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Abstract

:

The paper deals with the metallographic analysis of overlapped laser welds of dissimilar materials based on galvanized and ungalvanized steels in various combinations. In addition to a gallery of metallographic sections, the paper presents the monitoring of weld defects, the measurement of selected weld geometrical characteristics and changes in weld microstructure by measuring the microhardness profile across the joint. The mixing of materials was monitored by area and line EDX analysis in the melting zone. Subsequently, the load carrying capacity of the formed joints was determined and compared with FEM simulation. Finally, the dependences of hardness and strength of welds on carbon content and carbon equivalent were determined.
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1. Introduction


The drive to reduce the weight of automotive structures, the pressure to reduce emissions as well as the increasing importance of saving material resources, have triggered the massive development of multi-material structures [1,2,3,4]. The joining of dissimilar materials stands mainly on two pillars—welding and mechanical joining. Each of these directions has its advantages, but also challenges and bottlenecks. Welding of dissimilar materials struggles with the different melting temperatures of the materials being joined as well as the chemical incompatibility of the materials with each other. The latter leads to the formation of brittle intermetallic phases at the interface (especially steel-alloy Al joints and others), which cause weld cracking [5,6,7,8,9,10,11,12,13,14,15]. The solution lies mainly in the use of interlayers [16] and suitable filler materials [17,18], which mitigate chemical differences, in the modification of welding processes [19,20,21,22], as well as in the use of low heat input technologies, especially laser welding [23,24,25,26]. Low heat input means a thinner layer of intermetallic phases, less time for their growth and narrower HAZ.



The joining of materials of different grades and thicknesses—tailored fit body in white—is mainly achieved by resistance spot welding. L. Mei et al. [27] performed a comparative analysis between resistance welds and multi-segment intermittent welds of a certain length and found better static stiffness for laser welds compared to resistance welds. The laser welding process, even though more expensive to implement, is more agile, more controllable and can produce welds with better quality and flexibility.



Welding of various low carbon thin steel sheets is metallurgically mastered, but the low melting temperature of the zinc layer on the surface of these materials causes evaporation in the welding process, weld defects and local weakening of the corrosion protection.



L. Mei et al. [28] performed a comprehensive comparison of laser overlapped welds of dissimilar steels with different thicknesses by two types of lasers—CO2 and fiber laser—in order to detect the effect of laser source on the shape and strength characteristics of the joint. Fiber laser showed equal influence on the top and bottom plate, larger weld width, higher load carrying capacity and better mechanical properties. With larger weld gap, the weld surface sink appears as the main shape deviation. He identified lamellar low-carbon martensite, acicular ferrite and Widmanstätten structures as the main microstructural constituents in welding of galvanized and ungalvanized low-carbon steels, which are the result of high-temperature changes and continuous high cooling rate of the weld.



G. Chen et al. [29] and L. Mei et al. [30] investigated the effect of weld gap and laser incidence angle on the appearance, load carrying capacity and failure location of overlapped laser welds of thin steel sheets. They found that as the laser beam is deflected away from the vertical, the weld width increases, but at the same time, from a deflection angle of about 30°, the load carrying capacity of the welds starts to decrease. They also found that overlapped welds with a plate thickness of 0.8 mm have the highest load carrying capacity when the weld gap is between 0.1 and 0.2 mm. Of course, this value is also influenced by the welding speed. With no or very small weld gap, welding defects such as spatters, pores, etc., can occur due to evaporating zinc that has no room to escape. Zinc vapor causes damage to the weld zone and creates pores in the weld, resulting in poor surface quality, reduced strength and lower corrosion resistance. Conversely, if the weld gap between the overlapped plates is above a certain limit, joining and mixing of the materials will not occur, sinkholes and other defects will appear on the weld surface.



Similar conclusions were reached by Hao et al. [31], who performed an experimental study of zinc vapor departure from the keyhole during laser welding of overlapped galvanized sheets. He found that in zero-gap overlapped sheets, zinc vapor exits through the weld bath at a high velocity and pushes a large amount of melt out of the bath, forming a spatter. This unfavorable phenomenon disappears at small gap, which was verified experimentally and by numerical analysis.



This paper presents a metallographic analysis of overlapped laser welds of dissimilar steel materials, monitoring their defects, geometrical characteristics and microstructural changes through microhardness profile measurements across the joint and EDX analyses.




2. Materials and Methods


The following materials were used for the experimental works:



DC04—deep-drawn, uncoated, cold-rolled low-carbon steel for bodywork. Hereafter: DC.



TL 1550-220 + Z—double-sided hot-dip galvanized high-strength low alloyed steel with fine structure and excellent cold formability. Hereafter: TL.



HCT600X + Z—high-strength dual-phase steel galvanized on both sides with excellent formability, capable of absorbing impact energy, resistant to fatigue. Hereafter: HCT.



HX340LAD + Z—high-strength low alloyed steel with good formability and high yield strength. Hereafter: HX.



The thickness of all materials was 0.8 mm. The chemical composition of the materials used is given in Table 1.



The mechanical properties of the materials used—yield strength (YS), ultimate tensile strength (UTS), elongation (A80), r—coefficient of normal anisotropy and n—strain hardening exponent and surface conditions are shown in Table 2.



2.1. Weldability of Materials Used


The purpose of calculating the weldability of steels is to determine the minimum necessary preheating temperature to ensure the evaporation of hydrogen from the welds in order to prevent hydrogen-induced cold cracking. The chemical composition of the welded materials together with the wall thickness of the welded material, the content of dissolved hydrogen in the material, the amount of heat input, the residual stresses in the weld, the yield strength of the weld metal, the stiffness of the clamping of the parts, the concentration of stresses in the weld, the number of passes, the speed of preheating and the width of the heated zone, ambient temperature and reheating form a set of factors affecting the sensitivity of the weld to cold cracking [32]. Carbon equivalent (1)


   C E   (  I I W  )  = C +   M n  6  +   C r + M o + V  5  +   C u + N i   15          [  wt   %  ]   



(1)




has long been used to assess weldability and susceptibility to cold cracking [33]. This index works reliably for steels with a carbon content > 0.12%. However, modern microalloyed steels have a carbon content of < 0.12%. More adequately, the weldability of these steels reflects the carbon equivalent (2) [34].
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(2)







Susceptibility to cold cracking is determined by the hardness of the welds (HAZ and weld metal). The hardness of the weld is determined by the interactive influence of weld hardenability and carbon content. The following carbon equivalent (3) takes this effect into account and can evaluate the weldability of steel over a wide range of carbon content [35]:
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where


  f  ( C )  = 0.75 + 0.25 ·  tanh   [  20  (  C − 0.12  )   ]         [  wt   %  ]   



(3)







With decreasing carbon content, the function f(C) decreases from 1.0 to 0.5. Therefore, for steels with C > 0.15%, CEn is close to CE(IIW), and for steels with lower carbon content, CEn is close to CE(IIW).



Due to the content of alloying elements in the used steels, it is sometimes difficult to choose a suitable formula for calculating the carbon equivalent; therefore, we calculated the carbon equivalent for individual materials according to all three formulas, Table 3.



When melting and solidifying dissimilar materials in a simple overlapped joint, the basic materials themselves are actually remelted (Figure 1, blue area)—then the carbon equivalent of the individual materials (Table 3) are applied, as well as their mutual mixing (Figure 1, red the area).



In the case of welding of dissimilar materials, according to [36], it is necessary to start from the chemical composition, calculated as the average of the content of the individual elements of the materials to be welded. Then, the carbon equivalent values will also lie between the carbon equivalent values of the welded materials. The carbon equivalent values for the different combinations of welded materials are given in Table 4.



Considering the calculated CEn values, all steels were welded without preheating.




2.2. Test Samples


The scheme of laser weld formation, shape and dimensions of the test specimens are shown in Figure 2. Plates of 100 × 300 mm were made from each material by shearing. The plates were then one-sided laser welded, with a laser incidence angle on the upper plate of 90°, Figure 2a, with a plate overlap of 12.5 mm. Test specimens to determine the tensile load capacity of the joints were made from welded plates by waterjet cutting, Figure 2b. The procedure was chosen so that the individual test specimens did not contain the beginning and end of the weld.




2.3. Material Combinations and Welding Parameters


All combinations of all materials were made in the joining process, as the aim was also to find out the influence of the position of the materials in the joint. The material combinations are shown in Table 5. Parameters of the welding: laser power: 1.7 kW, weld speed: 40 mm/s, defocusing distance: 0 mm. The welding was carried out without filler material.



A Trudisk 4002, high-power solid-state laser (TRUMPF Pvt. Ltd., Pune, India) was used for welding. The maximum power of this laser is 4000 W, wavelength 1030 nm.




2.4. FEM Calculation of Weld Joints Carrying Capacity


A simple FEM analysis of welded joints was carried out in Solid Works software. Modeling sheet metal plate solid bodies was the first stage. The metal plates have the following measurements: 25 mm wide, 100 mm long and 0.8 mm thick. Although the welded material is in fact a spatial solid with a relatively small thickness, when creating a model in Solid Works for FEM analysis, the steel plate is defined as a 2D object. The model assembly consists of two 2D objects that share a common weld line, Figure 3. Materials were defined in a library using the manufacturer-specified attributes before being built up in the FEM environment for the study. Due to the properties and the shape of the studied geometric model, a finite element of the Jacobian type with the number of nodes 4 was used. Automatic finite element mesh was used, in which the compatibility of the created finite element mesh is ensured. Variable finite element mesh size was used when meshing the object, a denser mesh was used in areas where large stress changes are expected. The size of the finite element mesh for the Jacobian 4 point type was determined by successive numerical iterations in Solid Works, and was chosen to be 3.6 mm, while the size in the place of the weld and its surroundings was chosen to be 1.5 mm, taking into account also the information and experiences of other researchers [37]. The size of the element in the weld area was set also with respect to the size of the weld area, determined on the metallographic sections.



The next step was to test the developed model by verifying the yield strength for each material. The welding was modeled as a groove weld since the laser weld function is not included in the Solid Works menu. The weld was placed along the weld line; its features can be easily changed. Boundary and force conditions were defined. Boundary conditions can be entered directly before writing nodal displacements (rotations) and nodal forces of individual nodes. To simulate the failure of a joint, one plate of the assembly must be stationary in all directions while a linear movement of elements is applied to the other plate. The linear movement causes a stress distribution in both sheet metal plates. The variable meshing avoids the occurrence of a local stress maximum, Figure 4.



The ultimate tensile strength is obtained in the same way as the yield strength. There is no suitable function available in Solid Works for determining the maximum force at weld failure, so sequential calculations using coefficients were used. By successive iteration, the force at which the weld will fail was found.




2.5. Metallographic Analysis of Welds


Samples were taken from the prepared welded plates for metallographic study of the welds. The preparation of the metallographic sections was carried out in the standard way—mounting in acrylic resin, grinding, mechanical polishing and etching in 2% Nital. Image documentation was taken using an Olympus BXFM (Olympus Deutschland GmbH, Hamburg, Germany) light microscope. The weld metallography evaluation identified weld defects according to ISO 6520-1 [38], as well as selected imperfections of shape and weld dimensions, the presence of pores or the contact angle of dendrites in the weld axis. EDX linear and planar analysis was performed in the different areas of the fusion zone on a Scanning electron microscope EVO MA15 EDX/WDX (Oxford Instruments, Abingdon United Kingdom).




2.6. Microhardness of Welds


The prepared metallographic sections were also used to measure the microhardness of the welds. A Shimadzu HMV2 microhardness tester was used for the measurement, with a load of 0.1 kg and a dwell time of 15 s (HV0.1). Due to the thickness of the materials used, the hardness measurement line was drawn approximately in the middle of the thickness of each plate and one line of measurements was drawn perpendicular to the overlapped plates—across the weld, Figure 5. The spacing between indentations was 0.1 mm.




2.7. Weld Load Capacity Testing


The load capacity of the welded joints was then tested under tensile stress (Figure 2b) on a TIRA test 2300 universal testing machine (TIRA GmbH, Schalkau, Germany) at a testing machine ram speed 10 mm/min, which corresponds to quasi-static strain rate 0.0033 s−1 when considering specimen dimensions [39,40].





3. Results and Discussion


3.1. Weld Metallography


Figure 6, Figure 7, Figure 8 and Figure 9 show a gallery of metallographic sections of individual welded joints.



DC-DC weld (Figure 6a) has a minimum gap between materials, continuous penetration, and the surface and root of the weld show slight unevenness, but the surface is relatively smooth, with no undercuts.



DC-HCT (Figure 6c) weld has a relatively large gap between materials, the weld metal has flowed into it. Complete penetration, the surface and root of the weld exhibit more pronounced undercuts, which are more pronounced by the displacement of the weld metal volume into the gap between the materials. The heat affected zone (HAZ) is more pronounced in HCT material compared to DC. In particular, the fine-grained part of the HAZ is well observable. The dihedral angle in DC is estimated to be about 120°. In this case, however, this angle has no influence on the weld purity and the formation of crystallization cracks because there is no joining of the two weld edges in the weld axis, but only remelting of the base material.



The welds DC-TL (Figure 6b) and DC-HX (Figure 6d) have a distinctive pattern, the surface is relatively smooth, the gap between the materials is optimum in terms of zinc vapor departure, continuous penetration and an undercut is present at the root of the weld. There is well observable fine-grained HAZ in both materials.



The TL-DC weld (Figure 7a) has almost perfect geometry, smooth surface, slight root depression, no undercuts, minimal weld gap, continuous penetration, narrow HAZ in the bottom plate, and the shape of the fusion zone in the top plate is V-shaped. The TL-HCT joint (Figure 7c), on the other hand, contains defects—a too-large weld gap, sagging on the surface and root concavity. The joints TL-TL (Figure 7b) and TL-HX (Figure 7d) have a gap of about 100 μm, less pronounced weld surface drawing and HAZ due to shorter etching, undercuts on the surface and in the root of the weld. The TL-TL joint shows an undercut in the root with sharp notches.



The HCT-DC (Figure 8a) weld has sagging at the surface and root concavity because this volume fills the gap between the materials. A clear HAZ in both materials. The HCT-HCT (Figure 8c) joint has a small gap between the materials, root undercut and equally wide HAZ in both sheets. HCT-TL (Figure 8b) and HCT-HX joints (Figure 8d) have minimal weld gap, full penetration and clear, approximately equal width HAZ in both materials. Undercuts are present at the surface and root of both joints.



The HX-DC (Figure 9a) and HX-TL (Figure 9b) welds exhibit continuous weld penetration, distinct equal width HAZs, and undercuts present at both the surface and root of the welds. The HX-HCT (Figure 9c) and HX-HX (Figure 9d) joints have a minimal weld gap between the materials, with approximately equal width HAZs. The HX-HCT joint exhibits sagging and root concavity caused by material shrinkage. The HX-HX joint exhibits undercut at both the surface and root of the weld.



The metallographic sections of the welds show a distinct dendritic structure in the remelting zone. The contact angle of the dendrites in all joints is relatively small, which means that the lower fusible phases and impurities forming the liquid film have suitable conditions to be pushed out of the weld metal.



Undercuts in the surface and root of the weld, the most common weld shape deviation observed, can act as a notch and can adversely affect the load carrying capacity of welds, especially under bending stresses. The formation of undercuts is more pronounced with a larger weld gap as the metal that fills the weld gap is then logically absent from the surface or root of the weld—recall that this is welding without filler metal. This can be seen most clearly in the TL-HCT weld, Figure 10.



However, sometimes, e.g., in the HX-HCT weld, shape imperfections do not support this explanation and the joint shows missing volumes on the surface and at the root even with zero weld gap, and so the explanation must be sought in metal shrinkage or evaporation.




3.2. Geometric Characteristics of Welds


An example of the measurement of the individual geometric characteristics is shown in Figure 11 in the case of a DC-HX joint.



The values of selected geometrical characteristics of welds are provided in Table 6.



The weld width varied most often between 0.7–0.8 mm, the weld gap did not exceed the optimum value of 0.2 mm. The widths of the HAZs were relatively narrow, corresponding to the small heat input of the welding technology used.




3.3. EDX Analysis of Material Mixing in the Fusion Zone


The mixing of materials in the weld area is documented by EDX area and line analyses of two welds, HCT-DC and HCT-TL, Figure 12. The welds shown represent the joining of two galvanized steels and a galvanized and an ungalvanized steel.



The analyses performed show that the materials in the weld are perfectly mixed, which is documented by monitoring the content of selected chemical elements in which the welded materials differed the most (Mn, Si, Cr). The content of these elements varies continuously from one material to another. Zinc did not appear in the spectra, evaporated residue-free from the surface during welding and did not enter the weld metal chemistry.




3.4. Hardness of Welds


The hardness across all areas of the weld was measured in three lines, Figure 5. If we consider the processes of melting and solidification in a simple overlapped joint, then the microhardness in line 1 actually reflects the change in microstructure of the base material 1 remelted by the laser, without mixing with other material. Line 2 similarly reflects the change in microstructure in base material 2 caused by laser remelting, and line 3 passes through the dendritic structure of remelted BM1, through the dendritic zone of intermixing of the materials to the dendritic structure of remelted BM2. Therefore, the hardness measured in line 3 shows large fluctuation. For the same reasons, the different types of materials show approximately the same characteristic hardness profiles whether they are located in the top or bottom position, Figure 13.



The deep drawing steel DC as well as the HSLA steels TL and HX exhibit maximum hardness at 300, 240 and 260 HV 0.1, respectively, and we observe a single HAZ on the sides of the remelted zone. From the remelting zone, the hardness of these materials gradually decreases through the HAZ to the hardness of the unaffected base metal (BM). In DP steel HCT, two macroscopically distinguishable HAZs are observed. HAZ 1, which is immediately adjacent to the remelted zone, is a highly heated coarse-grained zone, while HAZ 2 is a fine-grained recrystallized zone. The fine grain, Figure 13a bottom plate, appears darker in color on the metallographic section due to the higher density of grain boundaries. In DP steels, we often observe valleys on the outside of the HAZ (see Figure 13a, HCT, HAZ 2), where the hardness locally dropped below the BM hardness. This phenomenon is called HAZ softening, occurs in various welding technologies and is attributed to local tempering of the martensitic phase by the welding heat cycle.



Weld Zone consists of the WM and the HAZ. As can be seen in Figure 13, these zones within a single joint of dissimilar materials have different widths, which is due to the different chemical compositions of the materials involved, production history of these materials, the welding thermal cycle used and the cooling conditions. The widest weld zone area was exhibited by HCT (DP steel), which has a richer chemistry compared to the other materials used, and already contains ferrite and martensite in the initial structure, achieving higher hardnesses than the other materials. In joints with HCT material, it is this material that provides the strength of the joint, which is also evident later, in the tensile test. Also based on the static tensile test, it can be seen that the destruction of the test specimens appears in the weaker material.



The mechanism responsible for hardness variation within the weld zone is related to the epitaxial growth of grains as the weld metal solidifies. The dendrites grow in the direction of the maximum temperature gradient from both sides of the weld and meet in the weld axis, forming a so-called dihedral angle. Their arrangement is influenced by the heat dissipation conditions. The dihedral angle should be rather acute in order to allow gases and impurities—welding products—to be more easily expelled from the solidifying melt. The dendritic structure of the weld is inhomogeneous and causes dispersion of the measured hardness values in the weld metal, since each indentation hits a random region of the dendrite, or the inter-dendritic region. The increased hardness in the weld area is due to metallurgical processes resulting from the solidification conditions of the weld metal. Rapid cooling of the melt leads to the formation of a martensitic structure and increased hardness, which decreases from WM through HAZ to the hardness level of the base material.



An example of some of the hardness profiles in line 3 is shown in Figure 14.



The hardness of welded joints measured in line 3 has a fluctuating character because the whole measuring line passes through the heterogeneous dendritic structure of the remelted zones of the base materials and the zone of their intermixing.



To elucidate the relationship between the chemical composition of the materials and the maximum hardness of the weld metal for welds of similar and dissimilar materials, the C—HVWM and CEn—HVWM dependences were plotted, Figure 15.



From Figure 15, a linear dependence between WM hardness and C content or CEn value is evident. The regression coefficients point to the fact that the dependence of HV on CEn is stronger than that on C content. The trend shows that hardness increases with richer chemistries producing higher CEn values. The above dependence (Figure 15b) can help in predicting the hardness of welds formed from different AHSS steels since it contains an accommodation factor for a wide range of chemistries (CEn).




3.5. Load-Bearing Capacity of Welds


The graphical load course of the welded joints is shown in Figure 16.



Except for one case (TL-DC), all welded joints failed in the base material of the less strength material of the welded pair. The failure in the base material is ductile, accompanied by the formation of a neck and oriented in the direction of the active shear planes in accordance with Schmid’s law, Figure 17.



Figure 18 shows a summary graph of the load capacity of the tested welded joints and a comparison of their load capacity with the simulation results.



From Figure 18, it is clear that the load capacity of welded joints is always limited by the weaker material in the pair being joined. At the same time, the position of the materials in the joint is shown to have no effect on the quality of the weld design and its final load capacity.



The maximum force at failure of the joints obtained by FEM and by experimental testing of the welds agree best for weaker materials (DC, TL), for higher strength steels (HX, HCT), the differences are more pronounced. The differences between the simulation and the real weld result from the presence of internal defects and geometric irregularities in the joint, which reduce the resulting load carrying capacity of the joints.



The TL-DC weld joint has failed in the weld metal. The cause is a small weld width, see Table 6, the smallest of all tested joints (0.51 mm). The HCT-HCT joint did not fail during testing because the testing machine was limited by the 10 kN force that the joint could withstand. A greater force was required to break it.



From the above results, it is clear that the final load carrying capacity of the joint will depend mainly on the weld width and the mechanical properties of the material in the mixing zone. The presence of imperfections in the shape of the weld—undercuts, saggings, etc.—did not show an effect on the load capacity of the joint under the given loading regime.



Simple logic implies that if the welded joint was not failed in the joint testing, but an unaffected base material with a width of 25 mm and a thickness of 0.8 mm and known mechanical properties (especially Rm, see Table 2), then the weld (if it had the same UTS as the unaffected base material) made on the same 25 mm long section must have had a width exceeding the thickness of the plate, Figure 19.



From Table 6, however, it is evident that in many cases the weld penetration width was less than the sheet thickness and yet the failure occurred out of the weld. This indicates, and the hardness measurements confirm, that the increased hardness in the mixing zone of the materials indicates higher mechanical properties in the weld, which is why the joint withstood the stresses even with a penetration width less than the thickness of the base materials used. Therefore, to dimension the load carrying capacity of such joints, it would be necessary to know the local mechanical properties in the mixing zone and use them to determine the minimum penetration width that would ensure the reliability of the welded joint.



Dividing Fmax by the cross-section of the test bar (25 × 0.8) gives the tensile strength (TS) of the base material and hence of the welded joint. The dependence of TS on C and CEn is shown in Figure 20.



Analogously to Figure 15, a stronger linear dependence of TS on CEn than on C is evident here for the same reasons as discussed in Figure 15. Higher carbon content in WM forms a martensitic microstructure, which is reflected in higher strength, while lower carbon content decreases the strength due to it forming a microstructure predominantly containing ferrite with small fractions of martensite. It can be generalized that higher carbon and alloying element content linearly increases the strength of welds. Stronger dependencies were shown especially for joints of dissimilar materials.





4. Conclusions


From the metallographic study of welds of dissimilar materials produced by laser welding technology and from the subsequent testing of the load-bearing capacity of the welded joints, the following findings emerge:




	
The welds of overlapped unequal materials have a characteristic macrostructure and they contain fusion zones of materials as well as a zone of mixing, both with a characteristic dendritic microstructure. The intermixing of the materials is perfect and the chemical composition of the weld metal changes continuously from the composition corresponding to one material to the other. The zinc has evaporated from the weld site and does not enter the joint chemistry. The main structural constituents are ferrite, martensite and acicular ferrite.



	
The welds exhibited shape imperfections—undercuts in both, surface and root, sagging in surface, root concavity, which were related to both shrinkage processes during melt solidification and weld gap filling.



	
The weld metal is able to bridge the weld gap up to a sheet metal distance of 0.2 mm.



	
The shape imperfections detected do not have a negative effect on the load capacity of the welds under tensile stress.



	
In order to predict the load carrying capacity of the joint and to determine the minimum weld width, it is necessary to know the local mechanical properties of the weld metal in the mixing zone.



	
A strong linear dependence between weld metal hardness and CEn as well as between tensile strength and CEn has been found.
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Figure 1. Zones of remelting and mixing in an overlapped weld joint of dissimilar steels. 
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Figure 2. Formation of laser welds: (a) shape and dimensions of welded plates, (b) shape and dimensions of test specimens for testing the load carrying capacity of welds. 
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Figure 3. Computer model of weld. Green—boundary conditions for fixation, removing all degrees of freedom from assembly, purple—force boundary conditions—linear movement of elements under load. 
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Figure 4. Example of FEM analysis for a pair of TL-TL materials. 
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Figure 5. Positioning of weld microhardness measurement. 
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Figure 6. Metallography cross-sections of weld joints with DC steel in upper position. (a) DC-DC. (b) DC-TL. (c) DC-HCT. (d) DC-HX. 
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Figure 7. Metallography cross-sections of weld joints with TL steel in upper position. (a) TL-DC. (b) TL-TL. (c) TL-HCT. (d) TL-HX. 
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Figure 8. Metallography cross-sections of weld joints with HCT steel in upper position. (a) HCT-DC. (b) HCT-TL. (c) HCT-HCT. (d) HCT-HX. 
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Figure 9. Metallography cross-sections of weld joints with HX steel in upper position. (a) HX-DC. (b) HX-TL. (c) HX-HCT. (d) HX-HX. 
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Figure 10. Relocation of the weld metal volume into the weld gap (V1 > V2 + V3). 
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Figure 11. Selected geometric characteristics of welded joints (L1—maximum height of surface irregularity, L2—maximum height of irregularity at the weld root, L3—weld width, L4—gap between plates, L5—width of macroscopically distinguishable HAZ). 






Figure 11. Selected geometric characteristics of welded joints (L1—maximum height of surface irregularity, L2—maximum height of irregularity at the weld root, L3—weld width, L4—gap between plates, L5—width of macroscopically distinguishable HAZ).



[image: Metals 12 01682 g011]







[image: Metals 12 01682 g012a 550][image: Metals 12 01682 g012b 550] 





Figure 12. Surface and line EDX analyses of the weld (a) HCT-DC, (b) HCT-TL, the content of individual elements is given in wt.%. 
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Figure 13. Characteristic microhardness profiles through individual materials in the weld: (a) DC (blue)-HCT(black), (b) HX(yellow)-TL(green). 
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Figure 14. Illustration of the hardness profile in line 3 for TL-DC and HCT-HX joints. (a) TL-DC. (b) HCT-HX. 
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Figure 15. Dependence of WM hardness on (a) carbon content C and (b) carbon equivalent CEn. 
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Figure 16. Load-displacement curves of weld joints with (a) DC, (b) TL, (c) HCT and (d) HX in upper position. 
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Figure 17. Failure of materials when testing the load capacity of welded joints. 
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Figure 18. Load-bearing capacity of the weld joints: Blue—material combinations where one of the materials is DC, Green—material combinations where one of the materials is TL (DC excluded), Yellow—material combinations where one of the materials is HX (DC and TL excluded), Black—connection of the same materials with the highest strength. 
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Figure 19. Determination of minimum weld width. Blue—thickness and cross-section of the material, red—width of material and weld width. 
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Figure 20. Dependence of TS of welds on (a) carbon content C and (b) carbon equivalent CEn. 
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Table 1. Chemical composition of materials used, wt.%.
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	Material
	C
	Mn
	Si
	P
	S
	Al
	Nb
	Ti
	V
	Mo
	Cr
	Fe





	DC
	0.040
	0.25
	
	0.009
	0.008
	
	
	
	
	
	
	balance



	TL
	0.1
	1.0
	0.5
	0.08
	0.03
	0.015
	0.1
	0.15
	
	
	
	balance



	HCT
	0.092
	1.88
	0.250
	0.012
	0.003
	0.026
	0.001
	0.002
	0.001
	0.002
	0.210
	balance



	HX
	0.070
	0.60
	0.007
	0.016
	0.007
	0.034
	0.025
	0.001
	
	
	
	balance
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Table 2. Mechanical properties of the materials used, transversal to rolling direction.
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	Material
	YS [MPa]
	UTS [MPa]
	A80 [%]
	Zn Layer [g/m2]
	r
	n





	DC
	197
	327
	39.0
	-
	1.900
	0.220



	TL
	292
	373
	34.0
	104
	1.350
	0.190



	HCT
	346
	654
	23.5
	105
	-
	0.230



	HX
	414
	473
	28.4
	111
	-
	-
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Table 3. Carbon equivalent in wt.% calculated for individual materials using particular formulas.
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	Material
	CE(IIW) (1)
	PCM (2)
	CEn (3)





	DC
	0.08
	0.05
	0.06



	TL
	0.28
	0.18
	0.24



	HCT
	0.45
	0.21
	0.32



	HX
	0.17
	0.1
	0.13
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Table 4. Carbon equivalent CEn values for joints in wt.%.
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	Material Combinations
	DC-TL
	DC-HCT
	DC-HX
	TL-HCT
	TL-HX
	HCT-HX





	CEn
	0.14
	0.17
	0.09
	0.28
	0.18
	0.22










[image: Table] 





Table 5. Material combinations.
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Upper Sheet–Lower Sheet




	
DC in Upper Position

	
TL in Upper Position

	
HCT in Upper Position

	
HX in Upper Position






	
DC-DC

	
TL-DC

	
HCT-DC

	
HX-DC




	
DC-TL

	
TL-TL

	
HCT-TL

	
HX-TL




	
DC-HCT

	
TL-HCT

	
HCT-HCT

	
HX-HCT




	
DC-HX

	
TL-HX

	
HCT-HX

	
HX-HX
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Table 6. Selected geometric characteristics of welds in [mm].
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Material Combination

	
Maximum Height of Weld Irregularity

	
Weld Width (L3)

	
Weld Gap (L4)

	
Width of HAZ (L5)




	
Surface (L1)

	
Root (L2)






	
DC-DC

	
0.08

	
0.11

	
0.62

	
0.01

	
1.45




	
DC-TL

	
0.04

	
0.07

	
0.82

	
0.14

	
1.12




	
DC-HCT

	
0.11

	
0.15

	
0.68

	
0.08

	
1.62




	
DC-HX

	
0.06

	
0.11

	
0.75

	
0.15

	
1.54




	
TL-DC

	
0.03

	
0.09

	
0.51

	
0.01

	
0.96




	
TL-TL

	
0.06

	
0.06

	
0.72

	
0.10

	
1.46




	
TL-HCT

	
−0.27

	
−0.11

	
1.07

	
0.19

	
1.7




	
TL-HX

	
0.05

	
0.06

	
0.89

	
0.08

	
1.5




	
HCT-DC

	
0.02

	
0.09

	
0.84

	
0.14

	
1.75




	
HCT-TL

	
0.12

	
0.03

	
0.72

	
0.01

	
1.58




	
HCT-HCT

	
0.05

	
0.09

	
0.62

	
0.04

	
1.37




	
HCT-HX

	
0.15

	
0.07

	
0.72

	
0.00

	
1.58




	
HX-DC

	
0.07

	
0.04

	
0.75

	
0.14

	
1.66




	
HX-TL

	
0.07

	
0.08

	
0.73

	
0.06

	
1.58




	
HX-HCT

	
0.18

	
0.13

	
0.73

	
0.01

	
1.5




	
HX-HX

	
0.20

	
0.17

	
0.65

	
0.03

	
1.3
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