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Abstract

:

The strength–ductility mechanism of the low-carbon steels processed by laser cutting is investigated in this paper. A typical gradient-phased structure can be obtained near the laser cutting surface, which consists of a laser-remelted layer (LRL, with the microstructure of lath bainite + granular bainite) and heat-affected zone (HAZ). As the distance from the laser cutting surface increases, the content of lath martensite decreases in the HAZ, which is accompanied by a rise in the content of ferrite. Considering that the microstructures of the LRL and HAZ are completely different from the base metal (BM, ferrite + pearlite), a significant strain gradient can be inevitably generated by the remarkable microhardness differences in the gradient-phased structure. The hetero-deformation-induced strengthening and hardening will be produced, which is related to the pileups of the geometrically necessary dislocations (GNDs) that are generated to accommodate the strain gradient near interfaces. Plural phases of the HAZ can also contribute to the increment of the hetero-deformation-induced strengthening and hardening during deformation. Due to the gradient-phased structure, the low carbon steels under the process of laser cutting have a superior combination of strength and ductility as yield strength of ~487 MPa, tensile strength of ~655 MPa, and total elongation of ~32.7%.
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1. Introduction


Electricity is inextricably linked to socio-economic development and people’s livelihood. Unfortunately, about 700 million people still lack access to electricity in the world, according to estimations by the International Energy Agency [1]. Meanwhile, the production and consumption of electricity are unbalanced in many countries, generating a shortage or excess of electricity supply in some areas [2]. In order to transmit the electricity from the surplus regions to the deficient regions, a large amount of high voltage, extra high voltage, and ultra-high voltage power transmission projects are being constructed or under planning. Therefore, the demand for transmission towers increases significantly.



Generally, the low carbon steels after rolling with a yield strength ranging from ~235 MPa to ~420 MPa have been widely used in transmission towers, which, under the guidance of the rolling force model, guarantee superior strip flatness [3,4]. Considering the bolted connections of the transmission towers [5], the low carbon steels should be cut into specific sizes and then made into holes. For the blanking process, the laser cutting technique has replaced wire-electrode cutting, flame cutting, plasma arc cutting, and so on [6]. First of all, the cutting precision and cross-section quality of the laser cutting technique can satisfy the requirements of manufacturing the transmission towers [7,8]. According to the research of Andrés et al. [8], the laser cutting process can obtain relatively high precision among several thermal cutting technologies (such as flame cutting and plasma arc cutting). Secondly, the superb cutting performance of the laser cutting machine can effectively improve the production efficiency of the transmission towers [6]. Specifically, the cutting speed of the 12 mm thickness carbon steel is 8500~9000 mm/min by the laser cutting machine with the maximal output power of 20 kW. Thirdly, the kerf width under the process of laser cutting is less than that of the flame cutting and plasma arc cutting [9,10], thus significantly reducing the loss of metallic materials. Finally, in contrast to the wide heat-affected zone (HAZ) induced by the continuously exothermal process of flame cutting [11], the HAZ of laser cutting is much narrower, which ascribes to its relatively low heat input [12,13]. The width of the HAZ in plasma arc cutting presents an intermediate situation [13].



Based on the above advantages of the laser cutting technique, more and more transmission tower manufacturers are attempting to adopt the laser cutting machine to make holes in the steel plates; thus, the drilling and punching machines will be replaced. In other words, the blanking and hole-making processes can be completed only by a laser cutting machine, which shortens the manufacturing process, as well as the cost. However, it remains a challenge to manufacture qualified transmission towers by the process of laser hole-making [13]. This is mainly because of the effect of the heat affected zone (HAZ) generated by the laser cutting process on the strength–ductility combination and the fact that its deformation mechanisms remain unsolved [8,14,15,16], whereas the bolt holes produced by the drilling and punching machines do not have the HAZ. Specifically, most studies relative to the laser-cutting process of low-carbon steels have focused on the relationship between laser cutting parameters, cutting accuracy, and cutting section quality [14,15,16,17,18]. Almost no studies have clarified the strength–ductility evolution mechanism induced by HAZ near the laser cutting surface, although some researchers carried out tensile property tests [13,19].



Therefore, this paper studies the strength and ductility mechanisms of the low carbon steel under the process of laser cutting, which are the two baseline mechanical properties of the transmission towers. Based on the analysis of microstructural evolution induced by laser cutting, the relationships between gradient-phased structure and tensile properties are discussed in detail and the mechanism of the enhanced strength–ductility combination by the laser cutting process will be clarified.




2. Experimental Procedures


2.1. Material


The chemical composition of the experimental steel (designated as Q420 in China, which belongs to low carbon low alloy steel) is shown in Table 1. After hot rolling, the yield strength of the ~30 mm thickness low carbon steel plates is ~420 MPa.




2.2. Laser Cutting Processes


In order to study the effect of microstructural evolution induced by laser cutting on the strength–ductility combination of the low carbon steels, hot-rolled steel plates with a length of ~90 mm were cut into slices of ~8 mm thickness by the laser cutting machine, as illustrated in Figure 1. Specifically, the laser cutting head moved along the length direction at a speed of ~800 mm/min and the intense energy of the focused laser beam caused the irradiated area of the low-carbon steel plates to melt or vaporize, after which high-pressure gas removed the molten metals, the technological parameters of the laser cutting process are listed in Table 2. The parameter setting of the laser cutting process is obtained based on practical industrial production, which mainly depends on the grade and thickness of the steel.




2.3. Microstructural Characterization


Metallographic specimens were cut from the experimental materials that were processed by laser cutting. After mechanical polishing and etching with ~4% initial solution, the cross-sectional microstructures of the specimens were characterized using an OLYMPUS BX53M optical microscope (OM) (OLYMPUS, Tokyo, Japan) and a Hitachi SU8010 filed-emission scanning electron microscope (SEM) (Hitachi, Tokyo, Japan). For the electron backscatter diffraction (EBSD) analysis, the specimens were electropolished by an electrolyte that consisted of ~12.5 vol.% perchloric acid and ~87.5 vol.% ethyl alcohol with the potential of ~25 V for ~20 s. A scanning step of ~0.2 μm was carried out for the EBSD analysis and the acquired data were post-processed by AztecCrystal software (https://nano.oxinst.com/azteccrystal, accessed on 28 April 2024) to diminish the point of zero solutions.




2.4. Mechanical Properties Evaluation


The uniaxial tensile tests of the dog-bone-shaped specimens were conducted using an Instron 3369 universal testing machine which is equipped with a non-contacting video extensometer. The sheet-typed tensile specimens possessed a gauge length of ~25 mm and were measured at a strain rate of ~2 × 10−3 s−1 under room temperature. In order to reveal the influence of laser cutting on the strength and ductility, three types of specimens were tested. The first one was the specimens that had two laser-cutting surfaces, as shown in Figure 2a. In other words, the thickness of the first tensile specimen was ~8 mm, which was in accordance with the thickness of the laser-cut slices in Figure 1. According to Figure 2b, the second tensile specimen with a thickness of ~1 mm only contained the laser-cutting surface and the third tensile specimen was cut from the central region of the laser-cut slices. The thickness of the third tensile specimen was the same as that of the second one. For convenience, the first tensile specimen, which contained the entire laser-cut slices, could be denoted as ELCS. By analogy, the second and third tensile specimens were referred to as SLCS (superficial laser-cut slices) and CLCS (central laser-cut slices), respectively. To ensure the measuring accuracy, the average of the three tensile test results was recorded as the value for the corresponding specimens. The microhardness distributions of the cross-section, which was perpendicular to the laser cutting surface, could be obtained by the HXD-1000TM/LCD microhardness tester under the load of ~9.8 N with a holding time of ~15 s.





3. Results and Discussion


3.1. Microstructural Evolution


The OM and SEM observations of the experimental steels processed by laser cutting are shown in Figure 3. Obviously, the thermal effect, which is induced by the laser cutting process, can lead to phase transformation, according to Figure 3a. Specifically, the microstructure near the laser cutting surface is totally different from the base metal (BM) and it can be divided into laser remelted layer (LRL) and HAZ. Based on the relatively narrow phase transformation region with a width of ~0.9 mm in Figure 3a, it may be easily deduced that the depth of the HAZ under the process of laser cutting is narrower than that of the other thermal cutting methods, such as flame cutting, plasma arc cutting, and so on [20,21]. This may be ascribed to the high energy density of the laser beam and high cutting speed of the laser cutting, leading to less heat input [13].



In order to study the microstructural evolution induced by the laser cutting, the microscopic morphologies of the LRL and HAZ are presented in Figure 3b–g. It is shown in Figure 3b that the microstructure of the LRL is mainly made up of lath bainite and granular bainite. The HAZ can be divided into three layers, due to the significantly different microstructure of each layer. Typical martensite with lath morphology can be observed in the outermost layer of the HAZ (layer I), as shown in Figure 3c. Generally, the prior austenite grains consist of several packets, which have the same habit plane, and the packets are composed of one or two blocks [22]. Moreover, many laths with low-angle grain boundaries exist within each block. Therefore, the hierarchical structure of lath martensite contributes to microstructure refinement, which produces the supreme microhardness of ~363 HV. A complex microstructure with lath martensite, lath bainite, and granular bainite can be found in layer II of the HAZ, as shown in Figure 3d. As the depth from the laser cutting surface increases, the lath martensite gradually vanishes along with the emergence of ferrite, according to Figure 3e,f. Compared to layer I, the relatively low microhardness in layers II and III is primarily caused by the decreased content of lath martensite. In particular, the microhardness of layer III with few lath martensite decreases dramatically. For the BM, the ferrite and pearlite phase transformation occurs under the process of hot-rolling with subsequent air-cooling. Meanwhile, the flat grains of the BM elongate along the rolling direction.



During the process of laser cutting, the high peak temperature and uneven cooling rate are generated, which together produce the gradient-phased structure near the laser cutting surface of the low-carbon steel. Figure 4 shows the schematic representation of the formation of martensite and bainite at various depths. The irradiated steel plates will be melted or gasified by the focused laser beam with high energy density. Despite the fact that most of the molten metal would be removed by the assistant gas with high pressure, some molten metal may be kept at the laser cutting surface. As a result, the LRL with the microstructure of lath bainite and granular bainite can be obtained. On the one hand, the narrow kerf of laser cutting decreases the volume of the molten pool, resulting in a relatively quick cooling rate, which makes it difficult to detect ferrite and pearlite. On the other hand, the cooling rate of LRL fails to reach the critical cooling rate of martensitic transformation. This can be mainly attributed to the relatively poor efficiency of heat conduction induced by the pores between the LRL and HAZ [23], as well as the removal of the assistant gas when the LRL cools to the temperature of bainite transformation.



The peak temperature gradually decreases along with the increase in the depth from the laser cutting surface, which is similar to the characteristics of the welding thermal cycle [24,25]. Considering that the relatively high peak temperature occurs at the position near the laser cutting surface [26], the prior austenite grain size of layer I is greater than the other regions of the HAZ. On the contrary, part of the ferrite and pearlite transform to the austenite in layer III. Subsequently, this comparatively coarse austenite transforms to the lath martensite due to the superior heat transfer rates by the large temperature difference between layer I and BM, coupled with the cooling effect of assistant gas. As the distance from the laser cutting surface continues to increase, the cooling rate of the HAZ will decline. Therefore, the lath martensite can be hardly obtained, whereas the lath bainite and granular bainite exist.




3.2. Mechanical Property


The tensile engineering stress–strain behaviors of the SCLS, ELCS, and CLCS samples are shown in Figure 5a and the corresponding true stress–strain curves are also shown in Figure 5b. The squares in Figure 5a,b mark the start of necking according to the Considère criterion. In general, there is a gradual decline in the yield strength and tensile strength of the samples as the volume fraction of the BM increases. The SCLS sample shows the highest tensile strength of ~799 MPa with sacrificing tensile ductility. In contrast, the uniform elongation of the CLCS sample (~13.11%) is remarkably higher than the SLCS sample (~7.88%), accompanied by a significant drop in strength (tensile strength is ~559 MPa). Compared to the SCLS and CLCS samples, the ELCS sample exhibits a combination of high strength and good ductility (yield strength, tensile strength, and uniform elongation are ~487 MPa, ~655 MPa, and ~11.91%, respectively), which indicates that the gradient-phased structure induced by the laser cutting process can overcome the strength–ductility trade-off.



To reveal the strain hardening capability of these three samples, the strain hardening rate versus true strain derived from Figure 5b is presented in Figure 6a. By increasing the strain, the overall strain hardening rates of these samples exhibit a similar decreasing trend. Obviously, the strain hardening rate of the SLCS sample presents the lowest rate of decline among these three samples during the early stage of deformation, which benefits from the extensive interactions between dislocations of lath martensite [27]. Owing to the insufficient mobile dislocations at the initial stage of deformation, the strain hardening rate curve of the ELCS and CLCS samples drops steeper than that of the SLCS sample [28,29,30]. At the later stage of tensile deformation, however, the SLCS sample exhibits a sharp drop in strain hardening rate. Considering that the high strain hardening rate can help retain the ductility, the relatively poor total elongation of the SLCS sample is ascribed to the plastic instability caused by the low strain hardening rate [30]. Notably, an exceptional upturn phenomenon can be observed at a true strain of 1~2% for the ELCS and CLCS samples, as shown in Figure 6b,c. Upon reaching the yield stage, the dislocations quickly multiply and interact with each other to accommodate the applied strain, resulting in the non-monotonic strain hardening behavior in the ELCS and CLCS samples [31]. Compared to the CLCS sample, the ELCS sample possesses a comparatively higher strain hardening rate at the true strain of 1.6%–2.5%, which infers that the gradient-phased structure can generate more dislocations. By further increasing the tensile strain, no significant difference in the strain hardening rate curve between the ELCS and SLCS samples can be found, leading to the good ductility of the ELCS sample.




3.3. Strength–Ductility Mechanisms of Gradient-Phased Structure


According to the above microstructural observations and tensile tests, laser cutting creates a typical gradient-phased structure with the characterization of central BM sandwiched by the LRL and HAZ, which aids in enhancing strength with retaining ductility. Figure 7 shows the distribution characteristics of microhardness along the direction of depth. The corresponding microhardness profile of the ELCS sample before tensile deformation reveals that the microhardness increases slightly from ~284 HV in the LRL layer to ~348 HV in the layer I of the HAZ, then decreases gradually with increasing distance from the laser cutting surface, and finally approaches to that of the BM counterpart (~201 HV) at the depth of ~1.0 μm. Clearly, the gradient distribution in microhardness originated from the gradient-phased structure obtained by laser cutting. After uniaxial tensile deformation, each layer of the ELCS sample shows a totally different change in the microhardness, whereas the increment of microhardness is undifferentiated throughout the entire thickness of the CLCS sample. Meanwhile, the increment curve of the microhardness for the SLCS sample exhibits a fluctuating changing trend, which is similar to that of the ELCS sample. Compared to the SLCS sample, it is worth noting that the difference in microhardness before and after tensile deformation in the ELCS sample is relatively larger. Such an obvious microhardness difference between the outer and inner layers in the ELCS sample will inevitably result in significant strain inhomogeneity during the process of tensile deformation.



During the plastic deformation of the ELCS sample, the strain gradient, which is induced by the remarkable microhardness discrepancy of the gradient-phased structure, will be accommodated by pileups of the geometrically necessary dislocations (GNDs) to maintain the continuity of the interfaces [31,32,33]. To visually observe the evolution of geometrically necessary dislocations, the kernel average misorientation (KAM) map is used to calculate the GND density according to the EBSD data. In order to clarify the evolution mechanism of the GND for the gradient-phased structure, a homogeneous structure characterized by the microstructure of BM (denoted as BM sample) with a thickness of ~8 mm is selected as a control group and the KAM maps along the depth of ELCS sample and BM sample are shown in Figure 8. Generally, the GND density (ρGND) can be expressed by the following equation [34,35]:


    ρ   G N D   =   2 θ   u b    



(1)




where θ is the average local misorientation calculated by the misorientation between a measurement point and its neighbor points [36], u represents the unit length of 0.2 μm, and b is the Burger’s vector. The KAM values exceeding the predefined threshold of 2° are excluded from the calculation since these points are considered as adjacent grains or subgrains instead of the accumulation of GNDs [36]. Therefore, the corresponding calculations of the GNDs density for the ELCS sample can be exhibited in Figure 9.



Based on the distribution characteristics of the KAM value, the GND density at various depths is observed to be fundamentally different in the ELCS sample. The increase in GND density is relatively low when the distance from the laser cutting surface is ~0.3 mm, indicating that the lath martensite with higher yield strength may produce fewer plastic strains and accordingly lower growth of GND density during the process of tensile deformation. Considering that the soft ferrite + pearlite at the depth of ~1.2 mm needs to deform together with the hard lath martensite at the depth of ~0.3 mm, the BM (soft zone) thus cannot plastically deform freely [32,37]. In other words, the typical gradient-phased structure constrains the deformation of the soft ferrite + pearlite, which limits the increase in GND density in the BM, as evidenced by Figure 9. Surprisingly, the GNDs induced by the tensile deformation significantly increase in the layer at the depths from ~0.6 mm to ~0.9 mm. Since the strength/microhardness of the BM is lower than that of the layer I in the HAZ with the microstructure of hard lath martensite, the BM will start deforming plastically first, while the hard layer I remains deforming elastically at this stage [32]. The distinct deformation states between these two layers lead to the formation of the elastic–plastic interface, which mainly concentrates in the layers between layer I and BM [38]. Along with the increased strain, the elastic–plastic interface moves gradually from the position near the BM to the position near the layer I [39]. During the migration of the elastic–plastic interface, more GNDs will be generated and accumulated at the elastic–plastic interface constantly to maintain the continuity of the nearby layers. Meanwhile, compared to the hard lath martensite with a large number of pre-existing dislocations, the lath bainite and granular bainite, which exist at the layers with depths from ~0.6 mm to ~0.9 mm, will remarkably enhance the ability of strain hardening. Therefore, the suitable bainitic microstructure with the improved ability of strain hardening contributes to the significant increase in GNDs at depths of ~0.6 mm and ~0.9 mm, as well as the elastic–plastic interface, which provides the space to allow the pile-up of GNDs. Furthermore, the accumulation of GNDs at the interface between the hard zone of lath martensite and the soft zone of ferrite + pearlite is generated to accommodate the strain gradient, producing forward stress in the hard zone and back stress in the soft zone, which together produce hetero-deformation-induced strengthening and hardening that enhance the strength and ductility of the gradient-phased structure [22,40]. Moreover, it should be noted that the GND density distribution of the HAZ at depths of ~0.6 mm and ~0.9 mm (as Figure 8(d2,e2) show) is also significantly heterogeneous. Due to the great variation in the strength between ferrite and bainite, the difference in the GND density evolution between them can be significant during deformation. Hence, the heterogenous-distributed GNDs of the HAZ can improve the hetero-deformation-induced strengthening and hardening as well [32], leading to a better strength–ductility combination of the ELCS sample. That is, the internal local hydrostatic stress caused by the plural phases of HAZ during deformation can also contribute to the improvement in the tensile property.



Hence, it may be easily deduced that the laser cutting process can effectively improve the tensile properties of the low-carbon steels. Consequently, laser cutting may be recommended as a promising technology for making bolt holes. Thereby, the blanking and drilling processes of the transmission towers can be accomplished by laser cutting technology, which greatly improves production efficiency, reduces the number of fabricating equipment, and lowers the manufacturing cost.





4. Conclusions


In the present study, the hot-rolled low-carbon steel plates were cut into slices of ~8 mm thickness by using the 15 kW fiber laser in order to study the thermal effect induced by the laser cutting on the tensile property. The microstructure evolution near the laser cutting surface and strength–ductility mechanisms are discussed in detail.



	
The phase-transformed zone caused by the laser cutting is mainly composed of LRL and HAZ. The formation of lath bainite and granular bainite in the LRL is ascribed to the poor efficiency of heat conduction and removal of the assistant gas, which is derived from the survived molten metal. In the HAZ, lath martensite with the highest microhardness of ~363 HV exists in layer I; a complex microstructure consisting of lath martensite, lath bainite, and granular bainite is obtained in layer II, while the ferrite is substituted for the lath martensite in layer III. As a result, a typical gradient-phased structure can be acquired through the laser-cutting process;



	
The ELCS sample has a desirable synergy of high strength and good ductility, compared to the SCLS and CLCS samples. Although the strain hardening rate of the ELCS sample drops steeper than the SLCS sample due to the insufficient mobile dislocations at the initial stage of deformation, the strain hardening rate shows an exceptional upturn at the true strain of 1–2% in the ELCS, which can be attributed to the rapid multiplication and interaction of the dislocations upon yielding. As the tensile strain further increases, the strain hardening rate of the ELCS sample is comparable to that of the SLCS sample, which has excellent ductility with sacrificing the strength;



	
During tensile deformation of the gradient-phased structure, each layer with different microstructure deforms inhomogeneously, generating a significant strain gradient, which should be accommodated by the ultrahigh density of GNDs at the interfaces between the hard lath martensite in the layer I of the HAZ and the soft ferrite + pearlite in the BM. Therefore, the hetero-deformation-induced strengthening and hardening originating from the gradient-phased structure contribute to the extraordinary strength and ductility of the low-carbon steel plates under the process of laser cutting. Moreover, heterogeneous-distributed GNDs density caused by plural phases of the HAZ during deformation can also contribute to the improvement in the tensile property of the ELCS sample;



	
The optimal strength–ductility synergy of the ELCS sample indicates that laser cutting might be considered as an ideal technology to process the bolt holes of the electrical transmission tower.
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Figure 1. Schematic illustration of the laser cutting process. 
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Figure 2. The sampling methods of the three kinds of tensile specimens. (a) A schematic diagram of the machining of the ELCS specimen and (b) sampling positions of the SLCS and CLCS specimens. 
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Figure 3. Microstructure of the low carbon steel near the laser cutting surface. (a) Metallographic structure and microhardness distribution within the depth of ~1.0 mm; (b) SEM image of the LRL; (c–f) SEM images of the HAZ; and (g) SEM image of the BM. 
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Figure 4. Schematic illustrations of the microstructural evolution during the laser cutting. 
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Figure 5. Mechanical properties of the SLCS, ELCS, and CLCS samples. (a) Engineering stress–strain curves and (b) true stress–strain curves versus corresponding strain hardening rate to estimate their uniform elongation. 
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Figure 6. Strain hardening behavior of the SLCS, ELCS, and CLCS samples. (a) Variation in strain hardening rate with respect to true strain; (b) enlarged portion of the true stress–strain curves; and (c) enlarged portion corresponding to the strain hardening rate curves (the dash lines represent the upturn of the strain hardening rate). 
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Figure 7. Microhardness distributions of the SLCS, ELCS, and CLCS samples. (a) Microhardness profiles corresponding to the depth of the ELCS sample and (b) variations of the microhardness before and after tensile deformation at various depths. 
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Figure 8. KAM mappings of the ELCS sample and BM sample at various depths (a,b) are a schematic diagram of the selected areas for the KAM analysis, (c1–j1) are obtained at the grip section, and (c2–j2) are obtained near the tensile fracture); (c1,c2,g1,g2) at a distance from the laser cutting surface of ~0.3 mm; (d1,d2,h1,h2) at a distance from the laser cutting surface of ~0.6 mm; (e1,e2,i1,i2) at a distance from the laser cutting surface of ~0.9 mm; and (f1,f2,j1,j2) are at a distance from the laser cutting surface of ~1.2 mm. 
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Figure 9. Variation in the GND density derived from the KAM value before and after deformation for the ELCS and BM samples. 
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Table 1. Chemical composition of the experimental steels, wt.%.
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	C
	Si
	Mn
	Cr
	Mo
	Ni
	Co





	0.13
	0.10
	1.56
	0.04
	0.05
	0.05
	0.008










 





Table 2. Technological parameters for laser cutting of the experimental steel.
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	Parameter
	Value
	Parameter
	Value





	Operating condition
	Continuous/fiber
	Focal length (mm)
	250



	Wavelength (nm)
	1060
	Assistant gas (purity)
	Oxygen (≥99.5%)



	Cutting speed (mm/min)
	800
	Assistant gas pressure (bar)
	0.8



	Laser power (kW)
	15
	Focus diameter (mm)
	0.04



	Defocusing distance (mm)
	−20
	Type of nozzle
	conical
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