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Abstract: High-strength steels are used more than general structural steel due to their combination 

of properties such as high strength, good toughness and weldability. They are mainly used in the 

manufacture of heavy vehicles for the mining industry, cranes, transportation, etc. However, weld-

ing these grades of steel brings new challenges. Also, a simulation for welding high-strength steel 

is required more often. To insert a material database into the simulation program, it is necessary to 

conduct investigations using CCT (Continuous Cooling Transformation) diagrams, welded joints 

research, and more. To investigate the behavior of S960MC steel during heating and cooling, we 

used dilatometry analysis supported by EBSD (Electron Backscatter Diffraction) analysis. A CCT 

diagram was constructed. The transformation temperatures of Ac1 and Ac3 increase with increasing 

heating rate. The Ac1 temperature increased by 54 °C and the Ac3 temperatures by 24 °C as the heat-

ing rate increased from 0.1 °C/s to 250 °C/s. The austenite decomposition temperatures have a de-

creasing trend in the cooling phase with increasing cooling rate. As the cooling rate changes from 

0.03 °C/s to 100 °C/s, the initial transformation temperature drops from 813 °C to 465 °C. An increase 

in the cooling rate means a higher proportion of bainite and martensite. At the same time, the hard-

ness increases from 119 HV10 to 362 HV10. 
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1. Introduction 

In previous decades, there was a considerable demand for lightweight but high-

strength materials that led into the development of ultra-high-strength steels (UHSS), 

which belong to high-strength low-alloy (HSLA) steels. HSLA steels have excellent com-

bination properties such as toughness, weldability, and a high strength–weight ratio. 

These steels enable usability in a wide range of industries including transportation vehi-

cles, lifting devices (mobile cranes, lifting platforms), the oil and gas industry, automotive, 

shipbuilding, and shore constructions. The main advantage of HSLA steel application is 

reducing construction weight, e.g., a weight reduction of 60% is achieved by replacing 

conventional construction steel S355 with HSLA steel of grade S960MC [1–5]. HSLA steel 

consists of ferritic-perlite, ferrite-bainite, bainite, or martensitic (eventually annealed mar-

tensite) structure, thanks to which the desired properties are achieved. The industrial use 

of these steels is increasing, leading to reduced costs while maintaining all the required 

properties of the steels. HSLA steel characteristics include a combination of high strength 

and high toughness, good resistance against cold cracks, cold formability, and low carbon 

equivalent values [6]. HSLA steels can be classified as microalloyed steels because they 

also contain a small amount of alloying elements, e.g., aluminum (Al), titanium (Ti), nio-

bium (Nb), and vanadium (V) [7]. Microstructures depend on the state of austenite before 
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transformation, chemical composition (not only alloying elements), and cooling condi-

tions. Various mechanical properties of steels are achieved by different combinations of 

microstructures and their mutual ratio [1]. Austenite can transform into all the aforemen-

tioned microstructures in microalloyed steels depending on the chemical composition and 

the cooling rate. The final microstructure is affected by the grain size of austenite before 

the transformation. Refined austenitic grains in microalloyed steels are critical in achiev-

ing a fine grain microstructure with high strength and toughness. Small precipitates ef-

fectively reduce the growth of austenitic grains during steel heating. The more stable the 

precipitation, the more grain growth is suppressed at higher temperatures [8]. 

The typical carbon content of these steels ranges from 0.05 to 0.25%, less than 2% of 

manganese, and a small amount of other elements such as chromium, nickel, molyb-

denum, copper, nitrogen, vanadium, niobium, titanium, and zirconium [7,9]. The maxi-

mum combined content of the elements titanium, vanadium, and niobium was up to 

0.22% according to EN 10149-2. In particular, Ti, V, and Nb, together with carbon and 

nitrogen, form nitrides, carbides, and carbonitrides. The influence of each particle strongly 

depends on their stability and solubility at a certain temperature while processing steel [9]. 

The alloying element Nb is used for grain refinement and precipitation hardening. The par-

ticles NbC and Nb(C,N) are precipitated during hot forming [10,11]. Titanium reacts with 

nitrogen during the first process of melting steel. A small amount of Ti causes a fine disper-

sion of Ti nitride nanoparticles that prevent the growth of austenitic grains at high temper-

atures, 1200°C [10,12]. Vanadium is more soluble in austenite than niobium. It precipitates 

in clumps in ferrite, forming fine precipitates, which harden the steel. Grain refinement is 

required; otherwise, the toughness of the steel reduces due to hardening [13]. 

Thermomechanical controlled processing (TMCP) is a technological process of con-

trolled rolling at transformation temperatures from austenite to bainite or martensite. 

TMCP can be split into two steps: controlled rolling and controlled cooling [14]. The first 

rolling process takes place in the austenitic region at high temperatures. The material is 

still in the temperature range where recrystallization occurs. The second rolling of the 

final material thickness starts at temperatures where the recrystallization process does not 

occur and ends in the intercritical region (γ+α phase). The rolling process in the intercriti-

cal region causes grain deformation (ledges) and deformation bands. Deformed austenite 

does not regenerate and keeps the high dislocation density. During the transformation, 

the formed deformation ledges and bands act as nucleation sites and lead to grain refine-

ment. The accelerated controlled cooling follows after the final rolling (at the intercritical 

region) [12]. 

The combination of a controlled rolling process and low alloying element content 

(including carbon content) provides these steels with good weldability while maintaining 

the low construction weight and high joint strength [12,14]. However, the welding of 

TMCP steels is more demanding than other common structural steels because stricter 

technological parameters are required. Due to welding, microstructural changes occur in 

areas affected by the thermal effect during the welding process. This heat-affected zone 

(HAZ) significantly influences welded joints; therefore, monitoring and evaluating HAZ 

is one way to control the quality of welded joints. Heat input, cooling rate (time t8/5), and 

the type of additional material are critical welding parameters affecting the final proper-

ties of HAZ. The heat-affected zone can be divided into four base regions: coarse-grained 

heat-affected zone (CGHAZ), fine grains heat-affected zone (FGHAZ), intercritical heat-

affected zone (ICHAZ), and sub-critical heat-affected zone (SCHAZ). 

A typical sign of HAZ-welded joints manufactured from HSLA steels is the presence 

of a soft zone. There is a soft transformation zone when the peak temperature exceeds AC1 

and a tempering soft zone when the temperature does not exceed AC1. These soft zones 

are typical for high-strength steels, with a lower hardness than the base material and a 

reduction in yield strength [15–19]. 
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Nevertheless, this steel is possible to weld with suitable welding methods such as 

laser or electron beam welding, hybrid welding technologies, or modern advanced arc 

welding technologies [6,20–22]. 

Gas metal arc welding (GMAW) is one of the most used welding techniques. The 

conventional GMAW methods decrease the HAZ’s mechanical properties against the base 

material. High heat input causes a slower cooling rate and decreases material hardness at 

HAZ [3,23]. 

For this research paper [20], we compared the welding of S960MC steel with an 8 mm 

thickness using different methods (EB+CW—electron beam welding with cold wire, LH—

laser hybrid welding, P+CW—plasma arc welding with cold wire, and GMAW). The most 

significant decreasing value of the hardness was observed in the heat-affected zone, espe-

cially in the ICHAZ region. The goal of the mentioned investigation was to use the non-

match additional material and reach suitable welding joints achieved by laser and electron 

beam welding. The next investigation [23–26] involved laser welding of S960MC steel 

with 8 mm thickness for one pass. A significant drop in hardness was detected in the 

SCHAZ region, which was very narrow. The hardness value measured in other sub-re-

gions of HAZ was higher than the base material. Nonetheless, the sample broke at the 

base material during the tensile strength test, far enough from HAZ. The authors consid-

ered that the weld created by the laser beam was narrow enough to achieve the behavior 

of all HAZ subzones as one heat-affected zone. This phenomenon was observed and con-

firmed by another investigation [2,13,16,18,19]. The effects of different heat inputs on the 

welding joints were investigated in a research paper [27]. GMAW technologies were ap-

plied to create S960MC steel joints with a 3 mm thickness. The most critical sub-zones of 

HAZ are ICHAZ and SCHAZ. The width of HAZ and the toughness of the welded joint 

increased with higher heat input simultaneously. 

Phase transformation diagrams are created for specific steels to record austenite’s 

transformational changes during the cooling process in the temperature and time axes 

(eventually log time). The phase transformation diagrams depend on the chemical com-

position of the steel. These diagrams are applied in the fields of heat treatment, manufac-

turing, and the development of steel or welding [28]. The construction of a CCT diagram 

can be achieved in several ways. In the research papers [29–36], a CCT diagram was con-

structed using dilatometric measurements, structural analysis, and hardness measure-

ments. In certain cases, in technical practice, the prediction of the CCT diagram is also 

sufficient, especially for expensive materials, or lack of time. Another way to obtain a CCT 

diagram is to use a software program, as was the case in the article [33], where the results 

were compared with commercial software JMatPro and experimentally determined by 

CCT diagram. In the investigation [4] article, the same S960MC steel was examined, but 

with a thickness of 8 mm, to determine the decay structures due to different cooling rates. 

An ARA diagram was constructed using dilatometric analysis, microstructural analysis, 

and hardness measurement. 

Based on the results obtained in the research [4,29–33], dilatometric analysis, together 

with hardness measurement and metallographic analysis, was selected as the most suita-

ble method for accurate determination of the CCT diagram. 

2. Materials and Methods 

2.1. Experimental Material 

The structural steel S960MC, manufactured by SSAB, was the material we chose to 

investigate. It is a thermo-mechanically controlled processed (TMCP) steel designed for 

cold forming at 400 °C [34]. The technical parameters, chemical composition, and delivery 

conditions should fulfill the requirements of the STN EN ISO 10149-2:2014 standard [37]. 

The first measurement executed was a spectral analysis to detect the chemical composition 

(average value from three measurements) of investigated steel shown in Table 1 compared 
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to the STN EN ISO 10149-2:2014 standard and material certificate. The mechanical prop-

erties (elongation, yield, and tensile strength) were also measured and compared to the 

STN EN ISO 10149-2:2014 standard in Table 2. Samples for tensile strength tests were pre-

pared from the steel sheet in three directions based on the rolling process: longitudinally 

(0°), diagonally (45°), and transversely (90°) in the rolling direction. Three samples were 

taken for each orientation. The samples for the mechanical properties test were prepared 

and tested according to the STN EN ISO 6892-1:2022 with an INSTRON Series 5985 at 

ambient temperature 22 °C [38]. The maximum force of this equipment at full speed is 125 

kN, force measurement accuracy is ± 0.4% of reading down to 1/100 of load cell capacity 

and displacement measurement accuracy is ± 0.01 mm of displacement. The values of the 

anisotropy coefficient showed that the base material did not show any signs of planar 

anisotropy in all investigated parameters (tensile strength—Rm, yield strength—Rp0.2, and 

percentage elongation after fracture—A). 

Table 1. Chemical composition of investigated steel. 

According 
Chemical Composition wt.%—Strenx 960MC 

C Si Mn P S Al Nb V Ti Mo B 

EN 10149-2 * 0.200 0.60 2.200 0.025 0.010 0.015 0.090 0.200 0.250 1.000 0.005 

Material certificate ** 0.085 0.180 1.060 0.010 0.003 0.036 0.002 0.007 0.026 0.109 0.001 

Experimental measure-

ment 

average value/standard 

deviation 

0.055/ 

0.0024 

0.168/ 

0.0045 

1.203/ 

0.0047 
<0.010 <0.010 

0.037/ 

0.00023 
<0.005 

0.005/ 

0.00025 

0.023/ 

0.00017 

0.086/ 

0.00012 
- 

 Cu Cr Ni N CEV CET      

EN 10149-2 * - - - - - -      

Material certificate ** 0.010 1.080 0.070 0.005 0.506 0.258      

Experimental measure-

ment 

average value/standard 

deviation 

<0.005 
1.056/ 

0.0081 

0.046/ 

0.0017 
- 0.489 0.238      

* Maximum amount of alloying elements except Al. The prescribed Al content is its minimum 

amount. The sum of the elements Nb, V, and Ti must not exceed 0.22%. ** According to EN 10204-

3.1 inspection certificate supplied by the manufacturer. 

Table 2. Mechanical properties of S960MC steel. 

According 

Angle of 

Rolling Di-

rection 

Mechanical Properties S960MC, Thickness 3 mm 

Rp0.2 [MPa]  Rm [MPa] Rp0.2/Rm A [%] 
 

   

EN 10149-2 - min. 960 980–1250 - min. 7    

  

Average Rp0.2 

[Mpa]/Standard 

deviation 

[Mpa] 

Average Rm 

[Mpa]/Standard 

deviation [Mpa] 

Average 

Rp0.2/Average 

Rm 

Average A 

[%]/Standard 

deviation [%] 

Coefficient of area 

anisotropy P * [%] 

PRm PRp0.2 PA 

Experimental 

measurement 

0° 1007/15.6  1092/7.3 0.92 7.9/0.28 - - - 

45° 1018/5.1 1106/7.4 0.92 6.7/0.16 1.2 1.1 −14.4 

90° 1044/7.3 1124/4.6 0.93 6.5/0.05 2.9 3.6 −17.0 

* The area anisotropy coefficient was calculated from the average values of Rp0.2, Rm and A. 

The S960MC steel is a microalloyed, thermo-mechanically processed, high-strength 

structural steel with a microstructure consisting of martensite, bainite, and their tempered 

variants. Figure 1 (left) shows the microstructure of experimental steel; Figure 1 (right) 
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shows the electron backscatter diffraction (EBSD) grain size analysis. The resulting mean 

grain size of the supplied material was 4.1 µm with standard deviation 2.3 µm. This kind 

of microstructure provides a good combination of high tensile strength and fracture 

toughness. 

 

Figure 1. The martenzite–bainitic structure (left) and EBSD grain size analysis (right) of tested 

S960MC steel (HV 20 kV, step size 0.2 um). 

2.2. Preparation of Samples for Dilatometric Analysis 

The dilatometry tests were conducted with a Quenching Dilatometer DIL 805L at the 

Technical University of Liberec. It is fully automated, containing self-contained units used 

to measure dimensional changes under extreme controlled heating and cooling condi-

tions. The inductive heating with constant sinus frequency is power controlled by ampli-

tude adjustment for superior temperature homogeneity in the sample. The heating sam-

ple, ranging from 20 °C up to 1500 °C, can operate under different environmental conditions 

of the chamber, such as air, vacuum, or special inert gases (especially argon, helium, and 

nitrogen). The minimum possible temperature is −160 °C in specific boundary conditions. 

The highest cooling rate is achievable by helium as the cooling medium and high heat con-

ductivity [39]. Resolution when measuring length change is ΔL/°C = 0.01 µm/0.05 °C. 

The samples for the dilatometry test were prepared from the sheet metal longitudinal 

to the rolling direction. In this case, we used prism-shaped samples with a rectangular 

base, Figure 2. Flat-shaped samples for the dilatometry test are used for thin materials, 

usually with a thickness of >4 mm [6,35,36]. Opposite surfaces (after a longer edge) of the 

test sample must be parallel and surface roughness of 5 µm or less is required. These sur-

faces were made by milling, followed by grinding (red line indicators). The investigated 

steel had a 3 mm thickness, and the sides were not machined. 

 

Figure 2. The schematic shape of samples for the dilatometric test with red lines indicating the ma-

chined sides. 
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2.3. Determination of the Dilatometric Curve 

For the dilatometric tests, 13 variants of different combinations for heating rate, delay 

at the austenitizing temperature, and cooling rate were used. They all shared an austen-

itization temperature of 1100 °C. The austenitization temperature delay was set to 30 s 

(only two variants were performed without delay). The heating for the dilatometric tests 

was controlled by a programmed temperature with a control step of 0.25 °C, i.e., four val-

ues are recorded when the programmed temperature increases by 1 °C. A control step of 

0.05 °C was set for the cooling part of the dilatometric curve to obtain a more detailed 

analysis of austenite decomposition. Thus, 20 values were recorded when the pro-

grammed temperature increased by 1 °C. Two samples represented each variant. The 

heating and cooling rate parameters and all variants are listed in Table 3 (aligning with 

increased cooling rate). 

Table 3. Heating and cooling rate variants in the dilatometric tests. 

Variant Designation H5 C0.03 H100 C0.1 H1 C0.3 H10 C1 H50 C3 H0.1 C10 H50 C10 

Heating rate °C/s 5 100 1 10 50 0.1 50 

Cooling rate °C/s 0.03 0.1 0.3 1 3 10 10 

Variant Designation H0.5 C30 H50 C30 H250 C100 H250 C100 *  H50 C200 H50 C200 *   

Heating rate °C/s 0.5 50 250 250 * 50 50 *  

Cooling rate °C/s 30 30 100 100 * 200 200 *  

* Sample without delay at austenitizing temperature 1100 °C. 

We examined the following effects via dilatometry analysis: 

1. The heating rate’s effect on shifts in the transformation temperatures, Ac1 and Ac3. For 

this experiment,eight variants with different heating rate values were useds from 0.1 

°C/s to 250 °C/s. The cooling method was not considered. These variants are listed in 

Table 4 (aligning with increasing heating rate). Program control cycles are shown in 

Figure 3 (left). 

2. The cooling rate affects the resulting austenite transformation temperatures in the 

cooling phase, microstructure, and hardness. We used eight variants with different 

cooling rates from 0.03 °C/s to 100 °C/s for this experiment. The heating method was 

not considered. These variants are listed in Table 5 (aligning with increasing cooling 

rate). Program control cycles are shown in Figure 3 (right). Subsequently, a CCT 

diagram was created from the data analysis. 

3. The effect of heating and cooling rates on the resulting grain size. All variants listed 

in Table 3 were used for this experiment. Out of these, variants have a constant heating 

rate but a different cooling rate. Variants with significantly different heating rates 

were used but with a constant cooling rate. We assessed which parameter (heating or 

cooling rate) would have a greater effect on the resulting grain size. 

Table 4. The chosen variants for analyzing the shift in transformation temperatures Ac1 and Ac3. 

Heating Rate °C/s 0.1 0.5 1 5 10 50 100 250 

Cooling rate °C/s 10 30 0.3 0.03 1 3 0.1 100 

Variant designation H0.1 C10 H0.5 C30 H1 C0.3 H5 C0.03 H10 C1 H50 C3 H100 C0.1 H250 C100 

Table 5. The chosen variants for analyzing austenite transformation temperatures in the cooling 

phase, final microstructure, and hardness. 

Cooling Rate °C/s 0.03 0.1 0.3 1 3 10 30 100 

Heating rate °C/s 5 100 1 10 50 0.1 0.5 250 

Variant H5C 0.03 H100 C0.1 H1 C0.3 H10 C1 H50 C3 H0.1 C10 H0.5 C30 H250 C100 
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Figure 3. Different program temperature cycles for the control dilatometer DIL 805L; left—heating 

phase; right—cooling phase. 

The following descriptive statistics were used to process the experimental data: av-

erage value and standard deviation (as a measure of variability) if the measured quantity 

was measured multiple times. Next, regression analysis was used. The aim of this analysis 

is to clarify the relationship between the input variable (heating rate or cooling rate) and 

the output measured variables (temperatures Ac1 and Ac3, transformation temperatures of 

austenite and grain size). The influence of the input parameters must be verified at low 

levels of values, as well as at high ones. For this reason, the input parameters were chosen 

in a logarithmic series. A logarithmic function was used as a mathematical model to de-

scribe functional dependence. Furthermore, the Shapiro-Wilk test was used to confirm the 

normality of the regression residues. 

2.4. Methodology for Determining Phase Transition Temperatures from Dilatometry Curves 

The phase transformations were evaluated from the heating and cooling parts of the 

dilatometry curves and recorded in the dilatation and temperature axes. Non-linear changes 

to the length indicated phase transformation. For determining transformation temperatures, 

the three tangent method and the first derivative method were used. Both methods were 

used in several other studies and show good agreement of results [36,40–43]. 

The three tangent methods can also identify multiple phase transformations and is 

suitable for determining transition temperatures of austenite decomposition. The first deri-

vation of the dilatometry curve method was used as the second method for evaluating the 

phase transition temperatures. In this case, the phase change temperature was determined 

when the function of the first derivative of the dilatometry curve acquired a value of zero. 

2.5. Microstructure Observation and Hardness Measuring 

The dilatometric samples were cut in half, perpendicular to the long side of the sam-

ple, for the metalographic analysis and hardness test. Samples prepared in this way were 

embedded in PolyFast resin with additional carbon content to secure electrical conductiv-

ity for the electron microscope. Samples were prepared with the SimpliMet 1000 using the 

following process parameters: heating temperature 180 °C, exposure time 4.5 min, cooling 

time 3.5 min, and 250 bar pressure. Samples for the metallographic analysis were prepared 

on grinding paper with grid FEPA P240, P500, P800, P1200, P2000, and P4000. Polishing 

was conducted by diamond suspension with average grain sizes of 3 and 1 µm. The oxide 

polishing with OP-S suspension and 0.25 µm were used for the final polishing. The sam-

ples’ structural analysis was performed on an optical microscope Olympus DSX 500. Pho-

tos of the microstructure were processed by NIS—Elements software. 

The grain size measurement was determined by the electron microscope Tescan SEM 

Mira 3, which was equipped with a local chemical analysis detector (EDX) Oxford Ul-

timMax65 and EBSD detector Oxford Symmetry. Detector with its software-controlled 
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tilting, can be positioned at the ideal geometry for every sample type, from TEM foils to 

cm—scale samples and can satisfy these criteria—full 1244 × 1024-pixel diffraction patterns 

are ideal for high angular resolution (HR) EBSD. Measurements were performed using the 

following process parameters: accelerating voltage of 20 kV and a measured area of 500 × 

500 µm with a measuring step of 0.2 µm. The equivalent circle diameter (ECD) parameter 

was used for grain size analysis, which is determined by the complete grain area. 

Similar to the microstructure analysis, hardness was measured for the surfaces of the 

test samples. The Vickers method’s hardness measurement involving a load of 98.07 N 

(HV10) was executed in the laboratory using a fully automatic micro-hardness tester 

Qness Q30A with a load capacity from 0.98 N up to 306.6 N (HV0.1 up to HV30). Test 

force tolerance is <0.5% for all test forces. The HV10 hardness measurement was per-

formed on cross-sections (the dilatometric sample was cut in two halves on the long side) 

at ambient temperature 22 °C. Hardness was measured on the two surfaces, with 3 meas-

urements on one surface and 3 on the other, a total of 6 measurements for one variant. 

3. Results and Discussion 

3.1. The Heating Rate’s Effect on Shifts in the Transformation Temperatures Ac1 and Ac3 

The austenite transformation temperature Ac1 and full austenitization temperature 

Ac3 were determined from eight dilatometry curves. We used both methods for determin-

ing temperature—the three tangent method and the first derivation of the dilatometry 

curve method. 

Figure 4 shows the whole dilatometry curve for a heating rate of 10 °C/s and a cooling 

rate of 1 °C/s (variant H10 C1). Points 1–3 are the temperatures in the heating phase when 

the base material’s original structure austenitizes. Two temperatures (points 4 and 5) are 

determined in the cooling phase representing the phase transformation during austenite 

decomposition. 

 

Figure 4. Dilatometry curves for 10 °C/s heating rate and 1 °C/s cooling rate (variant H10 C1) with 

three tangents applied. 

Figure 5 shows the heating part of the dilatometry curve (red curve) when heated at a 

rate of 10 °C/s. In the same graph, the first derivative is shown in blue. Points 1 and 2 are the 

transformation temperatures (Ac1 and Ac3) at which the first derivative acquires zero. 
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Figure 5. The heating part of the dilatometry curve for a 10°C/s heating rate with applied first de-

rivative. 

Figure 6 shows the cooling part of the dilatometry curve during cooling at a rate of 1 

°C/s (red curve) and the first derivative of this section for the dilatometry curve (blue 

curve). Points 1 and 2 are the transformation temperatures of austenite decay when the 

first acquires the value zero. The transformation’s beginning and end indicate the alloy 

phase boundaries, e.g., ferrite, carbide, pearlite, bainite, martensite, or other eutectoid 

phase batches. We used the same procedures to evaluate all dilatometric curves. 

 

Figure 6. The cooling part of the dilatometry curve for a 1°C/s cooling rate with the first derivative 

applied. 

The deviation of the first derivation method from the tangent method was a maxi-

mum of 2.1%. Values from the three tangent method were used in further analyses. Table 
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6 lists all analyzed temperatures. Figure 7 shows the influence of the heating rate on tem-

peratures Ac1 and Ac3. 

Table 6. The effect of the heating rate on shifts in the transformation temperatures Ac1 and Ac3. 

Heating Rate [°C/s] 0.1 0.5 1 5 10 50 100 250 

Variant Designation H0.1 C10 H0.5 C30 H1 C0.3 H5 C0.03 H10 C1 H50 C3 H100 C0.1 H250 C100 

Three tangent 

method 

Ac1 [°C] 758 761 763 770 774 795 795 812 

Ac3 [°C] 858 858 850 850 853 863 870 882 

First derivation 

method 

Ac1 [°C] 753 758 763 770 788 806 812 832 

Ac3 [°C] 855 850 850 850 870 880 886 898 

Difference 

between used 

methods 

diff. Ac1 [%] 0.66 0.40 0.00 0.00 1.78 1.36 2.09 2.40 

diff. Ac3 [%] 0.35 0.94 0.00 0.00 1.95 1.93 1.81 1.78 

The austenitic transformation (Ac1 temperature) increases with an increased heating 

rate. This trend was observed in other works [36,43]. The Ac3 temperature, when complete 

austenitization is achieved, was almost constant up to a heating rate of 10 °C/s. At heating 

rates higher than 10 °C/s, it began to grow. The differences between Ac3 and Ac1 decreased 

with an increased heating rate, as shown in Figure 8. The phenomena described are im-

portant in creating the width of the heat-affected zone and welding process modeling. 

 

Figure 7. The influence of the heating rate on temperatures Ac1 and Ac3. 

 

Figure 8. The influence of the heating rate on temperature differences between Ac3 and Ac1. 
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3.2. Austenite Transformation Temperatures in Cooling Phase 

Determining the transformation temperatures of austenite decomposition was cru-

cial for the later design of the S960MC steel CCT diagram. Eight cooling dilatometry 

curves were used. The deviation of the first derivation method from the tangent method 

was a maximum of 3.7%. Other transformation temperatures, T2 and T3, occurred in addi-

tion to the first -T1 and last -T4 transformation temperatures and were also evaluated from 

the three tangent method. Curves with multiple transformation temperatures and optical 

microstructural analyses were important in determining all the excluded structural 

phases. The transformation temperatures are provided in Table 7. 

During slow cooling rates, austenite decomposition occurred at high temperatures, 

slightly under the AC1 temperature. A slow cooling rate and high transformation temper-

ature are typical signs of diffusion transformation of austenite to ferrite or perlite, partic-

ularly in the case of low-carbon and low-alloyed steel [4,6,36,44–46]. Austenite decompo-

sition occurs at a lower temperature with an increasing cooling rate, indicating a bainite 

or martensite structure. This process occurred with the shear transformation of austenite 

[44]. Hardness measurements for all samples were performed to compare with the micro-

structure while considering hardness the ferrite–perlite steel structure, next bainite, mar-

tensite and their mixture [4,6,36,47]. The cooling rate’s effect on the values of the first and 

last austenite decomposition transformation temperature for both methods of determina-

tion is shown in Figure 9. 

Table 7. The transformation temperatures of austenite decomposition. 

Cooling Rate [°C/s] 0.03 0.1 0.3 1 3 10 30 100 

Variant Designation H5C 0.03 H100 C0.1 H1 C0.3 H10 C1 H50 C3 H0.1 C10 H0.5 C30 H250 C100 

Three tangent 

method 

T1 [°C] 813 752 690 620 594 553 497 465 

T2 [°C] - 744 - - - 534 465 456 

T3 [°C] - - - - - 514 469 442 

T4 [°C] 750 704 612 580 539 469 431 432 

First derivation 

method 

T1 [°C] 784 744 679 626 602 551 491 463 

T4 [°C] 749 704 612 571 532 468 429 426 

Difference 

between used 

methods 

diff. T1 [%] 3.70 1.08 1.62 0.96 1.33 0.36 1.22 0.43 

diff. T4 [%] 0.13 0.00 0.00 1.58 1.32 0.21 0.47 1.41 

 

  

Figure 9. The influence of the cooling rate on transformation temperatures T1 and T4: left—three 

tangent method; right—first derivation method. 
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3.3. The Analysis of the Hardness after Cooling 

The hardness of the final microstructure for different cooling rates is recorded in Ta-

ble 8. The sample’s average hardness value for a 100 °C/s cooling rate corresponded with 

the hardness of the base material. The base material’s microstructure is predominantly 

martensitic and was the same for the 100 °C/s cooling rate, the typical cooling rate for 

hardening HSLA steels [36,43,45,47,48]. The first significant hardness drop was recorded 

at a 10 °C/s cooling rate with a 23% decrease compared with the base material. As the 

cooling rate decreased, the hardness of the microstructure also decreased. Figure 10 shows 

the influence of the cooling rate on material hardness. The approximate hardness value of 

the base material is reached at a cooling rate between 30 and 100 °C/s. A rising cooling 

rate did not increase hardness; therefore, a cooling rate of 100 °C/s was set as the critical 

cooling rate. On the contrary, decreasing the cooling rate under 0.03 °C/s did not signifi-

cantly decrease material hardness. 

Table 8. The hardness of the final microstructure for different cooling rates. 

Cooling 

Rate 

[°C/s] 

Variant Hardness HV10 

Average 

Hardness 

HV10/Standard De-

viation HV10 

0.03 H5C 0.03 118 116 122 117 119 123 119/2.54 

0.1 H100 C0.1 152 145 157 144 148 143 148/4.94 

0.3 H1 C0.3 196 201 203 197 200 199 199/2.36 

1 H10 C1 223 231 227 227 227 223 226/2.75 

3 H50 C3 236 238 240 232 237 239 237/2.58 

10 H0.1 C10 276 268 279 281 273 271 275/4.50 

30 H0.5 C30 349 344 352 352 346 342 348/3.81 

100 H250 C100 357 365 356 372 361 360 362/5.40  

Base material 362 363 357 362 360 358 360/2.21 

 

Figure 10. The influence of the cooling rate on material hardness. 

3.4. The Microstructural Analysis and Design of CCT Diagram 

A microstructural analysis confirmed the occurrence of phases such as martensite 

and bainite and their temperate variants, perlite or ferrite. Microstructures at different 

cooling rates are shown in Figure 11. A slow cooling rate (0.03 °C/s, 0.1 °C/s, and 0.3 °C/s) 

led to an average grain size growth, and the structure consisted of ferrite and perlite. The 
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proportion of perlite increased with the increased cooling rate; it had a structure of about 

60% at the cooling rate of 0.3 °C/s. We performed this analysis using NIS-Elements software. 

The microstructure of steel at a cooling rate of 1 and 3 °C/s comprises a mixture of 

ferrite and bainite (bainite predominates). Martensite appears in the microstructure only 

at a cooling rate of 10 °C/s. Its content increases with the increased cooling rate. At a cool-

ing rate of 30 °C/s, its content is at the level of 90%. 

Based on the transformation temperatures of austenite decomposition and micro-

structure (with hardness values), it was possible to design a CCT datagram for the struc-

tural steel S960MC. The resulting diagram is shown in Figure 12. It should be noted that 

the diagram is valid for a range of chemical compositions provided in Table 1. Further-

more, it only applies to previous mechanical properties shown in Table 2, which reflect 

the processing method during production. 

A similar diagram for S960MC steel is provided in [4]; however, differences in chem-

ical composition do not correspond to the diagram shown in Figure 12. 

    

0.03 °C/s 

H5 C0.03 

0.1 °C/s 

H100 C0.1 

0.3 °C/s 

H1 C0.3 

1 °C/s 

H10 C1 

    

3 °C/s 

H50 C3 

10 °C/s 

H0.1 C10 

30 °C/s 

H0.5 C30 

100 °C/s 

H250 C100 

Figure 11. The influence of the cooling rate on the microstructure of S960MC steel. 
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Figure 12. The CCT diagram of S960MC steel. 

3.5. The Effect of Heating and Cooling Rates on the Resulting Grain Size 

The mechanical properties of high-strength structural steel correspond to their grain 

size (e.g., via the Hall–Petch relationship); strength is inversely dependent on the square 

root of grain size. Although conventional methods for determining grain size using opti-

cal microscopy are well-established, EBSD methods offer many advantages over these 

techniques, including increased spatial resolution and a quantitative description of the 

grains’ orientation. Figure 13 is a comprehensive overview of the analyzed SEM micro-

structures and the EBSD grain size analysis results for all thirteen heating and cooling rate 

combinations. A band contrast filter was used for the SEM’s microstructural analysis, 

which is the base for EBSD. Table 9 shows the grain size values after EBSD analysis for 

the equivalent circle diameter (ECD). The values from Table 9 are graphically presented 

in the graph in Figure 14. 
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Figure 13. SEM micrographs and EBSD analysis of grain size at different variants of the heating rate 

and cooling rates. 

Considering these measured values, we can state that the cooling rate significantly 

affects grain size. Variants (H50 C3, H50 C10 and H50 C30) confirmed this finding when 

the heating rate was constant, equal 50 °C/s, and grain size decreased from 9.4 µm to 4.4 

µm with the rising cooling rate (3 °C/s, 10 °C/s and 30 °C/s). This means that when the 

heating rate is increased by 10 times, the grain size is reduced by 53%. It can also be stated 

that the heating rate is not significant for grain growth. The cooling rate was constant, 

equal 10 °C/s, for variants H50 C10 and H0.1 C10, and the heating rates were 0.1 and 50 

°C/s at the grain size (5.7 µm and 5.8 µm). Despite the high change in heating rate, the 

grain size change was at the level of 2%. It was also confirmed at other tests for the con-

stant cooling rate of 30 °C/s and heating rates of 0.5 and 50 °C/s. The grain size was 4,4 µm 

and 4,9 µm, which is the difference < 10%. 

The effect of delay on the austenitization temperature of 1100 °C was investigated on 

pairs of variants H250 C100 and H50 C200. One of the pair of variants was allowed to 

stand at the austenitization temperature for 30 s. The difference in grain size was 8% for 

the H250 100 variant and 14% for the H50 C200 variant. It can be stated that this effect is 

much smaller than the effect of the cooling rate. A more pronounced effect of delay at the 
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austenitization temperature on grain growth would be manifested at higher time values 

from 30 min and more. However, these values are not applicable to the welding area. 

Dramatic changes in the grain size were observable until the 30 °C/s cooling rate clos-

est to the base material. The measured grain size of the base material was 4.1 µm. Further 

increases in cooling rate did not result in a reduction in grain size. At a speed of 30 °C/s, 

the structure was already 91% martensite and the higher speed no longer brought signif-

icant changes in structure and hardness. 

Table 9. The chosen variants for analyzing the final microstructure, hardness, and austenite trans-

formation temperatures in the cooling phase. 

Variant 

Designation 
Cooling Rate [°C/s] 

Grain Size ECD ** [µm] 

Area 500 × 500 µm, Step 0.2 µm, 

Average Value/Standard Deviation 

H5 C0.03 0.03 26.2/15.94 

H100 C0.1 0.1 15.0/8.87 

H1 C0.3 0.3 10.0/7.89 

H10 C1 1 9.0/6.98 

H50 C3 3 9.4/6.01 

H50 C10 10 5.7/4.22 

H0.1 C10 10 5.8/4.71 

H50 C30 30 4.4/2.71 

H0.5 C30 30 4.9/3.17 

H250 C100 100 5.3/3.76 

H250 C100 * 100 * 4.9/2.89 

H50 C200 200 5.8/4.64 

H50 C200 * 200 * 5.1/3.19 

As rolled - 4.1/2.34 

* without delay, ** equivalent circle diameter. 

 

Figure 14. The EBSD analysis of grain size for different heating and cooling rates. 

4. Conclusions 

Our research paper focused on determining transformation temperatures by dila-

tometry analysis, the effect of the cooling rate on hardness, grain size, and creation of the 

final microstructure. Furthermore, the heating rate’s effect on shifts in the transformation 

temperatures Ac1 and Ac3 was investigated. The influence of the cooling rate on the final 
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microstructure properties was also investigated. The executed measurements and exper-

iments led to the creation of a CCT diagram for structural steel S960MC with a 3 mm 

thickness and specific chemical composition stated in Table 1. The main conclusions of the 

above research are as follows: 

• Both methods, the three tangent method and the first derivation of the dilatometry 

curve method, are suitable for determining transformation temperatures. The 

deviation of the first derivation method from the tangent method was a maximum of 

2.1% (determination of transformation temperatures in the heating phase) and a 

maximum of 3.7% (determination of transformation temperatures in the cooling 

phase). 

• The austenitic transformation (Ac1 temperature) increases with an increased heating 

rate. The dependence of these two parameters was tested by regression analysis. A 

linear regression model with a logarithmic function was used, which demonstrated 

the strong dependence of parameters (coefficient of determination was R2 = 0.9). This 

analysis shows that in the range of heating rates from 0.1 to 250 °C/s, the temperature 

Ac1 increased from 749 °C to 804 °C. 

• The Ac3 temperature, when complete austenitization is achieved, was almost constant 

up to a heating rate of 5 °C/s (average value was 854 °C and standard deviation was 

4 °C). At heating rates higher than 10 °C/s, it began to grow. From a heating rate of 10 

°C/s to 250 °C/s the dependence was also described by a logarithmic function with 

coefficients of determination equal to R2 = 0.96. The phenomena described are 

important in creating the width of the heat-affected zone and welding process 

modeling. The welding processes with a high heating rate of the base material (laser 

welding and electron beam welding) will be characterized by a narrow HAZ. This 

eliminates the “softening effect of HAZ” that is typical for HSLA steel welding. 

• The dependence of the cooling rate on the transformation temperatures T1 and T4 of 

austenite decomposition is significant and has the opposite trend as in the heating 

phase. As the cooling rate increases, the austenite decomposition temperature 

decreases. A linear regression model with a logarithmic function was used, which 

demonstrated the strong dependence of parameters (coefficient of determination was 

R2 = 0.98 for temperature T1 and R2 = 0.97 for temperature T4). The data are valid for 

the three tangent method. This analysis shows that in the range of cooling rates from 

0.03 °C/s to 100 °C/s, the temperature T1 increased from 796 °C to 449 °C and 

temperature T4 increased from 734 °C to 394 °C. 

• A slow cooling rate and high transformation temperature are typical signs of diffusion 

transformation of austenite to ferrite or perlite. The microstructure of steel at a cooling 

rate of 1 °C/s and 3 °C/s comprises a mixture of ferrite and bainite (bainite 

predominates). Martensite appears in the microstructure only at a cooling rate of 10 

°C/s. Its content increases with the increased cooling rate. At a cooling rate of 30 °C/s, 

its content is at the level of 91% and at a cooling rate of 100 °C/s the microstructure is 

fully martensitic. 

• The hardness of the samples increased with the increased cooling rate due to the 

higher percentage of hardness phases such as bainite and martensite. The dependence 

of these two parameters was tested by regression analysis as well. A linear regression 

model with a logarithmic function was used. The coefficient of determination was R2 

= 0.97, which means a strong tightness of the variables and a well-chosen regression 

function. This analysis shows that in the range of cooling rates from 0.03 °C/s to 100 

°C/s, the hardness increased from 116 HV10 to 362 HV10. The hardness of the base 

material 360HV10 will be achieved according to this model at a cooling rate of 94 °C/s. 

This cooling rate represents a time t8/5 of 3.6 s, which can be achieved by using 

concentrated heat source welding methods. 

• As the cooling rate increases, a trend of decreasing average grain size can be observed. 

However, regression analysis did not show strong parameter tightness using the full 

cooling rate range (from 0.03 °C/s to 100 °C/s). The coefficient of determination was 
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R2 = 0.72 for the logarithmic regression function and R2 = 0.85 for the power regression 

function. Data selection and analysis, however, demonstrated these findings. We can 

state that the cooling rate significantly affects grain size. Variants (H50 C3, H50 C10 

and H50 C30) confirmed this finding when the heating rate was constant (50 °C/s), 

and grain size significantly decreased from 9.4 µm to 4.4 µm with the rising cooling 

rate (from 3 °C/s to 30 °C/s). This represents a decrease of 53% with a cooling rate 

change of 27 °C/s. The effect of the heating rate is not significant on the change in grain 

size. The cooling rate was constant for variants H50 C10 and H0.1 C10 (10 °C/s), and 

the heating rates were 0.1 and 50 °C/s at the same grain size (5.7 µm and 5.8 µm). The 

difference in grain size in these two variants is up to 2% with a change in heating rate 

of approximately 50 °C/s. It was also confirmed at the tests for the cooling rate of 30 

°C/s and heating rates of 0.5 and 50 °C/s. The difference in grain size for both cases 

was <10%. 

• The data presented in the graphs in Figures 7–10 were subjected to the Shapiro-Wilk 

test. In all cases, the normality of the residue distribution was confirmed. 

• The CCT diagram is valid for the range of chemical compositions provided in Table 

1. It can only be applied to the mechanical properties recorded in Table 2, reflecting 

the processing method during production. 

Author Contributions: Conceptualization, methodology, formal analysis, J.M. and M.M. (Miloš 

Mičian); investigation, M.M. (Miloslav Málek) and M.Š.; resources, (Miloš Mičian) and (Miloslav 

Málek); writing—original draft preparation, M.M. (Miloslav Málek) and M.Š.; writing—review and 

editing, J.M., M.M. (Miloš Mičian), M.M. (Miloslav Málek) and M.Š.; visualization, M.M. (Miloslav 

Málek) and M.Š; supervision, J.M. and M.M. (Miloš Mičian); project administration, M.M. (Miloš 

Mičian); funding acquisition, M.M. (Miloš Mičian). All authors have read and agreed to the pub-

lished version of the manuscript. 

Funding: This research was funded by APVV, grant number APVV-20-0427; KEGA, grant number 

KEGA 008ŽU-4/2022; VEGA, grant number VEGA 1/0741/21 and VEGA 1/0044/22. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data sharing is not applicable to this article. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Garcia, C.I. High strength low alloyed (HSLA) steels. In Automotive steels: Design, Metallurgy, Processing and Applications, 1st ed.; 

Rana, R., Singh, S.B., Eds.; Woodhead Publishing: Cambridge, UK, 2016; pp. 145–167. 

2. Kaščák, L.; Cmorej, D.; Spišák, E.; Slota, J. Joining the High-Strength Steel Sheets Used in Car Body Production. Adv. Sci. Technol. 

Res. J. 2021, 15, 184–196. https://doi.org/10.12913/22998624/131739. 

3. Guo, W.; Li, L.; Dong, S.; Crowther, D.; Thompson, A. Comparison of microstructure and mechanical properties of ultra-narrow 

gap laser and gas-metal-arc welded S960 high strength steel. Opt. Lasers Eng. 2016, 91, 1–15. https://doi.org/10.1016/j.optlas-

eng.2016.11.011. 

4. Ghafouri, M.; Ahn, J.; Mourujärvi, J.; Björk, T.; Larkiola, J. Finite element simulation of welding distortions in ultra-high strength 

steel S960 MC including comprehensive thermal and solid-state phase transformation models. Eng. Struct. 2020, 219, 110804. 

https://doi.org/10.1016/j.engstruct.2020.110804. 

5. Tomków, J.; Landowski, M.; Fydrych, D.; Rogalski, G. Underwater wet welding of S1300 ultra-high strength steel. Mar. Struct. 

2022, 81, 103120. https://doi.org/10.1016/j.marstruc.2021.103120. 

6. Górka, J.; Janicki, D.; Fidali, M.; Jamrozik, W. Thermographic Assessment of the HAZ Properties and Structure of Thermome-

chanically Treated Steel. Int. J. Thermophys. 2017, 38, 183. https://doi.org/10.1007/s10765-017-2320-9. 

7. Hrivňák, I. Welding and Weldability of Materials. In Zváranie a Zvariteľnosť Materiálov; Citadella: Bratislava, Slovakia, 2013. (In 

Slovak) 

8. Zhao, J.; Jiang, Z.; Kim, J.S.; Lee, C.S. Effects of tungsten on continous cooling transformation charakteristics of microalloyed 

steel. Mater. Des. 2013, 49, 252–258. 

9. Villalobos, J.C.; Del-Pozo, A.; Campillo, B.; Mayen, J.; Serna, S. Microalloyed Steels trough History until 2018: Review of Chem-

ical Composition, Processing and Hydrogen Service. Metals 2018, 8, 351. 



Materials 2022, 15, 4637 19 of 20 
 

 

10. Gu, Y.; Tian, P.; Wang, X.; Han, X.-L.; Liao, B.; Xiao, F.-R. Non-isothermal prior austenite grain growth of a high-Nb X100 pipeline steel 

during a simulated welding heat cycle process. Mater. Des. 2016, 89, 589–596. https://doi.org/10.1016/j.matdes.2015.09.039. 

11. Karmakar, A.; Biswas, S.; Mukherjee, S.; Chakrabarti, D.; Kumar, V. Effect of composition and thermo-mechanical processing 

schedule on the microstructure, precipitation and strengthening of Nb-microalloyed steel. Mater. Sci. Eng. A 2017, 690, 158–169. 

https://doi.org/10.1016/j.msea.2017.02.101. 

12. Nishioka, K.; Ichikawa, K. Progres in thermomechanical control of steel plates and their commercialization. Sci. Technol. Adv. 

Mater. 2012, 13, 023001. 

13. Lagneborg, R.; Hutchinson, B.; Siwecki, T.; Zajac, S. The role of vanandium in microalloyed steels. Scand. J. Metall. 1999, 28, 186–241. 

14. Porter, D.; Laukkanen, A.; Nevasmaa, P.; Rahka, K.; Wallin, K. Performance of TMCP steel with respect to mechanical properties after 

cold forming and post-forming heat treatment. Int. J. Press. Vessels Pip. 2004, 81, 867–877. https://doi.org/10.1016/j.ijpvp.2004.07.006. 

15. Hochhauser, F.; Ernst, W.; Rauch, R.; Vallant, R.; Enzinger, N. Influence of the Soft Zone on The Strength of Welded Modern 

Hsla Steels. Weld. World 2013, 56, 77–85. https://doi.org/10.1007/bf03321352. 

16. Gáspár, M. Effect of Wleding Heat Input on Simulated HAZ Areas in S960QL High Strength Steel. Metals 2019, 9, 1226. 

17. Pisarski, H.G.; Dolby, R.E. The Significance of Softened HAZs in High Strength Structural Steels. Weld. World 2003, 47, 32–40. 

https://doi.org/10.1007/bf03266387. 

18. Bayock, F.N.; Kah, P.; Mvola, B.; Layus, P. Effect of Heat Input and Undermatched Filler Wire on the Microstructure and Me-

chanical Properties of Dissimilar S700MC/S960QC High-Strength Steels. Metals 2019, 9, 883. https://doi.org/10.3390/met9080883. 

19. Lahtinen, T.; Vilaça, P.; Peura, P.; Mehtonen, S. MAG Welding Tests of Modern High Strength Steels with Minimum Yield 

Strength of 700 MPa. Appl. Sci. 2019, 9, 1031. https://doi.org/10.3390/app9051031. 

20. Schneider, C.; Ernst, W.; Schnitzer, R.; Staufer, H.; Vallant, R.; Enzinger, N. Welding of S960MC with undermatching filler 

material. Weld. World 2018, 62, 801–809. https://doi.org/10.1007/s40194-018-0570-1. 

21. Mičian, M.; Harmania, D.; Nový, F.; Winczek, J.; Moravec, J.; Trško, L. Effect of the t8/5 cooling time on the properties of S960MC 

steel in the HAZ of welded joint evaluated by thermal physical simulation. Metals 2020, 10, 229. 

22. Stemne, D.; Naström, T.; Thorstensson, O.; Bäckström, C. Welding Handbook, a Guide to Better Welding of HARDOX and STRENX; 

Höglund Design AB: Oxelosund, Sweden, 2019. 

23. Vimalraj, C.; Kah, P.; Layus, P.; Belinga, E.M.; Parshin, S. High-strength steel S960QC welded with rare earth nanoparticle coated 

filler wire. Int. J. Adv. Manuf. Technol. 2018, 102, 105–119. https://doi.org/10.1007/s00170-018-3059-6. 

24. Guo, W.; Crowther, D.; Francis, J.A.; Thompson, A.; Liu, Z.; Li, L. Microstructure and mechanical properties of laser welded 

S960 high strength steel. Mater. Des. 2015, 85, 534–548. https://doi.org/10.1016/j.matdes.2015.07.037. 

25. Sága, M.; Blatnická, M.; Blatnický, M.; Dižo, J.; Gerlici, J. Research of the Fatigue Life of Welded Joints of High Strength Steel 

S960 QL Created Using Laser and Electron Beams. Materials 2020, 13, 2539. https://doi.org/10.3390/ma13112539. 

26. Amraei, M.; Ahola, A.; Afkhami, S.; Björk, T.; Heidarpour, A.; Zhao, X.-L. Effects of heat input on the mechanical properties of 

butt-welded high and ultra-high strength steels. Eng. Struct. 2019, 198, 109460. https://doi.org/10.1016/j.engstruct.2019.109460. 

27. Jambor, M.; Novy, F.; Mician, M.; Trsko, L.; Bokuvka, O.; Pastorek, F.; Harmaniak, D. Gas Metal Arc Welding of Thermo-Me-

chanically Controlled Processed S960MC Steel Thin Sheets with Different Welding Parameters. Commun. Sci. Lett. Univ. Zilina 

2018, 20, 29–35. https://doi.org/10.26552/com.c.2018.4.29-35. 

28. Fonda, R.W.; Vandermeer, R.A.; Spanos, G. Continuous Cooling Transformation (CCT) Diagrams for Advanced Navy Welding Con-

sumables; Naval Reasearch Laboratory: Washington, DC, USA, 1998. 

29. Li, X.; Shi, L.; Liu, Y.; Gan, K.; Liu, C. Achieving a desirable combination of mechanical properties in HSLA steel through step 

quenching. Mater. Sci. Eng. A 2020, 772, 138683. https://doi.org/10.1016/j.msea.2019.138683. 

30. Jiang, Z.; Zhao, J. Rolling of Advanced High Strength Steels; CRC Press: Boca Raton, FL, USA, 2017. 

31. Wu, X.; Lin, H.; Luo, W.; Jiang, H. Microstructure and microhardness evolution of thermal simulated HAZ of Q&P980 steel. J. 

Mater. Res. Technol. 2021, 15, 6067–6078. https://doi.org/10.1016/j.jmrt.2021.11.059. 

32. Mandal, G.; Dey, I.; Mukherjee, S.; Ghosh, S. Phase transformation and mechanical properties of ultrahigh strength steels under 

continuous cooling conditions. J. Mater. Res. Technol. 2022, 19, 628–642. https://doi.org/10.1016/j.jmrt.2022.05.033. 

33. Geng, X.; Wang, H.; Xue, W.; Xiang, S.; Huang, H.; Meng, L.; Ma, G. Modeling of CCT diagrams for tool steels using different 

machine learning techniques. Comput. Mater. Sci. 2020, 171, 109235. https://doi.org/10.1016/j.commatsci.2019.109235. 

34. SSAB. Available online: https://www.ssab.com/en/products/brands/strenx/products/strenx-960-mc (accessed on 8 November 2021). 

35. Mola, J. Dilatometry Analysis of Cementite Precipitation in Medium Mn High Carbon Steels. In Proceedings of the ICAS & 

HMnS, Chengdu, China, 16–18 November 2016. 

36. Bräutigam-Matus, K.; Altamirano, G.; Salinas, A.; Flores, A.; Goodwin, F. Experimental Determination of Continuous Cooling 

Transformation (CCT) Diagrams for Dual-Phase Steels from the Intercritical Temperature Range. Metals 2018, 8, 674. 

https://doi.org/10.3390/met8090674. 

37. Standard STN EN 10149-2; Hot Rolled Flat Products Made of High Yield Strength Steels for Cold Forming—Part 2: Technical 

Delivery Conditions for Thermomechanically Rolled Steels. Slovak Office of Standards, Metrology and Testing: Bratislava, Slo-

vakia, 2014. 

38. Standard STN EN ISO 6892-1; Metallic Materials. Tensile Testing. Part 1: Method of Test at Room Temperature. Slovak Office of 

Standards, Metrology and Testing: Bratislava, Slovakia, 2022. 

39. TA Instruments. Available online: https://www.tainstruments.com/dil-805l-quenching-dilatomers/ (accessed on 20 November 2021). 



Materials 2022, 15, 4637 20 of 20 
 

 

40. Pawlowski, B.; Bala, P.; Dziurka, R. Improrer interpretation of dilatometric data for cooling transformation in steels. Arch. Metall. 

Mater. 2014, 59, 1159–1161. 

41. Grajcar, A.; Zalecki, W.; Skrzypczyk, P.; Kilarski, A.; Kowalski, A.; Kolodziej, S. Dilatometric study of phase transformations in 

advanced high-stength bainitic steel. J. Anal. Calorim. 2014, 118, 739–748. 

42. Moravec, J.; Dikovits, M.; Novakova, I.; Caliskanoglu, O. Comparison of Dilatometry Results Obtained by Two Different Devices 

when Generating CCT and In Situ Diagrams. Key Eng. Mater. 2016, 669, 477–484. https://doi.org/10.4028/www.scien-

tific.net/kem.669.477. 

43. Falkenreck, T.; Kromm, A.; Böllinghaus, T. Investigation of physically simulated weld HAZ and CCT diagram of HSLA armour 

steel. Weld. World 2017, 62, 47–54. https://doi.org/10.1007/s40194-017-0511-4. 

44. Kawulok, R.; Schindler, I.; Kawulok, P.; Rusz, S.; Opěla, P.; Solowski, Z.; Čmiel, M. Effect of Deformation on the Continuous 

Cooling Transformation (CCT) Diagram of Steel CrB4. Metalurgija 2015, 54, 473–476. 

45. Contreras, A.; López, A.; Gutiérrez, E.; Fernández, B.; Salinas, A.; Deaquino, R.; Bedolla, A.; Saldaña, R.; Reyes, I.; Aguilar, J.; et 

al. An approach for the design of multiphase advanced high-strength steels based on the behavior of CCT diagrams simulated 

from the intercritical temperature range. Mater. Sci. Eng. A 2019, 772, 138708. https://doi.org/10.1016/j.msea.2019.138708. 

46. Skočovský, P.; Bokůvka, O.; Konečná, R.; Tillová, E. Náuka o Materiáli; EDIS: Žilina, Slovakia, 2014. 

47. Schindler, I.; Kawulok, R.; Opěla, P.; Kawulok, P.; Rusz, S.; Sojka, J.; Sauer, M.; Navrátil, H.; Pindor, L. Effects of Austenitization 

Temperature and Pre-Deformation on CCT Diagrams of 23MnNiCrMo5-3 Steel. Materials 2020, 13, 5116. 

https://doi.org/10.3390/ma13225116. 

48. Kamyabi-Gol, A.; Herath, D.; Mendez, P.F. A comparison of common and new methods to determine martensite start temper-

ature using a dilatometer. Can. Met. Q. 2017, 56, 85–93. https://doi.org/10.1080/00084433.2016.1267903. 

 


