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INTRODUCTION

The manufacturing of high-quality steel prod-
ucts dedicated to the automotive, machinery and 
mining industries is a challenge for manufactur-
ers due to various technological difficulties. The 
topics of scientific and research works and the 
directions of development of forging technolo-
gies focus on the possibility of producing forg-
ings with the lowest possible weight and with 
the lowest possible production costs [1, 2]. The 
combination of appropriately selected thermo-
mechanical conditions and a rationally selected 
chemical composition allows obtaining a fine-
grained structure, which determines high strength 

and plastic properties and guaranteed resistance 
to brittle fracture [3–5].

HSLA-type structural steels are particularly 
useful for manufacturing products with a fine-
grained structure using thermomechanical pro-
cessing methods, i.e. under regulated conditions 
of hot plastic deformation and controlled cooling, 
directly from the hot plastic deformation temper-
ature with subsequent high tempering [6, 7]. Such 
technological solutions ensure high quality of 
products and a significant reduction in production 
costs due to the elimination of energy-intensive 
heat treatment operations or its limitation only to 
tempering [8]. The most serious problems related 
to the weldability of this steel are cracking in the 
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weld and the heat-affected zone, in particular the 
problem of hydrogen-induced cracking, due to its 
high hardenability. Cold cracking is caused by re-
sidual stresses and hydrogen diffusion during the 
welding process, at low temperatures (below 150 
°C). The process of welding thick sheets of HSLA 
steel poses a high risk of cold cracking [9, 10].

Correct design of thermomechanical treat-
ment technology requires knowledge of the trans-
formation diagrams of supercooled austenite and 
the critical temperatures of steel, i.e. Ac3, Ac1 and 
Ms. Commercial software is of great technical 
usefulness, enabling, among others, to determine 
phase evolution diagrams in equilibrium condi-
tions and simulate austenite phase transforma-
tions in non-equilibrium conditions and determine 
CCT (continuous cooling transformations) and 
TTT (temperature time transformation) diagrams 
[11–13]. Issues related to the influence of plastic 
deformation on the material in its initial state and 
the kinetics of phase transformations in HSLA-
type steels were the subject of research in works 
[14–17]. Especially for newly developed steels, 
the knowledge about the phase transformations 
of supercooled austenite is extremely important. 
Very few reports in the literature concern the anal-
ysis of the kinetics of phase transformations of su-
percooled austenite in this group of steels in the 
as-cast state. Therefore, the aim of this work was 
to analyze the unusual course of austenitic trans-
formation for HSLA-type steel in the as-cast state, 
and in particular to try to explain the obtained 

values of critical temperatures, which differ sig-
nificantly from typical values for alloys with a 
similar chemical composition. Additionally, the 
study determined the influence of deformation on 
the austenitic transformation during heating.

MATERIALS AND METHODS 

The chemical composition of the newly de-
veloped HSLA steel is shown in Table 1. Ingots 
with a diameter of 30 mm and a length of 400 mm 
were made in an electric induction furnace VEM 
I20. The chemical composition of the ingots was 
determined using a LECO GDS500A glow dis-
charge emission spectrometer.

Dilatometric tests were carried out using a 
BÄHR 805 A/D dilatometer with induction heat-
ing and a vacuum chamber. Samples with a diam-
eter of 4 mm and a length of 10 mm were heated 
at a rate of 3 °C/s to individual temperatures rang-
ing from 700 °C to 1000 °C. Next, samples were 
held at the given temperatures for 300 s, and then 
cooled at a rate of 60 °C/s to ambient tempera-
ture. The cooling medium used was helium. The 
determination of the start and end temperatures 
of phase transformations was carried out in ac-
cordance with the ASTM A1033-04 standard 
[18]. The diagram of the conducted experiment 
is shown in Figure 1a. In order to determine the 
influence of hot plastic deformation on the course 
of the austenitic transformation and the Ac1 and 

Table 1. Chemical composition of the analyzed steel [wt.%]
C Mn Si P S Cr Mo Ti Nb

0.178 1.94 1.12 0.014 0.019 0.028 0.198 0.011 0.035

Figure 1. Scheme of carrying out dilatometric (a) and plastometric tests (b)
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Ac3 temperature values, plastometric tests were 
carried out using a Gleeble 3800 thermomechani-
cal simulator. The tested axisymmetric cylindri-
cal sample with a diameter of 10 mm and a length 
of 15 mm was resistively heated in a vacuum at 
a rate of 3 °C/s to the austenitizing temperature 
1150 °C, held for 30 s and cooled to a plastic de-
formation temperature of 1100 °C. Continuous 
compression of the sample was carried out at a 
strain rate of 10s-1 to a strain of 0.7. After initi-
al hot forming, the sample was heated again in 
a dilatometer to a temperature of 1000 °C, anne-
aled for 300 s and cooled to room temperature 
(Fig. 1b). In order to eliminate the effects caused 
by changes in test parameters, identical cooling 
conditions were used as in the case of as-cast 
samples (cooling at a rate of 60 °C/s to ambient 
temperature). All parameters used in the tests 
were selected on the basis of typical parameter 
ranges used in thermomechanical treatment for 
forgings produce of HSLA-type steel.

Then, samples were prepared for metallograph-
ic tests. The samples were cut to one third of their 
length and embedded in resin. In order to reveal the 
structure, after conventional preparation (grinding 
and polishing), the samples were etched with 5% 
nital. Metallographic examinations were performed 
using an Observer.Z1m optical microscope from 
Zeiss at 200x magnification and a SUPRA 25 scan-
ning electron microscope from Zeiss. The samples 
after dilatometric tests were tested for hardness us-
ing the Vickers method (Future-Tech FM-700 hard-
ness tester) at a load of 1000 kgf. Hardness mea-
surements were carried out in accordance with the 
applicable PN-EN ISO 6507-1 standard. Hardness 

measurements were carried out with a load of 
1000kgf in order to determine the hardness on the 
largest possible sample surface (hardness of mate-
rial not the phase). Hardness was measured on me-
tallographic specimens; five measurements were 
made for each variant. Standard deviation values 
were added for the obtained results.

RESULTS

The obtained dilatometric curves are shown in 
Figure 2. The obtained results indicate significant 
differences in the course of the austenitic transfor-
mation. In the case of as-cast steel at a temperature 
of 730 °C, a change in the curve can be observed, 
followed by an increase in sample elongation, 
which cannot be equated with the beginning of the 
austenitic transformation (the formation of austen-
ite is accompanied by a decrease in volume). The 
sample elongation decreases only after exceeding 
the temperature of 850 °C, indicating the begin-
ning of the austenitic transformation, which ends 
at a temperature of approximately 950 °C. The 
course of the austenitic transformation for a sam-
ple compressed at a strain rate of 10s-1 indicates 
that the critical temperatures are Ac1 = 750 °C and 
Ac3 = 940 °C. This course of austenitic transfor-
mation and the values of critical temperatures are 
characteristic for this type of steel with a similar 
chemical composition [19–22].

In the case of steel in the as-cast state, at a 
temperature of approximately 730 °C, there was 
an increase in the length of the sample, which was 
probably caused by the dissolution of cementite. 

Figure 2. Dilatometric curves of the austenitic transformation during heating of the 
tested steel in the as-cast state and after applying plastic deformation
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and reduction of the ferrite grain size with an in-
crease in the share of block martensite. From a 
temperature of 810 °C, bainitic ferrite appears 
in the microstructure, the presence of which is 
caused by the high concentration of silicon in the 
steel. Additionally, martensitic-austenitic islands 
are visible in the structure. Further increasing 
the temperature leads to further fragmentation of 
the ferrite, with an increase in the proportion of 
bainitic ferrite. Martensite blocks and martensite-
austenitic islands are also visible. Increasing the 
temperature is also accompanied by an increase in 
the share of retained austenite at the grain bound-
aries in the form of blocks, and at temperatures 
higher than 850 °C also in the form of thin laths. 
The presence of martensite in microstructure is 
the result of low thermal stability of austenite, 
present during isothermal holding. Low amount 
of austenitizing element in the chemical composi-
tion of the steel, does not allow for austenite to 
by fully stable (because of small amount of car-
bon and manganese). The presence of martens-
ite at temperatures between 700–810 °C, could 
mean that a non-detectable amount of austenite is 
formed during the isothermal holding, which dur-
ing cooling undergo martensite transformation. 
Moreover, local dissolution of carbides at 700 
°C, could enrich the area with carbon, which lo-
cally could decrease the Ac1 temperature, resulting 
in formation of small amount of austenite. Fig-
ure 6 shows that hot plastic deformation resulted 

No changes were observed in the obtained curve 
until the temperature of 850 °C was reached, indi-
cating the beginning of the austenitic transforma-
tion, which ends at approximately 950 °C. 

Carrying out the intercritical annealing pro-
cess of steel in the as-cast state at various tem-
peratures allowed determining whether the shares 
between ferrite and austenite change from 730 °C 
or only when the temperature reaches 850 °C. 
Microscopic comparison between the initial mi-
crostructure (Fig. 3) and the microstructure at 
various temperatures (Fig. 4) fully correlate with 
the results of dilatometric tests. The higher the 
intercritical annealing temperature, the more the 
share of coarse-grained ferrite begins to decrease 
and the share of martensite formed from austen-
ite begins to increase. These results confirm the 
slower course of the austenitic transformation and 
the need to use higher temperatures.

Figure 5 shows microstructures obtained us-
ing a scanning electron microscope. At a tem-
perature of 700 °C, the structure shows mainly 
ferrite with some martensite and cementite in the 
form of spherical precipitates in block grains. The 
presence of cementite means that the Ac1 tempera-
ture was not exceeded. Increasing temperature to 
730 °C causes the cementite to dissolve (which 
correlates with the increase in elongation on the 
dilatometric curve) while maintaining the ferrit-
ic-martensitic structure. Further increase in tem-
perature causes complete dissolution of cementite 

Figure 3. Microstructure of the as-cast steel composed of δ ferrite in the shape of bright with 
grains, α ferrite formed from the austenite as small grains and small amount of martensite
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in significant fragmentation of the microstruc-
ture. The structure is homogeneous and consists 
mainly of ferrite, bainitic ferrite and martensitic-
austenitic islands. The last stage of the research 
was the measurement of the hardness of steel in 
the as-cast state using the Vickers method. The 
hardness measurement results are shown in Fig-
ure 7. The hardness of the steel as delivered is 
229 HV100.In the heat treatment process with 

annealing at 700 °C and 730 °C, hardness was 
210 HV100 and 208 HV100, respectively. The 
slight reduction in hardness may be due to the dis-
solution of the cementite. With further increases 
in heating temperatures in the heat treatment pro-
cess to 750 °C, 780 °C and 810 °C, hardness ini-
tially increased by 13 HV100 and then slightly to 
224 HV100 for 810 °C. This may indicate the ap-
pearance of a small amount of a higher hardness 

Figure 4. Microstructure of steel in the as-cast state after intercritical annealing at a temperature: 
(a) 700 °C, (b) 730 °C, (c) 750 °C, (d) 780 °C, (e) 810 °C, (f) 850 °C, (g) 880 °C, (h) 920 °C
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phase, such as bainite or martensite. With a fur-
ther increase in the heating temperature to 850 
°C, hardness increases slightly (230 HV100), and 
when this temperature is exceeded, hardness in-
creases significantly. For temperatures of 880 °C 
and 920 °C, an increase in hardness to 245 HV100 
and 260 HV100 was observed. This phenomenon 
indicates a more intense austenitic transformation 
in this temperature range. During cooling, a large 

amount of austenite is transformed into phases 
with higher hardness, including bainite, which af-
fects the overall hardness of the steel. The hard-
ness tests carried out confirm that the Ac1 tempera-
ture is approximately 850 °C (in the case of steel 
in the as-cast state), and the formation of austen-
ite is initially long and slow, and then the rate of 
transformation into austenite increases after the 
temperature exceeds 850 °C.

Figure 5. Microstructure of steel in the as-cast state after intercritical annealing at a temperature: 
a) 700°C, b) 730°C, c) 750°C, d) 780°C, e) 810°C, f) 850°C, g) 880°C, h) 920°C
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DISCUSSION

The literature analysis showed that the tem-
perature ranges for the beginning of the austenitic 
transformation (Ac1 temperature) and for achiev-
ing the full austenite microstructure (Ac3 tempera-
ture) are approximately 700–800 °C and approxi-
mately 820–910 °C, respectively, for HSLA-type 
steels with similar chemical composition [20–29]. 
Table 2 lists the experimentally determined Ac1 
and Ac3 temperature values for selected HSLA-
type steels with a chemical composition similar 
to the steel being tested.

Plastic deformation of austenite resulted in 
an increase in dislocation density and strength-
ening as a result of grain refinement (Fig. 6). 
The application of deformation accelerated the 
onset of the austenitic transformation. Du et al. 
[30] confirmed that the diffusion transformation 
in which austenite is separated from hypoeutec-
toid ferrite occurs faster as a result of deforma-
tion. Due to the increase in the density of defects, 

such as dislocations and deformation bands in 
non-recrystallized austenite, the deformation ef-
fectively increases the phase transformation rate 
α → γ by increasing the preferred nucleation sites 
of austenite and leads to a decrease in the phase 
transformation temperature [31].

In the case of steel in the as-cast state, den-
drites can be observed in the microstructure, 
which indicates the occurrence of segregation of 
the chemical composition. The greater the den-
dritic segregation, the lower the diffusion coeffi-
cient of the components in the melt. The applied 
plastic deformation at high temperature signifi-
cantly accelerated the diffusion process, which re-
sulted in the homogenization of the structure [32]. 
The detailed microstructural analysis carried out 
indicates the need to apply plastic deformation 
processing of steel.

Steel in the as-cast state is characterized by 
greater hardness due to the presence of a hetero-
geneous structure. Oliveira et al. [33] showed that 
the HSLA-type steel they tested in the as-cast 

Figure 6. Steel microstructure: (a) in as-cast state, (b) after dilatometric tests and hot plastic deformation 
(austenitizing temperature = 1150 °C, deformation rate = 10 s-1, deformation value = 0.7)

Figure 7. Diagram of changes in the hardness measurement
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state, the microstructure of which consisted main-
ly of acicular ferrite and cementite, was character-
ized by higher hardness (234 HV2), yield strength 
(336 MPa) and tensile strength (589 MPa) than 
steel after annealing (hardness: 120 HV2, yield 
strength: 222 MPa, tensile strength: 424 MPa). 
The authors concluded that the reason for the re-
duction in hardness after annealing was the ho-
mogenization of the microstructure.

CONCLUSIONS

On the basis of the research conducted, the 
following conclusions can be drawn:
	• the Ac1 temperature for steel in the cast state is 

850 °C and the Ac3 temperature is 950 °C. The 

austenitic transformation of this steel begins at 
a relatively high temperature and is character-
ized by a quick and violent course;

	• in the case of steel in the as-cast state, an increase 
in the sample length was recorded at a tempera-
ture of approximately 730 °C, which was prob-
ably caused by the dissolution of the cementite;

	• the application of deformation significantly 
accelerated the onset of the austenitic trans-
formation from a temperature of 850 °C to 
750 °C due to the increase in the density of 
defects, which increased the nucleation rate of 
the austenitic phase. The Ac3 temperature for 
steel after deformation is 940 °C. After apply-
ing deformation, the course of the austenitic 
transformation and the critical temperature 
values are characteristic for HSLA-type steel;

Table 2. Experimentally determined Ac1 and Ac3 temperature values for selected HSLA-type steels [18–27]
No. Chemical composition Temperature values Ac1 and Ac3 Literature item

1. 0.09% C, 1.27% Mn, 0.06% Cr, 0.26% Si, 0.03% Mo, 0.04% 
V i 0.02% Nb

Ac1 = 730 °C 
Ac3 = 910 °C [20]

2. 0.089% C, 0.21% Si, 1.4% Mn, 0.131% Mo, 0.018% Ti, 
0.029% Nb i 0.0021% B

Ac1 = 702 °C
Ac3 = 834 °C [21]

3. 0.047% C, 1% Mn, 5.94% Ni, 2.38% Cu, 1.7% Cr, 0.49% Mo, 
0.55% Al., 0.167% V, 0.047% Nb

Ac1 = 672 °C
Ac3 = 850 °C [22]

4. 0.09% C, 0.29% Si, 1.40% Mn, 0.011% P, 0.004% S, 0.018% 
Al, 0.016% Ti, 0.041% V, 0.0074% N

Ac1 = 759 °C
Ac3 = 856 °C [23]

5. 0.08% C, 0.29% Si, 1.40% Mn, 0.011% P, 0.007% S, 0.019% 
Al, 0.019% Ti, 0.079% V, 0.0076% N

Ac1 = 774 °C
Ac3 = 877 °C [23]

6. 0.08% C, 0.34% Si, 1.43% Mn, 0.008% P, 0.005% S, 0.014% 
Al, 0.018% Ti, 0.077% V, 0.0100% N

Ac1 = 806°C
Ac3 = 871°C [23]

7. 0.09% C, 0.30% Si, 1.49% Mn, 0.012% P, 0.004% S, 0.02% 
Al, 0.016% Ti, 0.081% V, 0.0140% N

Ac1 = 783 °C
Ac3 = 868 °C [23]

8. 0.08% C, 0.30% Si, 1.40% Mn, 0.009% P, 0.006% S, 0.023% 
Al, 0.016% Ti, 0.120% V, 0.0082% N

Ac1 = 771 °C
Ac3 = 877 °C [23]

9.
0.165% C, 0.294% Si, 1.32% Mn, 0.012% P, 0.0007% S, 
0.027% Cu, 0.768% Cr, 0.317% Ni, 0.399% Mo, 0.0017% B, 
0.003% V, 0.030% Nb, 0.003% Ti

Ac1 = 686 °C
Ac3 = 862 °C [24]

10. 0.072% C, 1.05% Mn, 3.48% Ni, 0.51% Cr, 0.51% Mo, 
0.082% V

Ac1 = 702 °C
Ac3 = 820 °C [25]

11. 0.14% C, 0.96% Mn, 0.26% Cr, 1.14% Ni, 0.44% Si, 0.32% 
Mo i 0.02% Nb

Ac1 = 716 °C
Ac3 = 813 °C [26]

12.
0.15% C, 0.23% Si, 1.30% Mn, 0.017% P, 0.013% S, 0.050% 
Nb, 0.01% V, 0.012% Ti, 0.09% Cr, 0.019% Ni, 0.025% Al, 
0.005% N

Ac1 = 714 °C
Ac3 = 885 °C [27]

13.
0.09% C, 0.18% Si, 1.06% Mn, 0.01% P, 0.003% S, 0.036% 
Al, 0.002% Nb, 0.007% V, 0.03% Ti, 1.08% Cr, 0.07% Ni, 
0.11% Mo.

Ac1 = 769 °C
Ac3 = 855 °C [28]

14.
0.09% C, 0.18% Si, 1.06% Mn, 0.01% P, 0.003% S, 0.036% 
Al, 0.002% Nb, 0.007% V, 0.03% Ti, 1.08% Cr, 0.07% Ni, 
0.11% Mo

Ac1 = 773 °C
Ac3 = 870 °C [29]
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	• as the annealing temperature increases, the 
hardness increases from 210 HV100 for a 
temperature of 700 °C to 260 HV100 for a 
temperature of 920 °C. The exception was a 
slight decrease in hardness at a temperature of 
730 °C, where the hardness was 208 HV100. 
The slight reduction in hardness may be due to 
the dissolution of the cementite.
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