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Today, reducing greenhouse gas emissions is a crucial concern, making the development of steel alloys with
optimal desired properties and reduced weight an urgent priority, especially in automotive industries, as it
leads to decreased fuel consumption, hence the continued interest in developing high-strength low-alloy
steels (HSLA). In this research, the impact of coiling temperature on the final microstructure and
mechanical properties of Ti-V HSLA microalloyed steel was investigated. The Gleeble 1500 was used to
simulate the hot rolling and coiling processes. The results indicated that reducing coiling temperatures led
to a transition in microstructures from polygonal ferrite and pearlite to acicular ferrite and bainite. The
optimal coiling temperature for achieving high diffusion rates of microalloying elements and optimal
precipitation kinetics to form nanosized precipitates was determined to be 650 �C, where the smallest
precipitates were observed of 30 nm. However, the specimen subjected to a lower coiling temperature of
550 �C exhibited the highest yield stress (781 MPa), ultimate tensile strength (971 MPa), and hardness
(324 HV), which were attributed to microstructural characteristics such as high dislocation density and a
finer grain size of 3 lm compared to 6 lm at 700 �C.

Keywords coiling temperature, high Ti-V microalloyed steel, hot
strip mill, mechanical properties, microstructure

1. Introduction

Today, the focus lies on the fuel consumption and green-
house gas emissions particularly in the transport industry. The
advancement of alloys characterized by reduced weight and
enhanced strength represents a critical area of research focus
(Ref 1). This is highlighted by the continued advancements and
ongoing research into high-strength low-alloy (HSLA) steels,
which have been developed over the past decades and remain a
focal point for numerous researchers. Generally, HSLA steels
are typically classified as low carbon steels which demonstrate
a desirable combination of properties including elevated
strength, favorable toughness, good weldability, and excep-
tional corrosion resistance (Ref 2-5).

There exist several viable approaches to improve the
mechanical characteristics of steel alloys, with two of them
being particularly effective in attaining the desired properties in

HSLA steel (Ref 3, 6). The initial approach involves adding
minute quantities of microalloying elements such as titanium
(Ti), vanadium (V), niobium (Nb), and molybdenum (Mo).
These particular elements enhance the mechanical properties
through grain refinement, solid solution strengthening, and
precipitation hardening mechanisms (Ref 7-9). Among them,
vanadium is favored over other microalloying elements due to
reduce hot working temperatures and rolling forces. In Ti-V
microalloyed steels, the high solubility of vanadium carboni-
tride (V(C,N)) allows for easier control of precipitation
hardening, particularly in the austenite phase. High Ti-V HSLA
steels demonstrate superior mechanical properties, as the
combined addition of titanium and vanadium enhances precip-
itation strengthening by forming fine carbonitride particles.
This results in higher yield strength (550-700 MPa) and
toughness compared to steels alloyed with only niobium or
titanium. Furthermore, titanium�s presence alongside vanadium
influences the microstructure, affecting hardness and softening
behavior. The synergistic effect of these elements provides a
well-balanced combination of strength and toughness, making
Ti-V HSLA steels ideal for high-performance applications (Ref
8-11).

The second technique involves utilizing the thermomechan-
ical controlled process (TMCP). TMCP is a method extensively
used to shape steel while simultaneously improving its
mechanical properties by grain refinement and controlling
phase transformations (Ref 3). One of the common techniques
of TMPC that has been widely applied on HSLA steels is the
hot strip mill (HSM) rolling. The HSM rolling process usually
consists of several sequential steps including: slab reheating,
roughing, finishing rolling, runout cooling, and coiling (Ref
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12). So, it is clear that the process parameters play a significant
role in the TMCP as they ultimately impact the material
properties. These parameters encompass soaking temperature
and time, strain ratio, strain rate, rolling temperature, cooling
pattern, and coiling temperature (Ref 13, 14). Consequently,
several studies have demonstrated the effect of TMCP param-
eters such as cooling rate and coiling temperature (CT) on the
microstructure, precipitation, and mechanical properties of
HSLA steels (Ref 15-19). Olasolo et al. (Ref 18) simulated
coiling process in a temperature range of 450-700 �C for
0.062Nb-0.053 V microalloyed steel and found that the
maximum hardness was attained at coiling temperature of
600 and 650 �C. Lei et al. (Ref 19) focused on 0.094Ti-
0.078Nb microalloyed steel and demonstrated that a lower
coiling temperature supplied sufficient driving force for the
precipitation while restraining precipitate coarsening.

Given that the coiling temperature is the most cost-effective
and efficient approach for enhancing the properties of microal-
loyed steels during the TMPC process (Ref 13), this study
examined the effect of the coiling temperature in a TMCP
process on the mechanical properties and microstructure of high

Ti-V microalloyed steel. The results obtained provide a
fundamental basis for the development of Ti-V HSLA steels.

2. Material and Experimental Method

The chemical composition of the investigated high Ti-V
steel alloy was 0.14%C, 0.44%Si, 1.62%Mn, 0.13%V, 0.1%Ti,
0.02%S, 0.02%P, 0.005%N, and 0.62%Cr (in mass%). Figure 1
illustrates the TMCP simulation. Cylindrical test samples with a
diameter of 10 mm and a height of 15 mm were machined from
the initial ingot, and hot strip rolling was simulated using the
Gleeble 1500TM thermomechanical simulation machine. The
samples were first reheated to 1150 �C at a heating rate of
10 �C/s, held for 300 s, and then cooled to the initial rolling
temperature of 1050 �C at a cooling rate of 10 �C/s. Upon
reaching the deformation temperature, the samples were held
for 10 s before being subjected to a strain of 0.25. Subse-
quently, the samples were cooled to the second, third, and
fourth deformation temperatures (1000, 950, and 900 �C,

Fig. 1 (a) Schematic diagram of the specimen-anvil set-up in the Gleeble machine and (b) thermomechanical process schedule
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respectively) and deformed with strains of 0.2, 0.2, and 0.25,
respectively, at a strain rate of 5 s�1. After the final deformation
pass, the specimens were continuously cooled to coiling
temperatures of 700, 650, 600, and 550 �C at a cooling rate
of 20 �C/s. They were held at these temperatures for 1800 s to
simulate the coiling process, after which they were cooled to
room temperature at a cooling rate of 10 �C/s.

To study the microstructure evolution, the specimens were
sectioned into two halves parallel to the compression axis. The
cross-sectional surface was prepared according to standard
metallographic techniques, etched in 4% Nital, and the
microstructure was observed by an Olympus BX51MTM
optical microscope. The phase fraction was determined using
ImageJ software, where the thresholding tool was applied to
distinguish individual phases, based on contrast variation. To
improve statistical reliability, at least six images were analyzed
for each coiling temperature. The samples were further polished
with silica colloidal (0.05 lm) solution to achieve a higher
quality EBSD maps. The EBSD maps were obtained in a
0.25 lm step size in RD-ND plane, using a scanning electron
microscope (SEM-JSM-IT300 JEOL) equipped with an Oxford
EBSD detector and the Channel 5 software. Both the SEM-
EDS and the transmission electron microscopy (TEM) were
employed to characterize precipitates. The SEM-EDS was used
to characterize the large size precipitate which were stable at
soaking temperature. The TEM was used to characterize nano-
scale precipitates by carbon replica extraction method. The
carbon replicas were examined by the JEOL 2100F FEG TEM
equipped with EDS detector at 200 kV.

Hardness test and profilometry-based indentation plastom-
etry (PIP) test were employed in order to investigate the
mechanical properties. A total of fifteen hardness values were
recorded along the central surface of the samples in order to
ascertain the mean hardness values. The yield stress, ultimate
tensile stress (UTS), and uniform elongation of samples were
derived through the application of the PIP testing methodology
(Ref 20).

3. Results and Discussion

3.1 Microstructure

Figure 2 shows the continuous cooling transformation
(CCT) diagram of experimental steel calculated by Thermo-
Calc software. A grain size of 20 lm after austenitization at
900 �C was assumed (Ref 13, 19). It can be seen from the CCT
curve that the ferrite and pearlite start temperatures were
predicted to be 790 and 680 �C, respectively. As can be seen,
the microstructures were predicted to be mainly ferrite and
pearlite at most cooling rates.

Figure 3(a), (b), (c), and (d) depicts optical micrographs
captured at various coiling temperatures within the middle
section of the examined steel�s thickness. Observing the optical
micrographs, it becomes evident that at higher CT (700 and
650 �C), the final microstructure of the samples primarily
comprises polygonal ferrite (PF) and pearlite (P), with fewer
instances of granular ferrite (GF), as labeled in Fig. 2(a) and
(b). At a CT of 600 �C, the PF and P remain prominent part of
microstructure, but the acicular ferrite (AF) begins to emerge.
At lower CT of 550 �C, the microstructure undergoes signif-
icant changes, by the formation of acicular ferrite and bainite
(B) as prominent phases, Fig. 2(d). The phase fraction analyses
are summarized in Fig. 3(e), showing a decrease in P fraction
with CT.

Lowering the CT retards the transformation of austenite into
ferrite and pearlite. It has been found that, lower CTs obstruct
the formation of polygonal ferrite and pearlite, while encour-
aging the transformation of acicular ferrite and bainite. This is
because lower CTs suppress the diffusion-controlled transfor-
mation of polygonal ferrite and pearlite. Lower CTs do not only
decrease the diffusion rate of carbon, but also restrict the
mobility of substitutional alloying elements such as Mn, Ti, and
V. Consequently, these elements accumulate at austenite grain
boundaries, enhancing the solute drag effect, which delays the

Fig. 2 Continuous cooling transformation diagram of the experimental steel calculated using Thermo-Calc software
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formation of polygonal ferrite and pearlite while favoring the
formation of acicular ferrite and bainite (Ref 21, 22).

3.2 EBSD

Figure 4 displays the inverse pole figure (IPF) map
corresponding to the longitudinal section of the deformed
samples after coiling simulation. Not only a random orientation
is observed but also a non-uniform distribution of grain size
was also observed. Inhomogeneous nucleation and growth of
ferrite grain, during phase transformation from austenite to

ferrite, is a reason for the non-uniform grain size distribution
(Ref 23). Figure 5 shows the grain boundary maps. The high-
angle grain boundaries (HAGBs), characterized by grain
misorientation exceeding 15�, and the low-angle grain bound-
aries (LAGBs), with grain misorientation between 2� and 15�,
were marked by black and red line, respectively. The volume
fraction of LAGBs increased with a decrease in coiling
temperature. In other words, the minimum CT (550 �C)
showed the highest density of LAGB, indicating a higher

Fig. 3 Optical micrographs of the investigated samples for coiling temperatures of (a) 700, (b) 650, (c) 600, and (d) 550 �C, and (e) the
volume fraction of different phases after coiling process. (Polygonal Ferrite (PF), Acicular Ferrite (AF), Granular Ferrite (GF), Pearlite (P), and
Bainite (B))
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dislocation density likely resulting from static recovery during
the coiling process (Ref 24).

Figure 6 shows the average grain size and distribution. As
may be seen, approximately 80% of the grains are smaller than
10 lm, while coarser grain ( ‡ 15 lm) can be found in
specimens subjected to high coiling temperature. This shows

that the CT has a significant influence on grain refinement in
these steels. The decrease in CT from 700 to 600 �C resulted in
a slight reduction in the average grain size while a further
decrease to 550 �C resulted in drastic decrease in grain size. In
other words, the average grain sizes were found to be 7 and
3.8 lm at CTs of 700 and 550 �C, respectively.

Fig. 4 The IPF maps taken from longitudinal section after coiling simulation at (a) 700, (b) 650, (c) 600, and (d) 550 �C

Fig. 5 Grain boundary maps, with low-angle grain boundaries (2� £ h £ 15�), represented in red, and high-angle grain boundaries (h > 15)
in black for (a) 700, (b) 650, (c) 600, and (d) 550 �C, and (e) and (f) fraction of low-angle grain boundaries and high-angle grain boundaries,
respectively
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3.3 Precipitation Behavior

The precipitation behavior was modeled using Thermo-Calc
software, Fig. 7. As may be seen, the precipitates can be
categorized into three distinct groups. First group of precipi-
tates form in the molten metal, e.g., TiN, and are mostly coarse.
The second category forms in the austenite phase during slab
reheating, e.g., Ti4C2S2, and the third type forms at low
temperature, i.e., during the austenite to ferrite phase transfor-
mation, e.g., VC.

Figure 8 shows the morphology and type of precipitates
after reheating at 1150 �C. As may be seen, four different types
of precipitates were observed, Type I and Type II refer to the
TiN and MnS, respectively. These types of precipitates are too
large to effectively hinder coarsening of the austenite grains

during reheating and also have no impact on the recrystalliza-
tion of austenite grains during hot working. Type 3 consists of
spherical Ti4C2S2 and TiC, and was rarely found in microstruc-
ture after soaking. In contrast with Types 1 and 2, Ti4C2S2 and
TiC precipitates effectively impede the growth of austenite
grains and the occurrence of recrystallization during the
reheating and hot working processes (Ref 25, 26).

Figure 9a depicts TiN particles at 650 �C. The TiN was
found to nucleate preferentially on the aluminum oxide.
Figure 9(b) presents the average size of TiN particles with
respect to the coiling temperature. The average size of the TiN
particles was found to be 5 lm regardless of the coiling
temperature. This suggests that the size of TiN particles remains

Fig. 6 (a) Grain size distribution and (b) average grain size as function of coiling temperature.
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relatively constant regardless of coiling temperature since they
form at elevated temperatures.

The solid solubility of the carbide and nitride particles in
microalloyed steel can be articulated using the following
formula (Ref 27):

log M½ � � X½ �f g ¼ A� B=T ðEq 1Þ

where [M] and [X] represent the equilibrium solubility in mass
percent of V or Ti and C or N, respectively; T is absolute

temperature in K; and A and B are specific constant in austenite
and ferrite matrix.

Equation 2, 3, 4, 5, and 6 express equilibrium solid
solubility of TiN, TiC, and VC in austenite and ferrite (Ref 28,
29):

log Ti½ � � N½ �f gc¼ 3:94� 15190=T ðEq 2Þ

log Ti½ � � C½ �f gc¼ 5:33� 10475=T ðEq 3Þ

Fig. 7 Thermo-Calc prediction of precipitate formation

Fig. 8 Precipitates morphology and type after reheating samples at 1150 �C for 300 s and the related EDS spectra
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log Ti½ � � C½ �f ga¼ 4:40� 9575=T ðEq 4Þ

log V½ � � C½ �f gc¼ 6:72� 9500=T ðEq 5Þ

log V½ � � C½ �f ga¼ 8:05� 12265=T ðEq 6Þ

where [Ti], [V], [C], and [N] are the solid solution amount of
element Ti, V, C, and N, c and a represent austenite and ferrite,
respectively. According to the TMCP schedule (Fig. 1), the
steel was soaked at 1150 �C for 300 s. At this temperature, the
solubility of TiN was calculated as 1.86 9 10�7, i.e., the TiN
particles were stable at soaking temperature and because of
their large size had minor contribution to the recrystallization of
austenite grain during TMCP, and, consequently, have minimal
impact on the final mechanical properties. On the contrary, the
solubility of TiC and VC particles was calculated as
9.30 9 10�3 and 1.10, which indicates that the majority of
TiC particles and all VC particles dissolved at soaking
temperature of 1150 �C. These particles reprecipitated during
the TMCP and coiling process.

Figure 10 displays the TEM carbon extraction replicas of the
precipitates. Three distinct types of precipitates can be
observed, namely, large Ti4C2S2, TiC, and VC. These precip-
itates vary in size from 5 to 260 nano-meters and are distributed
irregularly and randomly. In this study, it was discovered that
fine VC and TiC particles formed during the deformation and
coiling process, whereas TiN and Ti4C2S2 remained stable at
the soaking temperature, which explains their large size. The
particle size distribution, average diameter, and volume fraction
of precipitates are illustrated in Fig. 11. At lower coiling
temperature of 550 �C, the size of precipitates was found to be
significantly large, while simultaneously exhibiting the lowest
volume fraction of precipitates. This occurrence can be
attributed to the fact that the formation of precipitates is
primarily controlled by atomic diffusion and the diffusion rate,
both of which were hindered by the reduced coiling temper-
ature of 550 �C and for 1800 s. Consequently, the nucleation of
TiC and VC was constrained, leading to the retention of a
substantial amount of V, Ti, and C atoms in the solution at
lower coiling temperatures under the investigated conditions.

Conversely, the smallest size and a larger volume fraction of
precipitates were achieved at a coiling temperature of 650 �C,
indicating a heightened nucleation rate of precipitates at this
particular temperature, i.e., the TTT noise of the precipitation
process.

3.4 Mechanical Properties

The hardness and tensile properties obtained from the PIP
test are summarized in Table 1. It can be seen that the modeled
yield strength continuously increases as the CT decreased.
Meanwhile, the UTS initially decreased, then increased, and the
elongation showed a zigzag pattern: It first decreased, and then
increased, and finally, drops sharply as the CT decreased.

Various strengthening mechanisms including lattice friction
stress (r0), solid solution strengthening (rs), grain boundary
strengthening contribution (rg), dislocation strengthening con-
tribution (rd), and precipitation strengthening contribution (rp)
play a role in determining the final yield strength (ry) (Ref 7,
30, 31). The lattice friction stress can be considered the same
for all samples, and it is approximately equal to 48 MPa for
HSLA steels (Ref 32).

The solid solution strengthening and the precipitation
strengthening can be expressed by the following equation
(Ref 1):

rp ¼
5:9

ffiffiffi

f
p

d
ln

d

2:5� 10�10
ðEq 7Þ

where d and f present the average diameter and volume fraction
of the precipitates, respectively.

According to Eq. 7, the presence of fine precipitates with a
high-volume fraction significantly contributes to the mecha-
nism of precipitation strengthening. As per the previously
discussed TEM results, precipitation strengthening was ex-
pected to be predominant in the steel coiled at 650 �C.
However, the mechanical properties indicate that the sample
coiled at 550 �C exhibited the highest YS and UTS. This
contradiction suggests that other mechanisms must be at play
one of them being the solid solution strengthening. This
contribution can be described by the following expression (Ref
31):

Fig. 9 (a) TiN morphology at coiling temperature 650 �C and (b) TiN average size according to coiling temperature
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rs ¼ 4570 C½ � þ 3750 N½ � þ 37 Mn½ � þ 83 Si½ � þ 470 P½ � þ 2:9 V½ �
þ 80 Tiþ Nb½ � þ 11 Mo½ � � 30 Cr½ �

ðEq 8Þ

Here [M] is the mass fraction of element in solid solution in
the ferrite phase. During the reheating process, a considerable
quantity of alloying elements dissolve into the austenite phase,
such as Ti, V, and C. Subsequently, during cooling to coiling

temperature and coiling process, these elements are expected to
precipitate as fine TiC and VC. However, the study of
precipitation behavior revealed that as the coiling temperature
decreases, the volume fraction of precipitates also decreases,
this resulted in a significant amount of alloying elements
remaining in a solid solution, which increase both the YS and
UTS through solid solution strengthening.

Two additional mechanisms that impact the final yield
strength of the tested steel are grain boundary strengthening and

Fig. 10 TEM micrograph of precipitates and related EDS spectra at coiling temperature (a) 700, (b) 650, (C) 600, and (d) 550 �C, and (e) VC
morphology at coiling temperature 700 �C (dark field image)
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dislocation strengthening, both of which depend on the
microstructure.

The mechanical properties of polycrystalline metals at low
temperatures are influenced by the grain boundaries through the
Hall–Petch relationship (Ref 33, 34):

rg ¼
k
ffiffiffi

d
p ðEq 9Þ

where K is the constant, and for HSLA steel, this parameter is
equal to 0.55 MPa.m0.5 (Ref 35), and d is average grain size
(m). The results of the grain size analyze, as illustrated in
Fig. 6(b), indicate a decrease in the average grain size from 7 to
3.76 lm as the coiling temperature dropped from 700 to
550 �C. This reduction in coiling temperature resulted in an
approximately 36 percent increase in the contribution of grain
boundaries to the strengthening mechanism.

Fig. 11 Particle size distribution at different coiling temperatures, (a) 700, (b) 650, (c) 600, and (d) 550 �C, and (e) average particle size and
volume fraction of particles as function of the CT
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The dislocation density, as structural factor, contributes to an
increase in YS and UTS through dislocation interactions. These
interactions can lead to the formation of dislocation tangles,
that impede the movement of dislocations leading to dislocation
strengthening (Ref 36, 37):

rd ¼ aMGbq0:5 ðEq 10Þ

where a is the crystal structure constant and equals to 0.38, M is
the Tylor factor and equals to 2.2, and G is the shear modulus
(81,600 MPa), and b is the Burgers vector (2.5 9 10�10 m),
and q is the dislocation density.

In deformed polycrystalline metals, dislocation can be
categorized as geometrical necessary dislocation (GNDS) and
statistically stored dislocation (SSDs) (Ref 38, 39). The GNDs
can be analyzed using EBSD because they are directly
proportional to the kernel average misorientation (KAM) (Ref
40). The relationship between GNDs and the KAM is given by
(Ref 38, 41):

qGNDs ¼
ah
ub

ðEq 11Þ

Fig. 12 KAM maps at coiling temperatures of (a) 700, (b) 650, (c) 600, and (d) 550 �C, and (e) GND distribution

Journal of Materials Engineering and Performance Volume 34(15) August 2025—16029



Here u is the unit length, h is the kernel average
misorientation, b is the burgers vector (2.5 9 10�10 m), and
a is a constant that depends on the kind of dislocation
boundaries. The KAM maps and GNDs� distribution curve for
the tested steel are given in Fig. 12. The KAM maps
demonstrate that as coiling temperature decreases, the KAM
magnitude rises, which corresponds to an increase in the
average GNDs, that aligns with Eq. 11. This increase in
dislocation density was anticipated due to the reduction in static
recrystallization and the formation of acicular ferrite with
decreasing coiling temperature. This led to an increase in YS
and UTS with decreasing coiling temperature.

The investigation into mechanical properties, microstruc-
ture, and precipitation behavior revealed that structural param-
eters, such as average grain size and dislocation densities, have
a notable effect on the final mechanical properties, in compar-
ison with the precipitation strengthening mechanism. And these
parameters are significantly influenced by the coiling temper-
ature.

4. Conclusions

The evolution of the microstructures and mechanical
properties in high Ti-V microalloyed steel after hot rolling
and coiling simulations were investigated, and the following
conclusion were drawn:

• The microstructures were found to be polygonal ferrite
and pearlite in various proportions depending on the coil-
ing temperature between 700 and 600 �C. However, when
the coiling temperature was dropped to 550 �C, the
microstructures were found to be predominantly acicular
ferrite and bainite.

• The TiN was already coarse at both soaking and coiling
temperatures since it formed at high temperature and,
therefore, had no significant effect on the evolution of the
microstructures during the downstream processing.

• The results indicated that the precipitation and volume
fraction of precipitates were highly dependent on the coil-
ing temperature. This is because the nucleation of precipi-
tates relies on the diffusion process, which is significantly
influenced by temperature. The optimal coiling tempera-
ture for achieving fine precipitates with a high-volume
fraction was 650 �C. At 550 �C, however, the low diffu-
sion rate restricted the formation of fine precipitates in fer-
rite during the coiling process.

• In general, the mechanical properties improved with a de-
crease in coiling temperature. This was due to the forma-
tion of AC ferrite and B, as well as the higher dislocation
density in samples at lower coiling temperatures.
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