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1. Introduction

The current global need for more energy-ef�cient transportation
solutions has generated extensive research work in the academic
community and the steel industry. It has aimed at developing
novel, advanced high-strength steels (AHSS) with high strength
and excellent formability properties. However, the premature
cracking during stretch �anging processes of AHSS has hin-
dered their implementation in the automotive industry.
Therefore, the effects of the thermomechanical-controlled rolling
parameters on the microstructure, mechanical properties, and
stretch �angeability of various low-alloyed steels have been

widely studied during the last years.
Much of the recent research work has been
utilizing hole expansion and bending tests
for the same reason in order to guarantee
the proper formability of these steels.[1–4]

The automotive steel grades with the
tensile strength (TS) less than 700 MPa
typically have hole expansion ratio (HER) val-
ues over 60%.[5] The HER value depends
mainly on the microstructure constituents
and their mechanical properties, distribu-
tion, and volume fractions within the steel
matrix when the TS of AHSS grades is
higher than the just-mentioned value. The
volume fraction of the hard microstructural
constituents (martensite and bainite) is the
main factor that determines the strength
and ductility of the low-alloyed steel with
low carbon content (<0.2 wt%).[1–4] The rela-
tively high-volume fraction of martensite

and/or bainite, which is often required to achieve a high TS value
in the steel, unfortunately tends to have an adverse effect on the
stretch �angeability of the dual-phase (DP), multiphase (MP),
and low-alloyed, transformation-induced plasticity (TRIP)
steels.[6–12] Excellent strength and �angeability properties can be
achieved in the complex-phase (CP) steels and in a steel consisting
of tempered martensite and granular bainite; however, that
required a strict thermomechanical process control together with
a well-balanced steel chemistry.[2,13]

Besides the abovementioned steels, the fully ferritic steel
grades typically have excellent formability but a relatively low
strength; thus, Funakawa et al.[14] introduced a method to
increase their strength substantially by nanometer-sized
interphase precipitates (IP) that were formed during the
austenite-to-ferrite phase transformation. They developed a
new 0.04%C–1.5%Mn–0.09%Ti–0.2%Mo steel in which the �ne
(� = 3 nm) interphase carbides in rows existed within the fully
ferritic matrix. A new 980 MPa fully ferritic, hot-rolled steel was
later studied in the laboratory scale by Huang et al.[15] They also
studied the effect of the coiling temperature (CT) on the precipi-
tation behavior of the low carbon (C = 0.09 wt%), low-alloyed
Ti–Mo steel using three different isothermal CTs and 1 h dwell
time (DT). It was shown that the lowest CT of 600 °C was
required for the excellent strength.

Another alloying concept besides Ti–Mo has also been studied
lately.[16–19] Hutten et al.[16] investigated the mechanical proper-
ties of three low-carbon Ti–Mo–Nb–(V) steels. The coiling time
required to produce a ferritic microstructure with less than
10 vol% martensite would take signi�cantly more time for the
Nb–Mo steel when compared with the Ti–Mo steels.[17]
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New steel alloying concepts are designed in order to produce a fully ferritic, low-
alloy steel with high (1 GPa) ultimate tensile strength (TS). A simulated hot-
deformation process of the Ti–Mo–V–Nb and Ti–Mo–V steels is designed for that
purpose, and the strengthening mechanisms of the steels are evaluated after the
isothermal dwell at three different temperatures (590, 630, and 680 °C). The TS
and the yield strength (YS) of the test alloys are estimated via hardness meas-
urements. Results show that the estimated TS of over 1000 MPa and YS of over
900 MPa can be achieved in both steels, although the contribution of different
strengthening mechanisms to the YS varies between the steels. The effect of the
dislocation strengthening can especially compensate the reduced effect of the
precipitation strengthening at all tested coiling temperatures (CTs). Based on the
results, a CT range of 590–630 °C with the 1800 s dwell time seems to be a
potential process window for the studied steels after the present thermome-
chanically controlled processing (TMCP) route.
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Finally, a TMCP route of the low-alloyed MoCrNbV and VCrNb
steels with low carbon content was simulated and its effects on
the microstructure and nanoscale precipitates were investigated
recently.[18,19] Microtensile tests revealed that over 800 MPa TS
can be achieved in these predominantly ferritic steel alloys with
some hard microstructural constituents (bainite and pearlite).

Considering the strengthening mechanisms and their contri-
butions to the yield strength (YS) of the low carbon low-alloy
steels, Kim et al.[20,21] showed that the maximum effect of
precipitation hardening and grain-re�nement hardening could
not be reached simultaneously in a Ti–Mo steel. Thus, the opti-
mal combined hardening effects by relatively �ne ferrite grain
size and nanosized interphase precipitate distribution could
be only achieved by careful planning of TMCP procedures.

The TMCP procedures of these low-alloyed ferritic steels gen-
erally begin with the homogenization treatment at a temperature
range of 1200–1250 °C in order to resolve the carbides. The
following hot deformation is performed mostly below the Tnr tem-
perature with �nal deformation near the Ar3 temperature of the
steel.[14–16,21–23] The cooling rate from the �nal rolling tempera-
ture �nish rolling temperature (FRT) to the CT may have an in�u-
ence on the precipitation behavior of the low-alloyed Ti–Mo steels,
so rapid cooling rates of 10–100 °C s�1 have been used in the ear-
lier studies to hinder any phase transformation before the dwell at
the CT.[15,16,21–23] One hour is the typical DT of the low-carbon,
low-alloyed steels at the CT.[14–16,21–23] Instead of a relatively long
isothermal DT at the CT, the effect of the continuous cooling on
the precipitation behavior of the low-carbon Ti–Mo steels has also
been investigated.[24–26] The microstructure of the studied steels
contained at least 10 vol% of hard microstructural constituents
(bainite and pearlite), despite the promising precipitate hardening
properties achieved using the investigated TMCP routes.

The contribution of different strengthening mechanisms to
the YS of the low-alloyed Ti–Mo has been evaluated in earlier
studies.[15,19,21] Together with the lattice friction stress of pure
iron, the solid solution hardening, the grain re�nement harden-
ing, the precipitation hardening, and the dislocation hardening
have been taken in consideration. The notable effect of the grain
size and the precipitates on the YS has been veri�ed in these
studies, but the results concerning the ef�ciency of the last-
mentioned mechanisms are controversial. Huang et al.[15] and
Singh et al.[19] predicted that the value of the dislocation harden-
ing was almost 170 MPa in their steels, whereas Kim et al.[21]

stated that its contribution to the YS of the studied steels was
negligible. This discrepancy needs clari�cation because the dis-
location hardening may be one of the key elements if the strength
properties of the fully ferritic steel are aimed to be equal with the
980 MPa steel grade.

Therefore, this study investigated the decomposition of aus-
tenite during the simulated TMCP route and the different coiling
procedures in two fully ferritic low-carbon, low-alloyed steels.
The effect of the coiling parameters and steel chemistry

especially on the dislocation hardening and other strengthening
mechanisms was thoroughly investigated. The TS and the YS of
the test alloys were estimated via hardness measurements. The
contribution of the main factors (grain size, solid solution, pre-
cipitation, and dislocation hardening) on the TS of the test alloys
was evaluated using X-ray diffraction (XRD), �eld emission scan-
ning electron microscope (FE-SEM)/electron backscatter diffrac-
tion (EBSD), and High-resolution transmission electron
microscopy (HR-TEM) analyses. Based on these results, an opti-
mal process window was suggested for the manufacturing of an
ultrahigh strength steel sheets (TS � 1000 MPa) with a novel
steel chemistry.

2. Experimental Section

Table 1 gives the chemical compositions of the tested steel
alloys in weight percent (wt%). The investigated steels were
named Ti–Mo–V steel and Ti–Mo–V–Nb steel. The additions
of microalloying have been calculated so that there should not
be any excess carbon, for example, cementite formation. A lesser
amount of Ti in material two has been compensated with a
higher amount of V and the addition of Nb. Steels were produced
as laboratory castings and were cast using a vacuum furnace. The
dimensions of each laboratory cast were 125 � 170 � 420 mm
(h � w � l) and weighed approximately 75 kg. The casts were
cut into smaller pieces (50 � 80 � 150 mm) and hot rolled to a
thickness of 10 mm using a soaking treatment of 1200 °C for
2 h to achieve material for Gleeble tests.

The simulated TMCPs and the dilatometric measurements
were conducted with a Gleeble 3800 simulator using cylindrical
samples with a diameter of 6 mm and a length of 9 mm. All sam-
ples were austenitized at a temperature of 1260 °C for 5 min at
the �rst stage to resolve carbides. The specimens were slowly
cooled in the next stage under their predicted nonrecrystalliza-
tion temperature (Tnr) of 920 °C. The specimens were deformed
at this temperature to a total strain (�tot) of 0.6 followed by fast
accelerated cooling (50 °C s�1) to the CTs of 590, 630, and 680 °C.
The DTs of 300 and 1800 s were used in each CT before the
specimens were air cooled to the room temperature (RT).
The specimens were coded as 590–300, 590–1800, 630–300,
630–1800, 680–300, and 680–1800 based on the CTs and DTs.
The Ultimate tensile strength (UTS) evaluation of the test speci-
mens measured their hardness using the Vickers method (load
of 10 kg) with �ve measurements of each sample. The exact
details of the hot deformation process are con�dential.

Microstructures of the etched (Nital) TMCP specimens were
characterized with a ZEISS Ultra Plus FE-SEM. EBSD was
performed using AztecHKL acquisition and analysis software.
The EBSD measurements were made using an accelerating volt-
age of 20 kV and a step size of 0.1 �m. The EBSD analyses were
performed using AztecHKL acquisition and analysis software.

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

Test steel C Mn Si Al Ti Mo V Nb S P N Fe

Ti–Mo–V 0.1 1.3 0.5 0.03 0.25 0.25 0.16 – 0.0005 0.01 0.0025 bal.

Ti–Mo–V–Nb 0.1 1.3 0.5 0.03 0.08 0.25 0.30 0.08 0.0005 0.01 0.0025 bal.
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A Rigaku SmartLab X-Ray diffractometer with a 5.4 kW Co
radiation source and a CBO-f polycapillary X-Ray optics was used
in the XRD data acquisition. The step size of 0.01° and the scan
speed 0.5°/60 s over the 2-theta range of 45°–130° were used in
the measurements to estimate dislocation densities and detec-
tion of a possible volume fraction of retained austenite in the
specimens. The fundamental parameter (FP) method of the
PDXL2 analysis software was used to estimate the specimens’
crystallite sizes, microstrains, and lattice parameters.

The thin foil specimens for the TEM study were prepared using
FEI Helios DualBeam FIBþFE-SEM/Scanning transmission
electron microscopy (STEM) equipment. The morphology,
chemistry, size distribution, and structural characterization of
the precipitates were determined in the STEM/energy-dispersive
spectroscopy (EDS) analyses. A high-resolution microscope JEOL
JEM-2200FS Energy-�ltered transmission electron microscopy
(EF-TEM)/STEM with EDS microanalyzer were used with the
operating voltage of 200 kV. The detailed description of the pre-
cipitation behavior of the test steels was reported earlier in ref. [27].

3. Results and Discussion
3.1. Microstructure and Grain Size

The dilatometric measurements con�rmed that the austenite-to-
ferrite phase transformation rate of the test steels was signi�cantly
higher at the 630 and 680 °C temperatures compared to the lowest
temperature of 590 °C (Figure 1). Moreover, the austenite-to-ferrite
phase transformation was almost completed in both steels after
the shorter DT at temperatures of 630 and 680 °C, although a
harder microstructural constituent (bainite) was occasionally
observed in these specimens after the CT of 300 s (Figure 2a).

The EBSD analyses con�rmed that a fully ferritic matrix
formed in both steels after the 1800 s DT at every CT. The results
also showed that the quasipolygonal ferrite grains observed by
Kim et al.[20] and Cheng et al.[28] in their hot-deformed steels held
isothermally at temperatures of 570 and 600 °C; 620 °C was

detected occasionally in the Ti–Mo–V steel only at the tempera-
ture of 590 °C, as shown in Figure 2c,d.

Table 2 presents the summary of the average grain size mea-
sured by EBSD in these steels after the simulated TMCP process
and different coiling parameters. Figure 3 presents examples of
the EBSD analyses, showing ferrite grains separated by the grain
boundaries with misorientation higher than 10° and also the cor-
responding grain size distributions. Some lath-type bainitic
structure is also evident in the grain size image after coiling
at 590 °C for 300 s, as shown in Figure 3a. It must be noted that
the average grain sizes measured by the equivalent circle diame-
ter (ECD) method do not necessarily show the grain size varia-
tions (ratio of small and large grains), meaning that samples
might have the same average grain size but different grain size
distribution (homogeneity).

It should be noted that the grain size of the low-carbon and
low-alloyed steels depends on the TMCP process and the subse-
quent cooling procedures. The similar �ne (2–7 �m) polygonal
ferrite grain size achieved in the present test steels was also pro-
duced when the �nal stage of the hot deformation below the Tnr

temperature of austenite and the subsequent isothermal dwell at
the CT ranging from 590 to 680 °C were performed.[14–16,19–22]

It was also shown that the �nishing deformation over the Tnr

temperature of austenite increased the austenitizing tempera-
ture, decreased true strain, and/or usually produced larger
grain sizes (�10 �m) in several low-carbon low-alloyed steels
using continuous cooling processes instead of isothermal
dwell.[23–25,29–31] Moreover, if the specimens were not hot
deformed or the deformation occurred at a relatively high tem-
perature (�1100 °C), the ferrite grain size was large (�10 �m)
after the cooling procedures, although the austenitizing temper-
ature and the steel chemistries were varied.[28,32–34]

However, some exceptions were found in the literature; �ne
(<3 �m) ferrite grains were formed in Ti–Mo–Cr–(V) steels dur-
ing continuous cooling after the 50% and 30% hot deformation at
temperatures of 1050 and 900 °C, respectively, whereas 20% hot
deformation at the temperature 900 °C, followed by the subse-
quent isothermal dwell at the temperature of 650 °C for 1 h,

Figure 1. Dilatation curves of the specimens: a) Ti–Mo–V steel and b) Ti–Mo–V–Nb. The images are based on data presented in ref. [27].
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resulted in the relatively large ferrite grain size of 30 �m in a
0.1Ti–0.2Mo steel.[26,35] In the former case, the enhanced hard-
enability of the steels due to the extra Cr alloying might cause
rapid nucleation and growth of allotriomorphic ferrite grains
at the intermediate temperatures during the slow cooling
(cooling rate �1 °C s�1). In the latter case, it was reported that
the 0.1Ti–0.2Mo steel contained nearly 50% austenite after
5 min at the isothermal temperature of 650 °C. This sluggish aus-
tenite-to-ferrite transformation kinetics due to the relatively low,
20% deformation probably allowed the allotriomorphic ferrite
grains to grow relatively large before they were impinged
by other ferrite grains. A similarly sluggish austenite-to-ferrite

transformation kinetics was observed in the specimens of this
study aged at the temperature of 590 °C, although their grain size
was less than 3 �m. This can be explained by the notably higher
true strain of the hot compression under the Tnr temperature of
the test steels. This resulted in pancake austenite grains with
high dislocation density which, in turn, provide numerous poten-
tial nucleation sites for ferrite grains with higher undercooling
compared to the hot-deformed steel with the 20% deformation
isothermally aged at the temperature of 650 °C.

Table 3 and 4 present the summary of the precipitates
observed in these steels after the simulated TMCP process
and different coiling parameters. The estimated fraction of the

Figure 2. Microstructures of a) Ti–Mo–V steel and b) Ti–Mo–V–Nb steel after being isothermally transformed at 630 °C for 300 s (bainite marked as red
arrows). EBSD imaging showing high- and low-angle boundaries in ferritic matrix of c) Ti–Mo–V steel and d) Ti–Mo–V–Nb steel after being isothermally
transformed at 590 °C for 1800 s. Black and red lines indicate the misorientation angle � � 10° and 2° � � < 10°, respectively.

Table 2. Average grain size (>10°) of Ti–Mo–V and Ti–Mo–V–Nb steels after simulated TMCP and different coiling parameters.

Steel and process parameters Ti–Mo–V Ti–Mo–V–Nb

300 s 1800 s 300 s 1800 s

590 °C 2.7 �m � 0.14 �m 2.6 �m � 0.05 �m 2.3 �m � 0.07 �m 2.9 �m � 0.10 �m

630 °C 3.4 �m � 0.16 �m 3.2 �m � 0.13 �m 3.1 �m � 0.12 �m 3.2 �m � 0.16 �m

680 °C 3.8 �m � 0.21 �m 4.9 �m � 0.35 �m 3.9 �m � 0.31 �m 3.6 �m � 0.17 �m
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carbides is based on assumptions that particles detected in a cer-
tain STEM image area were spherical and their average size was
also their radius. Figure 4 presents examples of typical precipi-
tates formed in the steels. The thickness of the thin foils was
measured with the Transmission electron microscopy-Electron
energy loss spectroscopy (TEM-EELS) Log-Ratio technique used
in ref. [36]. The average thickness (l) of the present specimens in
the regions of interest was about 50 nm (ranging from 40 to
60 nm). With the number of particles counted in each STEM

image (image area = h � k), the average fraction of precipitates
was estimated in a certain volume (h � k � l = volume in m3)
of the ferrite matrix. Otherwise, ref. [27] presents detailed analy-
ses of the precipitation behavior of the test steels.

Only a few main observations from Table 3 and 4 are
highlighted for the reader because the precipitation behavior
of the test steels was reported in detail elsewhere.[27] The most
interesting observation was the absence of the IPs after the isother-
mal aging at temperatures of 590 and 630 °C in the Ti–Mo–V steel.
Similar precipitation behavior was reported earlier for 0.1Ti steel
and 0.2Ti–0.2Mo steel.[29,37] It was also shown earlier that unstable
IPs formed during the phase transformation in the 0.1Ti steels,
but they dissolved during the increased aging time.[29]

Regarding the Ti–Mo–V–Nb steel, the Ti and Nb alloying had
no signi�cant effect on the formation of the IP because they
formed large (Ti,Nb)Cs during the hot deformation. Thus, the
nanosized IPs were precipitated at temperatures of 630 and
680 °C during the phase transformation. These carbides had
an exact Baker–Nutting orientation relationship with the polygo-
nal ferrite matrix at the CT of 680 °C, whereas a near Baker–
Nutting orientation relationship was observed in the specimen
isothermally aged at the temperature of 630 °C. However, the for-
mation of these IPs was restricted at the temperature of 590 °C.
The spherical vanadium-rich carbides that had a near Baker–
Nutting orientation relationship with the polygonal ferrite matrix
formed in the dislocation walls of the supersaturated ferrite.

3.2. Estimation of the Yield and TS

In accordance with the earlier studies,[38–40] the hardness of the
specimens was measured, and their estimated values of the YS
and the TS were calculated using the Equation (1) and (2).[41]

YS … �90.7 þ 2.876 HV (1)

Figure 3. OIM EBSD maps (upper row) and corresponding grain size (ECD = equivalent circle diameter) distributions (lower row) of Ti–Mo–V–Nb steel
after heat treatment a) 590 °C 300 s, b) 590 °C 1800 s, c) 680 °C 300 s, and d) 680 °C 1800 s.

Table 3. Average size[27] and volume fraction of different Ti(V,Mo)C
carbide types in Ti–Mo–V steel after 1800 s. (IP = interphase precipitates).

Steel and process
parameters

Ti–Mo–V

IPs [nm] Fraction [%] Spherical [nm] Fraction [%]

590 °C n.d.a) – 6–17 (11.5) 0.0003

630 °C n.d.a) – 1–15 (13) 0.0011

680 °C 3.3 0.0013 4–15 (9.5) 0.0010

a)Not detected.

Table 4. Average size[27] and volume fraction of different V(Mo)C carbide
types in Ti–Mo–V–Nb steel after 1800 s. (IP = interphase precipitates).

Steel and process
parameters

Ti–Mo–V–Nb

IPs [nm] Fraction [%] Spherical [nm] Fraction [%]

590 °C n.d.a) – 2.5–6 0.0007

630 °C 4.2 0.0069 4–8 0.001

680 °C 6.1 0.0048 4–18 0.001

a)Not detected.
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