AST Advances in Science and Technology
\MRJ Research Journal

Advances in Science and Technology Research Journal, 2025, 19(8), 126-140
https://doi.org/10.12913/22998624/204076
ISSN 2299-8624, License CC-BY 4.0

Received: 2025.02.19
Accepted: 2025.06.15
Published: 2025.07.01

Characterization of hot deformability of C-Mn-Si structural steels

Marek Opiela™®, Mateusz Rakszawa', Barbara Grzegorczyk'®, Jacek Trzaska'®

! Faculty of Mechanical Engineering, Department of Engineering Materials and Biomaterials, Silesian University
of Technology, Konarskiego Street 18A, 44-100 Gliwice, Poland
* Corresponding author e-mail: marek.opiela@polsl.pl

ABSTRACT

The paper presents the evaluation of hot deformability of two types of structural steel grades, (0.25C-1Mn-0.25Si-
CrNiMo and 0.75C-1Mn-0.25Si), in the process of continuous and intermittent compression of samples. Tests
were conducted in Gleeble 3800 thermo-mechanical simulator, on axisymmetric specimens with diameter of
10 mm and the length of 12 mm. Continuous compression tests were performed in the temperature range from
900 to 1100 °C, at a rate of 0.3 s and 3 s”!, while intermittent tests, consisting of four-stage plastic deformation —
simulating successive rolling passes, were done in the temperature range from 850 to 1000 °C, applying the same
rates. Conducted research allowed determining the flow curves and identifying the thermally activated mecha-
nisms that determine the strengthening under given conditions of temperature and strain rate. Regardless of the
applied strain rate, higher values of yield stress were noted for 0.25C-1Mn-0.25Si-CrNiMo steel. Microstructures
of the examined steels, obtained after cooling the samples from the compression finish temperature, fully correlate
with obtained hardness results. Hardness of specimens, obtained from the 0.25C-1Mn-0.25Si-CrNiMo steel grade,
cooled in compressed air from the plastic deformation finish temperature (from 900 to 1100 °C), ranges from ap-
prox. 517 HV1 to about 431 HV1, while hardness of the 0.75C-1Mn-0.25Si steel samples, produced under the
same conditions, ranges from approx. 806 HV1 to about 683 HV 1. As part of the work, CCT (Continuous Cooling
Transformation) diagrams of the analyzed steels were also calculated, using an original author’s program based on
artificial neural networks.
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INTRODUCTION

and martensitic type phase transitions, as well as
from the disintegration of metastable supercooled

Due to the high requirements set by potential
recipients of steel products, e.g. the automotive,
shipbuilding or mining industries, the proper com-
bination of strength and plastic properties is of par-
ticular importance. Nowadays, the required me-
chanical properties are increasingly often obtained
as a result of the interaction of various strength-
ening mechanisms and the use of the appropriate
phase composition of steel [1, 2]. High strength
and plastic properties of steels with ferritic-pearl-
itic microstructure are achieved by grain refine-
ment and precipitation strengthening. Whereas,
the mechanical properties of toughened steels de-
pend on the strengthening coming from grain re-
finement of austenite, precipitation strengthening
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o (o — martensite) solution. Therefore, knowl-
edge of the chemical composition of austenite and
control of the grain size of this phase is of great
practical meaning. It makes it possible to optimize
the chemical composition of steel allowing, at the
lowest possible production costs, to obtain the
appropriate microstructure, which determines ac-
quiring desired mechanical properties [3]. The as-
sessment of mechanical properties is not equal to
the assessment of the suitability of a given mate-
rial as a construction material. It is also important
to have in mind technological properties that can
significantly narrow the scope of applications. The
effectiveness of individual strengthening mecha-
nisms is determined by chemical constitution of
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steel and the parameters of thermo-mechanical
treatment [4, 5]. This technology consists in the
combination of plastic deformation, using the ap-
propriate advancement of dynamic and static ther-
mally activated processes with controlled cooling
of products directly from the temperature of plas-
tic working finish [6-8]. The purpose of the ther-
mo-mechanical treatment is to shape the geometry
and required mechanical properties of steel prod-
ucts by controlling structural changes. Knowledge
of hot plastic deformation process parameters and
their effect on the dislocation structure of steel is
the basis for designing modern technologies for
manufacturing high-strength steel products [9,
10]. In case of controlled rolling technology, it is
important to reduce the charge heating tempera-
ture, apply specific rolling reductions in subse-
quent passes and to accelerate cooling of products
after the finish rolling [11]. Simultaneous nucle-
ation of ferrite grains at the y grain boundaries,
deformation bands and other lattice defects as
well as recovery and static recrystallization of de-
formed ferrite, occur during accelerated cooling
from the rolling finish temperature [12, 13]. In ef-
fect of these procedures, the recrystallization pro-
cess of deformed austenite is inhibited, and fine
ferrite grain, obtained as a result of its transfor-
mation, ensures appropriately high strength and
plastic properties. It follows that the control of the
course of dynamic and static thermally activated
processes during hot plastic deformation and cool-
ing, along with the use of phase transformations,
create wide possibilities of impacting the micro-
structure and mechanical properties of steel [14].

Structural changes occurring in hot plasti-
cally deformed materials are best illustrated by
stress-strain curves (c—€) € — strain, ¢ — stress,
determined most often in high-temperature com-
pression test at a given constant temperature
and strain rate [15, 16]. Determined 6—¢ curves
characterize the changes in the flow stress, ini-
tially at the stage of material strengthening, sub-
sequently — balancing this stage with dynamic
recovery or dynamic recrystallization processes
— until constant or periodically changing value
of the yield stress is obtained at the steady flow
stage [17-19].

Alloying elements, both dissolved in solid
solution and those that form secondary phase
particles, influence the recovery process as well
as the dynamic recrystallization process. Al-
loying elements dissolved in solid solution de-
crease the recovery rate and, by segregating into

dislocations, make cross slip and the process
of their climbing more difficult. This leads to a
rapid increase in dislocation density, thereby in-
creasing the driving force of the dynamic recrys-
tallization process and rapid strain hardening
[20, 21]. The influence of secondary phase par-
ticles on dynamic thermally activated processes
depends significantly on their size, shape and
distribution in the matrix. If the secondary phase
particles are fine and highly dispersed, they sta-
bilize the substructure, hinder the formation of
recrystallization fronts and their migration, and
inhibit dynamic recovery [22, 23]. However,
when secondary phase particles are precipitated
at grain boundaries, they can effectively block
their migration, and thus inhibit the dynamic re-
crystallization process without significantly af-
fecting the dynamic recovery. In case of large
particles of secondary phases, which interact
with dislocations as stress concentrators and, at
the same time, constitute privileged sites for het-
erogeneous formation of recrystallization nuclei,
an acceleration of the dynamic recrystallization
process is observed [24—-26]. For instance, the
effect of secondary phase particles on the shape
of o—¢ curves of C-Mn-Si structural steel, with
low concentration of alloying elements and mi-
croadditions, plastically deformed at the tem-
perature of 900 °C, was studied in [27]. At the
temperature of 900 °C, niobium introduced into
this steel is completely bound in dispersive NbC
carbides, vanadium — partially bound in VC car-
bides and partially dissolved in solid solution,
while Mo — is completely dissolved in solid so-
lution. The results presented in this paper indi-
cate that the highest strain hardening and inhi-
bition of dynamic recrystallization of austenite
are caused by introduction of Mo, Nb and V into
the steel, causing a simultaneous increase in the
lattice friction stress and decrease in the rate of
dynamic recovery of solid solution as well as
precipitation hardening of the y phase by dis-
persive carbide particles. However, combined
interaction of Nb and V without the addition of
Mo and Nb individually allows for the dynamic
recrystallization process.

The aim of this work is to investigate the
influence of chemical composition and plastic
strain parameters on the yield stress, strengthen-
ing mechanisms, microstructure and hardness of
low-alloy structural steels.
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MATERIALS AND METHODS

The tests were conducted on structural steels
from industrial melts. Technological operations
included the industrial process of controlled
rolling of steel sheets with the chemical compo-
sition given in Table 1. Produced billets, with di-
mensions of 350 x 385 mm, were the feedstock
to the continuous rolling mill of slabs. After hot
rolling, slabs measuring 200 x 220 x 5300 mm
were used as a stock for controlled sheet rolling
process. The feedstock heating temperature was
equal 1150 °C, and the rolling finish temperature
was equal 850 °C. Samples for testing were cut
from produced 20 mm thick sheets.

Examined steels are characterized by differ-
ent carbon contents (0.25% and 0.75%) and sim-
ilar concentration of Mn and Si. Microaddition
of Ti in a concentration of 0.027% was intro-
duced to the 0.25C-1Mn-0.25Si-CrNiMo steel.
This steel can be successfully used for forgings
of gears, shafts, pins and other components of
gearboxes that carry heavy loads, as well as
structural elements operating in difficult climatic
conditions. Whereas the chemical composition
of 0.75C-1Mn-0.25Si steel was designed for
high resistance to abrasive and fatigue wear.

The CCT diagrams of supercooled austenite
phase transformation for tested steels were de-
termined in the first place. They were calculated
based on the chemical composition of steel and
austenitizing temperature with the use of au-
thor’s neural model. Artificial neural networks
and a data set, prepared on the basis of 550 CCT
diagrams published in the literature references,
were taken into consideration for the modelling.
The neural model was implemented in the au-
thor’s computer program [28, 29] for the calcu-
lation and graphical presentation of the results.

The axisymmetric hot compression tests
were performed in the Gleeble 3800 simulator,
equipped with a measuring unit installed in the
Hydrawedge system, which allows for accurate

realization of the programmed tests [30]. Dur-
ing the compression test, sample temperature,
force on the sample and tool displacement were
recorded. The value of the force and tool dis-
placement was the basis for calculating the in-
stantaneous yield stress and strain. Cylindrical
samples with 10 mm in diameter and 12 mm in
length were used for the purpose of the research.

High temperature compression tests were car-

ried out using:

e the continuous compression method to deter-
mine the plasticity characteristics of the tested
steels in the o—€ system, depending on the
temperature and deformation rate,

e the sequential (four-stage) compression meth-
od, physically simulating the rolling process
to determine the effect of multiple and most
often additive deformation on the shape of
flow curves, strengthening mechanisms and
microstructure of studied steels.

In order to determine the 6—¢ curves of aus-
tenite of the examined structural steels, contin-
uous compression tests were performed, which
included:

e resistance heating of samples to austenitizing
temperature, at a rate of 3 °C/s,

e austenitizing the specimens at the temperature
of 1150 °C for 30 s,

e cooling the samples to the set deformation
temperature, at a rate of 5 °C/s,

e compression of samples to the actual strain ¢
= 0.69 in the temperature range of 900 °C +
1100 °C, using a strain rate of 0.3 s' and 3 s,

e cooling of samples from the plastic deforma-
tion finish temperature in compressed air, at a
rate of approximately 20 °C/s.

The second type of research, using Gleeble
3800 thermo-mechanical simulator, consisted
in four-stage hot compression of axisymmetric
samples — simulating rolling passes. Detailed
test program is presented in Table 2. Heat-
ing and cooling rates as well as holding time

Table 1. Chemical composition of investigation steels, wt.%

0.25C-1Mn-0.25Si-CrNiMo
C Mn Si Cr Ni Mo Cu Ti
0.25 0.94 0.24 0.44 0.63 0.36 0.16 0.027
0.75C-1Mn-0.25Si
Cc Mn Si Cr Ni Mo Cu Ti
0.75 0.98 0.23 0.07 0.09 - 0.24 -
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Table 2. Parameters of four-stage sample compression

Heating

Soaking temperature, °C Heating rate, °C/s

Soaking time, s

1150 3

30

Deformation conditions

Deformation . Cooling rate to a successive | Time between successive
No. € & g . ° .
temperature, °C ’ deformation step, °C/s deformation steps, s
1 1000 0.3 0.3and 3 5.00 10
2 950 0.2 0.3and 3 10.00
3 900 0.2 0.3and 3 16.66
4 850 0.2 0.3and 3 — -
at the austenitizing temperature were assumed RESULTS

similarly as in case of continuous compression
tests. After austenitizing at the temperature of
1150 °C, specimens were plastically deformed
through four-stage compression in the tempera-
ture range from 1000 to 850 °C. Similarly to the
continuous compression tests, the strain rates of
0.3 s and 3 s! were applied.

Metallographic specimens were prepared
in order to investigate microstructure of steel
in as-delivered condition and in plastically de-
formed state. First, the specimens were ground
on abrasive papers with granulation of 400 to
1200 with successive mechanical polishing on
polishing wheels dampened with diamond slur-
ry. Metallographic sections of plastically de-
formed samples were made in a plane consistent
with the sample axis, at a distance of 1/3 of the
radius from the centre. In order to reveal micro-
structure, the samples were etched in nital for
5 seconds. Metallographic observations of spec-
imens were performed in Zeiss Axio Observer
Z1m light microscope, at magnifications ranging
from 50x to 1000x.

The analysis of morphological details of
microstructure components and the identifica-
tion of the chemical composition of revealed
non-metallic inclusions were performed in Zeiss
Supra scanning electron microscope, using mag-
nification from 1000x to 20000x.

Hardness measurements of the examined
steels were carried out on samples in the as-de-
livered condition, after continuous compression
tests and after four-stage plastic deformation.
The tests were conducted on FT-ARS 9000 type
Vickers hardness tester, applying 9.807 N load.
Three measurements were performed for each
of the variants.

CCT diagrams calculation results

The CCT diagrams of studied steels, deter-
mined using artificial neural networks, are pre-
sented in Figure 1. Conducted research revealed
that 0.25C-1Mn-0.25Si-CrNiMo steel is charac-
terized by A ,=820°C,A_=726°C,B,=579°C
and M, = 382 °C, while 0.75C-1Mn-0.25S:i steel:
A, =752°C,A =716 °C and relatively low M
temperature of 234 °C, A | — eutectoid transfor-
mation temperature during heating, A ; — finish
temperature of the o—y transformation during
heating, o — ferrite; y — austenite, B, — bainit-
ic transformation start temperature, My — mar-
tensitic transformation start temperature. What
is worth noting is the bainitic and ferritic trans-
formation bay, located close to the temperature
axis in case of 0.25C-1Mn-0.25Si-CrNiMo steel,
while in case of 0.75C-1Mn-0.25Si steel — pearl-
itic transformation bay.

Plastometric tests results

Examination of the hot plastic deformation
process of 0.25C-1Mn-0.25Si-CrNiMo steel and
0.75C-1Mn-0.25Si steel, performed in the tem-
perature range from 900 °C to 1100 °C, at the
rates of 0.3 s' and 3 s, allowed determining
the influence of compression parameters on the
course of the work-hardening curves (Figure 2
and Figure 3). The curves presented in these fig-
ures indicate that plastic strain of the investigat-
ed steels begins when the yield stress reaches the
value of the thermal yield stress. The value of
this stress increases with the increase of the strain
rate and decrease of the testing temperature. The
value of yield stress increases as a result of the
increase in density of dislocations in the material
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0.25C-1Mn-0.25Si-CrNiMo

Chemical composition

a)
c25)% Mn[094% sip24% crddd% Ni.63]% Mo[d3g% VP % cubie%

Temperature
Ac3fgzg-c Aci[72gl'c Bs[E73'c Ms[382'c

1200

1100

1000

900

800

-Acl

~
3
g

o
2
3

o

3

E
Ly

Temperature, °C

S
&
3

w
8
3

N
8
8

3
8

o

Time, s

=3
~

100
90

80
70
| |-Fenite
o |=Peailte
Bainite

50 T}
40 T
30
20 =T |
10

Volume fraction of, %

1 10 10% 10° 10
Time, s

0.75C-1Mn-0.258Si1

c)
Chemical composition
cp75)% Mn[8l% Sif23]% Crpo7]% Nipog% Mo ]% V[ % cub2d%
Temperature
Ac3[i59°c Aci[rigl'c Bs[J'c Msle3dc
1200
1100
1000
900
800
9] = e
-Ac
S 700 = Hi —
g 5 il | Lttt
5 o0 Nt
g 500
£
3
F 400
300 Teg ]
I N -
200 L
" N
100
0 2 3 4 S
1 10 100 10 10 10
d) Time, s
100
90
=
280
5870
S g0 1{Ferie
= | fPearit
8 50 T|-Bainie N
S 40 Tl=Matensie
°
£ 30
5
2 2
> 10
Ui 2 3 4 s
1 10 10 10 10 10
Time, s

Figure 1. Determined CCT diagrams (a, ¢) and changes in the portion of individual phases as a function of time
(b, d) of the examined steel
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Figure 2. Influence of plastic deformation temperature on the shape of c—¢ curves
for 0.25C-1Mn-0.25Si-CrNiMo steel (a) and 0.75C-1Mn-0.25Si steel
(b), austenitized at the temperature of 1150 °C; strain rate 0.3 s™!

microstructure, which results in material strength-
ening. In case of 0.25C-1Mn-0.25Si-CrNiMo
steel, plastically deformed at the rate of 0.3 s’
(Figure 2a), in the initial stage of compression,
substantial increase of yield stress, as a result
of increasing density of dislocations generated
in this process, can be observed on work-hard-
ening curves in the range of strain hardening ¢
< 0.025. The 0.25C-1Mn-0.25Si-CrNiMo steel
samples, compressed at the temperature of 900 °C
and 1000 °C, reveal continuous increase in yield
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stresses up to the set strain value (Figure 2a —blue
and green curve). This means that in case of the
0.25C-1Mn-0.25Si-CrNiMo steel samples, com-
pressed at the temperature of 900 and 1000 °C,
at the rate of 0.3 s, the mechanism controlling
the course of plastic deformation is dynamic re-
covery. Maximum yield stress of the sample, de-
formed at the temperature of 900 and 1000 °C,
is equal 212 MPa and 138 MPa, respectively.
Slightly different course is shown by work-hard-
ening curve of the 0.25C-1Mn-0.25Si-CrNiMo
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Figure 3. Influence of plastic deformation temperature on the shape of c—¢ curves
for 0.25C-1Mn-0.25Si-CrNiMo steel (a) and 0.75C-1Mn-0.25Si steel
(b), austenitized at the temperature of 1150 °C; strain rate 3 s’

steel, obtained during compression at the temper-
ature of 1100 °C (Figure 2a — red curve). In this
case, after reaching the stress corresponding to
the thermal yield stress, a small increase in stress
occurs until the maximum value of the yield
stress is reached (o= 89 MPa) 6 — maxi-
mum value of stress. This indicates that thermally
activated processes, causing partial softening of
emitted dislocations, occur along with formation
of new dislocations during the plastic strain. For
the straing <& <g= 0.6, the flow curve is char-
acterized by mild decrease in yield stresses to the
equilibrium state value between the hardening
process and its decrease due to the thermally acti-
vated processes, & — strain corresponding to the
maximum value of the yield stress. This means
that in case of 0.25C-1Mn-0.25Si-CrNiMo steel
grade, compressed at the temperature of 1100°C,
plastic deformation process is controlled by the
course of dynamic recrystallization.

Work-hardening curves for the 0.75C-1Mn-
0.25Si steel grade (Figure 2b) reveal low-
er values of vyield stresses compared to
0.25C-1Mn-0.25S5i-CrNiMo  steel, plastically
deformed under the same conditions. This is the
result of plastic strain of the examined steels,
diversified in terms of chemical composition
and primary austenite grain size, after austen-
itizing at the temperature of 1150 °C. Higher
values of yield stress in plastically deformed
0.25C-1Mn-0.25Si-CrNiMo steel are the result
of more fine-grained microstructure of austenite,
resulting from the presence of precipitations that
contain microaddition of Ti, effectively inhibiting
the growth of v phase grains.

The data presented in Figure 2b shows that
continuous increase in stress with increasing
strain was recorded only in case of the sample
compressed at the temperature of 900 °C. This
indicates that dynamic recovery is the only mech-
anism controlling the plastic strain process under
these conditions. In case of samples compressed
at the temperature of 1000 °C and 1100 °C, a very
mild decrease in stresses occurs after the initial in-
crease to the value of ¢ (0.25 and 0.17, respec-
tively) — corresponding to the maximum values
of yield stress o (95 MPa and 65 MPa). This
means that for small values of € (¢ < 0.25 and ¢
< 0.17) plastic deformation process, performed at
the temperature of 1000 °C and 1100 °C, is con-
trolled by the dynamic recovery process, whereas
for higher values of € — by the dynamic recrystal-
lization process.

As expected, the increase in plastic strain
rate to 3 s resulted in increase in the value of
the maximum yield stress (Figure 3), regardless
of the steel tested. In case of 0.25C-1Mn-0.25Si-
CrNiMo steel, continuous increase in yield stress
was recorded over the entire strain range, inde-
pendently from testing temperature (Figure 3a).
This means that hot plastic deformation process
of 0.25C-1Mn-0.25Si-CrNiMo steel at the rate of
3 s is controlled by the dynamic recovery, with
the maximum values of yield stresses equal ap-
prox. 240 MPa, approx. 169 MPa and about 130
MPa, for the temperature of 900 °C, 1000 °C and
1100 °C, respectively.

Lower values of yield stress were demon-
strated by 0.75C-1Mn-0.25Si steel (Figure 3b).
Similarly to 0.25C-1Mn-0.25Si-CrNiMo steel,
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there is a significant increase in stress due to in-
creasing dislocation density in the initial com-
pression phase. In the subsequent compression
phase, with increasing strain — regardless of the
testing temperature — there is a continuous in-
crease in yield stresses to the assumed strain val-
ue. Maximum values of yield stress 6__, at the
temperature of 900 °C, 1000 °C and 1100 °C, are
approximately equal 210 MPa, approx. 158 MPa
and about 105 MPa, respectively. The course of
hardening curves of the 0.75C-1Mn-0.25Si steel
grade indicates that the mechanism controlling
the course of hot plastic deformation process is
dynamic recovery.

The result of the four-stage plastic deforma-
tion of axisymmetric samples in the temperature
range from 1000 °C to 850 °C, at the rate of 0.3s™!
and 3 s, are the curves presented in Figure 4.
The process that controls strain hardening over
the entire temperature range, regardless of the
applied strain rate, is dynamic recovery. Simi-
larly as in case of continuous compression tests
of samples, higher values of yield stress were
noted for 0.25C-1Mn-0.25Si-CrNiMo steel. The
differences in maximum yield stress values for
studied steels are equal approximately 26 MPa,
approx. 30 MPa, approx. 40 MPa and about 60
MPa, for the first, second, third and fourth stage
of deformation. In case of four-stage compres-
sion test of 0.25C-1Mn-0.25Si-CrNiMo steel
grade, at the rate of 0.3 s (Figure 4a), initially
there is a gradual increase in yield stress value
from approx. 125 MPa to 145 MPa for plastic
deformation temperature of 950°C. For the last
deformation temperature of 850 °C, more rapid
increase in the yield stress occurs, related to both
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lower temperature and short interval between the
third and fourth deformation.

As expected, applying higher rate ¢ =3 (¢
=3s') ¢ —strain rate, in the four-stage deforma-
tion test results in higher yield stress values over
the entire temperature range (Figure 4b). Similar-
ly to the four-stage compression test at the rate of
0.3 s, higher values of the maximum yield stress
are demonstrated by 0.25C-1Mn-0.25Si-CrN-
iMo steel. In the examined temperature range,
the following stress values were noted: approx.
152 MPa, approx. 175 MPa, approx. 220 MPa
and about 270 MPa, for the temperature of
1000 °C, 950 °C, 900 °C and 850 °C, respective-
ly. Whereas in case of 0.75C-1Mn-0.25Si steel,
the maximum yield stress for the above-men-
tioned temperatures equals as follows: approx.
125 MPa, approx. 146 MPa, approx. 178 MPa
and about 237 MPa, respectively.

Metallographic examination results

The results of microstructure observations
of 0.25C-1Mn-0.25Si-CrNiMo and 0.75C-1Mn-
0.25Si steel in the as-delivered condition and af-
ter continuous compression of samples and their
subsequent cooling in compressed air are present-
ed in Figures 5—7. The 0.25C-1Mn-0.25Si-CrNi-
Mo steel grade, containing 0.25% C, in the as-de-
livered condition — after cooling in open air from
the rolling finish temperature, is characterized
by fine-grained ferritic-pearlitic microstructure
(Figure S5a, b). Whereas 0.75C-1Mn-0.25Si steel
grade (0.75% C), in the as-delivered condition,
demonstrates pearlitic microstructure (Figure Sc,
d). Microstructure of 0.25C-1Mn-0.25Si-CrNi-
Mo and 0.75C-1Mn-0.25Si steel, obtained after
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Figure 4. Influence of chemical composition and deformation rate on a shape of c-¢ investigated steels
austenitizing in temperature of 1150 °C; strain rate 0.3 s™' (a) and 3 s™' (b)
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Figure 5. Microstructures of tested steels in the as-delivered condition: a, b — ferritic-pearlitic microstructure of
0.25C-1Mn-0.25Si-CrNiMo steel, ¢, d — pearlitic microstructure of 0.75C-1Mn-0.25Si steel

cooling in compressed air immediately after fin-
ishing the compression at the rate of 0.3 s', in the
temperature range from 900 °Cto 1100 °C, are pre-
sented in Figure 6. The 0.25C-1Mn-0.25Si-CrN-
iMo steel samples, produced under these condi-
tions, obtain bainitic-martensitic-ferritic micro-
structure (Figure 6a-c). It was pointed out that
the specimens cooled from the plastic deforma-
tion finish temperature of 900 °C are character-
ized by fine-grained microstructure (Figure 6a).
An increase in the plastic strain temperature to
1100 °C results in formation of more coarse-
grained microstructure (Figure 6c¢).

Figure 6d-f show microstructures of the
0.75C-1Mn-0.25Si steel samples compressed at
the rate of 0.3 s, in the same temperature range
as the 0.25C-1Mn-0.25Si-CrNiM steel samples.
The 0.75C-1Mn-0.25Si steel grade samples show
martensitic microstructure. Similar microstruc-
ture was demonstrated for samples of the tested
steels compressed at the rate of 3 s™'. The micro-
structure of 0.25C-1Mn-0.25Si-CrNiMo steel is
bainitic-martensitic-ferritic (Figure 7a-c), and
the 0.75C-1Mn-0.25Si — martensitic with a large
number of non-metallic inclusions of various
sizes and morphology (Figure 7d-f). Performed

analysis of chemical composition of revealed
non-metallic inclusions indicated that, in majority
of cases, they were MnS type sulphides and AL,O,
type oxides (Figure 8).

The increase in strain rate resulted in for-
mation of more fine-grained microstructure,
especially in case of 0.25C-1Mn-0.25Si-CrNi-
Mo steel grade. Plastic deformation of studied
steels in the process of four-stage compression
of samples, in the temperature range from 1000
°C to 850 °C and their subsequent cooling in
compressed air, resulted in formation of more
fine-grained microstructures in comparison with
those obtained after continuous compression,
especially in case of 0.25C-1Mn-0.25Si-CrNi-
Mo steel. As an example, Figure 9 shows micro-
structure of 0.25C-1Mn-0.25Si-CrNiMo steel,
obtained after four-stage compression, at the
rate of 0.3 s' and 3 s,

Hardness measurement results

Hardness measurements of sam-
ples in as-delivered condition showed that
0.25C-1Mn-0.25Si-CrNiMo steel is character-
ized by average hardness of 274 HV1, while the
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Figure 6. Microstructures obtained after cooling the samples in compressed air from the plastic deformation
finish temperature: a, b, ¢ — 0.25C-1Mn-0.25Si-CrNiMo steel, d, e, f— 0.75C-1Mn-0.25Si steel; strain rate 0.3 s’

Figure 7. Microstructures obtained after cooling the samples in compressed air from the plastic deformation
finish temperature: a, b, ¢ — 0.25C-1Mn-0.25Si-CrNiMo steel, d, e, f — 0.75C-1Mn-0.25Si steel; strain rate 3 s°!

average hardness observed for the 0.75C-1Mn-
0.25Si steel is equal 401 HV 1. Obtained hardness
measurement results fully correspond with the
microstructure revealed in this state (Figure 5).
Hardness tests were also conducted on samples
after continuous compression in the temperature
range from 900 °C to 1100 °C, then cooled di-
rectly from the plastic deformation finish tem-
perature in compressed air. Detailed results of
hardness measurements of samples, compressed
in the above-mentioned temperature range, at
the rate of 0.3 s!' and 3 s!, are presented in Ta-
ble 3. The data shown in this table indicate that,
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regardless of the applied deformation rate, the
0.75C-1Mn-0.25Si steel samples exhibit higher
hardness than 0.25C-1Mn-0.25Si-CrNiMo steel
in the entire test temperature range. This is the
result of varied microstructure of the examined
steels. The 0.75C-1Mn-0.25Si steel, after cool-
ing in compressed air, reveals martensitic micro-
structure, and the 0.25C-1Mn-0.25Si-CrNiMo
steel — bainitic-martensitic-ferritic microstruc-
ture. The average hardness of 0.75C-1Mn-0.25Si
steel samples, after continuous compression at
the temperature of 900 °C, 1000 °C and 1100 °C
and subsequent cooling in compressed air to
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M Element | Intensity | Net Counts | Weight,% | Atom, % B
7K OK |307.30| 11919 | 3953 | 5435 |
6K Al Al K [1574.30[ 47242 48.89 39.86
sk | 2727 818 | 105 | 072 |
i CaK |100.00| 3000 | 584 | 3.21
MnK | 1247 | 374 | 196 | 0.79 |
o 4K FeK | 1540 | 462 | 273 | 1.07
o 0
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2K
1K—
s C:_ Ca Fe
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keV

Figure 8. Non-metallic inclusion of the AL O, type in 0.75C-1Mn-0.25Si steel: a — a view of inclusion;
b — spectrometric spectrum of non-metallic inclusion; strain temperature of 1100 °C; strain rate 3 s°!

Figure 9. Microstructure of 0.25C-1Mn-0.25Si-CrNiMo steel obtained after four-stage compression of samples
at the rate of 0.3 s (a) and 3 s (b) and cooling in compressed air

Table 3. The results of hardness measurements of the tested steels after the continuous compression test

Hardness, HV1
des?;(aaltion £ =3s" £ =3¢
900 °C 1000 °C 1100 °C 900 °C 1000 °C 1100 °C

424 460 499 429 512 529
0.25C-1Mn- 456 403 497 535 506 534
0.25Si-CrNiMo 414 520 470 489 534 479
431 461 489 484 517 514
689 622 668 817 823 836
0.75C-1Mn- 764 691 711 753 790 759
0.25si 684 739 695 729 805 781
712 683 691 766 806 792

ambient temperature, is equal 712 HV1, 683 HV1 produced under the same conditions, varies
and 691 HV1, respectively — for the strain rate ~ from 431 HV1 to 489 HV1 — for the strain rate
of 0.3 s' and 766 HV1, 806 HV1 and 792 HV1 of 0.3 s and from 484 HVI to 514 HV1 — for
— for the strain rate of 3 s”'. Whereas hardness of  a strain rate of 3 s”'. This indicates that hardness
the 0.25C-1Mn-0.25Si-CrNiMo steel samples,  of examined steel samples varies only slightly
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within the applied temperature range. Hardness
was also measured on samples after four-stage
plastic deformation in the temperature range from
1000 °C to 850 °C and subsequent cooling in the
same way as for samples subjected to continu-
ous compression. The average hardness of the
0.75C-1Mn-0.25Si steel samples, obtained under
these conditions, is equal 810 HV1 and 794 HV1
— for the strain rate of 0.3 s and 3 s, respec-
tively, and the 0.25C-1Mn-0.25Si-CrNiMo steel
samples — 482 HV1 and 442 HV1.

DISCUSSION

The CCT diagrams shown in Figure 1 were
calculated based on chemical composition of
the steel and given austenitizing conditions.
Performed calculations allowed determining
characteristic temperatures (A, A, By and
M,) and temperature-time areas of individual
phase transformations of supercooled austen-
ite. The data presented in Figure la reveal that
0.25C-1Mn-0.25Si-CrNiMo steel exhibits a very
wide range of occurrence of the bainitic transfor-
mation bay, with the temperature B, = 579 °C.
The initiation of bainitic transformation begins
after only 2 s, and ferritic transformation after 40
s. The data presented in Figure la indicate that
0.25C-1Mn-0.25Si-CrNiMo steel, cooled at high
rate, will demonstrate martensitic-bainitic micro-
structure; however this steel will exhibit bainit-
ic-martensitic-ferritic microstructure in a very
wide range of cooling rates. What is worth noting
when analyzing the CCT diagram of 0.75C-1Mn-
0.25Si steel is low temperature M = 234 °C, the
absence of bainitic transformation and the pearl-
itic transformation bay located relatively close to
the temperature axis (Figure 1c). Obtained calcu-
lation results were used as a reference point for
determining the conditions of plastometric tests.

Studies of high-temperature plastic deforma-
tion process of 0.25C-1Mn-0.25Si-CrNiMo and
0.75C-1Mn-0.25Si steel allowed to determine
the influence of temperature (900 = 1100 °C)
and strain rate (¢ = 0.3 s* and £ =3 s') on the
hardening phenomenon, recovery and recrystalli-
zation processes of deformed austenite, based on
the analysis of the course of the c—¢ flow curves,
as well as the characteristic values of the recorded
stresses and strains. The 0.25C-1Mn-0.25Si-CrN-
iMo steel with microaddition of Ti at a concentra-
tion of 0.027%, deformed in a high-temperature
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compression test to @ = 0.69, reveals a different
course of flow curves, depending mainly on the
temperature and deformation rate. After austeni-
tizing at the temperature of 1150 °C and deforma-
tion at the temperature of 1100°C, at the rate of
0.3 s7!, recorded curve is characterized by indis-
tinct flow stress maximum and limited range of
steady-state stresses, conditioned by the course of
dynamic recrystallization. At lower deformation
temperatures (900 °C and 1000 °C), the dynam-
ic recrystallization process is not revealed (Fig-
ure 2a). The actual strain in realized compression
tests is too low to initiate the dynamic recrystal-
lization process in the tested steel. Under these
deformation conditions, the decisive process that
completely eliminates the effects of strain harden-
ing is dynamic recovery.

Increasing the strain rate of the
0.25C-1Mn-0.25Si-CrNiMo steel to 3 s result-
ed in continuous increase in the yield stresses
visible on the c—¢ curves over the entire strain
range, regardless of the applied test temperature
(Figure 3a). This means that for the above-men-
tioned parameters dynamic recovery is the only
mechanism controlling the course of plastic strain
process. Very similar results, i.e. the shape of the
c—¢ curves and the values of yield stress, were
obtained by the authors of [31], in which the hot
formability of steel, containing 0.16% C, 1.48%
Mn, 0.29% Si and 0.004% Ti, was investigated.
Samples of this steel were compressed at the tem-
perature of 900 °C, 1000 °C, 1100 °C and 1250 °C,
attherate of ¢ =1s'and € =3.6 s'. Similarly
to the analyzed 0.25C-1Mn-0.25Si-CrNiMo steel,
the dynamic recrystallization process occurred
only at the temperature of 1100 °C and above,
and only for low strain rates. This is consistent
with the results obtained in [32, 33], where the
inhibiting effect of Ti microaddition on the dy-
namic recrystallization process, also with signif-
icant effect of Mo addition, was demonstrated.
Dispersive Ti carbide particles, precipitating in
plastically deformed austenite at dislocations,
grain boundaries and other lattice defects, inhibit
dynamic recrystallization and, at the same time,
increase the lattice friction stress and reduce the
rate of dynamic recovery of solid solution as well
as precipitation hardening of austenite [34].

Hot formability tests of 0.75C-1Mn-0.25Si
steel have shown that, regardless of the test
temperature and deformation rate, this steel is
characterized by lower yield stress values com-
pared to 0.25C-1Mn-0.25Si-CrNiMo  steel.
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The reason for higher values of yield stress of
0.25C-1Mn-0.25Si-CrNiMo steel is its more fine-
grained microstructure, resulting from the pres-
ence of dispersive particles containing Ti, which
effectively inhibit the growth of austenite grains.
The o—¢ curve, recorded during compression of
the 0.75C-1Mn-0.25Si steel sample at the tem-
perature of 900 °C, at the rate of 0.3 s, reveals
continuous increase in yield stress (Figure 2b).
Under these conditions, the process controlling
the course of plastic deformation is dynamic re-
covery. At higher strain temperatures (1000 °C
and 1100 °C), the o—¢ curves demonstrate slight
decrease in the flow stress versus strain after
reaching ¢ due to stress relaxation, resulting
from thermally activated processes, in particular
dynamic recrystallization. Increasing the strain
rate of 0.75C-1Mn-0.25Si steel to 3 s resulted
in increase in yield stresses in the entire strain
range. The course of G—¢ curves, recorded for
this steel, is typical for the dynamic recovery pro-
cess (Figure 3b). The plasticity characteristics for
0.75C-1Mn-0.25Si steel are very similar to those
obtained in [35], where plasticity characteristics
were determined for pearlitic steel, containing
0.67% C, 1.02% Mn and 0.25% Si in the temper-
ature range of 800 +~ 1000 °C.

The o—¢ curves obtained after four-stage
compression of samples in the temperature range
from 1000 °C to 850 °C indicate that, in the en-
tire strain range, the only mechanism eliminating
the effects of hardening is dynamic recovery. The
values of yield stress increase significantly with
decreasing strain temperature, and they are sim-
ilar to the stress values obtained in continuous
compression test — for the temperatures (900 °C
and 1000 °C). Moreover, these tests showed that
higher yield stress values were observed in the
0.25C-1Mn-0.258Si-CrNiMo steel over the entire
test temperature range, regardless of the applied
strain rate (Figure 4).

Metallographic observations of analyzed
steels in the as-delivered condition revealed
that they are characterized by microstructures
consistent with the phase equilibrium system,
i.,e. 0.25C-1Mn-0.25Si-CrNiMo steel — fer-
ritic-pearlitic microstructure (Figure S5a, b),
and 0.75C-1Mn-0.25Si steel — pearlitic mi-
crostructure (Figure 5c, d). Microstructures of
the 0.25C-1Mn-0.25Si-CrNiMo steel samples,
cooled in compressed air directly from the
plastic deformation finish temperature (900 °C
+ 1100 °C), are presented in Figure 6a-c and

Figure 7a-c. The 0.25C-1Mn-0.25Si-CrNiMo
steel samples, produced under these condi-
tions, demonstrate bainitic-martensitic-ferritic
microstructure. Revealed microstructures fully
correlate with the CCT diagram determined for
this steel (Figure la). Considering that plastic
deformation of austenite prior to transformation
causes significant acceleration of ferritic trans-
formation [36-39], the presence of ferrite in
microstructure of 0.25C-1Mn-0.25Si-CrNiMo
steel samples, cooled in compressed air from
plastic deformation finish temperature, is fully
justified. The 0.75C-1Mn-0.25Si steel samples,
produced under the same conditions, have mar-
tensitic microstructure with a large number of
non-metallic inclusions (Figure 6d-f and Figure
7d-f). Disclosed inclusions are mainly MnS type
sulphides and Al,O, type oxides (Figure 8), with
the length/diameter of these inclusions reaching
up to 20 um. The presence of such inclusions in
microstructure may contribute to the occurrence
of anisotropy of plastic properties of rolled
products, especially sheets and pipes, usually
expressed by the ratio of the fracture energy
of Charpy V-shaped specimens, transverse and
parallel to the rolling direction. Non-metallic
inclusions of this type are also often the cause
of delamination and lamellar cracks in welded
joints of sheets, plastically pre-deformed in the
hot state, and the sensitivity of welded joints to
cracking in the heat-affected zone [8].

In conclusion, it is necessary to emphasize
the practical usefulness of the obtained results.
The article presents important information use-
ful for engineers designing steel alloys, espe-
cially when it is about selecting the chemical
composition, plastic working parameters and
predicting the microstructure and mechani-
cal properties of the material. Calculated CCT
curves are the basis for the correct design of heat
treatment technologies. The determined techno-
logical plasticity characteristics are necessary
to evaluate the strength and energy parameters
of the plastic working process and allow for a
comparative assessment of the plasticity of ma-
terials from separate melts, depending on the
chemical composition, microstructure and pro-
duction conditions. Moreover, the obtained re-
sults of physical simulation of rolling, usually
supplemented with the results of numerical sim-
ulations, are the basis for designing the rolling
scheme using the thermo-mechanical treatment
method in semi-industrial lines.
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CONCLUSIONS

Performed research allowed formulating the
following conclusions:

1. The CCT curves of the investigated steels,
calculated using developed author’s computer
program, were the basis for determining the
conditions of the plastometric tests.

2. Continuous compression of the
0.25C-1Mn-0.25Si-CrNiMo and 0.75C-1Mn-
0.25Si steel samples allowed to determine the
influence of temperature (900-1100 °C) and
strain rate (¢ = 0.3 s' and € = 3 s") on the
hardening phenomenon, recovery processes
and recrystallization of deformed austenite
based on the c—¢ curves analysis.

3. Four-stage compression of the examined
steel samples in the temperature range from
1000 °C to 850 °C revealed that, in the entire
deformation range, the only mechanism elim-
inating the effects of strain hardening is dy-
namic recovery.

4. Both, during continuous and four-stage com-
pression tests, higher values of yield stress —
regardless of the applied strain rate — were not-
ed for 0.25C-1Mn-0.25Si-CrNiMo steel. This
is due to more fine-grained microstructure of
austenite compared to 0.75C-1Mn-0.25Si steel,
guaranteed by the impact of Ti microaddition.

5. The 0.25C-1Mn-0.25Si-CrNiMo steel sam-
ples, cooled in compressed air directly from
the plastic deformation finish temperature,
reveal bainitic-martensitic-ferritic microstruc-
ture, and the 0.75C-1Mn-0.25Si steel samples,
produced under the same conditions — marten-
sitic microstructure with considerable number
of non-metallic inclusions.

6. Hardness of the 0.25C-1Mn-0.25Si-CrNiMo
steel samples, after cooling in compressed
air from the temperature of plastic defor-
mation finish (900-1100 °C) changes from
431 HV1 to 517 HV1, while hardness of the
0.75C-1Mn-0.25Si steel specimens — from
683 HV1 to 806 HV 1.

Acknowledgements

Scientific work supported by the Rector’s pro-
quality grant of the 2™ degree. Silesian University
of Technology, grant number 10/010/RGJ25/1232.

138

REFERENCES

1. Chen W., Gao P, Wang S., Zhao X., Zhao Z.
Strengthening mechanisms of Nb and V microal-
loying high strength hot-stamped steel. Materials
Science and Engineering A 2020; 797: 140115.

2. Yao Z.,Huang Z., Lyu S., Tang F., Zhao B., Ma X.
Characterization and strengthening mechanisms of
high-strength medium carbon spring steels. Journal
of Materials Research and Technology 2023; 27:
1395-1405.

3. Long X.Y., Branco R., Macek W., Masoudi Nejad
R., Lesiuk G., Zhu S.P., Amaro A.M. Effect of aus-
tempering temperature on microstructure and cyclic
deformation behaviour of multiphase low-carbon
steel. Archives of Civil and Mechanical Engineering
2023;23: 1-17.

4. Wang X.,LiuC.,,QinY,, Li Y., Yang Z., Long X.,
Wang M., Zhang F.C. Effect of tempering tempera-
ture on microstructure and mechanical properties of
nanostructured bainitic steel. Materials Science and
Engineering A 2022; 832: 142357.

5. Long X.Y., Zhang F.C., Zhang C.Y. Effect of Mn
content on low-cycle fatigue behaviors of low-car-
bon bainitic steel. Materials Science and Engineer-
ing A 2017; 697: 111-118.

6. Singh P., Mula S., Ghosh S. Grain refinement, strain
hardening and fracture in thermomechanically pro-
cessed ultra-strong microalloyed steel. Materials
Today Communications 2024; 38: 107582.

7. Reitz A., Grydin O., Schaper M. Influence of ther-
momechanical processing on the microstructural
and mechanical properties of steel 22MnB5. Mate-
rials Science and Engineering A 2022; 838: 142780.

8. Opiela M., Grajcar A. Microstructure and anisot-
ropy of plastic properties of thermomechanically-
processed HSLA-type steel plates. Metals 2018;
8(5): 1-15.

9. Lan L., Zhou W., Kong X., Qiu Ch. Hot plastic de-
formation behavior and its effect on microstructure
of low carbon multi-miocroalloyed steel. Procedia
Engineering 2017; 207: 651-656.

10. Puchi-Cabrera E.S., Guérin J.D., Barbier D., Dubar
M., Lesage J. Plastic deformation of structural steels
under hot-working conditions. Materials Science
and Engineering A 2013; 559: 268-275.

11. Gosh S., Mula S., Malakar A., Somani M., Koémi J.
High cycle fatigue performance, crack growth and
failure mechanisms of an ultrafine-grained Nb+Ti
stabilized, low-C microalloyed steel processed by
multiphase controlled rolling and forging. Materi-
als Science and Engineering A 2021; 825: 141883.

12.Chen S., Li L., Peng Z., Huo X., Gao J. Strain-
induced precipitation in Ti microalloyed steel by
two-stage controlled rolling process. Journal of



Advances in Science and Technology Research Journal 2025, 19(8), 126-140

Materials Research and Technology 2020; 9(6):
15759-15770.

13.Dhua S.K., Sakar P.P. Development of ultrafine
grains in C-Mn steel plates through hot-rolling and
air-cooling. Materials Science and Engineering A
2013; 575: 177-188.

14. Ali M., Seppiléd O., Fabritius T., Kémi J. Micro-
structure evolution and static recrystallization ki-
netics in hot-deformed austenite of coarse-grained
Mo-free and Mo containing low-carbon CrNiMnB
ultrahigh-strength steels. Materials Today Commu-
nications 2022; 33: 104676.

15.Opiela M. Thermomechanical treatment of Ti-
Nb-V-B micro-alloyed steel forging. Materiali in
Tehnologije 2014; 48(4): 587-591.

16. Singh P., Ghosh S., Mula S. Flow stress modeling
and microstructural characteristic of a low carbon
Nb-V microalloyed steel. Materials Today Commu-
nications 2022; 30: 103156.

17.Zhang K., Zhang T., Zhang M., Chen Z., Pan H.,
Yang G., Cao Y., Li Z., Zhang X. Hot deformation
behavior, dynamic recrystallization mechanism and
processing maps of Ti-V microalloyed high strength
steel. Journal of Materials Research and Technology
2023; 25: 4201-4215.

18. Ebrahimi G.R., Momeni A., Kazemi S., Alinejad H.
Flow curves, dynamic recrystallization and precipi-
tation in a medium carbon low alloy steel. Vacuum
2017; 142: 135-145.

19. Dong Ch., Zhao X. Dynamic recrystallization be-
havior and microstructure evolution of high-strength
low-alloy steel during hot deformation. Journal
of Materials Research and Technology 2023; 25:
6087-6098.

20. Zhao B., Zhao T., Li G., Lu Q. The kinetics of dy-
namic recrystallization of low-carbon vanadium-
nitride microalloyed steel. Materials Science and
Engineering A 2014; 604: 117-121.

21.Lan L., Qiu Ch., Zhao D., Gao X., Du L. Dynamic
and static recrystallization behavior of low carbon
high niobium microalloyed steel. Journal of Iron and
Steel Research, International 2011; 18(1): 55-60.

22.Mishra B., Singh V., Sakar R., Mukhopadhyay
A., Gopinath K., Madhu V., Prasad M.J. Dynamic
recovery and recrystallization mechanisms in sec-
ondary B2 phase and austenite matrix during hot
deformation of Fe-Mn-Al-C-(Ni) based austenitic
low-density steels. Materials Science and Engineer-
ing A 2022; 842: 143095.

23. Sun Z., Shen D., Sun W., Tang B. Influence of stress
state and dynamic recrystallization on fracture behav-
ior in hot forming of Cr and Mo alloyed Fe-C-Mn
steel. Engineering Failure Analysis 2025; 171: 109339.

24.Zhang T., Li Z., Zhang K., Fu X., Cao Y., Zhang
X., Li Z. Comprehensive analysis of Fe-Mn-AI-C

lightweight steel: Hot deformation behavior, dy-
namic recrystallization mechanisms and numerical
simulation. Vacuum 2025; 234: 114012.

25.Liu C., Peng Y., Barella S., Mapelli C., Liang S.
Characterization of dynamic recrystallization be-
havior of low carbon steel under flexible rolling

process. Materials Today Communications 2021;
29:102777.

26. Adedi H.R., Hanzaki A., Liu Z., Xin R., Haghdadi
N., Hodgson P.D. Continuous dynamic recrystal-
lization in low density steel. Materials & Design
2017; 114: 55-64.

27. Akben M.G., Jonas J.J. Influence of multiple mi-
croalloy additions on the flow stress and recrystal-
lization behavior of HSLA steels. In: Proceedings
of International Conference on Technology and
Applications of HSLA Steels, Philadelphia, USA
1983: 149-161.

28. Trzaska J. A new neural networks model for calcu-
lating the continuous cooling transformation dia-
grams. Archives of Metallurgy and Materials 2018;
63:2009-2015.

29. Trzaska J. Prediction methodology for the aniso-
thermal phase transformation curves of the struc-
tural and engineering steels. Silesian University of
Technology Press, Gliwice, Poland 2017 (in Polish).

30.Lee R.S,, Lin Y.K., Chien T.W. Experimental and
theoretical studies on formability of 22MnBS5 at el-
evated temperatures by Gleeble simulator. Procedia
Engineering 2014; 81: 1682—1688.

31. Gnapowski S., Opiela M., Kalinowska-Ozgowicz
E., Szulzyk-Cieplak J. The effect of hot deforma-
tion parameters on the size of dynamically recrys-
tallized austenite grains of HSLA steel. Advances
in Science and Technology. Research Journal 2020;
14(2): 76-84.

32.Zhou F., Guo J., Zhao Y., Chu X., Liu L., Zhou
Ch., Zhao Z. An improved cellular automaton model
of dynamic recrystallization and the constitutive
model coupled with dynamic recrystallization ki-
netics for microalloyed high strength steels. Journal
of Materials Research and Technology 2024; 33:
10003-10021.

33. Arribas M., Lopez B., Rodrigues-Ibabe J.M. Ad-
ditional grain in recrystallization controlled rolling
of Ti-microalloyed steels processed by near-net-
shape casting technology. Materials Science and
Engineering A 2008; 485(1-2): 383-394.

34.HeP., HuH., Wang W., Wang L., Xu G. On the corre-
lation among isothermal transformation, interphase
precipitation bahaviour and elements partitioning
in Ti-Mo microalloyed steel. Journal of Materials
Research and Technology 2024; 29: 1901-1910.

35. Kalinowska-Ozgowicz E. Structural and mechani-
cal factors of the strengthening and recrystallization

139



Advances in Science and Technology Research Journal 2025, 19(8), 126-140

of hot plastic deformation of steels with microaddi- Nb-containing steel during continuous cooling.
tives. Scientific International Journal of the World Journal of Iron and Steel Research 2010; 17: 43-47.
Academy of Materials and Manufacturing Engi- 38.0lasoslo M., Uranga P., Rodrigues-Ibabe J.M.,
neering 2013; 20(2):1-246. Lopez B. Effect of austenite microstructure and
36. GrajcarA., Opiela M. Influence of plastic deformation cooling rate on transformation characteristic in a
on CCT-diagrams of low-carbon and medium-carbon low carbon Nb-V microalloyed steel. Materials Sci-
TRIP-steels. Journal of Achievements in Materials ence and Engineering A 2011; 528: 2559-25609.
and Manufacturing Engineering 2008; 29: 71-78. 39. Eghbali B., Abdollah-Zadeh A. Deformation-induced
37.Yin S., Sun X., Liu Q., Zhang Z. Influence of defor- ferrite transformation in a low carbon Nb-Ti microal-
mation on transformation of low-carbon and high loyed steel. Materials and Design 2007; 28: 1021-1026.

140



