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Abstract

:

This work presents the results of the comparison between simulations and experiments of the laser welding of advanced multiphase steel. The numerical simulations of welding with different parameters were carried out using the Sysweld software. The geometry of the weld and structural constituents as well as stress distributions were analyzed. The simulated thermal cycles were incorporated in the JMatPro software to determine the phase transformation kinetics during cooling. The experimental tests were performed to compare the simulations with the real results. According to them, the shape of the weld and its width were symmetrical according to the weld axis. The simulated values were higher compared to the real one at heat inputs higher than 0.048 kJ/mm. The microstructure investigations conducted with scanning electron microscopy showed a good agreement in the fusion zone. Some differences in the microstructure of heat-affected zone and transition zone were identified. According to the phase transformation simulations, the weld should be composed of only martensite. The real microstructure was composed of martensite and some fraction of bainite in the heat affected zone. The more complex microstructure consisting of ferrite, bainite and retained austenite was present in the transition zone. The results of measured and simulated hardness indicated the good agreement with the difference of 17 HV0.1.
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1. Introduction


The material needs for the automotive industry are growing continuously more challenging. The reasons for this are high safety requirements and rising environmental problems due to car pollution [1,2,3,4]. For this purpose, advanced high-strength steels (AHSS) were developed. So far, three generations of the steels have been developed [2,3]. The main difference between the three generations is a manganese content. The I generation contains ~1.5% Mn, the II generation AHSS includes steels with Mn contents from 20 to 30%, whereas the Mn concentration is decreased to a level of 3–12% for the newest III generation AHSS [3,4,5]. However, the I generation of multiphase steels is mainly used in the automotive industry because of the lowest costs and developed manufacturing processes. One of the most promising steel grades are the so-called TRIP-assisted (Transformation Induced Plasticity) steels. These sheet steels are characterized by multiphase microstructures containing ferrite, bainite, and retained austenite [6,7]. The most important phase is the retained austenite (RA), which undergoes strain-induced martensite transformation (SIMT) during forming operations [6,7,8]. This effect increases the plasticity of the steel sheets allowing for forming more complex shapes of car body elements [9,10]. Yet, the most used technique for elements joining is resistance spot welding or laser welding (LW). The LW process is characterized by dynamic heating and cooling cycles, which unfortunately lead to the destruction of the microstructure [11,12,13,14]. However, the LW of the TRIP steels is a hot research topic, as the steel has high potential for automotive applications. As reported by Rahul et al. [15], depending on the laser incident angle, it is possible to increase the strength of the weld. Han et al. [16] investigated the influence of the welding gas used on the porosities in the weld. According to them, many porosities were observed during welding with low speed and Ar atmosphere. They reported that, when the welding power is reduced or the Ar+He gas mixture is used, the porosity level can be limited. Xia et al. [17] analyzed the difference in the microstructure of two different TRIP steels after LW. One steel was alloyed with Al and the other one with Si. According to the results, the Al-alloyed steel is characterized by lower hardness compared to the steel containing Si. The reason for this was the higher amount of softer phases in the fusion and heat affected zones. However, the Si-alloyed steel was prone to some decrease in the strength–ductility balance in the fusion zone. Therefore, it is important to analyze the influence of welding parameters on the weld symmetry and microstructure evolution during the process. Simulation methods of the welding process are necessary [13,14]. Moreover, this is especially important because new steel grades (for example, TRIP steels) are not included in the databases of simulation software or they are included only partially. The numerical approach is increasingly used for the fast, initial analyses of the welding processes. The numerical analyses of welding processes have recently become a very popular tool supporting the design of the manufacturing technology of welded structures. They present their advantages mainly wherever we want to obtain a result in a very limited time, and at the same time making prototypes is difficult or even impossible due to the costs and time of their implementation [18]. In literature, there are many examples of the use of numerical analyses to simulate welding processes with the use of a laser beam as an efficient and precise welding heat source [19,20]. Kuppuswamy et al. [21] described how laser welding is increasingly used in the automotive industry for the assembly of sheet metal structures due to its efficiency and reliability. The significance of the combination of various materials and their joining processes in this type of applications was also indicated, which in turn poses a serious challenge to understand the behavior of welded joints during crash tests. Rong et al. [22] described the application of finite element analysis regarding the negative impact of the welding process on the assembly accuracy and service performance. It is still a problem to understand the fact that the full use of the possibilities offered by numerical analyses of welding processes requires a very precise description of the material properties and the course of the welding process itself [23,24,25]. A properly calibrated and validated model is able to provide many important information not only about the final result after the end of the welding process, but also during its duration [26,27].



The novelty of the work is to use modern computational tools for predicting the weld geometry and effects of the welding process on the microstructure–hardness relationship. This allows for much more detailed tracking of the effects of the welding process of modern TRIP steels. This information will make it possible to understand the mechanisms taking place during the LW process as well as to fill a gap in difficulties to directly measure parameters, which describe the welding process during its duration. Therefore, the work aims at comparing the Sysweld and JMatPro simulations with experimental results of laser-welded laboratory-manufactured TRIP-assisted multiphase sheet steel.




2. Materials and Methods


The numerical simulation of laser welding and phase transformation kinetics calculations were performed using the Sysweld (release 2020.5) and JMatPro (version 12) softwares [28], respectively. The welding simulations were carried out for different welding parameters, such as a beam power and a welding speed (Table 1). These parameters were selected on the basis of the previous work [29] to reflect a wide range of technological conditions.



The investigation of the change of pool symmetry, thermal cycles, and stresses introduced into a weld during welding were simulated using the Sysweld. The phase transformation kinetics using the JMatPro in a fusion zone (FZ), a heat-affected zone (HAZ), and an intercritical region (transition zone–TZ) was analyzed for 0.24C-1.5Mn-0.9Si-0.4Al-0.034Nb-0.023Ti laboratory-produced TRIP-aided steel on the basis of thermal profiles from the welding simulations. The steel was cast after vacuum melting. The ingot was forged and then thermomechanically rolled. The final material in the shape of 2 mm thick and 100 mm width sheet was used. These numerical simulations were next reflected in experimental schedules performed by laser welding of 2 mm thick steel sheet. The LW was carried out using the TruDisc 12,002 and solid state laser type Yb:YAG. Figure 1 presents the initial models used in the simulation of laser welding. The simulations were carried out for the 2 mm thick steel sheet. The prepared calculation 3D model consists of a 58,380 3D solid element with 64,529 nodes. A mesh was concentrated symmetrically in the weld area to increase the calculation accuracy. The boundary conditions related to heat dissipation to the environment were defined on all external surfaces of the model as convective heat dissipation and radiation to the environment at 20 °C. The boundary conditions related to the clamping of the welded elements were set in such a way that the model behaves like a sample lying on the welding table without any additional fixing. All calculations were performed as the “transient” calculations method; it means that analyses were continuous with the moving heat source model along the trajectory as a real welding process. As a heat source model in all laser welding cases, a volumetric 3D conical model was used [18].



This type of source is used for the correct design of welding simulations using a laser or electron beam characterized by high power density [23]. Total energy described by this model can be expressed with the following equations:


  q  (  x , y , z  )  =  q 0  e x p  (  −    x 2  +  y 2     r 0 2   ( z )     )   



(1)
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where q0—total heat flux density, re, ri—3D cone radius dimensions parameters, ze, zi—3D cone length parameters, x,y,z—model coordinates.



The JMatPro was used to determine the phase transformation kinetics during continuous and isothermal cooling conditions. The CCT and TTT curves of the steel and changes of phase chemical composition dependent on a cooling rate were calculated. The initial microstructure of the sheet steel was composed of ferrite, bainite, and some fraction of retained austenite. The weld samples were subjected to standard metallographic procedures with final etching in 2% Nital. Detailed identification of the macro- and microstructures in the different weld zones were done using the light microscopy (LM) using the Zeiss AxioObserver and scanning electron microscopy using a Zeiss Supra 25 scanning electron microscope (SEM) working in secondary electrons (SE) mode. Hardness measurements were conducted using the Vickers method to determine its changes across the weld section. The hardness was conducted using the load of 1 N and dwell time of 15 s.




3. Results and Discussion


3.1. Simulation of the Laser Welding Cycles


The first step of the analysis involved Sysweld simulations of the laser welding with different parameters. Figure 2 presents the molten pool shapes for all welding variants listed in Table 1. In most cases, the weld pools have the symmetrical conical geometry.



However, in case of variants 2 and 3, the welds are wider and are goblet-shaped. Both of these variants have the highest heat input compared to the rest of the welding parameters (0.051 and 0.053 kJ/mm, respectively). This shows how much heat amount is distributed into material leading in more molten metal. Comparing the variant 3 with the variants 4–6 (having the same beam power but different welding rates), it can be seen that increasing the welding speed leads again to a conical shape of the pool. Moreover, the increase in welding speed does not affect a width of the molten pool significantly. However, looking at the HAZ some decrease in it is visible, when the welding speed was higher. In all cases, the welds were completed and the material was melted throughout its thickness. This means that all welding parameters ensure the complete welds. In case of longitudinal direction (Figure 3), it can be seen that the increase in heat input leads to the elongation of molten pool.



This results in longer cooling time, which has a direct impact on the microstructure. Similar as above, in case of the variants 3–6, the increase in welding speed (corresponding to the decrease in heat input) leads to a slight decrease in the molten pool length. At the same time, the weld pool width is narrower. In all cases, the molten pool temperature was 1450°C, which is higher than the melting point of the steel. Moreover, according to Song et al. [30], when the weld pool is of water-drop shape and its cross section is like the “nail head”, it means that there is the proper distribution coefficient of the surface and body heat source. As presented in Figure 4, martensite is a dominant phase in the FZ, as high cooling rates made by laser welding promote its formation.



The amount of this hard phase decreases with an increasing distance from the FZ. The heat-affected zone contains ~80% martensite. This amount drops to 50% in the middle of it and is equal to 13% near the base material (BM). This is an expected result, as the martensite formation depends on the hardenability of the steel and the cooling rate. The greater the distance from the FZ, the lower cooling rate of material after the LW. Slowing down the cooling rate leads to formation of phases such as bainite or at very slow cooling rates, ferrite. At the same time, it is important to note that the closer to the base material, the lower is the maximum temperature generated during welding process. In some cases, it could be lower than Ac1, so there is no austenite that can transform into martensite upon cooling.



The prediction of the hardness of the weld at its different parts is shown in Figure 5. As expected, the hardness of the weld increases together with the smaller distance to the axis of the fusion zone. From the base material of the 280 HV, the hardness increases to ~540 HV. The significant increase in hardness is the result of gradually increasing martensite fraction in the weld. The more martensite in the microstructure, the higher is the hardness. Looking at the different parts of the weld, it can be seen that the tendency of the hardness change is similar. The only difference is a width of the zones, but this is an effect of the conical geometry of the weld.



The different phase composition of the weld in its different zones, resulting from different cooling rates, influences also residual stresses in the weld. According to Figure 6, which presents the von Mises distribution of residual stresses, the highest stresses of 645 MPa are present in the middle part of the weld in HAZ (near the fusion line). The general level of the stresses in the HAZ for the whole weld is approximately 516–559 MPa. The stress distribution of the TRIP steel is typical like for other high-strength steels with the maximum values in the HAZ [31]. With increasing a distance from the weld, the residual stresses decrease due to lesser microstructural changes. According to Kik et al. [31], the level of residual stresses is influenced by the maximum cycle temperature as well as a cooling speed. In case of slow cooling the level of residual stresses is lower, as the material has longer time for the stress relaxation during cooling.




3.2. Phase Transformation Kinetics during Welding


One of the most important aspects of the welding process is the change of the microstructure because of the base material melting. This process leads to formation of new phases in the weld resulting in the change of mechanical properties. That is why it is important to predict how the welding process influences the microstructure. Depending on the welding method, the thermal cycles can be less or more dynamic. The latter situation takes place during laser welding, as the laser generates a lot of thermal energy in a short time.



The thermal cycles at different points of weld were determined using the Sysweld (Figure 7). Five points were selected: two in the fusion zone, one in the heat affected zone, and one in the transition zone between the HAZ and BM. Based on the selected points, the thermal cycles were determined to analyze the phase transformation kinetics during welding. The information taken out from the thermal cycles was a maximum temperature obtained during the welding cycle and a cooling rate. These results are presented in Table 2.



The highest temperature at different points were firstly analyzed. These values give important information; mainly if the temperature was high enough to form the austenite. If the austenite was present during heating, then it can be transformed to different phases during cooling. Based on the analysis, only the point near the BM does not cross the Ac1 temperature. This means that in other cases the formation of the austenite takes place. With this knowledge, the cooling rate was determined next. As the reference, a temperature after 1 s was selected. After 1 s the temperature of the material is ~400 °C, which is near to martensite start temperature of the steel (Ms) [32]. Crossing the Ms temperature of 380 °C means that only martensite will be formed in the microstructure. Hence, it was possible to calculate the cooling rates at different temperatures. As expected the highest temperatures and cooling rates were obtained in the fusion zone (point 1–3) and heat affected zone (point 4). In both cases the temperatures were much higher than the Ac1 temperature. Much lower temperature (that was lower than the Ac1) was a temperature in the TZ near the base material (point 5). The continuous cooling transformation (CCT) and temperature–time transformation (TTT) diagrams were calculated using the JMatPro software (Figure 8). According to the CCT diagram (Figure 8, left), the 1 s cooling to the temperature of 400 °C means that no ferrite could be formed during welding. The same situation is in case of the bainite and pearlite. At the same time the temperature of the weld after 10 s according to the Sysweld simulation is equal to 100°C. According to the TTT diagram (Figure 8, right), this means that no transformation under isothermal conditions could occur. The conclusion is that only martensite could be present in the microstructure of the FZ and HAZ. In the case of the point near the base material the Ac1 temperature was not exceeded. This means that no austenite was formed during heating. Therefore, there should be no change of phase composition. The microstructure is expected to be very similar as before the LW process.



As presented in Figure 9, when the cooling rate increases the amount of martensite increases too. When the cooling rate is equal to or higher than 100 °C/s, only martensite should be present in the microstructure. Taking into account the dynamic thermal cycles of laser welding, in case of the FZ and HAZ only martensite should occur in final microstructures of the weld.




3.3. Experimental Results of Laser Welding


The macrographs of the welds are presented in Figure 10. It can be seen that the macrostructures are of columnar shape formed in the direction of the fastest cooling rate. Some asymmetry of the welds can be seen due to the dynamic nature of the process.



Figure 10 shows that some material was evaporated from the top and bottom parts of the weld. This is the result of the very high speed of heating and very high temperature of the process. According to He et al. [12], the vaporization of the material is due to very high temperatures occurring in it. The high temperature, together with the presence of iron that is the dominant vaporizing elements, result in the missing material. It can be seen that the evaporation of the steel occurs at top part of the weld especially in case of variant 1 (Figure 10a), which is characterized by the lowest welding speed. Even at a lower beam power, the welding speed has a big influence on the evaporation of the metal. When the welding speed was increased, the amount of evaporated material was lower. This is visible for the rest of the welding variants (Figure 10b–d). They show the evaporation too; however, it is not as big, as in case of the variant 1. According to Grajcar et al. [32], the vaporizing of material during laser welding is increased in case of steels containing Mn, Si and Al. As the steel contains the mentioned elements, the evaporation of the metal is stronger. This situation results in the decrease of mechanical properties of the obtained TRIP steel welds [33]. The geometry of the welds was also analyzed. The width of the weld increases together with increasing heat input values, as presented in Figure 11. For lower heat inputs, the width of the weld in its central part is similar comparing to the simulations. However, for the higher heat inputs a small misfit can be seen. For the highest heat input, it reaches ~8%.



Analyzing the microstructures of selected welds, the 3 areas could be distinguished in the weld (Figure 12). The central part, which is the fusion zone (FZ), next is the heat-affected zone (HAZ) and then the transition zone (TZ). It is the same for all the welding variants.



In all cases, the FZ is composed of mixture of lath and block martensite (Figure 12a) because of high cooling rate during the welding. As presented in the CCT diagram, the cooling rate of ~5 °C/s is enough to ensure fully martensite structure in the FZ. According to the thermal profiles, the cooling rates were more than enough to quench the material in the FZ. The heat-affected zone is composed of the mixture of martensite and small amount of bainite (Figure 12b). The martensite has a regular shape and smooth surface. However, the martensitic-austenitic islands (MA) can be of blocky-type or lath-type morphology. This structural constituent is a result of the martensitic transformation limited only to the central part of the initial austenite grain. This provides smooth grains at their edges and textured grains in the central part (martensite). The darker grains, which are located lower (more etched) compared to the martensite, are bainite [5,6,7]. When the welding speed is increased, the microstructure of the HAZ is more refined. This is due to shorter time of the temperature influence on the weld. Faster welding rates provide shorter exposition at high temperatures on the microstructure during welding (lower heat input). The same conclusion was made by Li et al. [34]. They analyzed the influence of the heat input on a grain size of the HAZ. They found that the higher heat input results in a larger grain size of the HAZ. This prevents the growth of the phases in the microstructure [35]. The transition zone (Figure 12c) is characterized by the presence of retained austenite in the microstructure, confirmed also in our earlier work [36]. The temperature in this zone, according to the simulation presented in Figure 9, is slightly higher than Ac3 from the HAZ site, and much lower than the Ac1 near the BM. This indicates that depending on a part of the weld nor or some retained austenite should be present in the microstructure. The material near the HAZ, where the temperature is higher than Ac3, should be composed mostly of martensite. The closer to the base material, the lower is the temperature of TZ. At some point it will be in an intercritical region, where the austenite and ferrite are present. In this region it is possible to stabilize the austenite to room temperature. Finally, near the BM the temperature is lower than Ac1; therefore, no changes in the microstructure should occur. The microstructure of this zone is composed of ferrite, bainite, retained austenite and martensitic-austenitic islands (MA). The formation of ferrite and bainite is the result of lower austenite thermal stability [37]. As the temperature is close to Ac3, the austenite cannot be significantly enriched in carbon. During the process of ferrite and bainite formation, the excess carbon goes into the austenite increasing its thermal stability. Moreover, the higher contents of Si and Al in the steel prevent the formation of cementite, that further stabilizes the austenite [38]. This results in martensitic transformation in the central point of the austenite grains. These results are in accordance with the simulations of martensite distribution in the welds (Figure 4). The highest amount of martensite is in the FZ, and it decreases in the HAZ and the TZ gradually.



After the microstructure analysis, it can be seen that there is some discrepancy between the cooling profiles, JMatPro simulations, and real microstructures. According to the simulations (CCT and TTT diagrams), the whole weld should be composed of martensite. This could be from the overestimated temperatures during welding simulations. However, it may also be due to the fact that during welding the FZ is melted and the microstructure is formed from the liquid metal. The other reason is that the JMatPro software does not take into account changes in a chemical composition of the phases. In TRIP steels, the change in the carbon concentration of the phases has a big influence on the shape of the CCT and TTT diagrams [39]. Therefore, during the welding carbon diffusion occurred and a carbon concentration of the austenite was continuously changing.



The results are proven by the hardness measurements (Figure 13). According to the results, the highest hardness is in the FZ. The lath martensite microstructure results in the maximum hardness of 523 HV for the welding with the linear energies of 0.053 kJ/mm. The obtained hardness is lower compared to the one obtained (540 HV) from the simulations. At the HAZ the measured hardness is equal to 549, similarly to the simulations. Then, the hardness decreases to around 300 HV, which is the hardness of the base material. The decrease of the hardness from the HAZ to the base material is the result of gradually decreasing martensite fraction.





4. Conclusions


The performed numerical simulations of thermal cycles and phase transformations for the new-developed TRIP steel are in good agreement with the experimental LW results. The shape of the real weld was in good accordance with the simulation predictions. The welds have two symmetrical shapes: typically conical and goblet for the two highest heat inputs. The real welding resulted in some vaporization of the welded material decreasing the quality of the weld.



The amount of martensite is highest in the FZ and decreases in the HAZ. The lowest level of martensite is in the TZ, which also contains some fraction of retained austenite and martensitic-austenitic islands. Some discrepancy is present as the simulated cooling profiles show only martensite in the TZ. The hardness of FZ was 523 HV and increases to 549 HV in the HAZ. The level of hardness is in good agreement with the computational simulations. According to them, the hardness was near the same in the FZ and HAZ. The Von Misses stress analysis showed that the highest stress is present in the HAZ.



The welding-dedicated Sysweld software can be satisfactory used for the welding simulation of high strength multiphase steels. The simulation results are in good agreement with the experimental ones. This approach can be used to determine the welding parameters of TRIP-assisted steels. However, when applying the computational approach, it should be noted that the simulation does not take into account changes in chemical composition of the individual phases, as well as the present database has some limitations in predicting the phase transformation kinetics.
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Figure 1. Numerical model of laser welding in Sysweld: (a) 3D solid mesh of TRIP steel sheet 2.0 mm thick butt joint, (b) volumetric 3D conical moving heat source model, (c) standard clamping conditions. 






Figure 1. Numerical model of laser welding in Sysweld: (a) 3D solid mesh of TRIP steel sheet 2.0 mm thick butt joint, (b) volumetric 3D conical moving heat source model, (c) standard clamping conditions.



[image: Symmetry 14 00477 g001]







[image: Symmetry 14 00477 g002 550] 





Figure 2. Molten pool shape comparisons for the variants listed in Table 1. 
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Figure 3. Molten pool shape comparisons in the longitudinal direction for the variants listed in Table 1. 
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Figure 4. Martensite distribution comparison on the weld cross section (in the middle of the weld length) for the variants listed in Table 1. 
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Figure 5. Predictions of the hardness changes at the cross section of the variant 3 weld: (a) hardness lines on the model cross section and (b) the symmetrical hardness distribution at upper, middle, and bottom parts of the weld. 
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Figure 6. Von Mises stress distribution in weld no. 3 at (a) the top surface of the model and (b) the cross section in the middle length of welded joint. 
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Figure 7. Analysis of the welding thermal cycles at different parts of weld no. 3: (a) welding model with measurement points marked, (b) calculated thermal cycles at different parts of the weld. 
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Figure 8. The JMatPro calculations of analyzed steel. 
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Figure 9. The evolution of the phases as a function of cooling rate. 
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Figure 10. Macrographs of the selected welds after laser welding: (a) variant 1, (b) variant 3, (c) variant 6, (d) variant 7. 
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Figure 11. The weld width comparison between the simulation and the experiment. 
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Figure 12. Scanning electron microstructures of variant 3 weld at: (a) fusion zone, (b) heat affected zone, (c) transition zone; M—martensite, B—bainite, MA—martensitic-austenitic constituents, RA—retained austenite. 
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Figure 13. Hardness measurements of the variant 3 weld at its top, middle and bottom parts. 
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Table 1. Welding parameters used in the simulation.
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	Variant No.
	1
	2
	3
	4
	5
	6





	Beam power, kW
	2
	3
	4
	4
	4
	4



	Welding speed, mm/s
	41.7
	58.3
	75
	83.3
	91.7
	100



	Heat input, kJ/mm
	0.048
	0.051
	0.053
	0.048
	0.043
	0.037
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Table 2. Maximum temperatures and cooling rates at various parts of the model weld.
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	Measuring Point
	Max.

Temperature, °C
	Higher than

Ac1
	The

Temperature

after 1 s, °C
	ΔT, °C
	Cooling Rate, °C/s





	1
	3600
	Yes
	400
	3200
	3200



	2
	3600
	Yes
	400
	3200
	3200



	3
	1950
	Yes
	400
	1550
	1550



	4
	880
	Yes
	400
	480
	480



	5
	550
	No
	400
	150
	150
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