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Abstract: The effects of thermomechanical processing (TMP) on the mechanical response of microal-
loyed steels subjected to dynamic loading conditions were examined. The deformation conditions in
the thermomechanical laboratory rolling processes were selected on the basis of dilatometric tests.
It allowed (with a constant value of total deformation) us to obtain microstructures with different
compositions and morphology of the particular components. Several samples characterized by a
particularly complex and unexpected representation of the obtained microstructures were selected
for further research. Plastometric tests, i.e., compression and tensile tests, were performed under
quasi-static loading with digital image correlation (DIC) analysis, and under dynamic loading on
the Split Hopkinson Pressure Bar (SHPB) apparatus with strain rates of 1400 and 2000 s−1. Samples
deformed in such conditions were subjected to microstructural analysis and hardness measurements.
It has been observed that the use of various combinations of TMP parameters can result in the forma-
tion of specific microstructures, which in turn are the source of an attractive mechanical response
under dynamic loading conditions. This opens up new possible areas of application for such popular
structural materials which are microalloyed steels.

Keywords: thermomechanical processing; microalloyed steel; dynamic loading; mechanical
properties; microstructure development

1. Introduction

The manufacturing of metal products in finished form or as semi-finished products
with excellent quality and an optimal combination of mechanical properties has long been
the main goal of technological development. Particularly high requirements exist for
these products if they are intended to operate in extremely difficult conditions, e.g., where
dynamic loads occur or may occur. Fortunately, the current state of knowledge allows
for a properly selected chemical composition to design parameters of thermomechanical
processing. This makes it possible to obtain the expected microstructures forming an
attractive metallic composite of soft and hard components with the desired morphology.
The current level of knowledge in the field of physical and mechanical metallurgy, and
the continuous progress in the automation of metal forming processes, enable the use of
precise settings of technological parameters and their control in industrial conditions.

A microalloyed steel, characterized by the increased strength due to the presence
of Nb, V and Ti precipitates, is a well-known and widely used structural material [1,2].
Contrary to plain carbon steels, the microstructure development in these steel grades is
very pronounced. Microalloyed steels are strengthened by precipitation, solid solution,
work hardening, grain refinement mechanisms as well as multi-phase microstructure. The
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results of research published so far on the influence of thermomechanical processing condi-
tions on microstructural effects of microalloyed steels show that it is possible to obtain a
different mechanical response for the same chemical composition [3,4]. The most important
ones, from the point of view of creating mechanical properties, are the composition of the
microstructures and the morphology of individual components. It is commonly assumed
that the most advantageous for obtaining good plasticity (toughness) and high strength
(yield stress, YS; tensile strength, TS) is to guarantee a significant microstructure refinement.
It turns out, however, that due to the appropriate phase composition, morphology of
individual components and additional effects of controlled microstructural inhomogene-
ity, resulting from the specific arrangement of microstructural elements, it is possible to
produce an attractive structural materials. Such materials are dedicated to withstanding
specific loads, such as those observed under impact loading. It is already proved that
reducing the average grain size and additionally the formation of the bimodal and complex
phase (CP) microstructures lead to an optimization of the mechanical properties [3–5].
Further activity towards improving the mechanical properties, especially of microalloyed
steels, may be the use of a bimodal microstructure in order to improve the ductility and
plasticity of these materials under conditions of operation of very high strain rates [6–9].
One of the factors hindering the broad application of high-strength steel products is the
apparent ductility decreasing, especially under dynamic loading conditions. This problem
generally applies to body centered cubic crystal lattice (b.c.c.) metals whose strain rate
sensitivity is high. Recently published works have suggested several ideas to improve the
ductility of modern steels by using dispersed oxide, cementite or martensite [10–12], the
use of a bimodal microstructure or distribution of grain size [13]. It is also possible to apply
deformation of the ultrafine grained (UFG) material at a very low temperature and/or
high strain rate, thereby increasing the high strain rate sensitivity or introducing heavy
twinning into the material during processing [14]. Hence, it can be assumed that not only
the microstructure refinement, but also the controlled and specific inhomogeneity of the
complex microstructural components for a given chemical composition can be significant
from the point of view of high strain rate mechanical response of the microalloyed steels.
The main advantages of this approach are the avoidance of the need to use complex chem-
ical compositions and the use of new technological processes, which is definitely more
expensive compared to the production of already well-mastered processes for the manu-
facture of microalloyed high strength low alloy (HSLA) steels. There is still no substantial
amount of research concerning the strain rate dependance of the mechanical response
of the complex phase compositions of microalloyed steels. In particular, plasticity and
strength at strain rate higher than 103 s−1 (corresponding to dynamic loading condition)
are important for applications in automotive bodies and in energy, naval or defense in-
dustries. The basic process parameters for obtaining a fine-grained and homogeneous
microstructure of the microalloyed steels with particular chemical composition are soaking
and deformation temperatures, prior austenite grain size, amount of deformation in the
austenite non-recrystallization region and the cooling rates during and after the austenite
transformation [15–18]. The recent progress and the latest achievements in thermome-
chanical processing of the first, second and third generations of advanced high-strength
steels (AHSSs) and NANO (New Application of Nano Obstacles for dislocation movement)
Nano Hiten steels have been very widely reviewed and thoroughly discussed in several
published works, such as that of Zhao and Jiang [19].

The aim of the study was to investigate the influence of thermomechanical treatment
on microstructural changes and the resulting mechanical response under high strain rate
loading. Variations of all of the most important parameters of the thermomechanical
processing of Nb-treated microalloyed steel were included in the applied laboratory rolling
schemes. The evaluation of the influence of the obtained various microstructures for differ-
ent histories of the deformation process was based mainly on the results of plastometric
tests performed with the use of the Split Hopkinson Pressure Bar (SHPB) technique.



Materials 2021, 14, 6062 3 of 17

Summarizing, the main purpose of the present study is to clarify how the specific
microstructures produced by the thermomechanical processing of Nb-microalloyed steel
can affect strength and plasticity at very high strain rates. A wide and fully substantiated
set of experimental tests of microalloyed steels is presented in this work. It may prove to
be an indispensable tool for thermomechanical process control in order to produce new
structural materials intended for applications under dynamic loading conditions.

2. Materials and Methods

Microalloyed steels of 0.06 wt.% C, 0.058 wt.% Nb, 0.30 wt.% Si, 1.63 wt.% Mn,
0.045 wt.% V, 0.08 Mo, 0.02 wt.% Ti, 0.23 wt.% Ni and 0.006 wt.% N were examined. All
the material specimens were made from commercial sheet with a thickness of 14.6 mm.
The samples were first cold rolled on a 4-high laboratory rolling mill with a working roll
diameter of φ 100 mm, at the Department of Metal Forming, AGH UST, Cracow, Poland.
Total applied true strain was ε = 0.74 (thickness reduction z = 52% from 14.6 to 7 mm). Then,
samples of φ 5 × 10 mm were cut according to longitudinal direction, and dilatometric
tests were performed. Dilatometric tests as well as forming dilatometric tests were per-
formed with the use of a quenching and forming dilatometer BÄHR Thermoanalyse GmbH
(Hüllhorst, Germany) DIL 805 A/D equipped with an inductive heating system. The
samples taken from cold-rolled flat bars were heated on a deformation dilatometer to the
selected temperatures, 890, 900, 920 and 1000 ◦C, with a heating rate of 1 ◦C/s. The samples
were held at the preset temperature for 3 min. Next, one sample for each temperature was
subjected to compression with a strain equal to ε = 0.34, while the other sample was not
deformed. After deformation, the samples were cooled to room temperature at the rate of
100 ◦C/s. On the basis of dilatometric tests, thermomechanical rolling diagrams (presented
in Figure 1) were designed.
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Figure 1. Schemes of applied thermomechanical treatment for schedule A (hot rolling with one pass) (a) and schedule B
(hot rolling with two passes) (b). The initial microstructures of the austenite obtained after heating to 900 ◦C (c) and 1000 ◦C
(d). Examples of thermomechanical rolling schemes for individual variants (e).
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Microstructure studies were performed using Carl Zeiss AG (Oberkochen, Germany)
Axio Imager M1m and Reichert Optical Company (Vienna, Austria) Metavar microscopes.
Electron Back Scattering Diffraction (EBSD) analysis was performed using an FEI Com-
pany (Hillsboro, OR, USA) NanoSEM 450 microscope, with post-processing using Oxford
Instruments (Witney, United Kingdom) Chanel 5 software. Each EBSD measurement was
performed with a step size of 50 nm, and the limit for one grain qualification was 8 pixels.
Additionally, in the grain size analysis, all grains with an area smaller than 0.2 µm2 were
rejected for further processing. A Bruker Corporation (Billerica, MA, USA) AXS D8 Ad-
vance apparatus with a cobalt lamp generating X-rays of 1.7902 Å wavelength was used
for X-ray diffraction (XRD) analysis.

Two groups of samples characterized by a particularly complex representation of the
obtained microstructures were selected for further research. Under quasi-static conditions,
the samples prepared from flat bars were examined under quasi-static tensile loading using
Instron (Norwood, MA, USA) 4502, whereas the cylindrical specimens were used in com-
pression tests using for tensile configuration, and the Zwick Roell Group (Ulm, Germany)
Z250 machine was used for upsetting configuration. Tensile tests were accompanied by
Dantec Dynamics (Skovlunde, Denmark) Q400 DIC strain analysis equipment. Hardness
maps were made using Zwick Roell Group (Ulm, Germany) 3212 Hardness Tester.

High strain rate compression tests were performed using the classical split Hopkinson
pressure bar (SHPB) system built at the Military University of Technology, Warsaw, Poland.
The basic parameters of the bar system shown in Figure 2 are as follows: input and output
bar 1200 mm long, striker bar 250 mm long and all bars 12 mm in diameter. The bars
were made of the heat treated maraging steel grade MS350 (yield strength—2300 MPa;
Young modulus—196 GPa; elastic wave speed—4960 m/s). The striker bar was driven by
a compressed air system with a barrel length and inner diameter of 1200 mm and 12.1 mm,
respectively. The impact striker bar velocities applied during the experiments were between
9 and 21 m/s, ensuring strain rates between 150 and 2200 s−1 for the specified size of
specimens used. Cylindrical samples of 4 mm length and 4 mm diameter were applied in
all the SHPB experiments.
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Figure 2. Scheme of the SHPB setup.

The pulse shaping technique was used to minimize the wave dispersion by damping
the Pochhammer–Chree high-frequency oscillations and to facilitate stress equilibrium.
The pulse shaper size was chosen for the given striker impact velocity and mechanical
response of the tested material. It was found that for a given SHPB test condition, a copper
pulse shaper with a 3 mm diameter and thickness ranging from 0.1 and 0.3 mm guarantees
damping of the high-frequency oscillations and achieving dynamic stress equilibrium in
the specimen. A grease based on MoS2 was applied to the contact interfaces between the
specimen and the bars to minimize the interfacial friction.

The wave signals in the input and output bars were captured using strain gauges
attached symmetrically to the opposite surfaces of the bars and in their middle length.
The strain gauges were connected to a full Wheatstone bridge configuration. Typical
electrical strain gauges of 1.6 mm gauge length were used (CEA-13-062UW-350, Vishay
Micro Measurements Inc. [Raleigh, NC, USA]). The amplified signals of the strain gauges
were recorded using a signal conditioning unit with frequency band of 1 MHz (SGA-0B
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V5 Wheatstone bridge with signal conditioning amplifiers, ESA Messtechnik, Olching,
Germany) and a data acquisition system (LeCroy Chestnut Ridge [Chestnut Ridge, NY,
USA], WJ354A high-speed digital oscilloscope).

Samples deformed during the plastometric tests were again subjected to microstruc-
tural analysis (optical microscopy, OM; transmission electron microscopy, TEM) and hard-
ness measurements. Lamellae for the TEM observation were pre-pared with FEI Company
(Hillsboro, OR, USA) SEM/Ga-FIB Helios NanoLab™ 600i. The TEM microscope used for
structure analysis was FEI Company (Hillsboro, OR, USA) Tecnai G2 20 TWIN. Mapping
of structural orientation based on diffraction patterns was performed by NanoMEGAS
SPRL (Brussles, Belgium) ASTAR hardware with ACOM software.

3. Results and Discussion

Thermomechanical processing is a metallurgical process that integrates work harden-
ing and heat treatment into a single process [20]. Thus, by using appropriate combinations
of deformation history and cooling rates in the appropriate temperature ranges in austen-
ite or during its phase transition, we can, for a given microalloyed steel with specified
chemical composition, produce the expected mechanical properties that are primarily a
function of the steel′s microstructure [21,22]. Generally, all microstructures obtained in the
present study consist of ferrite/bainite matrix with a small amount of retained austenite,
martensite and perlite. Nevertheless, the basic differences between the obtained materials
result from the content of individual structural components and their specific morphology.
On the other hand, favorable combinations of mechanical properties, including, in partic-
ular, strength and ductility under dynamic loading conditions, result from the structural
inhomogeneity being a direct result of the thermomechanical processes carried out.

3.1. Dilatometric Tests

The main goal of the present study was to evaluate mechanical properties of samples
with various, specifically prepared during the thermomechanical processing microstruc-
tures, deformed with high strain-rates. In order to precisely determine the critical tempera-
tures for the austenitic range, the experiments began with dilatometric tests. Information
was obtained on the starting temperature of the austenite–ferrite transformation for differ-
ent reheating rates of the samples to the temperatures at which the rolling processes were
carried out. The results obtained from the conducted tests are presented in Table 1. The key
heating transformation temperatures were established by dilatometric testing at different
reheating rates: 1, 10, 30, 50, 70 and 100 K/s. The approximate temperature of the end of
the austenitic transformation of Ac1 was taken as 880 ◦C. The differences in the duration
of phase transitions resulting from the reheating rate turned out to be negligible from the
technological point of view.

Table 1. Critical temperatures determined during reheating at different rates.

Transformation during Reheating up to 1200 ◦C

1 K/s 10 K/s 30 K/s 50 K/s 70 K/s 100 K/s
Ac1, ◦C 800 820 820 820 820 825
Ac3, ◦C 892 870 880 880 883 885

The austenite grain size is essential for the production of a specific final microstruc-
ture, strength and toughness of microalloyed steels after thermomechanical processing.
Qualitatively and quantitatively, the austenite microstructure is already formed at the stage
of reheating to the austenitizing temperature. Therefore, information from the dilatometric
tests, which allowed for an assessment of the role of reheating rate, were investigated at
the beginning of the present study.

Subsequent samples were tested in order to assess the influence of austenite defor-
mation and austenitization temperature on phase transformations during cooling. Four
austenitization temperatures were selected. After annealing (reheating rate 1 K/s) and
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austenitization (withstanding for 180 s), one sample was cooled and the other was de-
formed with a strain of 0.34, and then cooled. The cooling medium was nitrogen gas.
Recorded dilatometric curves with assigned critical temperatures are presented in Figure 3,
where the final microstructures after the tests are also presented.
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Figure 3. Influence of initial deformation on the course of dilatometric curves (a) and microstructures of the specimens (b).

A temperature of 890 ◦C has been chosen as the nearest temperature at which stable
austenite exist. However, dilatometric tests do not correspond with real rolling processes
because of the temperature drop during the transfer of the billet from the furnace to the rolls.
This temperature drop is estimated as 10 ◦C. For this reason, an austenitization temperature
of 900 ◦C was applied in order to achieve an 890 ◦C billet temperature during deformation.

During the laboratory rolling process, the billet size is relatively small compared to
industrial processes, so the correct choice of temperatures may be disturbed due to the
temperature fluctuations and non-uniform distribution that occur. Moreover, in order to
assess the impact of the intensity of these changes on the kinetics of austenite transformation
and the morphology of its products, an austenitization temperature of 920 ◦C was included
in the adopted thermomechanical processing schemes. The influence of the austenite
deformations at temperatures higher than austenite recrystallization (estimated as 980 ◦C,
based on chemical composition) require higher austenitization temperature, so 1000 ◦C
was chosen as the last test temperature. Two different kinds of cooling strategies were
applied: in air and in water.

In the first stage of the conducted research, the images of microstructures and the
resulting mechanical properties of samples deformed under different conditions of ther-
momechanical processing with the same total deformation were analyzed. Thus, for the
same thickness of rolled flat bars, several structural materials of different properties were
obtained. The thermomechanical treatment schemes used in the present study are pre-
sented in Figure 1. However, for the following investigations, we decided to study, more
particularly, only selected schemes. On the basis of dilatometric tests, samples for ther-
momechanical rolling were prepared. Samples 1A, 1B, 3A, 3B, 4A, 4B, 6A and 6B were
selected (rolling schedules—see Figure 1). The criterion for selecting samples for further
tests resulted from the degree of differentiation of microstructures at room temperature
and the process parameters used in the completed thermomechanical rolling tests.

3.2. Microstructural Studies

Microstructural investigations of the specimens produced by the TMP were performed.
Both the phase composition and the morphology of individual components of the stud-
ied microstructures were assessed. Examples of the results of the obtained images of
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microstructures are shown in Figure 4. The microstructural analysis was performed using
samples cut, in a plane parallel to the rolling direction, from (i) the near surface (1 mm slice
for prior austenite grain revealing due to low ability of that steel for martensitic transfor-
mation) and (ii) mid-thickness location of a 5 mm thick final flat bar. The microstructural
characterization was carried out by optical and scanning electron microscopy (SEM) with
EBSD technique. High mechanical properties, including impact toughness, require not
only higher strength of the microstructure components, such as non-polygonal ferrite,
acicular ferrite, bainites or martensite achieved due to dedicated chemical composition
and high cooling rates, but also a controlled degree of their refinement and finally, in the
case of many phases, of their proper arrangement in the micro-regions. Microstructural
studies have revealed that bainite is the dominant microstructural component for the
produced materials. Nevertheless, from the point of view of mechanical properties, an
important factor characterizing the obtained microstructures is their heterogeneity and
the morphology of individual components. It can be noticed (Figure 4) that in the case of
samples 1A and 1B, the obtained microstructure is characterized by the highest proportion
of ferrite with a fairly uniform degree of refinement, especially in the case of sample 1A.
The greatest microstructural inhomogeneity can be seen in the images of samples 4A,
especially 4B (Figure 4). The latter is dominated by a characteristic image of areas marked
with granular ferrite, corresponding to the primary austenite structure, filled with a mix-
ture of bainite, martensite and acicular ferrite. The microstructure revealed in sample 3A
(Figure 4) shows a distinct bimodal character, i.e., there are uniformly distributed grains of
very fine and much larger diameters. Such a microstructure, as already mentioned in [6–9],
is very advantageous from the point of view of the optimal combination of ductility and
high strength.

It should be expected that the observed characteristics of the microstructures, i.e.,
significant differences in morphology, phase composition and structure refinement, will
have a significant impact on the mechanical responses of the tested samples under both
quasi-static and dynamic loading conditions.

The quantitative assessment of the retained austenite was also the result of the per-
formed analysis. The thermomechanically rolled specimens were examined using X-ray
diffraction analysis (XRD). Based on the diffractograms, the volume fraction of retained
austenite in the tested samples was calculated. Based on the evaluation of the microstruc-
tures, the volume fraction and the morphology of individual structural components and
histograms showing the degree of disorientation within the grain boundaries, the dominant
phases occurring in each of the microstructures were identified. The grain sizes presented
in Table 2 were determined on the basis of maps from the EBSD analysis, where 0.2 µm2

was assumed as the minimum grain area.

Table 2. The results of the analysis of microstructure components for the applied thermomechanical rolling schemes
(Figure 1) and the quantitative assessment of the degree of refinement as well as the amount of retained austenite.

Scheme Microstructure Components Average Grain Diameter (EBSD), µm Retained Austenite Fraction, %

1A Granular bainite 2.28 5.73
1B Granular bainite 2.33 3.47
2A Granular bainite 2.23 2.83
2B Granular bainite/upper bainite 2.12 4.2
3A Granular bainite 2.19 1.12
3B Upper bainite 2 4.88
4A Granular bainite 1.76 (1.67 µm taken from thin film from TEM)
4B Upper bainite 1.99
5A Upper bainite 1.89
5B Upper bainite 2.02
6A Upper bainite/lower bainite 1.73
6B Upper bainite/lower bainite 1.71
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3.3. Plastometric Tests

On the basis of the microstructural tests performed and the aforementioned criterion
of the selection of the research material, samples were selected for plastometric tests. In
the first stage of the study, the quasi-static tensile tests were carried out. In addition to
the obtained stress–strain curves, images of strain distributions were also produced using
the DIC system. These tests allowed us to determine the mechanical characteristics of all
tested samples under quasi-static loads. The examples of results of the tensile tests and
measurements with the DIC system are shown in Figure 5. The representation of the initial
microstructures in the samples before test is also shown.
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As it was mentioned earlier, the microstructures obtained after thermomechanical
rolling were formed mainly by ferrite–pearlite (specimens 1A, 1B) or bainite–martensite and
acicular ferrite reaching (specimens 4A, 4B). The results presented in Figure 4 clearly show
that hard microstructural components (perlite, bainite, martensite) exerted a significant
influence on the mechanical response of the tested samples. These observations are consis-
tent with literature [23,24] where it was shown that the ferrite was the soft microstructure
component with high elongation, whereas bainite was the hard microstructure component
with high strength. We can expect that in the high strain rate regime, the retained austenite
(specimens 1A, 1B) can be considered as independent of strain rate in comparison to the
ferrite and bainite, which usually show positive strain rate sensitivity.

An important feature of structural materials, especially those intended for applications
in various load conditions due to the mechanical state, is their susceptibility to work
hardening. For this reason, also in the case of the materials produced in this study after
thermomechanical rolling, tests were carried out that allowed us to compare the mechanical
response of individual samples in the function of deformation distribution and as a result
of work hardening. First, the samples with a special shape (Figure 6) were subjected
to the tension tests with this same range of the total elongations. During loading, the
measurements of strain distributions were made using the DIC system [25], to determine
the degree of the localizations of deformation. Then, the deformed samples were subjected
to hardness measurements in order to assess the characterization of work hardening
of the various microstructures. The results of the performed quasi-static tensile tests
indicate significant differences in the ability of work hardening between the tested samples.
Comparing samples 1A and 1B with 4A and 4B, it can be seen that in the case of the former,
there is a stronger tendency for localization of the deformation. In the case of sample 6, in
general, higher hardness values and weaker tendency for strain localization were observed.
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Figure 6. Maps of strain distributions and hardness in samples produced as a result of thermomechanical rolling. Specimens
with a special, arcuate shape of the deformation zone were elongated until the maximum tensile force was reached.

It should be mentioned here that, as it is generally known, the formation of a local
stress state at the micro level on various types of stress concentrators, e.g., hard phase and
soft ferrite interfaces, facilitates the dissipation of deformation energy on a macro scale.
The possibility of evaluating the characteristics of work hardening, which is presented
in Figure 5 as an effect in the form of localization of both deformation and strengthening
(hardness), is of key importance in this case. Therefore, it is reasonable to follow the
relationships between the local inhomogeneous states of the microstructure, hard and
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soft components, and the resulting macro-scale consequences of the mechanical response.
This dependence is of particular importance in dynamic load conditions, where the wave
pattern of stress spreading is observed.

The next stage of the research included the measurements of impact toughness and
the interpretation of the obtained results. It can be noticed (Figure 7) that in relation to
the material in the initial state, based on the analysis of the fracture energy, the produced
materials show a clear, dominant division in terms of cooling conditions. The samples
cooled after rolling in air have a fracture energy slightly higher than or equal to that of the
sample in the input state, while for samples cooled in water, this energy is much lower.
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Figure 7. Energy consumed for breaking in Charpy test (impact toughness) for V-notched samples
with not-normalized dimensions: width/thickness/length = 10/4/55 mm. The highest values of
energy and percentage deviation in the negative are presented.

When analyzing the obtained results in more detail, it can be seen that in the case
of thermomechanical rolling according to scheme A, samples 1A and 2A almost do not
differ in the breaking energy from the input material. The increase in impact toughness
was observed in the case of the sample rolled according to the scheme 3A and it should
be noted that this increase is the greatest among all tested samples. Observing the image
of the microstructure for this sample 3A, it should be assumed that high toughness value
in this case is a direct result of the bimodal distribution of significantly refined and large
grains [6–9,13]. The rolling pattern B (two hot passes), in turn, in each case shows an
increase in the fracture energy for air-cooled samples, and the obtained results are very
similar to each other. Thermomechanically rolled samples according to schemes 1B and 2B
are characterized by high impact toughness, and this can be related to the morphology of
their structure. The observed SEM fractures and the microstructures indicate a relatively
uniform distribution of both larger and finely comminuted grains, which on the one
hand ensures an increase in strength resulting from the refinement of the structure, and
at the same time does not generate privileged places (as in the case of very fine grain
conglomerates) for initiation and crack propagation.

The influence of the strain rate on the mechanical properties of the tested samples was
presented in Figure 8, in which the quasi-static and dynamic stress–strain curves obtained
for samples subjected to different histories of thermomechanical treatment were collected.
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Figure 8. Quasi-static and high strain rate curves for microalloyed steel subjected to thermomechanical rolling. Microstruc-
ture images for water-cooled thermomechanical variants after high strain rate compression were added.

Comparisons of the obtained results for samples subjected to different histories of
thermomechanical treatment and subsequent compression in quasi-static conditions and
SHPB are shown in Figure 8. The representation of the final microstructures in dynamically
deformed samples is also shown. The microstructure analysis performed with the use of
optical microscopy showed a uniform image of the microstructure on the sample cross-
sections after dynamic deformation. This is consistent with the expectation that in the
SHPB tests, the distribution of the effective strain on the sample cross-section should be as
uniform as possible [26–28]. Using the comparisons of the obtained stress–strain curves for
different strain rates, the increments of flow stress of the tested samples were determined
as an effect of their strain rate sensitivity (Table 3). This seems to be the result of the finest
refinement of the microstructure obtained with scheme 4A.

Table 3. Increases in the flow stresses due to the strain rate sensitivities at strain 0.1 for stress–strain
curves presented in Figure 8.

Sample Flow Stress under
Quasi-Static Loading

Flow Stress under
Dynamic Loading

Increase in the
Flow Stress

Strain Rate
Sensitivity, m

6A 1190 1332 142 0.0093
6B 1150 1300 150 0.0100
4A 928 1229 301 0.0229
4B 1035 1177 142 0.0105
3A 703 841 138 0.0151
3B 786 955 169 0.0164
1A 698 849 151 0.0163
1B 759 935 176 0.0176

Initial material 770 961 191 0.0186

The selected stress–strain curves clearly show the possibility of obtaining signifi-
cant changes in the mechanical properties of the tested microalloyed steels subjected to
thermomechanical processing. It results directly from the fact that the HSLA steels are
characterized by the highest number of strengthening mechanisms, i.e., deformation, solid
solution, precipitation, complex phase and grain refinement strengthening. In turn, these
strengthening mechanisms are activated in different ways in different microstructural
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compositions produced by a thermomechanical processing. Multiple microalloying addi-
tions also have a clear synergistic effect on hardenability. A favorable combination of high
strength and ductility at high strain rates was obtained due to the developed multi-phase
microstructure and its dedicated inhomogeneity in the micro and meso scales.

The results of plastometric tests presented in Figure 8 allow for the formulation of
some general conclusions. The differences in the behavior of materials heated to 900 ◦C
and 1000 ◦C (Figure 1) can be explained by the presence of more precipitates in the steel
heated to a lower temperature, because the vanadium micro-additions did not dissolve
sufficiently when reheated to the rolling temperature at 900 ◦C. In steel reheated to 1000 ◦C,
the vanadium present in the solution did not have enough time to form carbides and the
austenite with dissolved vanadium underwent a bainite transformation.

Sample 4A is characterized by the highest work hardening among water-cooled
specimens. It contains the smallest share in the structure of upper bainite, and due to the
lowest reheating temperature, it contains the highest number of carbides in the structure. At
the given reheating temperatures, samples rolled in two passes (Figure 1) are characterized
by higher strength in the quasi-static compressions than those rolled in one pass when
cooled in the air. When cooled in water, single pass rolled specimens represent higher
strength. The exception is sample 4A, for which the yield stress is lower than for sample 4B.

In the case of air-cooled samples, for high strain rate regime, the differences between
samples rolled according to schemes A and B are the same as for quasi-static compression.

This is not the case with water-cooled samples. The increase in plastic flow stress of
samples reheated before rolling to 1000 ◦C is the same, regardless of whether the rolling
was carried out in one or two passes. In samples reheated before rolling to 900 ◦C, the
increase in the yield stress of a sample rolled in one pass is much greater than in a sample
rolled in two passes. The compression yield stress of the sample 4A at a strain rate of
2100 s−1 is higher than that of the sample 4B compressed at a strain rate of 2200 s−1.

Significant differences in the strain rate sensitivity were observed in case of samples
1A, 1B and 4A, 4B. The compression curves shown in Figure 8 also show that the sample 4A,
characterized by a fine-grained structure of granular bainite strengthened with particles of
foreign phases, shows the highest sensitivity to the strain rate while maintaining a high
strain hardening ability. Hence, it can be concluded that for given strain rate and strain
level, the microalloyed steel with heterogeneous, multiphase microstructure exhibits higher
strain rate sensitivity than fully ferritic/pearlitic microstructure.

The analysis of the obtained results of compression tests clearly shows that material
of sample 1A represents the highest work hardening rate, which may be due to the low
yield stress associated with the presence of a relatively large amount of retained austenite.
Additionally, the presence of a substantially high volume of retained austenite makes the
sample material highly susceptible to work hardening.

Summarizing the results of compression tests presented in Figure 8, it should be
stated that samples 1A, 1B and 4A, 4B exhibit an exceptionally attractive combination
of mechanical properties under dynamic loading conditions. Sample 4A shows a higher
sensitivity to strain rate even though the structure morphology is relatively similar to 1A,
although sample 4A has a finer microstructure and sample 1A contains a significant amount
of retained austenite. It follows that under dynamic load conditions, the grain refinement
has a stronger positive effect on toughness than increasing the amount of retained austenite.

At the end of the study, a more detailed analysis of the relationship between the history
of thermomechanical rolling, the resulting microstructure and the mechanical properties,
especially at high strain rates, was carried out. TEM microscopy and diffraction analysis
were used in these studies. Sample images of the microstructures are shown in Figure 9.
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Due to the very large differentiation of microstructural effects, selected cases were ana-
lyzed in detail. The microstructure analysis was carried out on samples made of rolled steel
according to variant 4A (cold deformation, heating to 900 ◦C, rolling in one pass, cooling in
water). The samples were analyzed at the condition after rolling and after deformation with
the value of ε = 0.25 with two strain rates: 0.01 s−1 and 2100 s−1. TEM analysis showed
that the original structure of sample 4A was composed of finely divided components with
no visible signs of deformation. The diffraction pattern shows over 15 rings, formed out
of numerous spots, the evidence of the large number of small grains. Such a complex
diffraction pattern corresponds to a more complex microstructural features, than ferrite
structure only. These rings are probably derived from numerous carbides. The dots on the
diffraction pattern are clear and not stretched, which shows that the accumulated strain
energy is not high and the material is relatively free from microstructural strain effects. The
structure also includes bainite grains and numerous precipitates of various sizes, from a
few to several hundred nm. The sample after deformation with a strain rate of 0.01 s−1

shows a strong development of the dislocation substructure and a large change in the crys-
tallographic orientation within one grain. The presence of the precipitates facilitates the
accumulation of microstructural effects of deformation. The dislocation substructure tends
to be orderly. It is visible on the diffraction map, where the outlines of the subgrains can be
seen. Dislocations are arranged in tangles, which transform into subgrain boundaries with
further deformation.

The deformation effects can be observed much more significantly in the sample
deformed with the strain rate of 2000 s−1. Optical microscope images of microstructures
show that the microstructure is clearly finer than in the sample deformed at a lower
strain rate. The change in the crystallographic orientation within the grains is smooth
and does not form a distinct substructure. The photos of the dislocation substructure
show the significant accumulation of dislocations blocked on numerous highly dispersive
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precipitates. This effect is characteristic for steels with Nb, Ti and V microalloying additions,
and also for the microalloyed steel tested in this study.

The presented research has shown that it is possible to form the microstructure in the
finished product in such a way as to achieve the expected mechanical responses at high
strain rates without the need to change the chemical composition of the microalloyed steel.
For this reason, further study on the problem discussed in this paper should be directed
towards the creation of appropriate models that can be used directly for designing an online
control of more and more complex thermomechanical processing of the microalloyed steels.
The results of the present study are important not only for the automotive, defense and
mining industries, but also for the further development of processes under dynamic
forming conditions.

4. Conclusions

In the present study, a series of thermomechanical rolling tests and plastometric
tests at low and high strain rates were presented. The main conclusions may be drawn
based on the investigations of 0.06 wt.% C, 0.058 wt.% Nb, 0.30 wt.% Si, 1.63 wt.% Mn,
0.045 wt.% V, 0.08 Mo, 0.02 wt.% V, Ti, 0.23 wt.% Ni and 0.006 wt.% N microalloyed steel.
These compositions were selected to provide representation of the commonly used grade
X70. The basic feature of the tested steel is the presence of two main strengthening mecha-
nisms, i.e., precipitation strengthening due to Nb, V and Ti, as well as grain refinement.
Multiple microalloying additions also have a clear synergistic effect on hardenability. A
favorable combination of high strength and ductility at high strain rates was obtained
thanks to the developed multi-phase microstructure and its dedicated inhomogeneity in
the micro and meso scales. The paper presents several possible strategies for modifying
the dynamic response of the examined microalloyed steels. Depending on the boundary
conditions of the thermomechanical process, it is possible to change the history of the
processing, i.e., reheating temperature, deformation schedule, cooling rate, or to change the
finishing temperature from conventional austenite rolling to austenite–ferrite intercritical
rolling, or a combination of both. The presented research results and their discussion clearly
indicate the need for further research for selected histories of thermomechanical processing
in order to more precisely determine the changes in the strain rate sensitivity of the studied
microstructures. The obtained results, both from the study of mechanical responses and
microstructural analyzes, allow for the formulation of the following conclusions.

1. The microstructural and plastometric tests performed showed that under dynamic
loading conditions, the refinement of the grains has a stronger positive effect on
toughness than the increase in the amount of retained austenite.

2. It has been shown that the bimodal and gradient microstructures with large fraction
of bainite/martensite clusters surrounded by ultra-fine-grained ferrite are capable
of producing steels with an attractive combination of strength and ductility at high
strain rates.

3. Observing the image of the microstructure for the sample 3A, it should be assumed
that good toughness in this case is a direct result of the bimodal distribution of
significantly refined and large grains.

4. The analysis of the obtained results of plastometric tests clearly shows that sample
1A represents the highest work hardening rate, which may be due to the low yield
stress associated with the presence of a relatively large amount of retained austenite.
Additionally, the presence of a substantially high volume of retained austenite makes
the sample highly susceptible to work hardening.

5. For given strain rate and strain, the microalloyed steel with heterogeneous, multi-
phase microstructure exhibits higher strain rate sensitivity than fully ferritic/pearlitic
microstructure. This is a suggestion for the further development of new high-
strength ultra-fine-grain steels that can exhibit attractive mechanical behavior under
dynamic loading.
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