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Abstract: HSLA steel is widely used in various applications for its excellent mechanical properties.
The evolution of austenite transformation and growth has been systematically studied in HSLA steel
Q960 during the heating process. A thermal expansion instrument and optical microscope were
adopted to analyze the kinetics of austenite transformation, which is a nonlinear continuous process
and was accurately calculated by the lever rule based on the dilatation curve at the holding time
within 10 min. The austenite growth behavior at temperatures above Ac3 was explored using TEM
and DSC. The main precipitates in austenite were Nb-rich and Ti-rich (Nb, Ti)(C, N), and the particle
size increased and amount decreased with the increase in the heating temperature, which resulted
in the rapid growth of austenite. With the increase in holding temperature and time, the growth of
austenite progressed through three stages, and a heat treatment diagram was established to describe
this evolution.
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1. Introduction

High-strength low alloy (HSLA) steels with higher strength, excellent low-temperature
toughness and weldability are widely used in various applications such as naval ship
structures, automobiles, bridges, high-pressure vessels and railways [1–3]. For HSLA
steels, the grain size of the final microstructure is an important parameter to determine
the mechanical properties, which depend on the processing conditions of the previous
austenitic structure [4]. In industrial enterprises, the continuous casting slab of HSLA steel
must undergo proper heat treatment before rolling to fully homogenize the composition
and structure and obtain an ideal performance. Additionally, the existence of an iron
allotrope transformation in steel enables it to obtain various microstructures and mechanical
properties through heat treatment. The austenitizing process of steel materials during heat
treatment is also the key to other types of transformation, which is meaningful for the
subsequent thermal deformation or heat treatment quality. Lu et al. [5] studied the effect of
reverse austenite on the mechanical properties of HSLA steel, where austenite forming on
ferrite grain boundaries can significantly improve its toughness. Ghorabaei et al. [6] found
out that in ultra-low-carbon HSLA steel when the austenite grain size was refined from
~69 µm to ~10 µm, there existed an isothermal-to-nonisothermal transition, where austenite
transformed into various ferritic products of quasi-polygonal ferrite, granular bainite,
bainitic ferrite, and martensite. It has been well recognized that the evolution of prior
austenite is controlled by a number of factors, e.g., the heating temperature and holding
time, dislocation density, texture, growth and dissolution of the precipitates [2,7]. The
heating temperature and holding time directly affect the morphology, size, distribution and
alloy element distribution of transformed austenite transformation. Chamanfar et al. [8]
analyzed the austenite grain growth behavior in low alloy medium carbon forged steel
and indicated that the soaking temperature and time were primary controlling variables
during austenitization, which affected the final microstructure and mechanical properties.
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At a high heating temperature, the alloying elements were distributed more uniformly,
but the grains grew fast and easily appeared as mixed grains, which made the control
of austenite refinement and transformation more difficult, and surface cracks along the
austenite grain boundaries and other defects during the hot deformation and cooling
process were easily formed on slabs [4,9–11]. When the heating temperature was low, the
formed austenite grains were even and fine, which helped to reduce the internal stress and
refine the structure in the subsequent deformation and transformation process, but the
alloy elements could not be fully dissolved, which easily caused structural and composition
segregation. Moreover, the carbonitrides in HSLA steel affect the austenite grain growth;
for example, Ti-rich rectangular carbonitrides have high thermal stability and can be pinned
to austenitic grain boundaries, and the dissolution of Nb in austenite can lead to the rapid
growth of austenite grains, which slows down ferrite transformation and is beneficial to the
formation of bainite [12–14]. Nevertheless, the pinning of precipitates in the segregation
band of the microstructure can lead to the abnormal grain growth of austenite during the
reheating process [15]. Therefore, a reasonable heating system is of great significance when
saving energy, reducing defects, and improving processing and serving performance.

In this work, we systematically studied austenite transformation and growth behavior
during the heating process based on a continuous casting slab of Q960 steel. The trans-
formation process of austenite at the inter-critical temperature was characterized by the
thermal expansion instrument and by combining the microstructure analysis of a mathe-
matical model, which was developed to predicate austenite transformation. The growth
behavior of austenite at temperatures above Ac3 was discussed in detail, and the effect
of precipitates on austenite growth was explored based on TEM and DSC experiments.
Finally, the relationship between austenite evolution, heating temperature, and the holding
time was obtained, which provided valuable guidance for heat treatment resulting in an
optimal microstructure and mechanical properties in HSLA steels.

2. Materials and Methods

The material used in this work was taken from a quarter thickness of a continuous
casting slab provided by Ma Steel (Anhui, China), which is Q960 steel with chemical
composition, as shown in Table 1. The phase transformation process of steel during heat
treatment was studied with a German Beahr DIL 805A thermal expansion instrument,
which has the highest heating temperature of 1450 ◦C, the fastest cooling rate of 200 ◦C/s,
and measurement accuracy of 0.05 µm/0.05 ◦C. Additionally, samples with a size of Φ
4 mm × 10 mm were heated at 10 ◦C/min to 1200 ◦C held for 5 min and then rapidly
cooled at 3000 ◦C/min to room temperature through liquid nitrogen. The dissolution
temperature of precipitates was measured experimentally using the STA 449C differential
scanning calorimetry (DSC), and a sample with a size of Φ 5 mm × 1 mm was heated at
a constant rate of 10 ◦C/min to 1300 ◦C. Additionally, the precipitates in the steel were
theoretically calculated with Thermo-Calc based on the TCFE8 database and according
to the chemical composition. In order to analyze the microstructure morphology, a muf-
fle furnace was adopted to conduct heat treatment experiments. Samples with a size of
10 mm × 10 mm × 10 mm were heated to 790 ◦C, 810 ◦C, 830 ◦C, 850 ◦C and 880 ◦C and
held for 10 min, 30 min and 60 min, respectively, and then cooled to room temperature
in cold water to ensure that the high-temperature austenite transformed into martensite.
Then, the samples were ground and polished after heat treatment and were etched with 4%
nital; the microstructure was analyzed under an optical microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany). The fraction of each phase in the microstructure was counted by
using the phase analysis software of Image Pro-Plus 6.0 software (Media Cybernetics, Inc.,
Washington, WA, USA) and by analyzing the quantity and distribution of martensite, the
evolution process of austenite transformation during heating could be obtained. Subse-
quently, a higher-temperature heat treatment was carried out to study the austenite growth
and coarsening process. Samples were heated to 1100 ◦C, 1150 ◦C, 1200 ◦C, 1250 ◦C and
1300 ◦C and held for 0 min, 30 min, 60 min and 120 min, respectively, in the muffle furnace
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and then quenched immediately in cold water. Additionally, the quenched samples, after
grounding and polishing, were hot and etched in a saturated picric acid solution (60 mL
deionized water, 2.5 g picric acid and 1 g sodium dodecylbenzene sulfonate) for 4 min
at 80 ◦C to show the original austenite grain boundary [16]. Then, the original austenite
grain size before quenching was analyzed with an optical microscope by measuring more
than 200 grains for each sample. After that, the quenched samples after metallographic
analysis were carried out with carbon spraying treatment on the surface to extract the
precipitates from the sample onto a 3 mm × 3 mm carbon film in 5% nital [17]. Additionally,
the extracted carbon film was taken with a Φ 3 mm copper mesh, and the precipitates in
the samples were analyzed after heat treatment under a JEM-2100 transmission electron
microscope (TEM).

Table 1. Chemical composition of the investigated steel (wt%).

C Si Mn Cr Mo Nb Ti N P S Fe

0.12 0.30 1.30 0.25 0.10 0.02 0.017 <0.004 <0.01 <0.003 Bal.

3. Results and Discussion
3.1. Kinetics of Austenite Transformation

The microstructure of the continuous casting billet mainly consisted of coarse ferrite
and pearlite, as shown in Figure 1. The average grain size of ferrite was about 150 µm. The
pearlite was evenly distributed among the ferrite grains.
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Figure 1. Microstructure of continuous casting slab at 1/4 thickness (the white phase is ferrite and
the black phase is pearlite).

According to the different dilatometric behavior of the phases in steel, phase transfor-
mation can cause the volume expansion or contraction of the sample, then the temperature
of the phase transformation can be measured by the thermal expansion test [18]. The
measured dilatometric curve of the sample length during the heating and cooling process
is shown in Figure 2. According to the variation in the dilatometric curve caused by phase
transformation, the starting and finishing temperatures of the phase transformation were
determined by the inflection point of the curve. Additionally, the austenite transformation
temperature of Ac1 and Ac3 during heating were 730 ◦C and 866 ◦C, respectively. Due
to the metallographic structure of the sample after cooling, which was determined to be
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martensite, the martensite transformation temperature of Ms and Mf were 410 ◦C and
300 ◦C, respectively.
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From the dilatometric curve between Ac1 and Ac3 in Figure 2, it can be seen that
with the increase in the heating temperature, the transformation of pearlite and ferrite
to austenite was a nonlinear continuous process, where the pearlite first transformed
into austenite at a low temperature (such as 730 ◦C), and then ferrite began to transform
into austenite at a higher temperature (such as 745 ◦C) [19]. The microstructure of the
samples after quenching from the austenitizing temperature is shown in Figure 3, which
mainly consists of ferrite and martensite. Since the heating temperatures of 790 ◦C–850 ◦C
were within the critical transformation temperatures Ac1 and Ac3, all the formed austenite
transformed into martensite after cooling; the shape, quantity and distribution of martensite
in the microstructure corresponded to the state of austenite before quenching. So, the
martensite here was used to descript the transformed austenite before cooling. It can
be seen that the martensite content gradually increased with the increase in the heating
temperature and holding time. Holding at 790 ◦C for 10 min, the ferrite content was high,
with the martensite distributed around and within the ferrite grains, and with the increase
in holding time, the ferrite content and grain size decreased. With the increase in the heating
temperature, such as to 810 ◦C and 830 ◦C, the content and grain size of ferrite decreased
continuously, and the distribution of ferrite and martensite tended to be uniform with
ferrite distribution around the martensite. When the heating temperature rose to 850 ◦C,
which is close to the critical transformation point Ac3, the quenched microstructure was
nearly all martensite with a small amount of equiaxed ferrite with a small size distributed
among the martensite. At this temperature, with the increase in the holding time, the
microstructure changed little. After quenching from 880 ◦C, where the temperature was
greater than Ac3 and the initial ferrite and pearlite completely transformed into austenite,
the structure was only martensite, and with the increase in the holding time, the change in
martensite was not obvious.
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example, the sample holding at 790 °C needed more than 60 min to complete the transfor-
mation of austenite, while needed about 30 min for the sample holding at 850 °C to finish 
the austenite transformation. The transformation of ferrite and lamellar pearlite to austen-
ite is a diffusion process of carbon atoms, which can be accelerated by a high temperature; 
therefore, austenite transforms fast with the increase in the heating temperature.  

Figure 3. The microstructure of the samples cooled from different holding temperatures of (a) 790 ◦C
× 10 min, (b) 790 ◦C × 30 min, (c) 790 ◦C × 60 min, (d) 810 ◦C × 10 min, (e) 810 ◦C × 30 min,
(f) 810 ◦C × 60 min, (g) 830 ◦C × 10 min, (h) 830 ◦C × 30 min, (i) 830 ◦C × 60 min, (j) 850 ◦C ×
10 min, (k) 850 ◦C × 30 min, (l) 850 ◦C × 60 min, (m) 880 ◦C × 10 min, (n) 880 ◦C × 30 min and
(o) 880 ◦C × 60 min (the light phase is ferrite and the brown phase is martensite).

Since the microstructure only contains ferrite and austenite at the holding temperature,
austenite content under different heating conditions could be obtained by counting the
ferrite fraction in the microstructure of Figure 3, and the results are shown in Figure 4.
For the same holding time, with the increase in the heating temperature the amount of
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austenite increased. When held at 880 ◦C, the fraction of austenite almost remained at 100%,
which also indicates that the critical temperature Ac3 was lower than 880 ◦C. At the same
temperature, the fraction of the formed austenite increased with prolonged holding time,
and the lower the heating temperature, the slower the rate of austenite transformation,
resulting in a longer time with which to complete austenite transformation. For example,
the sample holding at 790 ◦C needed more than 60 min to complete the transformation
of austenite, while needed about 30 min for the sample holding at 850 ◦C to finish the
austenite transformation. The transformation of ferrite and lamellar pearlite to austenite
is a diffusion process of carbon atoms, which can be accelerated by a high temperature;
therefore, austenite transforms fast with the increase in the heating temperature.

Materials 2023, 16, x FOR PEER REVIEW 6 of 15 
 

 

 
Figure 4. Variation in austenite content with holding temperature and time. 

According to the dilatometric curve of the austenite transformation process, the lever 
rule was employed to calculate the amount of austenite formation (fγ) at the temperature 
between Ac1 and Ac3, as shown in Figure 5a [20]. 

fγ=
x

x+y (1)

where x and y are the lengths of the vertical segments above and below the dilatometric 
curve, respectively. Figure 5b shows the relationship between the austenite fraction, heat-
ing temperature and time. It can be seen that the calculated value of austenite content was 
in good agreement with the results measured when held for 10 min at the same tempera-
ture but was lower than the results measured after holding for a longer time. Because 
during the continuous heating process in the thermal expansion instrument, the holding 
time at each temperature was very short, the calculated results were close to that meas-
ured after holding for a short time. This indicates that based on the dilatometric curve of 
austenite transformation, the fraction of austenite formed at different temperatures could 
be accurately calculated through the use of the lever rule. Polynomial fitting was per-
formed on the calculated results of austenite content (fγ) in Figure 5b and obtained a math-
ematical model to predict the amount of austenite transformed during the austenitizing 
process, as shown in Equation (2). 

fγ= − 726112.7008+3686.0341T − 7.0107T2+0.0059T3 − 1.8723×10 6T4 (2)

where T is the heating temperature, °C. 

 

Figure 4. Variation in austenite content with holding temperature and time.

According to the dilatometric curve of the austenite transformation process, the lever
rule was employed to calculate the amount of austenite formation (fγ) at the temperature
between Ac1 and Ac3, as shown in Figure 5a [20].

fγ =
x

x + y
(1)

where x and y are the lengths of the vertical segments above and below the dilatometric
curve, respectively. Figure 5b shows the relationship between the austenite fraction, heating
temperature and time. It can be seen that the calculated value of austenite content was in
good agreement with the results measured when held for 10 min at the same temperature
but was lower than the results measured after holding for a longer time. Because during
the continuous heating process in the thermal expansion instrument, the holding time
at each temperature was very short, the calculated results were close to that measured
after holding for a short time. This indicates that based on the dilatometric curve of
austenite transformation, the fraction of austenite formed at different temperatures could
be accurately calculated through the use of the lever rule. Polynomial fitting was performed
on the calculated results of austenite content ( fγ) in Figure 5b and obtained a mathematical
model to predict the amount of austenite transformed during the austenitizing process, as
shown in Equation (2).

fγ = −726112.7008 + 3686.0341T − 7.0107T2 + 0.0059T3 − 1.8723 × 10−6T4 (2)

where T is the heating temperature, ◦C.
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are the extension of the straight dilatometric curve of the right part of austenite phase and the left
part of mixed ferrite/pearlite phase), and (b) Relationship between austenite transformation and
heating conditions.

3.2. The Growth and Coarsening Process of Austenite

The growth and coarsening process of austenite during solution annealing at higher
temperatures above Ac3 have been explored. Figure 6 shows the microstructure of the
samples after quenching from the single austenite zone. The microstructure of the sam-
ples was mainly martensite, and the martensitic lath became coarser with the increase
in the quenching temperature, which indicated that austenite grains grew larger at a
higher temperature.
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Figure 6. Microstructure of quenched samples after holding at (a) 1100 ◦C, (b) 1200 ◦C and (c) 1300 ◦C
for 30 min.

The quenched samples were hotly etched with a saturated picric acid solution to
analyze the original austenite grain, and the results are shown in Figures 7–11. After
etching, the original austenite grain boundary clearly appeared. Holding at 1100 ◦C, the
austenite grains were relatively fine and uniform, and the austenite grain size changed
little with the increase in the holding time. With the increase in the heating temperature,
the austenite grain size increased, and the austenite grain grew obviously with the increase
in the holding time. However, the growth rate of austenite grain was uneven, especially
at higher temperatures. For example, the austenite grains had obvious size discrepancies
when held at 1150 ◦C and 1200 ◦C for 120 min. After holding at 1250 ◦C for 30 min,
austenite appeared with mixed grains, where the austenite grain size range was 25–190 µm.
Additionally, as the holding time continued to extend, the small size of austenite grains
gradually reduced. At 1300 ◦C, even when holding for 0 min, the austenite grain size
distribution was uneven, as shown in Figure 11a. After holding for 30 min (see Figure 11b),
some austenite grains became coarser, which resulted in seriously mixed grains, and the
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austenite grain boundary was relatively tortuous, indicating that the austenite growth
process was not over. As the holding time increased, the austenite continued to grow
through the Ostwald ripening mechanism. After holding for 120 min, the austenite grain
boundary became straighter, where the angle at the triangular grain boundary was about
120◦, and the austenite grain size was relatively uniform. At this time, due to the reduction
in the grain boundary energy, the austenite grain grew slowly, as shown in Figure 11d.
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The average grain size of austenite after solution treatment under different conditions
was counted and the results are shown in Figure 12. The austenite grain size increased
exponentially with the increase in temperature, and the longer the holding time, the faster
the austenite grew with temperatures (see Figure 12a). While prolonging the holding time,
the austenite grain size gradually increased. When the temperature was relatively low,
such as 1100 ◦C and 1150 ◦C, the austenite grain size grew slowly with the holding time;
however, with the increase in the temperature, the holding time had a significant effect on
austenite grain size, such as for a temperature over 1200 ◦C, and the austenite grain began
to grow rapidly when the holding time was over 60 min. The growth of austenite grain is
a comprehensive physical metallurgical process integrating thermal activation, diffusion
and an interfacial reaction. The main driving force is the total interfacial energy difference
before and after grain growth, which is a spontaneous process that the whole system strives
to achieve with the minimum total interfacial free energy [9,21]. This process was realized
by the migration of atoms at the grain boundary. Therefore, at a low temperature, atomic
diffusion was delayed, resulting in slow grain growth. In addition, the austenite grain
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growth needed not only driving force but also the mobility of the grain boundary. The
precipitates in the sample could hinder the movement of the grain boundary, reducing its
mobility, which also led to a smaller austenite grain size when the heating temperature was
lower [12,22]. With the increase in the heating temperature, the driving force of austenite
growth increased, and some precipitate began to dissolve into austenite, reducing the
barrier of the grain boundary movement so that the austenite grain growth rate increased.
Moreover, due to the uneven distribution of composition and precipitated particles in the
sample, some of the austenite grains grew rapidly first with the increase in the holding
time, and abnormal grain growth occurred, such as the mixed grains when held at 1250 ◦C
for 30 min. Therefore, in this study, the growth rate of the grain size increased with the
increase in the holding time when heating at higher temperatures. At 1300 ◦C, due to only
a small number of precipitates existing, most austenite grains grew rapidly, and with the
consumption of interfacial energy, the austenite grain growth rate decreased.
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Figure 8. Morphology of original austenite grains at 1150 ◦C for (a) 0 min, (b) 30 min, (c) 60 min and
(d) 120 min.

It can be seen that the growth of austenite grain with the increase in the holding
temperature and time progressed through three stages, including the fine and uniform
grain stage, the mixed grain stage with some abnormal grain growth and the coarse
grain stage. Additionally, according to the evolution of austenite growth, the relationship
between the temperature and time of the solution treatment could be divided into three
regions, as shown in Figure 13. Holding at a low temperature, the austenite grain was fine
and uniform. With the increase in the temperature, the holding time of entering the mixed
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grain zone and coarse grain zone decreased, and with a prolonged holding time, the mixed
grains eventually grew into uniform coarse ones.

Materials 2023, 16, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 9. Morphology of original austenite grains at 1200 °C for (a) 0 min, (b) 30 min, (c) 60 min and 
(d) 120 min. 

 
Figure 10. Morphology of original austenite grains at 1250 °C for (a) 0 min, (b) 30 min, (c) 60 min 
and (d) 120 min. 
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Figure 14 shows the results of the DSC experiment, where the main precipitate disso-
lution temperature was about 1133 ◦C under a heating rate of 10 ◦C/min. Based on the
composition of the steel, the precipitates calculated by Thermo-Calc above 800 ◦C mainly
consisted of Nb, Ti, C and N. Due to the bond strength among the Nb, Ti, N or C atoms
being different, the stability of the precipitates formed by them was different at a high
temperature. The dissolution temperature of Nb and Ti precipitates in the sample during
heating could be calculated according to their solubility product in austenite, as shown in
Formulas (3)–(6) [14,23]:

log([Ti][N]) = 4.01 − 13850/T (3)

log([Ti][C]) = 2.75 − 7500/T (4)

log([Nb][N]) = 3.79 − 10150/T (5)

log([Nb][C]) = 2.96 − 7510/T (6)

where [Nb], [Ti], [C] and [N] are the concentration (wt%) of Nb, Ti, C and N, respectively.
The average content of alloy elements into Formulas (3)–(6) and the calculated equilibrium
precipitation temperature of each precipitate can be taken as TTiN = 1424 ◦C, TTiC = 1105 ◦C,
TNbN = 1037 ◦C and TNbC = 1097 ◦C. It was found that except for the TiN particle, which
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had the highest dissolution temperature of 1424 ◦C, the dissolution temperature of the
precipitates was around 1100 ◦C, which is basically consistent with the DSC results. That is,
when the heating temperature was higher than 1150 ◦C, most of the precipitates dissolved
into the austenite.
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Figure 15 shows the precipitates in samples under different heat treatments analyzed
by TEM. According to EDS analysis in Figure 15d,e, the samples mainly included two
types of precipitates. One was the near-spherical Nb-rich (Nb, Ti)(C, N) precipitate, and
the other one was the square Ti-rich (Nb, Ti)(C, N) precipitate. Because the precipitation
temperature of TiN was the highest, it precipitated first during the cooling process of the
casting billet. Due to the same crystal structure and close lattice constants of the carbides
and nitrides of Nb and Ti, they had a coherent interface. Therefore, during the cooling
process of the continuous casting slab, other precipitates, such as TiC and NbC, could easily
nucleate and grow on TiN, forming composite precipitates [24,25]. Additionally, prior
research has revealed that carbonitrides are more stable than pure carbides and need a
higher temperature to fully dissolve into the austenite [26]. In steel, the content of the N
element was relatively low, and the mass ratio of Ti/N was about 4.25, which is greater
than the ideal ratio of 3.4, so N almost completely combined with Ti to form TiN, and the
precipitates that formed in the lower temperature were mainly TiC and NbC. As shown in
Figure 15a, at 1100 ◦C, the sample contained a large number of smaller spherical precipitates
and larger square precipitates. The precipitates with an average size of ~18.6 nm had a
strong effect on hindering the movement of austenite grain boundaries, so the austenite
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grains were relatively fine and uniform at this temperature. The relationship of the limit
size d of the austenite grain, the volume fraction f and particle radius r of the precipitates
are shown in Formula (7) [7].

d =
4
3

r
f (1 + cos α)

(7)

where α is the contact angle, which depends on the nature of the particle and has a weak
effect. Formula (7) indicates that a smaller radius of precipitates with a large amount has a
stronger inhibition effect on austenite growth. At 1200 ◦C, most of the precipitates were
dissolved; the remaining particles were mainly square precipitates and a small number of
spherical precipitates with an average size of ~34.3 nm. So, at this temperature, with the
increase in the holding time, some austenite grains were rid of the pinning of precipitates
and grew rapidly. At 1300 ◦C, the number of precipitates reduced greatly, and mainly
square TiN precipitates remained with an average diameter of ~63.6 nm, which offered a
small effect on inhibiting austenite grain boundary movement, so the austenite grain grew
rapidly to a stable size at this temperature.
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precipitates in red square.

4. Conclusions

Based on Q960 steel, the evolution of austenite transformation and growth during
heating treatment was systematically studied, and the main conclusions are as follows:

1. The transformation of austenite is a nonlinear continuous process, and the amount of
austenite gradually increased with the increase in the heating temperature and holding
time, which could be accurately calculated by lever rule based on the dilatometric
curve as the holding time within 10 min.

2. With the increase in the holding temperature and time, the growth of austenite
progressed through the fine and uniform grain stage, mixed grain stage with some
grains with abnormal growth and coarse grain stage, and a heat treatment diagram,
which was established to describe the evolution of austenite growth.

3. The main precipitates in austenite are Nb-rich and Ti-rich (Nb, Ti)(C, N); the particle
size increased, and the amount decreased with the increase in the heating temperature,
which resulted in the rapid growth of austenite.

Author Contributions: L.W.: Investigation, Characterization, Validation, Writing—Original Draft;
L.W. and S.W.: Methodology; S.W.: Data curation, Software, Writing—Reviewing and Supervision.
All authors have read and agreed to the published version of the manuscript.

Funding: This study is financially supported by the Guangdong Basic and Applied Basic Research
Foundation (2021A1515110788, 2020A1515110144).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Materials 2023, 16, 3578 15 of 16

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Far, A.R.H.; Anijdan, S.H.M.; Abbasi, S.M. The Effect of Increasing Cu and Ni on a Significant Enhancement of Mechanical

Properties of High Strength Low Alloy, Low Carbon Steels of HSLA-100 Type. Mater. Sci. Eng. A 2019, 746, 384–393. [CrossRef]
2. Wang, X.L.; Wang, Z.Q.; Huang, A.R.; Wang, J.L.; Li, X.C.; Subramanian, S.V.; Shang, C.J.; Xie, Z.J. Contribution of Grain Boundary

Misorientation to Intragranular Globular Austenite Reversion and Resultant in Grain Refinement in a High-Strength Low-Alloy
Steel. Mater. Charact. 2020, 169, 110634. [CrossRef]

3. Kan, L.; Ye, Q.; Wang, Z.; Zhao, T. Improvement of Strength and Toughness of 1 GPa Cu-Bearing HSLA Steel by Direct Quenching.
Mater. Sci. Eng. A 2022, 855, 143875. [CrossRef]

4. Kvackaj, T.; Bidulská, J.; Bidulský, R. Overview of HSS Steel Grades Development and Study of Reheating Condition Effects on
Austenite Grain Size Changes. Materials 2021, 14, 1988. [CrossRef] [PubMed]

5. Lu, J.; Yu, H.; Yang, S. Mechanical Behavior of Multi-Stage Heat-Treated HSLA Steel Based on Examinations of Microstructural
Evolution. Mater. Sci. Eng. A 2021, 803, 140493. [CrossRef]

6. Sabet Ghorabaei, A.; Nili-Ahmadabadi, M. Effects of Prior Austenite Grain Size and Phase Transformation Temperature on
Bainitic Ferrite Formation in Multi-Constituent Microstructures of a Strong Ultra-Low-Carbon Steel. Mater. Sci. Eng. A 2021,
815, 141300. [CrossRef]

7. Zavdoveev, A.; Poznyakov, V.; Baudin, T.; Rogante, M.; Kim, H.S.; Heaton, M.; Demchenko, Y.; Zhukov, V.; Skoryk, M. Effect of
Heat Treatment on the Mechanical Properties and Microstructure of HSLA Steels Processed by Various Technologies. Mater. Today
Commun. 2021, 28, 102598. [CrossRef]

8. Chamanfar, A.; Chentouf, S.M.; Jahazi, M.; Lapierre-Boire, L.-P. Austenite Grain Growth and Hot Deformation Behavior in a
Medium Carbon Low Alloy Steel. J. Mater. Res. Technol. 2020, 9, 12102–12114. [CrossRef]

9. Sha, Q.; Sun, Z. Grain Growth Behavior of Coarse-Grained Austenite in a Nb–V–Ti Microalloyed Steel. Mater. Sci. Eng. A 2009,
523, 77–84. [CrossRef]

10. Fujita, N.; Narushima, T.; Iguchi, Y.; Ouchi, C. Grain Refinement of As Cast Austenite by Dynamic Recrystallization in HSLA
Steels. ISIJ Int. 2003, 43, 1063–1072. [CrossRef]

11. Maalekian, M.; Radis, R.; Militzer, M.; Moreau, A.; Poole, W.J. In Situ Measurement and Modelling of Austenite Grain Growth in
a Ti/Nb Microalloyed Steel. Acta Mater. 2012, 60, 1015–1026. [CrossRef]

12. Martins, C.A.; de Faria, G.L.; Mayo, U.; Isasti, N.; Uranga, P.; Rodríguez-Ibabe, J.M.; de Souza, A.L.; Cohn, J.A.C.; Rebellato, M.A.;
Gorni, A.A. Production of a Non-Stoichiometric Nb-Ti HSLA Steel by Thermomechanical Processing on a Steckel Mill. Metals
2023, 13, 405. [CrossRef]

13. Zhang, L.; Kannengiesser, T. Austenite Grain Growth and Microstructure Control in Simulated Heat Affected Zones of Microal-
loyed HSLA Steel. Mater. Sci. Eng. A 2014, 613, 326–335. [CrossRef]

14. Zhang, Y.; Li, X.; Liu, Y.; Liu, C.; Dong, J.; Yu, L.; Li, H. Study of the Kinetics of Austenite Grain Growth by Dynamic Ti-Rich and
Nb-Rich Carbonitride Dissolution in HSLA Steel: In-Situ Observation and Modeling. Mater. Charact. 2020, 169, 110612. [CrossRef]

15. Wang, F.; Strangwood, M.; Davis, C. Grain Growth during Reheating of HSLA Steels with a Narrow Segregation Separation.
Mater. Sci. Technol. 2019, 35, 1963–1976. [CrossRef]

16. Thackray, R.; Palmiere, E.J.; Khalid, O. Novel Etching Technique for Delineation of Prior-Austenite Grain Boundaries in Low,
Medium and High Carbon Steels. Materials 2020, 13, 3296. [CrossRef]

17. Zhang, X.; Loannidou, C.; ten Brink, G.H.; Navarro-López, A.; Wormann, J.; Campaniello, J.; Dalgliesh, R.M.; van Well, A.A.;
Offerman, S.E.; Kranendonk, W.; et al. Microstructure, Precipitate and Property Evolution in Cold-Rolled Ti-V High Strength Low
Alloy Steel. Mater. Des. 2020, 192, 108720. [CrossRef]

18. Zhang, J.; Chen, D.F.; Zhang, C.Q.; Hwang, W.S.; Han, M.R. The Effects of Heating/Cooling Rate on the Phase Transformations
and Thermal Expansion Coefficient of C–Mn as-Cast Steel at Elevated Temperatures. J. Mater. Res. 2015, 30, 2081–2089.

19. Caballero, F.G.; Capdevila, C. Modelling of Kinetics and Dilatometric Behaviour of Austenite Formation in a Low-Carbon Steel
with a Ferrite plus Pearlite Initial Microstructure. J. Mater. Sci. 2002, 37, 3533–3540. [CrossRef]

20. Gómez, M.; Medina, S.F.; Caruana, G. Modelling of Phase Transformation Kinetics by Correction of Dilatometry Results for a
Ferritic Nb-Microalloyed Steel. ISIJ Int. 2003, 43, 1228–1237. [CrossRef]

21. Varanasi, R.S.; Gault, B.; Ponge, D. Effect of Nb Micro-Alloying on Austenite Nucleation and Growth in a Medium Manganese
Steel during Intercritical Annealing. Acta Mater. 2022, 229, 117786. [CrossRef]

22. Zhang, X.; Miyamoto, G.; Kaneshita, T.; Yoshida, Y.; Toji, Y.; Furuhara, T. Growth Mode of Austenite during Reversion from
Martensite in Fe-2Mn-1.5Si-0.3C Alloy: A Transition in Kinetics and Morphology. Acta Mater. 2018, 154, 1–13. [CrossRef]

23. Rios, P.R. Expression for Solubility Product of Niobium Carbonitride in Austenite. Mater. Sci. Technol. 1988, 4, 324–327. [CrossRef]
24. Yang, Y.; Hou, H.; Shi, N.; Li, X. Precipitation of Nb and Ti in Low Carbon Steel with High Titanium. Mater. Heat Treat. 2010, 39,

40–42.

https://doi.org/10.1016/j.msea.2019.01.025
https://doi.org/10.1016/j.matchar.2020.110634
https://doi.org/10.1016/j.msea.2022.143875
https://doi.org/10.3390/ma14081988
https://www.ncbi.nlm.nih.gov/pubmed/33921092
https://doi.org/10.1016/j.msea.2020.140493
https://doi.org/10.1016/j.msea.2021.141300
https://doi.org/10.1016/j.mtcomm.2021.102598
https://doi.org/10.1016/j.jmrt.2020.08.114
https://doi.org/10.1016/j.msea.2009.05.037
https://doi.org/10.2355/isijinternational.43.1063
https://doi.org/10.1016/j.actamat.2011.11.016
https://doi.org/10.3390/met13020405
https://doi.org/10.1016/j.msea.2014.06.106
https://doi.org/10.1016/j.matchar.2020.110612
https://doi.org/10.1080/02670836.2019.1658440
https://doi.org/10.3390/ma13153296
https://doi.org/10.1016/j.matdes.2020.108720
https://doi.org/10.1023/A:1016579510723
https://doi.org/10.2355/isijinternational.43.1228
https://doi.org/10.1016/j.actamat.2022.117786
https://doi.org/10.1016/j.actamat.2018.05.035
https://doi.org/10.1179/mst.1988.4.4.324


Materials 2023, 16, 3578 16 of 16

25. Zou, H.; Kirkaldy, J.S. Carbonitride Precipitate Growth in Titanium/Niobium Microalloyed Steels. Metall. Trans. A 1991, 22,
1511–1524. [CrossRef]

26. Webel, J.; Mohrbacher, H.; Detemple, E.; Britz, D.; Mücklich, F. Quantitative Analysis of Mixed Niobium-Titanium Carbonitride
Solubility in HSLA Steels Based on Atom Probe Tomography and Electrical Resistivity Measurements. J. Mater. Res. Technol. 2022,
18, 2048–2063. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/BF02667365
https://doi.org/10.1016/j.jmrt.2022.03.098

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Kinetics of Austenite Transformation 
	The Growth and Coarsening Process of Austenite 

	Conclusions 
	References

