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Abstract

:

Featured Application


The current results can be used as a guideline for the production of high-strength low-carbon bainitic steels with high impact toughness.




Abstract


The effect of chromium content in the range of 1 wt.%–4 wt.% on the microstructure and mechanical properties of controlled-rolled and direct-quenched 12 mm thick low-carbon (0.04 wt.%) steel plates containing 0.06 wt.% Nb has been studied. In these microalloyed 700 MPa grade steels, the aim was to achieve a robust bainitic microstructure with a yield strength of 700 MPa combined with good tensile ductility and impact toughness. Continuous cooling transformation diagrams of deformed and non-deformed austenite were recorded to study the effect of Cr and hot deformation on the transformation behavior of the investigated steels. Depending on the cooling rate, the microstructures consist of one or more of the following microstructural constituents: bainitic ferrite, granular bainite, polygonal ferrite, and pearlite. The fraction of bainitic ferrite decreases with decreasing cooling rate, giving an increasing fraction of granular bainite and polygonal ferrite and a reduction in the hardness of the transformation products. Polygonal ferrite formation depends mainly on the Cr content and the cooling rate. In both deformed and non-deformed austenite, increasing the Cr content enhances the hardenability and refines the final microstructure, shifting the ferrite start curve to lower cooling rates. Preceding austenite deformation promotes the formation of polygonal ferrite at lower cooling rates, which leads to a decrease in hardness. In hot-rolled and direct-quenched plates, decreasing the Cr content promotes the formation of polygonal ferrite leading to an increase in the impact toughness and elongation but also a loss of yield strength.
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1. Introduction


Thermomechanically controlled processing (TMCP) followed by direct quenching is considered the most powerful and effective processing route to obtain the best combination of the yield strength, good ductility, low-temperature toughness with a good hardenability in the low-carbon microalloyed steels [1]. The final microstructure of the hot-rolled steel is considered the key factor for getting the targeted combination of the mechanical properties and it is controlled by the quenching process following the TMCP. Hence, the microstructures and mechanical properties of low-carbon microalloyed steel can be improved significantly by designing a suitable accelerated cooling/direct quenching process, following the hot deformation schedule [2]. Depending on the chemical composition of the steel and the cooling path, the accelerated cooling rate may promote the formation of bainite with or without the formation of ferrite.



Low-carbon bainitic steels are used in many structural applications as a result of their good combinations of strength and toughness. Use of structural steels for weight critical applications such as mobile frames and crane booms is desirable to minimize the carbon footprint and save energy. Different alloying elements like Cr, Nb, Mo, and B are used to improve the strength and toughness through promoting the formation of bainite and refining the microstructure [3]. Bainitic ferrite and granular bainite represent the two main microstructure constituents in low-carbon bainitic steels and they are associated with distinct mechanical properties [4,5,6]. Cr is widely used to improve the hardenability and thereby promote the formation of bainite by suppressing the formation of high temperature transformation products [7,8,9,10,11,12,13,14].



The main objective of the current work is to develop a low-carbon steel with 700 MPa yield strength in combination with good ductility and toughness. To help reach this goal, the effect of Cr and preceding hot deformation of austenite on the continuous cooling transformation (CCT) diagrams of a candidate composition was studied. Following this, the effect of Cr on the microstructures, tensile properties, and impact toughness of hot-rolled and direct-quenched low-carbon bainitic steel plates was investigated.




2. Materials and Methods


2.1. Materials


Three 70 kg vacuum-cast ingots with the chemical composition given in Table 1 were produced at Outokumpu, Tornio, Finland. From the ingots, 200 × 80 × 55 mm (length, width, thickness) pieces were cut and soaked at 1250 °C for 2 h and then thermomechanically rolled with six passes to 12 mm thick plates from 55 mm thick slab. Final plate dimensions were approximately 1000 × 90 × 12 mm. The experimental thermomechanical process consists of several hot rolling passes in the recrystallized controlled regime followed by controlled rolling passes in the non-recrystallization regime (TNR). The temperature of the specimens was monitored during the rolling and direct quenching with the aid of thermocouples fixed in holes drilled to the centers of the pieces before hot rolling. The finish rolling temperature (FRT) was controlled to be about 880 °C, which was followed by direct quenching in a water tank with a cooling rate (CR) of about 40–50 °C/s as measured in the centers of the specimens.




2.2. CCT Diagrams


A Gleeble 3800 thermomechanical simulator (Dynamic Systems Inc., Poestenkill, NY, USA) was used to get the dilatation curves required to construct continuous cooling transformation (CCT) diagrams and deformation continuous cooling transformation (DCCT) diagrams. Small cylindrical samples were machined with a diameter of 5 mm and a length of 7.5 mm for the Gleeble simulation tests. In order to get the dilatation curves to determine the critical transformation temperatures Ac1 and Ac3, the samples were heated at 10 °C/s to 1100 °C, held for 180 s, and then quenched. To get the dilatation curves for CCT diagrams, specimens were heated at 10 °C/s to 1100 °C, held for 180 s, and then quenched at different cooling rates (CRs) ranging from 2 to 80 °C/s as shown in Figure 1a. To obtain the dilatation curves for DCCT diagrams, the specimens were heated at 10 °C/s to 1100 °C, held for 180 s, cooled at 2 °C/s to 880 °C, held there for 15 s, given a compressive deformation with a total strain of 0.6 and a strain rate of 1 s−1, held for 20 s, and finally cooled at different rates in the range of 2–80 °C/s to room temperature (see Figure 1b).




2.3. Microstructure Characterization


For the thermomechanical simulation specimens, Figure 2 shows the selected section for all further investigations. All specimens were ground to the selected section and polished following standard procedures. Then, depending on the CR, samples were etched for 15–50 s in fresh 10% nital.



Specimens from hot-rolled plates were ground, polished, and etched in 2% nital. An additional polishing step was done using 0.04 µm silica for EBSD analysis. Microstructures were examined using laser scanning confocal microscopy (LSCM, VK-X200 Keyence Ltd.) and Zeiss Sigma field emission scanning electron microscopy (Carl Zeiss AG, Oberkochen, Germany) with EDAX-OIM acquisition and analysis software (7.1.0, Amatek Inc., Berwyn, PA, USA). Electron backscatter diffraction (EBSD) analyses using Zeiss Sigma FESEM, were carried out on hot-rolled specimens using 15 kV accelerating voltage with a 0.2 µm step size.




2.4. Mechanical Properties Characterization


For the tensile properties, longitudinal flat tensile specimens, 11.7 mm thick, 20 mm wide, and with a parallel length of 120 mm, were tested at room temperature according to the standard SFS-EN 10002-1 using an MTS 810 mechanical testing machine fitted with a 100 kN load cell (MTS systems, Eden Prairie, MN, USA). The results are the means of three specimens for each steel composition.



The 28 J Charpy V transition temperatures (T28J) of the rolled plates were determined using two standard (10 × 10 × 55 mm) Charpy V-notch impact test specimens per test temperature for both the longitudinal and transverse directions. Tests were made at temperatures in the range of −120 to +20 °C using a 300 J Charpy testing machine. The fracture surfaces of Charpy V impact samples broken at room temperature (20 °C) were examined using a Zeiss Sigma FESEM at 8 kV accelerating voltage at a working distance of 8.5 mm.



Hardness was measured using a Struers Duramin-A300 (Struers A/S, Ballerup, Denmark) macro-hardness tester at five random positions across the thermomechanical simulation specimens, while for the hot rolled specimens, a representative hardness value was obtained from the mean of five sets of seven suitably spaced hardness impressions through the thickness.





3. Results and Discussion


3.1. CCT and DCCT Diagrams


Figure 3 shows CCT and DCCT diagrams constructed on the basis of the results of dilatation curves, microstructures, and macrohardness values. Increasing the Cr content from 2.5 wt.% to 4 wt.% led to an increase in Ac1 by about 35 °C, otherwise it has no effect on the critical transformation temperatures. LSCM and SEM micrographs of the final transformation products formed from non-deformed and deformed austenite after cooling at 2 and 80 °C/s are shown in Figure 4, Figure 5, Figure 6 and Figure 7.



For Steel I, with the lowest Cr content, the preceding hot deformation had a great effect on the microstructural constituents (see Figure 3a,b and Figure 4a,d, Figure 5a,d, Figure 6a,d and Figure 7a,d). In the case of the non-deformed condition, the microstructure was a mixture of bainitic ferrite (BF) and granular bainite (GB) over a wide range of CRs. Deforming the austenite changed the microstructure to fully polygonal ferrite (PF) at all the investigated CRs, apart from the appearance of a very small fraction of pearlite at CRs in the range of 2–20 °C/s (Figure 6d) which could not be detected from the dilatation curves. These changes had a clear impact in the hardness of the specimens.



For Steel II (Figure 3c,d, Figure 4b,e, Figure 5b,e, Figure 6b,e and Figure 7b,e), depending on the CR, BF, GB, and PF were observed in the non-deformed and deformed conditions. Again, a small fraction of pearlite which could not be detected in the dilatation curve was found for CRs in the range of 2–10 °C/s. Here too, preceeding hot deformation caused a drop in hardness.



For Steel III (Figure 3e,f, Figure 4c,f, Figure 5c,f, Figure 6c,f and Figure 7c,f), increasing the CR refined the microstructure, promoted the formation of BF and suppressed the formation of the high-temperature transformation products, i.e., GB and PF, in the case of both the non-deformed and deformed conditions. However, in the case of deformed austenite, the formation of BF requires a higher CR than is needed for undeformed austenite. For both non-deformed and deformed austenite, irrespective of the microstructural constituents, CR has little effect on the transformation temperatures and hardness.




3.2. Influence of Cr Content on the CCT and DCCT Diagrams and Hardness


As commonly observed [13,14,15,16,17], the hardenability of the present steels increases with increasing Cr content. This shows as a lowering of transformation temperatures in both CCT and DCCT diagrams as the Cr content increases, see Figure 8, which promotes the formation of the low-temperature transformation product BF and reduces the formation of the transformation products that form at relatively high temperatures, i.e., PF and GB.



As can be seen from Figure 9, the effect of the preceding hot deformation on the transformation products is decreased with increasing Cr content. In the case of Steel I, with the lowest Cr content (1 wt.%), prior hot deformation had a great effect on the transformation curves which shifted to significantly higher temperatures as a result of ferrite formation. This caused a significant drop in hardness as can be seen from Figure 10. This behavior results from the dislocation substructure formed in the austenite after deformation in the non-recrystallization region, which provides nucleation sites and diffusional paths for the diffusional transformation products [18,19]. In the case of Steel II (2.5 wt.% Cr), the preceding hot deformation shifted the transformation curves of ferrite to higher CRs, while Bs shifted to lower temperatures. These changes led to an increase in the formation of PF and GB, while the formation of BF was reduced even at high CRs. However, in the case of Steel III with the highest Cr content (4.0 wt.%), the effect of the preceding hot deformation on the transformation temperatures and products became very small. The transformation curves were shifted to slightly lower temperatures, but this effect decreased with increasing cooling rate. Austenite deformation increased the fraction of GB somewhat at the lower CRs. The insensitivity to deformation also reflected in the final hardness as a function of cooling rate as shown in Figure 10.



At all CRs, the hardness values increased with increasing the Cr content (Figure 10). This is due to the higher solid solution strengthening combined with the lower transformation temperatures which refine the microstructure significantly (see Figure 6a–c). Overall, it can be concluded that austenite deformation with a high Cr content lowers the transformation temperatures, while transformation temperatures are increased in the case of low Cr contents.




3.3. Microstructure of the Hot Rolled and Direct-Quenched Steel Plates


The microstructures of the hot rolled and direct-quenched steel plates have been examined in order to evaluate the effect of Cr content in the case of laboratory scale rolling. As a result of the accelerated cooling, the microstructure of the three steel plates consists mainly of one or more of the following microstructural components: BF, GB, PF, and coalesced bainite (CB) (see Figure 11). Figure 12 shows inverse pole figures (IPF) with superimposed image quality (IQ) maps, grain boundary misorientation distributions, and grain sizes. The effective grain was determined as the equivalent circle diameters (ECD) of grains surrounded by boundaries having misorientation angles >15°. The effective high-angle grain sizes at the 90th percentile in the cumulative grain size distribution (D90%) were also determined. The grain boundary misorientation distribution of Steel I, with the lowest Cr content, supports the LSCM and SEM observations that Steel I consisted mainly of GB with a large fraction of PF. Steel I also had a large mean effective grain size and D90%. Increasing the Cr content to 2.5 wt.% in case of Steel II led to an increase in the hardenability, an increase in the fraction of BF, and a reduction in the fraction of GB and PF, which are associated with reductions in the mean effective grain size from 2.66 to 2.12 µm and D90% from 30.85 to 24.35 µm. The frequency of misorientation at about 58° increased compared to that of Steel I. With the further increase in the Cr content in the case of Steel III, the hardenability increased significantly, which promoted the formation of BF and suppressed the formation of PF and GB. This was associated with further reductions in the mean effective grain size from 2.12 to 1.86 µm and D90% from 24.35 to 17.12 µm, together with a further increase in the frequency of misorientation at about 58° compared to that of Steel II.



In summary, increasing the Cr content was associated with a significant change in the microstructural components, an increasing grain boundary misorientation frequency at about 58°, and a reduction in the mean effective grain size and D90%.




3.4. Mechanical Properties


The variation in the tensile properties, mean hardness values, and 28J transition temperatures (T28J) estimated from the impact tests are given in Table 2 and Figure 13. In addition, the through-thickness hardness profiles and impact transition curves are shown in Figure 14.



Both Steels II (2.5 Cr) and III (4 Cr) were able to provide the targeted 700 MPa level of yield strength, which is a widely used strength class among high-strength structural steels [20]. Steel I (1 Cr) provided a lower yield strength of 560 MPa with a high elongation to fracture as a result of the formation of PF. The higher impact toughness of Steel I (1 Cr), in respect to higher upper shelf energy and lower T28J temperature compared to Steels II (2.5 Cr) and III (4 Cr) resulted from the presence of PF and GB, which contains martensite-austenite (M/A) islands (see Table 2 and Figure 14). It is well known that the presence of PF enhances the toughness properties [4]. On the other hand, the presence of M/A constituents in the lath-like granular bainite is detrimental to impact toughness [21]. Figure 15 shows that despite a refinement of the effective mean and 90th percentile grain size, increasing the Cr content was associated with poorer impact toughness, i.e., higher T28J. Presumably this is due to the combined detrimental effects caused by an increase in the fraction of BF and higher yield and tensile strength.



The adverse effect of the high fraction of PF (see Figure 11a) on the hardness in Steel I can be seen clearly in Figure 14a. As mentioned above, increasing the Cr content enhanced the hardenability, promoted the formation of the low-temperature transformation product BF, and hindered the formation of the high-temperature transformation products PF and GB, thereby enhancing the hardness in the case of Steels II and III (see Table 2) [22]. Moreover, due to the higher hardenability of the high-Cr steels, the hardness was fairly uniform throughout the plate thickness as shown in Figure 14a.



As can be seen in Figure 16, there is a correlation between the yield strength and T28J. It can be seen that the targeted yield strength could still be achieved with good impact toughness in the hot-rolled and direct-quenched plates when the Cr content was in the range of 2.5 wt.%–4 wt.%, but not in the case of the lowest Cr content (1 wt.%) due to the formation of a significant fraction of PF which improved the impact toughness and tensile elongation to fracture, but at the expense of the yield strength.




3.5. Fractography


Figure 17 shows fractographs of selected areas from the Charpy V impact samples at room temperature (20 °C). An effect of the Cr content on the fractography of the impact samples can be clearly observed. In the case of Steel I (1 Cr) (Figure 17a,b), the fracture surface consisted mainly of elongated dimples due to the microvoid coalescence associated with ductile fracture. In Steels II and III with the higher Cr content of 2.5 wt.% and 4 wt.%, the fracture surface consisted mainly of many small dimples with less ductility compared to that of Steel I (see Figure 17c–f, respectively). These results are in line with the value of upper shelf energy (USE) given in Table 2 which illustrates the closeness of the USE of Steels II and III in contrast to Steel I.





4. Conclusions


Thee experimental steels were designed based on (in wt.%) 0.04C-0.2Si-1.0Mn-0.06Nb with 1 wt.%, 2.5 wt.%, and 4 wt.% Cr and processed through laboratory hot rolling followed by direct quenching. The effect of the Cr content on the continuous cooling transformation (CCT) diagram and deformation continuous cooling transformation (DCCT) diagram was studied. A Gleeble 3800 thermomechanical simulator was employed to determine the dilatation curves for the CCT and DCCT diagrams. In addition, the effect of the Cr content on the final microstructure and mechanical properties of the hot-rolled and direct-quenched materials was studied. The following conclusions can be drawn.




	
In the case of non-strained austenite, the microstructure consists mainly of bainitic ferrite at high CRs, a mixture of bainitic ferrite with granular bainite at intermediate CRs, and polygonal ferrite with granular bainite at the lowest CRs. Increasing the Cr content and CRs refined the microstructure significantly. In addition, increasing the Cr content led to an increase in the hardenability, i.e., a decrease in transformation temperatures, as well as the promotion of bainite at the expense of the high-temperature transformation products like polygonal ferrite and granular bainite.



	
In the low-Cr steel, deformation of austenite below its recrystallization temperature has a large effect on the final microstructural constituents, changing the microstructure completely to ferrite at all the investigated CRs and causing a large drop in hardness relative to the non-deformed case. However, this effect decreased with increasing the Cr content.



	
To get a fully bainitic microstructure in the case of deformed austenite, the Cr content should be in the range of 2.5 wt.%–4 wt.%, and the CR should be higher than 20 °C/s.



	
In the case of the 12 mm thick hot-rolled and direct-quenched steel plates, the microstructure consisted mainly of different types of bainite, i.e., bainitic ferrite, granular bainite, and coalesced bainite. A significant amount of polygonal ferrite only appears at the lowest Cr level, i.e., 1 wt.%. Increasing the Cr content led to an increase in the hardness owing to an enhanced hardenability.



	
The targeted 700 MPa yield strength with good ductility and toughness were achieved in the hot-rolled and direct-quenched plates with Cr content in the range of 2.5 wt.%–4 wt.%, but not achieved with the lowest Cr content (1 wt.%) due to the presence of a significant fraction of polygonal ferrite, which increased the impact toughness and elongation at the expense of the yield strength.
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Figure 1. Gleeble thermomechanical simulator procedures for obtaining continuous cooling transformation (CCT) diagrams (a) and deformation continuous cooling transformation (DCCT) diagrams (b). 
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Figure 2. Selected section of investigation for the samples after thermomechanical simulation. 
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Figure 3. CCT (a,c,e) and DCCT (b,d,f) diagrams for Steels I (a,b), II (c,d), and III (e,f). Abbreviations: BF = bainitic ferrite, GB = granular bainite, and PF = polygonal ferrite. 
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Figure 4. Laser scanning confocal microscopy (LSCM) micrographs of Steel I (a,d), II (b,e), and III (c,f) without austenite deformation after cooling at 80 and 2 °C/s, respectively. Abbreviations: BF = bainitic ferrite, GB = granular bainite, and PF = polygonal ferrite. 
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Figure 5. Scanning electron microscopy (SEM) micrographs of Steel I (a,d), II (b,e), and III (c,f) without austenite deformation after cooling at 80 and 2 °C/s, respectively. Abbreviations: BF = bainitic ferrite, GB = granular bainite, and PF = polygonal ferrite. 






Figure 5. Scanning electron microscopy (SEM) micrographs of Steel I (a,d), II (b,e), and III (c,f) without austenite deformation after cooling at 80 and 2 °C/s, respectively. Abbreviations: BF = bainitic ferrite, GB = granular bainite, and PF = polygonal ferrite.
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Figure 6. Laser scanning confocal microscopy (LSCM) micrographs of Steel I (a,d), II (b,e), and III (c,f) with austenite deformation after cooling at 80 and 2 °C/s, respectively. Abbreviations: BF = bainitic ferrite, GB = granular bainite, PF = polygonal ferrite, and P = pearlite. 
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Figure 7. Scanning electron microscopy (SEM) micrographs of Steel I (a,d), II (b,e), and III (c,f) with austenite deformation after cooling at 80 and 2 °C/s, respectively. Abbreviations: BF = bainitic ferrite, GB = granular bainite, PF = polygonal ferrite, and P = pearlite. 
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Figure 8. Influence of Cr content on the transformation temperatures for CCT diagrams (a) and DCCT diagrams (b). Abbreviations: Fs = ferrite start temperature, Ff = ferrite finish temperature, Bs = bainite start temperature, and Bf = bainite finish temperature. 
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Figure 9. Influence of austenite deformation on CCT curves for a Cr content of 1 wt.% (a), 2.5 wt.% (b), and 4 wt.% (c). CCT curves bold and DCCT curves dotted. Abbreviations: Fs = ferrite start temperature, Ff = ferrite finish temperature, Bs = bainite start temperature, and Bf = bainite finish temperature. 
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Figure 10. Influence of CR, Cr content, and prior hot deformation on hardness. 
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Figure 11. Typical LSCM and inlens SEM micrographs of the investigated hot-rolled and direct-quenched plates. PF and GB in Steel I (a,d), BF and PF in Steel II (b,e), and BF and CB in Steel III (c,f). Abbreviations: BF = bainitic ferrite, GB = granular bainite, PF = polygonal ferrite, and CB = coalesced bainite. 
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Figure 12. Inverse pole figures (IPF) with superimposed image quality (IQ) maps of hot-rolled and direct-quenched steel plates for Steel I (a), Steel II (b), Steel III (c). Grain boundary misorientations are given in (d) and mean effective grain sizes and D90% in (e). 
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Figure 13. Effect of Cr content on the hardness, yield and ultimate tensile strength (a) and elongation and 28J transition temperature (b). 
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Figure 14. Through-thickness profile (a) and Charpy V impact transition curves (b). 
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Figure 15. Relationship between effective high-angle grain sizes at the 90th percentile in the cumulative size distribution (D90%) and the 28-joule transition temperature (T28J). 
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Figure 16. Relationship between yield strength and 28 joule transition temperature. 
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Figure 17. SEM images showing fractographs of the impact fracture surface after testing at room temperature (20 °C) for Steel I (a,b), Steel II (c,d), and Steel III (e,f). 
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Table 1. Chemical composition of the investigated steels.
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	Steel Code
	C
	Si
	Mn
	Cr
	Nb





	Steel I (1 Cr)
	0.041
	0.211
	1.02
	1.0
	0.065



	Steel II (2.5 Cr)
	0.041
	0.168
	0.95
	2.5
	0.066



	Steel III (4 Cr)
	0.036
	0.154
	0.92
	4.0
	0.064
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Table 2. Mechanical properties of the investigated steels.
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	Steel Code
	YS 1, MPa
	UTS 1, MPa
	El 1, %
	Hardness 2, HV
	T28J (°C)
	USE J/cm2
	YS/UTS
	UTS*El (MPa *%)





	Steel I (1 Cr)
	560 ± 7
	756 ± 2
	17 ± 0
	252 ± 6
	−118
	318
	0.74
	13034



	Steel II (2.5 Cr)
	699 ± 3
	909 ± 4
	14 ± 0
	292 ± 7
	−84
	270
	0.77
	12852



	Steel III (4 Cr)
	780 ± 9
	982 ± 8
	12 ± 0
	312 ± 7
	−78
	265
	0.79
	12238







1 Error bars are standard deviations of three measurements. 2 Error bars are standard deviations of 35 measurements through the thickness. Definitions: YS = yield strength, UTS = ultimate tensile strength, El = total elongation, T28J = 28J transition temperatures, USE = upper shelf energy. 
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