This was due to the high cooling rate of steel,
which decreased the time left for the austenite grain
boundary migration and the austenite grain growth, making
it too late for the grains to grow. The statistical results of
austenite grain average size are shown in Figure 6. It could
be found that as the cooling rate increased from 0.2 to 1.25, 5,
and 10°C·s−1, respectively, the austenite grain average size
decreased by 22.2, 53.1, and 70.7%. And the larger the
cooling rate was, the more uniformly the austenite grain
size was distributed. The difference between the maximum
and minimum grain size was only about 30 µm when the
cooling rate was 10°C·s−1, while the difference could reach
about 100 µmwhen the cooling rates were 0.2 and 1.25°C·s−1.

3.3 AF morphology

The size of austenite grains is an important factor affecting
the nucleation effect of AF. Lee and Pan [30] showed that
the critical austenite grain size of AF formed in titanium-
killed steel was 50 µm. As the austenite grain size increased,

Figure 5: Austenite grain morphologies under different cooling rates.

Figure 6: Austenite grain average size under different cooling rates.
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the ability of AF nucleation increased and it began to
decrease after reaching a maximum value (180 to 190 µm).
Wan et al. [31] observed a critical austenite grain size of AF
formed in Zr–Ti compound-deoxidized steel of 55 µm in situ
by LSCM. Thewlis [32] carried out a lot of experimental
studies, indicating that the intragranular AF content could
bemaximizedwhen the austenite grain size reached 140 µm.
Barbaro et al. [33] believed that more AF could be obtained
when the austenite grain size exceeded 110 µm. Therefore, in
this study, the critical austenite grain size of forming AF and
the maximum AF content were taken as the demarcation
point, the austenite grains were divided into small-sized
grains, medium-sized grains, and large-sized grains.

Figure 7 shows the AF morphologies in austenite
grains of different sizes. SSG in the figure represents
small-sized austenite grain, MSG represents medium-sized
grain, and LSG represents large-sized austenite grains.
Comparing the morphological characteristics of AF under
different cooling rates in Figure 7, it was pointed that
there was a common phenomenon in the microstructure

morphologies under different cooling rates. As the auste-
nite grain size increased from small to large, the number of
AF in the grains increased first and then decreased. This is

Figure 7: AF morphologies in austenite grains of different sizes.

Figure 8: AF proportion in austenite grains of different sizes.
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to say, the number and proportion of AF in the medium-
sized austenite grains were relatively large, small in small-
sized austenite grains relatively, while those of large-sized
austenite grains were between them.

The statistical results of the AF proportion in auste-
nite grains of different sizes under different cooling rates
are shown in Figure 8. The results indicated that with the
cooling rate increased, the AF proportion in the austenite
grains increased first and then decreased. The proportion
was the smallest when the cooling rate was 0.2°C·s−1, and
the proportion reached the maximum when the cooling
rate was 5°C·s−1. At the four kinds of cooling rates, the AF
content in medium-sized austenite grains was the highest
and that in the small-sized austenite grains was the
lowest. This confirmed that the austenite grain size and
the cooling rate affected the AF content of the austenite
grains to some extent.

The cooling rate not only affects the AF content in the
austenite grains but also affects the morphologies. Figure 9
shows the AFmorphologies of the test steel under different
cooling rates observed by LSCM. When the cooling rate
was 0.2°C·s−1, the AF structure was obliquely crossed
and the self-locking property was good but the distribution
was relatively scattered. When the cooling rate increased
to 1.25°C·s−1 and 5°C·s−1, the AF was crisscrossed with good

self-locking properties as the number in the austenite
grains was obviously increased and the distribution was
uniform and dense. The number and density of AF were
decreased and the microstructure distribution was scat-
tered with the cooling rate increased to 10°C·s−1. Simul-
taneously, it could be seen from the figure that as
the cooling rate continued to increase, the size of AF
decreased gradually.

The size of AF in the test steel under different cooling
rates was measured, and the proportion of AF was counted.
The results are shown in Figure 10. The results indicated
that the average length and width of AF dendrites in the test
steel gradually decreased with the increase of the cooling
rate. At a cooling rate of 0.2°C·s−1, the dendrite average
length was 30 µm and the average width was 2.8 µm, which
was significantly larger than the dendrite size at other
cooling rates. When the cooling rate was 10°C·s−1, the den-
drite size was the smallest, the average length was only
5 µm, and the average width was 0.7 µm. And the difference
of the dendrite average length between these two cooling
rates was 25 µm. Figure 10(b) shows the statistical result of
the AF proportion under different cooling rates. With the
cooling rate increased, the AF proportion increased first and
then decreased. When the cooling rate was 0.2°C·s−1, the AF
proportion was the smallest, only 13.1%. When the cooling

Figure 9: AF morphologies under different cooling rates.
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rate increased to 5°C·s−1, the proportion reached the max-
imum, 82.6%, and the difference between them was about
69.5%. The results were consistent with the statistical
results of Figure 8.

The cooling rate has an important influence on the
microstructure of the steel. Kang et al. [34] investigated
the microstructural evolution of high strength low alloy
steel under the continuous cooling rates of 1–50°C·s−1 and
found that AF formed at the cooling rate of 10–30°C·s−1.
Granular bainite would be formed if the cooling rate was
too low while lath-type bainite was dominant when the
cooling rate was high. Mun et al. [35] showed that when
the cooling rate was 1–5°C·s−1, the microstructure of the
test steel was mainly polygonal ferrite. When the cooling
rate increased, the ferrite microstructure in the steel
became refined and the AF volume fraction increased.
The essence of austenite phase transformation is that
the carbon atoms in the austenite region are diffused by
heating [36]. When the cooling rate is low, the carbon
atoms have enough time to diffuse, which will result in
the finer ferrite grains previously formed coarse. Then,
the adjacent ferritic structure fuses with each other, making
the structure coarse again and eventually forming massive
granular ferrites. Similarly, granular ferrites will fuse with
each other and become larger. Thus, when the cooling rate
is low, AF takes a small proportion in the microstructure.

In addition, the decrease of molten steel temperature
provides a driving force for austenite phase transforma-
tion, which is mainly driven by the degree of under-
cooling coming from the molten steel [37]. The speed of
the cooling rate reflects the degree of undercooling in
unit time to some extent. The higher the cooling rate is,
the greater is the degree of undercooling of molten steel.
The high degree of under cooling will promote the driving

force of austenite phase transformation and the precipi-
tation of ferrites. However, when the cooling rate is too
high, the degree of under cooling of the molten steel is
too large, so the austenite grains are too late to grow and
the carbon content inside the grains concentrates, which
inhibits the AF nucleation and decrease the AF propor-
tion in the microstructure. Therefore, as the cooling rate
increases, the proportion of AF increases first and then
decreases.

4 Conclusions

The microstructure uniformity of the steel has a great
impact on the improvement of its service life and perfor-
mance. Therefore, this study improved the microstructure
of steel by controlling the cooling rate to improve its
performance. Based on the traditional metallographic
research method, it is impossible to directly observe the
high temperature phase transformation and its cooling
microstructure transformation. LSCM was used to observe
the dynamic process of phase transformation in situ and
study the effect of the cooling rate on the precipitation
characteristics of AF nucleation site TiN–MnS inclusions
and the AF nucleation effect. Thus, it provided engineering
guidance and theoretical basis for optimizing the cooling
process and selecting reasonable cooling rates to improve
the microstructure and mechanical properties of steel. The
following conclusions could be drawn from this study:
(1) In this study, as the cooling rate increased, the size of

TiN–MnS inclusions precipitated in the test steel gra-
dually decreased while the number gradually increased.
The average size reduced from 2.7 to 1.3 µm while the

Figure 10: Comparison of AF dendrite size and proportion under different cooling rates. (a) AF dendrites size; (b) AF proportion.
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number increased from 249 to 518mm−2 with the cooling
rate increasing from 0.2 to 10°C·s−1.

(2) When the cooling rate increased from 0.2 to 1.25, 5,
and 10°C·s−1, the average austenite grain size in steel
decreased by 22.2, 53.1, and 70.7%, respectively. And
the larger the cooling rate was, the more uniform the
grain size distribution.

(3) As the cooling rate increased, the AF proportion in
the test steel increased first and then decreased while
the dendrite size gradually decreased.When the cooling
rate was 5°C·s−1, the proportion reached the maximum,
82.6%. The dendrite average length decreased from 30
to 5 µm while the average width decreased from 2.8 to
0.7 µm with the cooling rate increasing from 0.2 to
10°C·s−1.
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