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INTRODUCTION

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 

and martensitic type phase transitions, as well as 
from the disintegration of metastable supercooled 
a, (a, – 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 g 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 (s–e) e – strain, s – stress, 
determined most often in high-temperature com-
pression test at a given constant temperature 
and strain rate [15, 16]. Determined s–e 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 s–e 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 g 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 × 385 mm, were the feedstock 
to the continuous rolling mill of slabs. After hot 
rolling, slabs measuring 200 × 220 × 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:
	• the continuous compression method to deter-

mine the plasticity characteristics of the tested 
steels in the s–e system, depending on the 
temperature and deformation rate,

	• 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 s-e curves of aus-
tenite of the examined structural steels, contin-
uous compression tests were performed, which 
included:
	• resistance heating of samples to austenitizing 

temperature, at a rate of 3 °C/s,
	• austenitizing the specimens at the temperature 

of 1150 °C for 30 s,
	• cooling the samples to the set deformation 

temperature, at a rate of 5 °C/s,
	• compression of samples to the actual strain j 

= 0.69 in the temperature range of 900 °C ÷ 
1100 °C, using a strain rate of 0.3 s-1 and 3 s-1,

	• 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

C Mn Si Cr Ni Mo Cu Ti

0.75 0.98 0.23 0.07 0.09 – 0.24 –
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at the austenitizing temperature were assumed 
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-1 and 3 s-1 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.

RESULTS

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 Ac3 = 820 °C, Ac1 = 726 °C, BS = 579 °C 
and MS = 382 °C, while 0.75C-1Mn-0.25Si steel: 
Ac3 = 752 °C, Ac1 = 716 °C and relatively low MS 
temperature of 234 °C, Ac1 – eutectoid transfor-
mation temperature during heating, Ac3 – finish 
temperature of the a→g transformation during 
heating, a – ferrite;  g – austenite, BS – bainit-
ic transformation start temperature, MS – 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-1 and 3 s-1, 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 

Table 2. Parameters of four-stage sample compression
Heating

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

1150 3 30

Deformation conditions

No.
Deformation 

temperature, °C
ε ε̇ , s-1

Cooling rate to a successive 
deformation step, °C/s

Time between successive 
deformation steps, s

1 1000 0.3 0.3 and 3 5.00 10

2 950 0.2 0.3 and 3 10.00 5

3 900 0.2 0.3 and 3 16.66 3

4 850 0.2 0.3 and 3 ‒ ‒
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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-1 
(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 e 
< 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 

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-1, 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 

Figure 1. Determined CCT diagrams (a, c) and changes in the portion of individual phases as a function of time 
(b, d) of the examined steel

Figure 2. Influence of plastic deformation temperature on the shape of s-e 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-1
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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 (smax = 89 MPa) smax  –  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 strain emax < e < e = 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, emax – 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 yield stresses compared to 
0.25C-1Mn-0.25Si-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 γ 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 emax (0.25 and 0.17, respec-
tively) – corresponding to the maximum values 
of yield stress smax (95 MPa and 65 MPa). This 
means that for small values of ε (ε < 0.25 and ε 
< 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 ε – by the dynamic recrystal-
lization process.

As expected, the increase in plastic strain 
rate to 3 s-1 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-1 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, 

Figure 3. Influence of plastic deformation temperature on the shape of s-e 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-1
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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 smax, 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-1 
and 3 s-1, 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-1 (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 

lower temperature and short interval between the 
third and fourth deformation.

As expected, applying higher rate ε̇  = 3 ( ε̇  
= 3 s-1) ε̇  – 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-1, 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 5a, b). Whereas 0.75C-1Mn-0.25Si steel 
grade (0.75% C), in the as-delivered condition, 
demonstrates pearlitic microstructure (Figure 5c, 
d). Microstructure of 0.25C-1Mn-0.25Si-CrNi-
Mo and 0.75C-1Mn-0.25Si steel, obtained after 

Figure 4. Influence of chemical composition and deformation rate on a shape of s-e investigated steels 
austenitizing in temperature of 1150 °C; strain rate 0.3 s-1 (a) and 3 s-1 (b)
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cooling in compressed air immediately after fin-
ishing the compression at the rate of 0.3 s-1, in the 
temperature range from 900 °C to 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-1, 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-1. 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 Al2O3 
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-1 and 3 s-1. 

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 

Figure 5. Microstructures of tested steels in the as-delivered condition: a, b – ferritic-pearlitic microstructure of 
0.25C-1Mn-0.25Si-CrNiMo steel, c, d – pearlitic microstructure of 0.75C-1Mn-0.25Si steel
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average hardness observed for the 0.75C-1Mn-
0.25Si steel is equal 401 HV1. 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-1 and 3 s-1, are presented in Ta-
ble 3. The data shown in this table indicate that, 

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 

Figure 6. Microstructures obtained after cooling the samples in compressed air from the plastic deformation 
finish temperature: a, b, c – 0.25C-1Mn-0.25Si-CrNiMo steel, d, e, f – 0.75C-1Mn-0.25Si steel; strain rate 0.3 s-1

Figure 7. Microstructures obtained after cooling the samples in compressed air from the plastic deformation 
finish temperature: a, b, c – 0.25C-1Mn-0.25Si-CrNiMo steel, d, e, f – 0.75C-1Mn-0.25Si steel; strain rate 3 s-1
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ambient temperature, is equal 712 HV1, 683 HV1 
and 691 HV1, respectively – for the strain rate 
of 0.3 s-1 and 766 HV1, 806 HV1 and 792 HV1 
– for the strain rate of 3 s-1. Whereas hardness of 
the 0.25C-1Mn-0.25Si-CrNiMo steel samples, 

produced under the same conditions, varies 
from 431 HV1 to 489 HV1 – for the strain rate 
of 0.3 s-1 and from 484 HV1 to 514 HV1 – for 
a strain rate of 3 s-1. This indicates that hardness 
of examined steel samples varies only slightly 

Figure 8. Non-metallic inclusion of the Al2O3 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-1

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-1 (a) and 3 s-1 (b) and cooling in compressed air

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

Steel
designation

Hardness, HV1

ε̇  = 3 s-1 ε̇  = 3 s-1

900 °C 1000 °C 1100 °C 900 °C 1000 °C 1100 °C

0.25C-1Mn-
0.25Si-CrNiMo

424 460 499 429 512 529

456 403 497 535 506 534

414 520 470 489 534 479

431 461 489 484 517 514

0.75C-1Mn-
0.25Si

689 622 668 817 823 836

764 691 711 753 790 759

684 739 695 729 805 781

712 683 691 766 806 792
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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-1 and 3 s-1, 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 (Ac3, Ac1, BS and 
MS) and temperature-time areas of individual 
phase transformations of supercooled austen-
ite. The data presented in Figure 1a 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 BS = 579 °C. 
The initiation of bainitic transformation begins 
after only 2 s, and ferritic transformation after 40 
s. The data presented in Figure 1a 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 MS = 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 ( ε̇  = 0.3 s-1 and ε̇  = 3 s-1) on the 
hardening phenomenon, recovery and recrystalli-
zation processes of deformed austenite, based on 
the analysis of the course of the s-e 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 

compression test to j = 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 s-1, 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-1 result-
ed in continuous increase in the yield stresses 
visible on the s-e 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 
s-e 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, 
at the rate of ε̇  = 1 s-1 and ε̇  = 3.6 s-1 . 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 s-e 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-1, 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 s-e curves demonstrate slight 
decrease in the flow stress versus strain after 
reaching smax 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-1 resulted 
in increase in yield stresses in the entire strain 
range. The course of s-e 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 s-e 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-0.25Si-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 5a, 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 1a). 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 Al2O3 type oxides (Figure 8), with 
the length/diameter of these inclusions reaching 
up to 20 mm. 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 ( ε̇  = 0.3 s-1  and ε̇  = 3 s-1) on the 
hardening phenomenon, recovery processes 
and recrystallization of deformed austenite 
based on the s-e 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 HV1.
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