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Abstract

:

Recently developed Ti-alloyed martensitic steels are believed to exhibit higher wear resistance than traditionally quenched and tempered medium carbon steels. However, their properties may deteriorate during thermal cutting and welding as a result of microstructure tempering. This would present significant challenges for the metal fabrication industries. A decrease in strength and wear resistance associated with tempering should vary with steel composition, initial steel microstructure and properties, and cutting method. In this work, we investigated the effect of thermal cutting on the edge microstructure and properties in two alloyed plate steels containing 0.27C-0.40Ti and 0.39C-0.60Ti (wt.%) commercially rolled to 12 mm thickness. Three cutting methods were applied to each of the two plates: oxy-fuel, plasma and water-jet. Microstructure characterisation was carried out using optical and scanning electron microscopy. With an increase in thermal effect, from water-jet to plasma to oxy-fuel, the heat affected zone width increased and hardness decreased in both steels. However, the hardness profile from the cut edge to the base metal significantly varied with steel composition, particularly C and Ti contents. The dependence of grain structure and precipitation kinetics on steel composition, and cutting method, were thoroughly investigated and linked to the hardness profile variation. The obtained results will be used to optimise the technological parameters for cutting and welding of Ti-alloyed martensitic steels.
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1. Introduction


Martensitic steels are produced by quenching and tempering the hot rolled plates. Thus, they are usually designated as quenched and tempered (Q&T) steels. A combination of chemical composition (containing up to 0.36C, 1.55Mn, 0.55Si, 1.9Cr, 1Ni, 0.65Mo wt.%) and carefully chosen temperature and time of tempering result in a very strong and tough material with 360–600 HB of hardness, 500–1400 MPa of the yield stress (YS) and 600–1640 MPa of ultimate tensile strength (UTS) [1,2,3,4,5]. Due to their superior properties, Q&T steels are widely used in mining, defence and civil construction. Fabrication of the steel structures and units of heavy machinery is carried out using conventional cutting, bending and fusion arc welding processes. The main problem during fabrication is the formation of an edge microstructure highly susceptible to cold cracking [6,7,8,9,10,11,12,13]. Studies of the continuous cooling behaviour of Q&T armour steel highlighted that when steel is subjected to welding, the area surrounding the weld pool, known as the heat affected zone (HAZ), undergoes complex thermal cycles which cause microstructural changes in the material [8]. The extent and character of these changes depend on thermal cycles experienced and may lead to undesirable effects such as HAZ softening (or hardening) and hydrogen induced cold cracking (HICC). The degree of HAZ softening depends on several variables including chemical composition, temperature profile and kinetics of phase transformation [7].



Analysis of the literature data [14,15,16,17,18,19,20,21] for steels suggests that martensitic microstructures generally show a better abrasion resistance compared to other types of microstructure (ferrite, pearlite, bainite). The wear resistance of martensitic and bainitic steels can be improved by increasing the carbon content [22], in particular, due to the formation of hard carbides in a softer matrix [17,23,24]. However, an increase in hardness is usually accompanied by a decrease in toughness, leading to a decrease in wear resistance [25]. Thus, the carbon content should not exceed 0.45 wt.% C. To achieve a required combination of high strength and high toughness in commercially rolled plate steels, microalloying with carbide forming elements (such as Nb, V, Ti, Cr, Mo, W) can be used. High temperature precipitation and solute atoms retard the austenite grain growth (by pinning the grain boundaries) and help to refine the room temperature microstructure. Low temperature precipitation provides particle strengthening and may enhance the dislocation structure development. A combination of strengthening mechanisms operating in steel at room temperature results in simultaneous high strength and toughness. Due to the high prices of microalloying elements, cheaper Ti-alloyed steels were seen as advantageous [26,27,28].



This article is dedicated to the experimental evaluation of the thermal cutting effect on microstructure and hardness of Ti-alloyed wear resistant steels containing Ti-rich precipitates in a wide range of sizes. As the particle size distributions, grain structure and dislocation structure are expected to vary with heating, thermal cutting should affect the mechanical properties at the cut edge. A probable strength decrease in the HAZ is detrimental for the practical attributes of the studied steels, and, therefore, should be taken into account during edge preparation and welding. In this paper, three common cutting methods were investigated: oxy-fuel, plasma, and water-jet. As the precipitate size distributions and their response to an increasing temperature vary with steel composition, two steel chemistries, with higher and lower Ti and C contents, were studied.




2. Materials and Experimental Techniques


Two Ti-alloyed wear resistant plate steels commercially rolled to 12 mm thickness were studied in this work (Table 1). The steel containing relatively lower contents of carbon and titanium, namely 0.27 wt.% C and 0.40 wt.% Ti was designated as Steel L. Alternatively, the steel with higher carbon and titanium concentrations, 0.39 wt.% C and 0.60 wt.% Ti was designated as Steel H.



Oxy-fuel flame cutting was carried out using oxy-acetylene and oxygen gas cylinders. Prior to cutting, the steel plates were stored at room temperature (23 °C) with no preheating applied. The cutting was conducted manually at the speed of 304 ± 2 mm/min. Although the steel plate temperature during cutting was not measured, the torch temperature can reach as high as 3480 °C [29,30]. Gas cutting is achieved due to an exothermic chemical reaction occurring in steel that may be heated to a temperature at which the iron will rapidly oxidize in an atmosphere of high purity oxygen [31,32]. Plasma cutting was conducted using a Powermax 80 plasma cutting machine (produced by Hypertherm, Hanover, NH, USA). The samples were cut manually at room temperature (23 °C) with a speed of about 450 ± 50 mm/min. The plasma temperature may exceed 20,000 °C. When used for cutting, the plasma gas flow is increased so that the deeply penetrating plasma jet cuts through the material and molten material is removed in the efflux plasma. Water-jet cutting was carried out on a Maxiem 1530 machine (produced by Omax, Kent, OH, USA), using the Australian Garnet mesh 80 as an abrasive material. The samples were automatically cut at room temperature (24 °C) with an approximate speed of 128 mm/min. Evaluation of the HAZ strength and microstructure was carried out using hardness testing and optical and scanning electron microscopy. Up to 10 zones from the cut edge through the HAZ to the base metal were investigated for each of six studied conditions (two steel compositions cut with three cutting methods).



Hardness measurements were carried out on an automatic Matsuzawa Via-F Vickers hardness tester (manufactured by Matsuzawa, Akita, Japan); a 5 kg load was used for indentation. The hardness profile at the plate mid-thickness from the cut edge towards the base metal was plotted with a 0.5 mm step size. Each point on the hardness profile was calculated based on five indentations made in the plate through thickness direction.



Microstructure characterization was carried out using mainly optical and scanning electron microscopy (SEM). Optical and SEM sample preparation included polishing with SiC papers and diamond suspensions followed by etching with 5% Nital. The grain structure was analyzed using imaging on a Nikon Eclipse LV100ND optical microscope (manufactured by Nikon, Tokyo, Japan). Images were taken at two magnifications: ×50 and ×500 for measurements of HAZ sizes and parameters of coarse Ti-rich particles, respectively. Scanning electron microscopy of grain structure and fine Ti-rich and Fe3C particles was carried out using a JEOL JSM-7001F FEG scanning electron microscope (JEOL, Tokyo, Japan) operating at 15 kV of accelerating voltage. Images were taken at ×5000 and ×30,000 to evaluate the grain (martensite lath) sizes and parameters of fine Ti-rich and Fe3C particles. The average grain size was evaluated as an equivalent grain diameter. Energy dispersive X-ray spectroscopy (EDS) point analysis and element mapping were conducted to evaluate the chemistry of particles. For each condition: 200–350 coarse Ti-rich particles were measured using optical microscopy, up to 200 martensite laths were measured using SEM imaging, up to 30 particles were studied to access their chemical composition with EDS, and up to 400 of fine Ti-rich and 250–300 Fe3C particles were studied using analysis of SEM images. A JEOL JEM2010 transmission electron microscope (JEOL, Tokyo, Japan) was used to support the characterization of Fe3C particles. Thin foils of 3 mm diameter were prepared by fine polishing on SiC papers, followed by dimple grinding and ion milling on Gatan PIPS.




3. Results


3.1. Hardness Profile


The HAZ width decreased with the cutting method from oxy-fuel to plasma to water-jet (Figure 1). Water-jet produces a negligible heat effect. The HAZ width variation observed by optical microscopy was supported by the measurements of hardness profiles from the cut edge towards the base metal (Figure 2). The hardness profile shape varied with the cutting method and steel composition, although the presence of a hardness minimum at a certain distance from the cut edge was observed previously in welded steels with acicular ferrite and bainite microstructure [33]. In Steel L both oxy-fuel and plasma cutting methods decreased hardness by a maximum of 100 HV from its original hardness of 400 HV (Figure 2a,b); and in Steel H this decrease was slightly higher, by about 130 HV from its original hardness of 500 HV (Figure 2d,e). Oxy-fuel resulted in about 5 and 9 mm wide HAZ in Steels L and H, respectively. In contrast, plasma cutting produced only 3 mm wide HAZ in both steels. In Steel L cut with oxy-fuel the minimum HV point was at about 2 mm from the cut edge (Figure 2a), although the plasma cutting resulted in the appearance of a minimum HV point at about 1.5 mm from the cut edge (Figure 2b). In Steel H cut with oxy-fuel the minimum HV point was at about 3 mm from the cut edge (Figure 2d), and in the plasma cut sample, the minimum HV point was at about 1 mm from the cut edge (Figure 2e). To explain such an intricate shape of the hardness profiles and their variation with steel composition and cutting method, the following microstructural characterization was undertaken.




3.2. Grain Structure


In the as-received condition, both steel grades had a martensitic microstructure. SEM imaging of the cut samples revealed a variation in grain structure with distance from the cut edge.



In the oxy-fuel cut specimens (Figure 3), both steels exhibited a martensitic type of microstructure at the cut edge. A mixed bainite/tempered martensite microstructure was observed at the points of minimum hardness (2 and 3 mm away from the cut edge for Steels L and H, respectively), martensitic laths have almost disappeared, the grains were of irregular shape. Far away from the cut edge (10 mm), the microstructure was also of a martensitic type, as could be expected for this steel grade. In the plasma cut specimens (Figure 4), no significant variation in grain structure with the position was observed by SEM in both steels. Formation of complex phase balance in HAZ was reported previously for welded martensitic steels [34] and analyzed using an integrated microstructure modelling approach [35].



Measurements of the average grain size (equivalent diameter of martensite laths) are presented in Table 2. In both steels cut by oxy-fuel, the minimum average grain size was observed at the position of minimum hardness (2 and 3 mm from the cut edge for Steels L and H, respectively). In both steels cut by plasma, the grain size variation with position was within the measurement error. In the water-jet cut samples also no variation in grain size with position was observed. Both steels showed similar values of the average grain size in the base plate.




3.3. Coarse Ti-Rich Particles


Optical and SEM imaging revealed three particle types in the studied steels: coarse cuboidal/rectangular/elongated, fine spherical and fine needle-shaped. Presented below is a detailed analysis of these particles in the studied steels and the variation in the particle characteristics with cutting method and distance from the cut edge.



SEM-EDS mapping confirmed the coarse particles (0.4–6 μm) to be Ti-rich with various amounts of Mo, V, C, and N in both steels (Figure 5). The average particle sizes were larger in Steel H (Table 3), which is consistent with higher Ti, Mo and C contents in this steel (Table 1). Larger particles contained a higher nitrogen content. TiN particles are known to precipitate at higher temperatures, compared to TiMoV-rich carbides, therefore TiN usually have more time for growth. The particle parameters near the cut edge varied during cutting (Figure 6): coarse particles dissolved in Steel L, while in Steel H more particles precipitated. These behaviors seemed to be more pronounced in the samples cut with oxy-fuel compared to the plasma cut.



Analysis of the average (TiMoV)(CN) particle parameters (Table 3) suggested the following:




	
In Steel L thermal cutting with both methods led to a decrease in the particle number density well below the cut edge surface (2 mm for oxy-fuel and 1.5 mm for plasma, positions corresponding to minimum hardness); this supports particle dissolution. However, the average particle size at these positions increased after cutting with oxy-fuel and decreased after cutting with plasma. This could be explained if, during cutting with oxy-fuel, the dissolution was more intense (a wider particle size range fully dissolved); and during cutting with plasma, larger particles partially dissolved to smaller sizes. Closer to the cut edge (0.5 mm position) the particle number density and average size were similar to that in the base plate. This can be related to shorter times of heat effect associated with faster cooling rates on the surface.



	
In contrast, in Steel H cut with both oxy-fuel and plasma the particle number density significantly (near 2 times) increased towards the cut edge; this supports precipitation of new particles and the growth of smaller particles to larger sizes;



	
Cutting with water-jet did not lead to any variation in the particle parameters, due to the absence of heat effect.








To further elaborate on the (TiMoV)(CN) particle precipitation kinetics, the number density distributions for various cutting methods and positions have been analyzed (Figure 7). With respect to the cutting method, the following was observed closer to the cut edge (0.5 mm position):




	
in Steel L cut with oxy-fuel, dissolution of 0.5–1.0 μm particles occurred (note a decrease in the number density of these particles accompanied by an increase in the density of <0.5 μm particles, Figure 7a), although cutting with plasma did not affect the distribution at this position;



	
in contrast, in Steel H cut with oxy-fuel new particles precipitated and grew in the <1.0 μm size range (note approximately 4 fold increase in these particles’ number density, Figure 7b); and cutting with plasma led to partial dissolution of 0.5–1.0 μm particles to <0.5 μm sizes and possible precipitation of new <0.5 μm ones.



	
With respect to distance from the cut edge during cutting with oxy-fuel:



	
in Steel L the particles in whole size range (<3 μm) dissolved, and this was to a greater extent at the 2 mm position compared to 0.5 mm position (Figure 7c);



	
in contrast, in Steel H <1.0 μm particles precipitated at both positions, and this was more intense at 0.5 mm distance from the cut edge compared to 3.0 mm (note an increase in the <1.0 μm particle number density by 9 and 5 fold at 0.5 and 3.0 mm positions, respectively, Figure 7d).



	
With respect to distance from the cut edge during cutting with plasma:



	
in Steel L > 1.5 μm particles dissolved at 0.5 mm position and >0.5 μm particles dissolved at 1.5 mm position (note decreases in their respective number densities, Figure 7e); this means that more particles dissolved at 1.5 mm position than at 0.5 mm position, which qualitatively corresponds to the trends observed for cutting with oxy-fuel;



	
in contrast, in Steel H < 1.0 μm particles precipitated at both positions and more at 0.5 mm than at 1.5 mm distance from the cut edge, which qualitatively corresponds to the behaviour observed during cutting with oxy-fuel.








Comparison of Figure 7c against e and Figure 7d against f suggests the following interesting point regarding the effect of cutting method. In Steel L cutting with oxy-fuel resulted in the particle dissolution in the whole size range; however, cutting with plasma led to partial dissolution (only >1.5 μm particles dissolved at 0.5 mm position and >0.5 μm particles dissolved at 1.5 mm position). In Steel H, particles precipitated and grew during cutting with both methods. However, the increase in <1.0 μm particle number density at 1.5 mm position (closer to the edge) during cutting with plasma was less (3.5 times) than this at 3.0 mm position (further away from the edge) during cutting with oxy-fuel (5 times). This indicates a more intense heat input during cutting with oxy-fuel leading to a more pronounced variation in the particle parameters.




3.4. Fine Ti-Rich Particles


Fine particles were of two types: spherical Ti-rich carbides and carbonitrides with various contents of Mo and V, and needle-shaped Fe3C (Figure 8). Their parameters varied with steel composition, cutting method and distance from the cut edge (Figure 9 and Figure 10). Analysis of fine Ti-rich particle parameters and their variation during cutting with respect to the as-rolled condition has shown that (Table 4):




	
in Steel L cut with oxy-fuel (i) the average particle size increased without a significant variation in number density at 0.5 mm position, and (ii) both the average particle size and their number density increased at 2 mm position. These might be explained if the growth of fine Ti-rich particles occurred. However, partially dissolving coarse (TiMoV)(CN) particles (discussed above) could also contribute to the increase in size and number density of fine Ti-rich ones. During cutting with plasma the number density decreased at both positions and the average size increased at 0.5 mm position. These support dissolution.



	
In Steel H cutting with both methods resulted in the particle number density and average size increasing. These indicate precipitation and coarsening of fine Ti-rich particles.








The particle number density distributions (Figure 11) supported a general dissolution of fine Ti-rich particles in Steel L and their precipitation and growth in Steel H, although there were certain variations with respect to cutting method and position. Thus, in Steel L the <80 nm particle number density decreased at 0.5 mm position after cutting with both oxy-fuel and plasma, and at 1.5 mm position after cutting with plasma (Figure 11a,c,e), although it slightly increased at 2.0 mm position after cutting with oxy-fuel. The number density of >80 nm particles increased at both positions (0.5 and 2.0/1.5 mm) after cutting with both methods (Figure 11a,c). These results mean that despite the general dissolution of fine Ti-rich particles, some coarsening could take place in Steel L. In Steel H the <120 nm particle number density increased at both positions (0.5 and 3.0/1.5 mm) after cutting with both methods (Figure 11b,d,f), and it was more pronounced during cutting with oxy-fuel. This clearly indicates precipitation and growth of new Ti-rich particles and is in line with the behaviour of coarse (TiMoV)(CN) particles presented above (Figure 7b,d,f).




3.5. Fine Fe3C Particles


SEM imaging revealed the presence of needle-shaped particles with equivalent diameters being in the range of 30–115 nm for all studied conditions (Figure 12a). SEM-EDS mapping showed increased carbon concentrations in these particles and absence of other alloying elements (Figure 12b). This allowed to suggest that these particles were Fe3C. In addition to SEM characterization carried out for all studied conditions, a TEM study was performed for the as-received steels (Figure 12c,d). Analysis of the diffraction patens showed the Fe3C particles exhibiting Bagaryatskii orientation relationship to the bcc (tempered martensite) matrix: [001]matrix‖[321]Fe3C (Figure 12e,f). This can further support their nature as Fe3C.



In Steel L, the average Fe3C particle number density decreased for both cutting methods, and their size could increase slightly during plasma cutting (Table 5). The decrease in number density was higher away from the cut edge, 2.0 mm position for oxy-fuel cutting and 1.5 mm for plasma cutting, where a longer thermal effect could be expected. The number density distributions supported a decreasing number of >40 nm Fe3C particles, and it was more pronounced during cutting with oxy-fuel (Figure 13a,c,e). This evidence points to the dissolution of Fe3C particles in Steel L during thermal cutting.



However, in Steel H the average particle size increased slightly during cutting with oxy-fuel despite a decrease in number density (Table 5). In addition, during cutting with plasma, no significant variation in the average particle parameters was observed. The number density distributions supported decreasing numbers of particles in the whole size range during oxy-fuel cutting (Figure 13b,d,f), and very minor variations during cutting with plasma. These indicate partial dissolution of Fe3C particles in Steel H, more pronounced during cutting with oxy-fuel.





4. Discussion


4.1. Effect of Steel Composition


The average particle parameters and hardness values with respect to steel composition and cutting method are summarised in Table 6. In as-received condition (10 mm away from the cut edge), the grain size was similar in both steels, the number densities of coarse (TiMoV)(CN) and fine Ti-rich particles were higher in Steel L (although their sizes were larger in Steel H, Table 3 and Table 4), and the number densities of Fe3C particles were also higher in Steel L. Larger sizes of coarse (TiMoV)(CN) and fine Ti-rich particles correspond to higher contents of Ti, Mo and C in Steel H (Table 1). However, lower number densities of all particle types in Steel H is an unusual result. Higher concentrations of Ti and C increase the solubility products of TiN and TiC particles [36,37] and their precipitation start temperatures, traditionally this leads to higher particle number densities at room temperature [38,39,40]. Probably, the rolling of Steel H was conducted at high speed, accelerated cooling might also have been used at the end of the hot rolling cycle. These techniques would result in the matrix super-saturation with Ti, Mo and C and solid solution strengthening. Consequently, the hardness of Steel H was higher than that of Steel L.



During cutting with oxy-fuel, the Ti-rich particles exhibited different types of precipitation kinetics in the two steels. Thus, in Steel L the number density of coarse (TiMoV)(CN) particles decreased and that of fine Ti-rich particles increased towards the cut edge. This indicates dissolution of the coarse particles to smaller sizes in Steel L. In contrast, in Steel H, the number densities of both coarse and fine Ti-rich particles increased towards the cut edge. This indicates precipitation and growth of new particles in Steel H. Such a discrepancy in the Ti-rich particle behaviour can be related to two reasons: (i) Ti, Mo and C concentrations in the matrix were higher in Steel H; during thermal cutting the Ti, Mo and C atoms diffused to the existing particles contributing to their size growth and diffused to each other to form new Ti-rich particles; and (ii) the solubility temperature of Ti-rich particles was lower in Steel L; this would result in fewer undissolved coarse particles in Steel L after heating during cutting. In fact, the solubility equation log[Ti]·[C] = 2.75 − 7000/T presented in [37] gave 1575 °C and 1942 °C for TiC dissolution temperature in Steel L and H, respectively. A decreasing number density of Fe3C particles in both steels (nearly twofold drop) coincided with an increasing number density of Ti-rich particles. Dissolution of cementite in favour of alloying element carbide precipitation was observed following tempering of martensite [41].



In both steels, the grain size slightly decreased below the cut edge (2.0 and 3.0 mm positions in Steels L and H, respectively) due to recrystallization [42]. However, the microstructure resembled freshly transformed martensite closer to the edge (0.5 mm position, Figure 3). This could be explained if, due to heating from oxy-fuel, the original martensite closer to the edge transformed to austenite and back to martensite during cooling. The grain size at the edge (0.5 mm position) was slightly larger in Steel H (3.0 μm) compared to Steel L (2.3 μm). This can be associated with two reasons: (i) fine Ti-rich particles exhibiting a lower number density in Steel H were less effective in retardation of austenite grain growth in Steel H compared to Steel L; and (ii) the ferrite to austenite transformation temperature was lower in Steel H, 770–785 °C, than in Steel L, 835–845 °C (calculated using various formulas presented in [43,44]). The latter would give added time for the matrix to be in austenitic condition and, consequently, more time for austenite grain growth.



In spite of decreasing grain size and increasing number density of fine Ti-rich particles, hardness decreased in Steel L at the 2.0 mm position. This corresponds to the decrease in the number density of coarse (TiMoV)(CN) and Fe3C particles. In Steel H, a minimum hardness was also observed; although, in contrast to Steel L, the number density of coarse (TiMoV)(CN) particles increased in addition to increasing number density of fine Ti-rich particles. This supports the following conclusions: (i) the grain structure recovery (dislocation annihilation) and recrystallization in the HAZ can significantly contribute to a hardness decrease, irrespective of the particle precipitation kinetics, because the number of dislocation-obstacle interaction sites is responsible for strength, and not the number of particles dispersed in the matrix; (ii) precipitation of coarse (TiMoV)(CN) and fine Ti-rich particles cannot fully compensate for the dissolution of Fe3C, and (iii) solution depletion in C (due to precipitation of excessive amount of fine Ti-rich carbides) is detrimental for hardness.



Closer to the cut edge (0.5 mm position), the hardness increased in both steels. Obviously, a reverse martensite-austenite-martensite transformation resulted in a higher dislocation density at the cut edge in both steels. Lower heat effect times, due to faster cooling of the edge compared to the 2.0 mm position, resulted in less severe particle dissolution in Steel L. In Steel H, significant precipitation of coarse (TiMoV)(CN) particle might have contributed to the hardness increase at the edge.



During cutting with plasma, in Steel L the number densities of coarse (TiMoV)(CN), fine Ti-rich and Fe3C particles decreased at the 1.5 mm position from the cut edge (simultaneously with a size growth of fine Ti-rich and Fe3C particles, Table 4 and Table 5). This indicates dissolution of all particles in Steel L. In contrast, in Steel H, the (TiMoV)(CN) and fine Ti-rich particles precipitated and grew, although Fe3C dissolved, and these behaviours were more pronounced closer to the edge (at 0.5 mm position). This is in line with the matrix super-saturation with Ti, Mo and C in the as-rolled condition.



Despite different kinetics of (TiMoV)(CN) and fine Ti-rich particles, the minimum hardness at the 1.5 mm position was observed in both steels. This may indicate a variation in strengthening mechanisms utilised to produce the studied steels: in addition to phase balance (namely formation of martensite), strengthening of Steel L relied on particle precipitation, and when their number densities decrease, the strength decreases; while in Steel H, the strengthening from solute C, N and Mo atoms [45,46,47], Ti-Mo-C atom clusters [48,49,50] and <20 nm TiC particles [51,52,53] (not studied here) could be significant.




4.2. Effect of Cutting Method


In Steel L (i) the grain size decreased during oxy-fuel cutting below the cut edge (2.0 mm position), but did not show a variation during plasma cutting; (ii) coarse (TiMoV)(CN) particles dissolved during both cutting methods to similar remaining number density values; (iii) fine Ti-rich particles showed increasing number densities below the cut edge (2.0 mm position) after cutting with oxy-fuel (which could result from the dissolution of Fe3C in favour of precipitation of fine Ti-rich particles), but dissolved during plasma cutting; (iv) Fe3C particles dissolved below the cut edge (2.0 or 1.5 mm position for oxy-fuel and plasma) during cutting with both methods, although more during cutting with oxy-fuel; and (v) hardness showed a minimum below the cut edge for both methods, although a greater decrease and at a larger distance occurred after cutting with oxy-fuel. Together with a wider HAZ, all these observations indicate a more pronounced heat effect during cutting with oxy-fuel. A high tempering effect during cutting with oxy-fuel was observed recently in low carbon steels [54,55,56]. In spite of higher temperatures applied during cutting with plasma (20,000 °C [32]) compared to oxy-fuel (3500 °C [30]), a narrower HAZ and less severe softening were observed in Steel L during plasma cutting. This can be related to two reasons: (i) a faster processing speed, giving less time for heat transfer towards the base plate; and (ii) melting down and removal of the heat affected material from the edge.



In Steel H (i) the grain size slightly decreased below the cut edge (3.0 mm position) during oxy-fuel cutting, although no significant variation in grain size was observed after plasma cutting; (ii) coarse and fine Ti-rich particles precipitated for both cutting methods; (iii) Fe3C particles dissolved for both cutting methods, although to a greater extent for oxy-fuel; and (iv) hardness showed a minimum below the cut edge for both methods, although a greater decrease and at a larger distance occurred after cutting with oxy-fuel. Similar to Steel L, in Steel H, the oxy-fuel cutting method produced a larger thermal effect on the cut edge than the plasma cutting method. However, the edge hardness of Steel H remained higher than that of Steel L for both cutting methods. This is related to the variation in steel compositions: (i) more highly alloyed Steel H exhibited larger sizes of coarse and fine Ti-rich particles, which would be more stable with respect to dissolution [57,58,59]; and (ii) potentially higher solute concentrations of Ti, Mo and C in the Steel H matrix not only retarded recovery but also facilitated solid solution strengthening and precipitation and growth of new particles during thermal cutting [60,61,62].





5. Conclusions


Thermal cutting of two Ti-alloyed martensitic steels containing 0.27C-0.40Ti and 0.39C-0.60Ti (wt.%) altered the microstructure and hardness near the cut edge in both steels. This must be taken into account during edge preparation for welding and structure fabrication.



	
With respect to practical aspects of this work, the following may be concluded. In both steels, the maximum decrease in hardness due to thermal cutting with oxy-fuel or plasma may reach 25% of the respective original hardness: 100 HV down from the original 400 HV in the lower alloyed steel with 0.27C-0.40Ti (wt.%) and 130 HV down from the original 500 HV in the more highly alloyed steel with 0.39C-0.60Ti (wt.%). Cutting with oxy-fuel produced a wider heat affected zone (HAZ) (5 and 9 mm for the lower and higher alloyed steels, respectively), compared to plasma cutting (about 3 mm for both steels). No HAZ, microstructure or hardness variation was observed for the water-jet cutting method. Therefore, in practice cutting of Ti-alloyed martensitic steels should be conducted using water-jet. Plasma cutting is acceptable if certain precautions are put in place, in particular a set maximum cutting speed. This would reduce the time of heat effect and potential implications on microstructure and properties.



	
With respect to microstructure-properties variation with steel composition and cutting method, the following fundamental outcomes can be highlighted. Maximum tempering of microstructure (minimum absolute hardness values or maximum relative decrease in hardness associated with the tempering) was observed in the lower alloyed steel (due to weaker solid solution and precipitation strengthening) cut with oxy-fuel (characterised by higher heat input). Minimum tempering occurred in the more highly alloyed steel (due to stronger solid solution and precipitation strengthening) cut with plasma (characterised by lower heat input). In the lower alloyed steel, coarse (TiMoV)(CN), fine Ti-rich and Fe3C dissolved during thermal cutting. In the more highly alloyed steel, both coarse (TiMoV)(CN) and fine Ti-rich particles precipitated and grew, while Fe3C dissolved. These discrepancies in the particle precipitation kinetics can be associated with the variation in steel composition: higher Ti, Mo and C contents in the more highly alloyed steel (and concentrations of these elements in the matrix) increased the solubility temperatures of existing precipitates and the driving force for precipitation and growth of new particles. Precipitation of Ti-rich particles in the more highly alloyed steel during thermal cutting provided precipitation strengthening, which compensated for the softening associated with dislocation annihilation and dissolution of Fe3C.
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Figure 1. Optical microscopy images of heat affected zone in Steel H cut with (a) oxy-fuel, (b) plasma, and (c) water-jet. 
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Figure 2. Hardness profiles at the plate mid-thickness position for (a–c) Steel L and (d–f) Steel H cut with (a,d) oxy-fuel, (b,e) plasma and (c,f) water-jet; each point on the hardness profiles is the mean value of 5 indentations made through plate thickness. 
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Figure 3. SEM images of grain structure in Steels L and H cut using oxy-fuel cutting method: left to right, at the cut edge, point of minimum HV, and far away from the cut edge (base plate). 
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Figure 4. SEM images of grain structure in Steels L and H cut using plasma cutting method: left to right, at the cut edge, point of minimum HV, and far away from the cut edge (base plate). 
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Figure 5. SEM-EDS maps of coarse particles in Steels (a) L and (b) H from selected locations. 
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Figure 6. Optical images of Steel L and Steel H cut with the three studied methods (un-etched samples). 
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Figure 7. Coarse (TiMoV)(CN) particle number density distributions at 0.5 mm position from the cut edge in Steels (a) L and (b) H, for the samples cut with oxy-fuel in Steels (c) L and (d) H, and for the samples cut with plasma in Steels (e) L and (f) H; arrows in (a,b) indicate the directions of distributions peaks shift for oxy-fuel and plasma cutting methods with respect to the distribution observed for the water jet cutting, and these in (c–f) indicate the directions of distributions peaks shift for 0.5/2.0/3.0/1.5 mm positions with respect to the distribution for the 10 mm position. 
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Figure 8. SEM-EDS maps of fine particles observed in both steel grades. 
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Figure 9. SEM images of fine precipitates in Steels L and H cut using oxy-fuel cutting method: left to right, at the cut edge, point of minimum HV, and far away from the cut edge (base plate). 
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Figure 10. SEM images of fine precipitates in Steels L and H cut using plasma cutting method: left to right, at the cut edge, point of minimum HV, and far away from the cut edge (base plate). 
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Figure 11. Fine Ti-rich particle number density distributions at 0.5 mm position from the cut edge for Steels (a) L and (b) H, for the samples cut with oxy-fuel for Steels (c) L and (d) H, and for the samples cut with plasma in Steels (e) L and (f) H; arrows in (a,b) indicate the directions of distributions peaks shift for oxy-fuel and plasma cutting methods with respect to the distribution observed for the water jet cutting, and these in (c–f) indicate the directions of distributions peaks shift for 0.5/2.0/3.0/1.5 mm positions with respect to the distribution for the 10 mm position. 
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Figure 12. Fe3C particles in the base metal of Steel L: (a,b) SEM image with the corresponding EDS carbon map; (c,d) bright and dark field TEM images; (e) diffraction pattern corresponding to images (c,d); and (f) indexing of the diffraction pattern shown in (e). 
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Figure 13. Fe3C particle number density distributions at 0.5 mm position from the cut edge in Steel (a) L and (b) H; arrows in (a,b) indicate the directions of distributions peaks shift for oxy-fuel and plasma cutting methods with respect to the distribution observed for the water jet cutting, and these in (c–f) indicate the directions of distributions peaks shift for 0.5/2.0/3.0/1.5 mm positions with respect to the distribution for the 10 mm position. 
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[image: Metals 11 01138 g013]







[image: Table] 





Table 1. Chemical composition of steels studied in this project (wt.%).
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	Steel Type
	C
	Si
	Mn
	Cr
	Mo
	Ni
	Ti
	V





	Steel L
	0.27
	0.37
	0.71
	0.85
	0.24
	0.022
	0.40
	0.01



	Steel H
	0.39
	0.83
	1.28
	0.68
	0.33
	0.46
	0.60
	0.01










[image: Table] 





Table 2. Average grain size in the studied steels.
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Steel Grade/Cutting Method

	
Steel L

	
Steel H




	
Oxy-Fuel






	
Position from cut edge

	
0.5 mm

	
2.0 mm

	
10 mm

	
0.5 mm

	
3.0 mm

	
10 mm




	
Average size, µm

	
2.3 ± 0.2

	
1.9 ± 0.1

	
2.3 ± 0.2

	
3.0 ± 0.2

	
2.1 ± 0.1

	
2.5 ± 0.3




	

	
Plasma




	
Position from cut edge

	
0.5 mm

	
1.5 mm

	
10 mm

	
0.5mm

	
1.5mm

	
10 mm




	
Average size, µm

	
2.4 ± 0.2

	
2.5 ± 0.2

	
2.4 ± 0.2

	
2.3 ± 0.2

	
2.6 ± 0.1

	
2.5 ± 0.2




	

	
Water-Jet




	
Position from cut edge

	
0.5 mm and 10 mm

	
0.5 mm and 10 mm




	
Average size, µm

	
2.6 ± 0.2

	
2.5 ± 0.2
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Table 3. Average parameters of coarse (TiMoV)(CN) particles studied with optical microscopy (at 10 mm away from the cut edge no heat effect was observed, therefore the microstructure at this position was considered as the as-received).
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Steel Grade/Cutting Method

	
Steel L

	
Steel H




	
Oxy-Fuel






	
Position from cut edge

	
0.5 mm

	
2.0 mm

	
10 mm

	
0.5 mm

	
3.0 mm

	
10 mm




	
Average size, µm

	
1.6 ± 0.7

	
2.5 ± 0.5

	
1.8 ± 0.6

	
2.9 ± 1.2

	
2.2 ± 0.8

	
2.9 ± 0.9




	
Number density, µm−2

	
0.0020

	
0.0012

	
0.0021

	
0.0039

	
0.0025

	
0.0016




	

	
Plasma




	
Position from cut edge

	
0.5 mm

	
1.5 mm

	
10 mm

	
0.5 mm

	
1.5 mm

	
10 mm




	
Average size, µm

	
1.9 ± 0.4

	
1.5 ± 0.5

	
2.1 ± 0.7

	
2.5 ± 0.5

	
3.2 ± 1.3

	
2.8 ± 0.8




	
Number density, µm−2

	
0.0021

	
0.0011

	
0.0020

	
0.0033

	
0.0021

	
0.0017




	

	
Water-Jet




	
Position from cut edge

	
0.5 mm

	
10 mm

	
0.5 mm

	
10 mm




	
Average size, µm

	
2.0 ± 0.7

	
1.8 ± 0.6

	
2.8 ± 0.8

	
2.8 ± 1.0




	
Number density, µm−2

	
0.0020

	
0.0019

	
0.0017

	
0.0017
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Table 4. Average parameters of fine Ti-rich particles studied with SEM (at 10 mm away from the cut edge no heat effect was observed, therefore the microstructure at this position was considered as the as-received).
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Steel Grade/Cutting Method

	
Steel L

	
Steel H




	
Oxy-Fuel






	
Position from cut edge

	
0.5 mm

	
2.0 mm

	
10 mm

	
0.5 mm

	
3.0 mm

	
10 mm




	
Average size, nm

	
112 ± 21

	
93 ± 30

	
82 ± 26

	
162 ± 50

	
104 ± 42

	
144 ± 48




	
Number density, µm−2

	
1.1

	
2.2

	
1.3

	
0.4

	
0.8

	
0.3




	

	
Plasma




	
Position from cut edge

	
0.5 mm

	
1.5 mm

	
10 mm

	
0.5 mm

	
1.5 mm

	
10 mm




	
Average size, nm

	
135 ± 34

	
85 ± 28

	
83 ± 23

	
153 ± 45

	
210 ± 56

	
150 ± 43




	
Number density, µm−2

	
0.8

	
0.5

	
1.4

	
0.6

	
0.6

	
0.3
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Table 5. Average parameters of fine Fe3C particles studied with SEM (at 10 mm away from the cut edge no heat effect was observed, therefore the microstructure at this position was considered as the as-received).






Table 5. Average parameters of fine Fe3C particles studied with SEM (at 10 mm away from the cut edge no heat effect was observed, therefore the microstructure at this position was considered as the as-received).





	
Steel Grade/Cutting Method

	
Steel L

	
Steel H




	
Oxy-Fuel






	
Position from cut edge

	
0.5 mm

	
2.0 mm

	
10 mm

	
0.5 mm

	
3.0 mm

	
10 mm




	
Average size, nm

	
37 ± 9

	
47 ± 10

	
49 ± 11

	
52 ± 9

	
68 ± 12

	
45 ± 10




	
Number density, µm−2

	
2.0

	
1.1

	
2.3

	
0.5

	
0.6

	
1.4




	

	
Plasma




	
Position from cut edge

	
0.5 mm

	
1.5 mm

	
10 mm

	
0.5 mm

	
1.5 mm

	
10 mm




	
Average size, nm

	
60 ± 11

	
67 ± 9

	
58 ± 8

	
49 ± 10

	
51 ± 11

	
53 ± 10




	
Number density, µm−2

	
2.2

	
1.5

	
2.4

	
1.0

	
1.2

	
1.3
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Table 6. Correlation of the microstructural parameters and hardness to steel grade and cutting method.






Table 6. Correlation of the microstructural parameters and hardness to steel grade and cutting method.





	
Steel Grade/Cutting Method

	
Steel L

	
Steel H




	
Oxy-Fuel






	
Position from cut edge

	
0.5 mm

	
2.0 mm

	
10 mm

	
0.5 mm

	
3.0 mm

	
10 mm




	
Average grain size, µm

	
2.3 ± 0.2

	
1.9 ± 0.1

	
2.3 ± 0.2

	
3.0 ± 0.1

	
2.1 ± 0.1

	
2.5 ± 0.3




	
Number density, µm−2

	
Coarse Ti-rich

	
0.0020

	
0.0012

	
0.0021

	
0.0039

	
0.0025

	
0.0016




	
Fine Ti-rich

	
1.1

	
2.2

	
1.3

	
0.4

	
0.8

	
0.3




	
Fe3C

	
2.0

	
1.1

	
2.3

	
0.5

	
0.6

	
1.4




	
Hardness, HV

	
430 ± 8

	
300 ± 5

	
410 ± 10

	
520 ± 10

	
359 ± 7

	
500 ± 4




	

	
Plasma




	
Position from cut edge

	
0.5 mm

	
1.5 mm

	
10 mm

	
0.5mm

	
1.5mm

	
10 mm




	
Average grain size, µm

	
2.4 ± 0.2

	
2.5 ± 0.2

	
2.4 ± 0.2

	
2.3 ± 0.2

	
2.6 ± 0.1

	
2.5 ± 0.2




	
Number density, µm−2

	
Coarse Ti-rich

	
0.0021

	
0.0011

	
0.0020

	
0.0033

	
0.0021

	
0.0017




	
Fine Ti-rich

	
0.8

	
0.5

	
1.4

	
0.6

	
0.6

	
0.3




	
Fe3C

	
2.2

	
1.5

	
2.4

	
1.0

	
1.2

	
1.3




	
Hardness, HV

	
400 ± 8

	
300 ± 5

	
385 ± 6

	
530 ± 4

	
417 ± 4

	
505 ± 5
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