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The effects of cooling rate on acicular ferrite (AF) nucleation, growth, and inclusion
characteristics in Ti-Zr deoxidation steel were studied by utilizing the high temperature
confocal laser scanning microscope (HT-CLSM). The results indicated that with the increase of
cooling rate, the ferrite start nucleation temperature decreased, and the difference of first
nucleation temperature between AF and ferrite side plate (FSP) reduced. When the cooling rate
increased to 10.0 �C/s, AF and FSP simultaneously nucleated at 564.5 �C. In addition, the AF
actual growth rate rose with the increase of cooling rate and reached 30.13 lm/s at 10.0 �C/s
cooling rate. The AF ratio in microstructure increased first and then decreased with the cooling
rate increase and was up to the maximum 45.83 pct at 1.0 �C/s cooling rate. For inclusion
characteristics, cooling rates had no obvious effect on inclusion types, but had a great influence
on inclusions size distribution. With the cooling rate increase, the inclusion average diameter
reduced, and diminished to 1.39 lm at 10.0 �C/s cooling rate. Finally, the AF nucleation on the
Ti-Zr-Mn-O-S + TiN inclusion could be explained by the low lattice misfit between ferrite and
TiN that precipitated on the Ti-Zr-Mn-O-S inclusion surface.
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I. INTRODUCTION

ACICULAR ferrite (AF) had the chaotic arrange-
ment[1] and played an important role in refining grain
size and improving steel properties.[2] It was the most
desirable microstructural feature in heat affected-
zone (HAZ)[3] and high strength low alloy steel
(HSLA).[4] Previous studies had shown AF nucleation
and growth were not only related to inclusions charac-
teristics,[5,6] but also related to austenite grain size[7]and
cooling rate.[8] With regard to inclusion characteristics,
researchers had found a large number of inclusion types
could induce AF nucleation through thermal cycling
simulation experiment,[3,9] deoxidization solidification
experiment[10–12] and welding experiment,[13,14] ranging

from single inclusions (as TiN,[15–17] Ti2O3,
[18–20] CuS,[21]

etc.) to complex non-metallic inclusions (as Zr-Ti
oxides[3] Mg-Ti-O-MnS,[12] Al2O3-MgO-ZrO2,

[22]

MgO-Al2O3-MnS,[23] etc.). The currently recognized
mechanisms of inclusion-induced AF nucleation were:
(1) inclusion as effective interface reduced the interface
energy of ferrite nucleation;[24] (2) Depletion of austenite
stable elements (such as Mn,[15] C,[25] etc.) or enrichment
of ferrite stable elements (such as P,[10] Si,[26] etc.) near
inclusions increased the driving force of ferrite nucle-
ation; (3) thermal strain at inclusions increased the
driving force of ferrite nucleation;[27] and (4) low lattice
misfit between inclusion and ferrite reduced the nucle-
ation barrier.[28] However, with the development of
exploratory research, researchers had found that a single
theory could not fully explain the phenomenon of
inclusion-induced AF nucleation, often two or more
theories worked together.[10,14,23,26]

Cooling rate, as one of factors to control the final
microstructure, was significant for AF nucleation and
growth.[29,30] At present, the research on the influence of
cooling rate on the phase transition focused on the
thermal dilatometry experiment.[29–32] Although the
ferrite nucleation temperature could be determined by
the thermal expansion curve,[33] the nucleation positions
and ferrite types could not be accurately judged.
Moreover, since the AF growth time and length were
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unable exactly matched, the AF growth rate also cannot
be obtained. Based on the these mentioned inability to
observe ferrite nucleation and growth, high temperature
confocal laser scanning microscope (HT-CLSM) tech-
nique was considered as a powerful tool to observe
phase transformations and microstructural evolution in
real time during heating, isothermal holding, and
cooling process.[34,35] For the first time, Hanamura
et al.[36] used this method to observe the nucleation of
intragranular ferrite on inclusions, and confirmed the
thermodynamic calculation results by observation.

Subsequently, this method was increasingly popular in
studying AF formation due to its visibility of phase
transitions on the sample surface. Zhang et al.[37]

observed the evolution of AF by in situ in Ti-containing
C-Mn steel, and systematically analyzed the influence of
austenite grain size, alloy content and inclusions on the
nucleation and growth of AF. On this basis, he and his
co-workers also analyzed the effect of different cooling
rates on AF transformation temperature of low carbon
boron-treated steel by the same way. They believed the
optimal cooling rate depended on the austenite grain
size and the B content in the steel.[8] Mu et al.[38]

combined in situ observation with differential scanning
calorimetry (DSC) to observe the nucleation and growth
of intragranular ferrite during austenite decomposition.
The effects of inclusion types and cooling rate on the
initial ferrite transformation and final structure were
discussed. It was confirmed the application of DSC
could supplement more phase transformation informa-
tion for in situ observation. Zou et al.[39] observed the
growth of ferrite lath in situ. Combining with image
processing, the growth rate of ferrite at different cooling
rates was obtained in HAZ of shipbuilding steel
containing Mg.
The previous studies have confirmed that for different

deoxidized alloyed steel, the effects of inclusion charac-
teristics and cooling rate on AF nucleation and growth
were different. Ti-Zr oxides, as the products of Ti-Zr
complex deoxidation, were small in size and uniformly
distributed, which could be used as AF nucleation
cores.[3,40] Therefore, the purpose of this paper was to
choose Ti-Zr deoxidation steel as the research object,
systematically investigating the effects of cooling rate
and inclusion characteristics on the AF nucleation and
growth, analyzing the relationship between cooling rate

Fig. 1—In situ observation of the coalescence of austenite grains at 1200 �C isothermal holding (a) 30 s and (b) 60 s.

Fig. 2—Relationship between austenite grain sizes with the
isothermal holding time and cooling time.
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and AF first transition temperature and growth rate,
exploring the inclusion characteristics after re-heating
and the mechanism of AF nucleation.

II. EXPERIMENTAL

The experimental steel studied was Ti-Zr deoxidized
steel, which was prepared by melting in a 30 kg vacuum
induction furnace. The chemical compositions of the
experimental steel were Fe-0.21C-0.28Si-0.80Mn-0.50Cr-
0.57Ni-0.17Mo-0.005S-0.033Ti-0.002Zr-0.0019O- 0.0025N
(in mass, pct).

The cylindrical samples, which size of 5 mm in
diameter and 3 mm in thickness, were sectioned from
the center of the prepared ingot. Before experiment, the
surfaces of samples were treated by standard grinding
and polishing, and then set into alumina crucibles. The
in situ observation experiments were carried out by
using HT-CLSM (VL2000DX–SVF17SP/15FTC) with
pure Ar (purity> 99.9999 pct) as furnace atmosphere.
The temperature of the studied sample was measured by
an R-type thermocouple positioned at bottom of the
crucible. It should be pointed out that there was a
temperature difference between the bottom and the
surface of sample, which was around 20 �C, due to the

Fig. 3—Typical HT-CLSM images of FSP, AF nucleation and growth at different cooling rate (a) through (d) 0.5 �C/s, (e) through (h) 1.0 �C/s,
(i) through (l) 5.0 �C/s and (m) through (p) 10.0 �C/s.
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thickness of sample.[34,38] The target heating tempera-
ture was chosen as 1200 �C that was the commonly used
heating temperature for most HSLA steels to obtain
satisfactory microstructure before hot deformation. The
samples were heated to target temperature at rate of
10.0 �C/s, and isothermal held for 60 seconds, then
immediately continuous cooling to 300 �C with cooling
rate of 0.5, 1.0, 5.0, and 10.0 �C/s. In order to observe
austenite grain growth, decomposition and the detailed
information of ferrite nucleation and growth, the images
of samples were recorded at 2 frames per second.

The austenite grain size during isothermal holding
and continuous cooling process was measured by image
process software, Image Pro Plus 6.0 (IPP 6.0). After
heating cycle, the samples were treated by standard
grinding and polishing, and the inclusion characteristics
of samples were analyzed by using scanning electron
microscope (SEM, ULTRA PLUS) equipped with an

energy-dispersive spectrometer (EDS). Then the samples
were etched by 4 pct Nital (volume fraction) to observe
and confirm the microstructure by SEM-EDS, optical
microscope (OM, OLYMPUS DSX500) and
micro-hardness tester (FUTURE-TECH FM-700). The
proportions of various types of microstructure were
determined by systematic manual point count basing
on the ASTM-E562-02 standard test method. To reduce
the errors, at least 10 images for each sample were
chosen.

III. RESULTS AND DISCUSSION

A. Austenite Grains Growth Behavior

Figure 1 showed the in situ observation of austenite
grains growth during isothermal holding at 1200 �C, in
which Figures 1(a) and (b) were holding time for 30 and
60 seconds, respectively. From the Figure 1, the austen-
ite grains grew mainly through grain boundary migra-
tion and large grain annexing the neighboring small
grains.[41] When the holding time increased from 30 to
60 seconds, the grain boundary 1 and grain boundary 2
migrated from the locations described in red dotted lines
to the new locations described in yellow dotted lines by
following the blue arrow paths. After migrating, the
grain boundaries changed from bending to flattening, as
shown in Figure 1(b). Moreover, the grain size in
Figure 1(b) also was significantly larger than that in
Figure 1(a). As mentioned above, the grains (grain 2, 3,
5) were annexed by grain 1 to become a larger grain
(grain 7). Special to note was the grain 4 that was
divided up by two grains. The top half and bottom half
of grain 4 were annexed by grain 6 and grain 7,
respectively.
Figure 2 showed the relationship between austenite

grain sizes with the isothermal holding time and cooling
time. With the holding time increased at 1200 �C, the
average grain size grew unceasingly. When the holding
time was prolonged from 0 to 60 seconds, the average
grain size increased from 52.62 to 64.53 lm correspond-
ingly. Moreover, the austenite grain also increased
slightly in the cooling process. But as the different
cooling rate, the increment of austenite grain size was
correspondingly different. When the temperature cooled
from 1200 �C to 1000 �C, the average grain size of
sample with 0.5 �C/s cooling rate had the largest
increment, which increased from 64.53 to 68.03 lm,
increasing by 3.50 lm. In comparison, the average grain
size increment of sample with a cooling rate of 10.0 �C/s
was only 1.73 lm, which increment was only half of the
former.

B. In Situ Observation of c/a Transformation at Different
Cooling Rate

After isothermal holding at 1200 �C, the austenite
grain first grew slightly, and then begun to decompose at
the intermediate temperature. Figure 3 presented the
typical HT-CLSM images of lath-shaped ferrite nucle-
ation and growth at different locations in Ti-Zr

Fig. 4—Schematic CCT diagram for Ti-Zr deoxidation steel.

Fig. 5—Relationship between driving force for ferrite nucleation and
cooling rate.
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deoxidation steel. As Figure 3(a) showed, for the sample
with 0.5 �C/s cooling rate, the ferrite lath preferentially
nucleated on the grain boundary at 691.5 �C, as
indicated by red dotted circle, which named as ferrite
side plate (FSP) because the ferrite grew into the
austenite matrix in the next time.[42] In addition to
nucleating on grain boundaries, ferrite lath also nucle-
ated on the intragranular special inclusions. Figure 3(b)
showed the ferrite lath first nucleated on the intragran-
ular inclusion at 652.7 �C, as indicated by yellow dotted
circle, which named as intragranular AF. With the
temperature decreasing, the FSP and AF gradually grew
up until the end of growth at 543.0 �C, as shown in
Figure 3(d). The final microstructure was composed of
AF and FSP, in which the proportion of AF was slightly
higher than that of FSP.

With the cooling rate increasing, the ferrite lath
starting transformation temperatures decreased. Similar
to the sample with 0.5 �C/s cooling rate, the ferrite lath
of the sample with 1.0 �C/s cooling rate also first
nucleated on the grain boundary at 666.8 �C, and then
the AF first nucleated on the intragranular inclusion at
644.2 �C, as shown in Figures 3(e) and (f). But com-
pared with the former sample, the nucleated tempera-
ture was obviously lower. After the transformation
finished at 530.3 �C, the final microstructure contained a
large number of AF, which content was obviously
higher than that of the former. Figures 3(i) through (l)
showed the phase transformation of sample with 5.0 �C/
s cooling rate. As noted previously, the temperature of
ferrite lath first nucleated on grain boundary and
intragranular inclusion were continued lower, which
were at 615.9 �C and 610.8 �C, respectively. When the
phase transformation was end at 500.1 �C, the final
microstructure contained part bainitic ferrite (BF) that
nucleated entirely in the austenite grain and appeared as
parallel growth of multi-strip ferrite,[42] replaced partial
FSP and AF.

Moreover, for the sample with higher cooling rate,
not only the temperature of ferrite lath first nucleated
continued to lower, but also the location of ferrite lath
first nucleated changed, as shown in Figure 3(m)
through (p). For the sample with 10.0 �C/s cooling rate,
the ferrite lath first nucleated temperature was decreased
to 564.5 �C, and the ferrite lath nucleated simultane-
ously on the grain boundary and the intragranular
inclusion at this temperature. After the phase transfor-
mation finished at 325.1 �C, the microstructure not only
contained BF, FSP, and AF, as mentioned above, but
also contained a few martensite (M).
The schematic continuous cooling transformation

(CCT) diagram was constituted by choosing the start
nucleating temperature of FSP and AF, as shown in
Figure 4. The start nucleating temperature of FSP and
AF decreased with increasing cooling rate.[38,39] As we
all known, the ferrite nucleation was from the decom-
position of undercooled austenite. When the cooling
rate was smaller, the undercooling was lower, which
resulted the instability of undercooled austenite and the
transition prone occur. But for the sample with higher
cooling rate, the incubation period of phase transfor-
mation increased, the stability of undercooled austenite
improved, which resulted the phase transition delayed
and the temperature of phase transition decreased.
Furthermore, Figure 4 also revealed the difference of

start nucleated temperature between FSP and AF was
reduced with the cooling rate increasing. As mentioned
above, undercooling was one of necessary conditions for
phase transition nucleation. But for FSP and AF, the
nucleation position also had some influences on the
nucleation energy barrier.[43,44] When the cooling rate
was lower, the temperature decreased slowly. At this
time, the contribution of undercooling to nucleation
driving force was almost the same for FSP and AF, so
the nucleation position played an important role.
Reference 17 introduced the energy barriers of ferrite

Fig. 6—Typical HT-CLSM images of AF growth of sample at 0.5 �C/s cooling rate. (a) through (d) AF was normal growth and (e) through (h)
AF growth was hindered by another ferrite grain.
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nucleating on austenite grain boundary and inclusions.
The energy barrier of ferrite nucleating on austenite
grain boundary was constant, and because of the lower
interfacial energy between austenite and ferrite,[45] its
nucleation energy barrier was lower.[46] But for the
energy barrier of ferrite nucleating on inclusions, it
depended not only on the composition and type of
inclusions, but also on the size of inclusions. For a
specific inclusion, there existed a critical size that met the
lowest energy barrier for ferrite nucleation. When the
cooling rate was low, the driving force of ferrite
nucleation was small, and the critical size of inclusion
was relatively large. Therefore, if there was no large size
inclusion that met the critical size in the austenite grain,
the ferrite preferentially nucleated on the austenite grain
boundary. However, for sample with larger cooling rate,
the temperature drop was large and undercooling was

higher. At this moment, the nucleation driving force
contributed by the undercooling became the main factor
for ferrite nucleation, while the potential barrier at
different nucleation locations could be neglected com-
pared with the nucleation driving force. Therefore, FSP
and AF could nucleate simultaneously at 564.5 �C, as
shown in Figure 3(m).
The driving force for ferrite nucleation regarded as

the Gibbs free energy difference between the c phase and
a phase was calculated by the software Thermo-
Calc-2017b and TCFE9.0 database at different temper-
ature based on the experimental steel composition.
Combining the start nucleation temperatures of FSP
and AF at different cooling rate in Figure 4, the FSP
and AF nucleation driving forces of each sample were
obtained. Then the relationship between driving force
and cooling rate was plotted, as Figure 5 illustrated.

Fig. 7—Relationship between AF length and cooling time at different cooling rates (a) 0.5 �C/s, (b) 1.0 �C/s, (c) 5.0 �C/s, and (d) 10.0 �C/s.
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With the cooling rate increasing, the driving force for
ferrite nucleation increased. For the rapid cooling rate, a
large driving force was necessary to induce FSP and AF
nucleation.[38] With regard to the sample with 10.0 �C/s
cooling rate, the driving force of FSP and AF nucleation
were 979.87 J/mol. But for the sample with 0.5 �C/s
cooling rate, the nucleation driving force of FSP and AF
were 323.82 and 497.88 J/mol, respectively, which were
only about one third and a half comparing the former.

C. Growth Kinetics of AF at Different Cooling Rate

In addition to the influence of the cooling rate on the
thermodynamics of AF nucleation, the cooling rate also
had an effect on the AF growth kinetics.[39] Figure 6
showed the typical HT-CLSM images of AF growth of
sample with 0.5 �C/s cooling rate. After AF nucleating
on the intragranular inclusion, AF length increased
along optimal orientation with the increase of cooling

time. In general, the factors affecting AF growth were
mainly undercooling[47] and local element concentration
differences.[48] When the undercooling was certain and
the local element concentration difference reached equi-
librium, AF growth stopped and the length would no
longer change, as shown in Figures 6(a) through (d).
However, during the AF growth process, it often
impinged with original austenite grain boundary or
other AF grains to limit its growth, just as the collision
of austenite grain growth.[41] Figures 6(e) through (h)
showed the process that AF growth limited by another
AF grain, which made ferrite interlock each other and
resulted the length of AF was little. Moreover, in the
direction of width and thickness, the AF also grew, but
the change of AF growth could not be observed under
2D microscopy.[47,49] So only the growth rate in length
direction would be described in the following discussion.
In order to obtain the AF growth rate, some AF laths

were randomly selected from the HT-CLSM images of
experimental field to observe growth and measured the
AF length by IPP 6.0. Figure 7 showed the measure-
ment results of relationship between the AFs length and
cooling time of samples at different cooling rates. Due to
other grain boundaries or grains hindrance during AF
growth, the growth rate of each AF was significantly
different. Furthermore, with the cooling rate increased,
the AF growth rate difference between maximum and
minimum also increased. When the sample cooling rate
increased from 0.5 to 1.0, 5.0, and 10.0 �C/s, the
difference of AF growth rate correspondingly increased
from 5.98 to 8.12, 17.18, and 21.41 lm/s, respectively.
Growth rate was one of important parameters for

studying the AF growth kinetics, and choosing which
value to represent the actual growth rate was critical to
the accuracy of the study results. Mu et al.[34] compared
several studies on AF growth rate, and considered the
maximum value of AF growth rate could represent the
actual growth rate. Therefore, the actual growth rates
for four different cooling rate samples were 6.85, 10.38,
18.35 and 30.13 lm/s, respectively. Figure 8 showed theFig. 8—Curve of AF actual growth rate varying with cooling rate.

Fig. 9—SEM and EDS analyses of the typical inclusions. (a) Ti-Zr-Mn-S-O+TiN inclusion, (b) MnS inclusion, (c)Ti-Zr-Al-O inclusion, and (d)
TiN+MnS inclusion.
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relationship between AF actual growth rate and cooling
rate. The actual growth rate raised with the cooling rate
increased. The rule was consistent with the results of
previous studies.[39,50] As we discussed in Section III–B,
when the cooling rate of sample was larger, the phase
transition temperature was lower, the undercooling and
driving force for AF growth were larger than the sample
with lower cooling rate. Therefore, the AF actual
growth rate of sample with higher cooling rate was
larger than that of sample with lower cooling rate.

In order to quantify the relationship between the
actual growth rate and the cooling rate, the experimen-
tal data were fitted by red curve as shown in Figure 8,
and the fitting equation was shown in Eq. [1], which
could predict the actual growth rate of AF at unknown
experimental cooling rates.

GA ¼ 9:21� v0:498 ½1�

where GA was the AF actual growth rate, lm/s; v was
the cooling rate, �C/s.

D. Effect of Cooling Rate on Inclusion
and Microstructure

Figure 9 showed the morphology and energy spec-
trum analysis of the typical inclusions detected in the
four samples. They were distinguished as Ti-Zr-M-
n-O-S + TiN inclusion, MnS inclusion, Ti-Zr-Al-O
inclusion, and TiN + MnS inclusion based on the
EDS analysis. From the analysis results, the types of

typical inclusions of the four samples at different cooling
rate had no difference. However, the cooling rate had a
significant effect on the size distribution of inclusions.[51]

For the analysis of inclusion characteristics, 36 fields of
view were randomly selected at 9 500 magnification by
SEM, and then IPP 6.0 was used for statistical analysis.
The total observation area was 8.318 mm2. Figure 10
showed the inclusions size distribution, average size and
number density in samples with different cooling rates.
As can be seen from Figures 10(a) through (d), with the
increase of cooling rate, the inclusion size decreased
obviously, and the proportion of large size inclusions
(size > 3.0 lm) reduced gradually. When the cooling
rate was increased from 0.5 to 1.0, 5.0, 10.0 �C/s, the
number of inclusions per unit area was increased, but
the average size of the inclusions was decreased from
1.91 to 1.69, 1.48, and 1.39 lm, respectively, as shown in
Figure 10(e). As we all know, the inclusions, as MnS
and TiN, which precipitated during solidification were
prone to short-range diffusion and solid solution during
holding at high temperature. When the sample was
cooled, the elements after diffusion and solid solution
would re-aggregate to form new inclusions, and the
growth of new inclusions could be considered as the
Ostwald ripening process. As we explained in Sec-
tion III–B, for the sample with a rapid cooling rate, the
temperature of the new inclusion growth process was
lower and the time was shorter. So the coarsening of
new inclusion could not be obtained, which resulted the
number of new small inclusions remained and not

Fig. 10—Characteristics of the inclusion at different cooling rate. (a) through (d) Size distribution of inclusions and (e) average size and number
density of inclusions.
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dissolved by Ostwald ripening process were larger,
and the average size of inclusions was smaller
accordingly.
The microstructure of samples at different cooling

rates was obtained, as shown in Figure 11. Combining
the methods of metallographic structure and the
micro-hardness of the microstructure, the microstruc-
ture types were identified. Reference 42 had given the
differences of AF, FSP, BF and grain boundary ferrite
(GBF) in metallographic structure, and for M in the
sample of 10.0 �C/s cooling rate, it was distinguished by
micro-hardness. The Vickers hardness of M was about
364.3 to 401.8, while that of other ferrite structures were
about 262.1 to 293.7 that was much lower than M.
When the cooling rate was 0.5 �C/s, the microstructure
was mainly AF, FSP, BF, GBF and pearlite (P). When
the cooling rate reached 1.0 �C/s, there was no signif-
icant change in the type of microstructure, but the AF
ratio increased, while the content of GBF and FSP

Fig. 11—Typical microstructure of samples at different cooling rate (a) 0.5 �C/s, (b) 1.0 �C/s, (c) 5.0 �C/s, and (d) 10.0 �C/s.

Fig. 12—Proportion of AF at different cooling rate.
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reduced. With the cooling rate increasing to 5.0 �C/s, the
P disappeared and the microstructure types were mainly
GBF, FSP, BF, and AF. The content of AF reduced
compared to the previous two samples. As the cooling
rate increasing to 10.0 �C/s, the proportion of M
increased significantly, while the ratio of AF and GBF
decreased markedly.

Figure 12 showed the AF ratio of four samples at
different cooling rates. With the increasing of cooling
rate, the proportion of AF increased first and then
decreased. When the cooling rate was 1.0 �C/s, the AF
ratio reached the maximum of 45.83 pct, and when the
cooling rate raised to 10.0 �C/s, the AF ratio was the
minimum of 26.04 pct.

It was generally known that AFs were mainly
generated by heterogeneous nucleation and sympathetic
nucleation[52] In this study, the TiN + MnS inclusion
and Ti-Zr-Mn-O-S + TiN inclusion were the main
inclusions to induce AF nucleation. And the mechanism
of TiN+MnS inclusion inducing AF nucleation was
reached consensus in many literatures that were the
crystal coherency of TiN with ferrite[53,54] and the MDZ
formed near inclusion.[54] However, for the Ti-Zr-M-
n-O-S + TiN inclusion, the reason of inclusion induc-
ing AF nucleation was not clear. In previous
studies,[3,14,40] it was believed that the reason of Ti-Zr
oxides induced AF nucleation was the MDZ formed
near inclusion. Figure 13 showed the Ti-Zr-Mn-O-S +
TiN inclusion inducing AF nucleation and the line
scanning analysis of different elements along the inclu-
sion. From the analysis results, the homogeneous
Ti-Zr-Mn-O-S core was formed by the element Mn,
Ti, Zr, S, and O in the center of the inclusion. In

addition, it was found that TiN was formed in the outer
layer of inclusion after cooling. The lattice misfit
between TiN and ferrite was small, about 4.6,[15] which
could reduce the ferrite nucleation barrier and promote
the ferrite preferential nucleation on it. Therefore, we
deemed the low lattice misfit between ferrite and TiN
that precipitated on the surface of the Ti-Zr-Mn-O-S
inclusion was one of the reasons of AF nucleation
induced by the Ti-Zr-Mn-O-S + TiN inclusion.
Although the higher cooling rate could produce higher
thermal strain energy in the vicinity of inclusion,[27]

which was conducive to the promotion of ferrite
nucleation, the strain energy produced was much
smaller than the nucleation driving force.[23] So we did
not consider it as the main reason for the AF nucleation
on the Ti-Zr-Mn-O-S + TiN inclusion.
These research topics on the relationship between

inclusion characteristics and microstructure and the
mechanism of AF nucleation will be further investigated
in depth in the authors’ future work.

IV. CONCLUSIONS

The effect of cooling rate on the AF nucleation,
growth and the inclusion characteristics in Ti-Zr deox-
idized steel were investigated by utilizing HT-LSCM.
The results obtained were as follows:

(1) With the increase of cooling rate, the ferrite nucle-
ation temperature decreased, the driving force of
ferrite nucleation rose, and the difference of nucle-
ation temperature between AF and FSP reduced.
When the cooling rate increased to 10.0 �C/s, AF
and FSP simultaneously nucleated.

(2) For samples with the increase of cooling rates, the
actual growth rate of AF increased, but the AF ratio
in microstructure increased first and then decreased.
When the cooling rate was 1.0 �C/s, the AF ratio
reached the maximum 45.83 pct.

(3) Different cooling rates had no obvious effect on
inclusion types, but had a great influence on the
inclusions size distribution. With the increase of
cooling rate, the number of large size inclusions in
the samples decreased, and the average diameter of
inclusions reduced continuously.

(4) The low lattice misfit between ferrite and TiN that
precipitated on the surface of the Ti-Zr-Mn-O-S
inclusion was the main reason for Ti-Zr-M-
n-O-S+TiN inclusion inducing AF nucleation.
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Fig. 13—Line scanning analysis of different elements along the
inclusion inducing AF nucleation.
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