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Abstract

:

The modern concept of lightweight design (LW) requires the application of different materials in one structure (multi-material structures). The structure of different materials has a good perspective for application in the automotive and aerospace industries but only if it is possible to achieve a quality joint between different materials. The most used technology for joining different materials in the automotive industry is Resistance spot welding (RSW). Due to different mechanical, physical, and chemical properties, the joining of different materials by RSW technology does not provide a quality joint, and accordingly, alternative technologies for joining different materials have emerged. Resistance element welding (REW) was developed to enable joint of different materials. This paper presents the welding of AW 5754 H22 Al alloy (1.0 mm-thick) and DP500 steel (1.5 mm-thick) using novel REW. The peak load, absorption energy, microstructure, microhardness and fatigue strength of the REW joint has been investigated. The joint of the same materials has been done also using conventional RSW to compare some results. The results that will be presented in this paper show that that REW can achieve reliable joining of the two materials at relatively low welding currents compared to RSW. Using REW process with a significantly lower welding current, satisfactory mechanical characteristics of the weld joint can be achieved, so peak load is between 2300–2500 N, displacement is between 2.5–3 mm and the absorption energy is between 3.3–5.7 J. REW joints showed fatigue strength with the fatigue limit of 882 N.
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1. Introduction


In recent years, car manufacturers increasingly have to meet the requirements related to environmental protection, i.e., they should minimize the damage that the use of cars leaves on the environment, starting from production until their dismantling. New European regulations on CO2 emissions—95 g/km CO2 in 2020 and a target of 30% further reduction by 2030—have been changing the game as they are now coupled with a financial penalty [1]. Since weight lightening strongly impacts fuel consumption, 10% weight reduction leads to a fuel economy of 5.5% and so CO2 emission [2], the use of a lightweight (LW) design is now necessary.



The modern concept of LW design requires the application of different materials in one structure (multi-material structures). The combination of different materials, such as high strength steel, magnesium alloys, aluminum alloys and fiber reinforced composites can be used to improve components in terms of various requirements (component properties, manufacturability, costs, etc.). With the reduction of component weight, low costs and feasibility in mass production, multi-material design approaches are the ideal compromise for the mass automotive lightweight construction of the future [3]. A prerequisite for achieving multi-material structures is the application of efficient and cheap technologies for joining different materials. The structure of different materials has a good perspective for application in the automotive and aerospace industries but only if is possible to achieve a quality joint between different materials.



The most used technology for joining different materials in automotive industry is Resistance spot welding (RSW). Due to different mechanical, physical and chemical properties, the joining of different materials by RSW technology does not provide a quality joint, and accordingly, alternative technologies for joining different materials have emerged. Resistance element welding (REW) was developed to enable joint of different materials. This technology does not require significant modification of existing equipment in factory, which is its great advantage. REW is an innovative thermal-mechanical joining technology and it is a mature joining process, proved by the first series of applications [4]. In comparison to mechanical joining technology and adhesive joining, REW has better characteristics in terms of the possibility of joining ultra-high strength steel and other lightweight metals and also in terms of joint strength and reliability [5].



This paper presents the investigation of microstructure and mechanical properties (peak load, absorption energy, microhardness and fatigue strength) of REW of DP500 steel and aluminum alloy AW-5754 H22 sheets. These two materials were selected as adequate representatives of multi-material structures, which are primarily applied in the automotive industry. DP steels belong to the Advanced High Strength Steel (AHSS) that are mainly composed of dispersed islands of martensite in a ferrite matrix. The ductility is controlled by the ferrite, while the strength is controlled by the martensite [6]. The DP500 has good forming and welding ability, and is very suitable for the manufacture of safety parts in cars such as reinforcement elements [7]. The DP500 steel is very suitable for RSW, and with optimized welding parameters, very good mechanical characteristics of the joint can be obtained [8]. Recently, several groups of aluminum alloys have been used in the automotive industry, the most common of which are alloys AA5754 and AA6082. The alloy AA5754 is of medium strength when compared to other aluminum alloys and is mostly used for sports car bodies [9]. The joint of the same materials has been done also using conventional RSW to compare some results. Failure mode during the tensile-shear test is a conservative measure for quality control of the spot welds. Moreover, the paper presents the determination of failure mode type during static and dynamic tensile-shear tests with fracture surface morphology.




2. State of Art in the Field of Resistance Spot Welding (RSW) and Resistance Element Welding (REW) of Aluminum and Steel Sheets


RSW of aluminum and steel alloy encounters many problems, primarily due to differences in thermal, mechanical and physical properties, and due to the appearance of brittle Fe-Al intermetallic compound (IMC). Significant research has been done on the control of the IMC interlayer during the RSW process and due to good metallurgical compatibility with both materials, it has been concluded that zinc (Zn) or magnesium (Mg) coating on steel can improve the load-capacity of aluminum/steel joint [10,11,12]. The quality of the RSW welding process is also affected by the presence of an oxide layer (Al2O3) on the aluminum site, so before welding, it is necessary to remove that oxide film and that makes the process yet more difficult and expensive [13].



One of the quality parameters of the RSW joint is the fracture mechanism or failure modes during the tensile-shear test. Generally, RSW failure occurs in two modes: interfacial (IF) and pullout (PF). Fracture modes that can be identified for Al/steel RSW are two types of interfacial fracture (interfacial failure via crack propagation through IMC layer and interfacial failure (IF) via rupture mainly between the intermetallic phases and the Al base material) and pullout fracture. Pullout fracture is the most acceptable or only acceptable mode for the automotive industry. It is not easy to achieve PF mode with RSW joining aluminum alloy and steel but it is of note that obtaining PF mode leads due to severe Al sheet thinning. Obtaining a pullout fracture is possible by reducing the thickness of the IMC layer, and this can be achieved by increasing the welding current which leads to a decrease in the thickness of the aluminum in the nugget and that leads to reduction of capacity of the joint [14,15].



Studies about fatigue behavior of the RSW joint of aluminum alloy and DP steel are very limited, with most studies usually based on the analysis of the alloy of RSW joining aluminum alloy and other steel (non-DP steels) [16,17,18], then the fatigue analysis of RSW joint of DP steels and other steels [19,20] or two DP steels [21,22].



Shi et al. [23] investigated RSW dissimilar joint of aluminum-steel produced using a multi-ring domed (MRD) electrode and multi-solidification weld schedules with aluminum in both the positive and negative polarity conditions. One conclusion was that increasing notch root angle produced a slight increase in static tensile peak load, it also improved fracture modes and was beneficial for increasing fatigue life because the principal strain decreased with increasing notch root angle.



REW is developed as an alternative to the resistance spot welding for joining dissimilar materials especially in the automotive and aerospace industry. The complete REW process is shown in Figure 1. REW is a process that begins with the insertion of steel, called an element, into aluminum, magnesium, or other lightweight material. After the element is inserted into the lightweight material, the procedure of classic resistance spot welding is followed. One of the first applications of the REW process in high-volume production was at manufacturing the parcel shelf for the VW’s Passat B8 limousine, saving over a kilogram in weight in this component alone [24].



An additional element in the REW process is also called rivet, so this process can also be called resistance spot welding with rivets. Studies about REW are also very limited, there are some scientific and technical papers that compared RSW and REW joining of steel and aluminum alloy.



Zhanxiang Ling et al. [25] analyzed the mechanical properties, nugget forming method and microstructure of resistance element welding with AHSS 22MnMoB steel and aluminum alloy 6061. This paper compares this procedure with conventional RSW, and concluded that RSW is barely capable of joining Al 6061 alloys and 22MnMoB steel, while REW can achieve reliable joining of the two materials at relatively low welding currents. The paper also shows that the maximum load of the REW joint is up to seven times greater than the maximum load of the RSW joint, while the maximum energy absorbed at the REW joint is up to 100 times greater than the same energy at the RSW joint. RSW joint was done with a welding current of 12–20 kA with an interval of 2 kA and the REW joint was done with a welding current of 6–10 kA with an interval of 1 kA. The nugget structure consists mainly of martensite, and the structure of the heat-affected zone depends on the distance from the center of nugget. Different structures correspond to different microhardnesses. An IMC layer is formed between the element and the aluminum, and the layer consists of FeAl, Fe2Al5 and FeAl3.



Zhanxiang Ling et al. [26] in a paper published in 2017 compared the mechanical properties of RSW and REW joints of aluminum alloy 6061-T6 and DP780 steel depending on the welding current. The RSW joint was done with a welding current of 12–16 kA with an interval of 1 kA and the REW joint was done with a welding current of 6–10 kA with an interval of 1 kA The element used for the REW joint was made from Q235 steel. Results in the paper showed that REW joints have higher static and fatigue strength than RSW joints. Generally, based on previously presented studies, it can be concluded that the REW technology is more suitable for application than the RSW for joining steel and aluminum alloy sheets. Joints with good mechanical characteristics can be achieved with a relatively low welding current.



Ranfeng Qiua et al. [27] have also shown in their paper that the REW process is a more efficient method for joining mild steel and aluminum alloy 6061 than the conventional RSW procedure. In addition, the authors have shown that between the element and the aluminum form a compound FeAl, while between the steel and aluminum form a compound FeAl3.



In their research, Heidrich D et al. [28] compared the fatigue strength of joints obtained by Resistance rivet spot welding (RRSW), which is very similar to REW and self-piercing riveting (SPR). For this purpose, steel material of CR340 with 0.8 mm-thick and aluminum alloy with Al 6016 with 1.0 mm-thick were selected, as well as a combination of the same materials but with 1.5 mm-thick steel. The rivet used for this experiment was 6.5 mm-thick and 5.6 mm in nominal diameter made of S355 steel. The fatigue test was performed with force ration R = 0 for four different types of specimens: (a) flat specimen with one joint and 50 mm overlap tested with a frequency of 10 Hz, (b) flat specimen with two joints and overlap of 50 mm, also tested with a frequency of 10 Hz, (c) H-specimen with 10 spots shear loaded, tested with a frequency in the range of 83 to 95 Hz and (d) H-specimen with 10 points peeling loads and tested with a frequency in the range of 34 up to 38 Hz. A study by these authors showed that RRSW has better static and dynamic characteristics than SPR for a steel sheet thickness of 1.5 mm, while this is not the case for a joint where the steel sheet thickness was 0.8 mm. The RRSW joining can also be done without inserting a rivet in the aluminum alloy before welding. Sizhe Niu et al. [29] presented that the maximum lap shear strength of the RRSW joints of aluminum alloy 6061 and press hardened steel could get up to 481.4 MPa at the parameters: welding current 8 kA and welding time 200 ms.



This joining technology is also suitable for joining thermoplastic materials and metals, primarily steel [30]. Furthermore, there are some studies on REW joining of steel and magnesium alloys. S.M. Manladana et al. [31] in their paper concluded that conventional RSW is not suitable for joining Mg alloy/ASSs in multi-sheet configurations, but REW has the potentials of being a reliable technique for joining Mg alloy and ASS sheets in three-sheet configurations. In the paper of the author S.M. Manladan et al. [32], the microstructures and mechanical properties of joints of dissimilar materials were investigated. AZ31 Mg alloy 1.5 mm-thick and 0.7 mm-thick 316L ASS steel was bound by the REW process, Q235 steel was used as an element. This paper also shows that the mechanical properties of REW joints are superior to traditional RSW joints and that the failure mode of REW joints changes from IF to PF mode with the increasing of the welding current.




3. Experimental Procedure


For this research 1 mm-thick aluminum alloy AW 5754 H22 Al and 1.5 mm-thick DP500 steel were used. Q235 steel rivet was used as the auxiliary element. The chemical compositions and basic mechanical properties of these materials are shown in Table 1.



The welding specimens were 30 mm × 100 mm for REW joining (Figure 2a). The element with 4 mm diameter was inserted into the aluminum with force pressure of 300 N. The welding specimens were 30 mm × 105 mm for RSW joining (Figure 2b). Before welding, industrial alcohol was used to clean the specimens. Classic RSW welding for both cases were done using RSW machine manufactured by Kocevar & Sinovi (Polzela, Slovenia), which is managed using the BOSCH 6000 software (Bosch, Stuttgart, Germany). Welding was carried out using electrode type F1.



In order to compare the peak load and absorption energy, a tensile-shear static test was performed for specimens welded with RSW and REW technology with the welding parameters shown in Table 2. Weld current I was selected for experimentation on three levels. Electrode force F and weld time T were constant. Other welding parameters are: squeeze time (SQZ = 300 ms), hold time (HLD = 300 ms), pre-heating time (Pre-Weld = 0 ms), Cool Time (CT = 0 ms), Up Slope Time (UST = 0 ms), and Down Slope Time (DST = 0 ms) which were also constant during the experiment for both cases of welding.



The tensile-shear tests were performed according to standard ISO 14273:2016 at a cross-head speed of 2 mm/min with a Beta 50-7/6×14 testing machine. These tests were done with three replicates. The failure energy was calculated by measuring the area under the load-displacement curve up to the maximum load point. Failure energy (Wmax) represents the energy absorption capability of the welds before failure initiation [19] and this energy is most important by a car crash. Metallographic samples were cut from the center of the joints. The samples were ground and polished based on standard metallography procedures. The Q235 and DP500 steel side were etched using 4% nital solution (7 s) and the Al side was etched using H2O and HF solution (25 s). Microstructures of joints were observed with a Keyence VHX-6000 microscope (Keyence, Osaka, Japan).



The fatigue and microhardness test were done only for REW joint welded with the following parameters: welding current of 10 kA, electrode force of 3.68 kN and welding time of 60 ms. Vickers micro-hardness tester Zwick/Roell ZHU 2.5 was used to measure the microhardness variations cross the joint under the load of 5 N for 12 s. The microhardness test was performed on a cross-section in the direction of three vertical lines through all characteristic zones of the joint as shown in Figure 3.



The tension-shear fatigue test of REW joints was conducted on a Shimadzu Servopulser E100kN machine, with the sinusoidal waveform in load-control mode at a force ratio of R = 0.1 and frequency of 30 Hz.




4. Results and Discussion


4.1. Resistance Spot Welding


Tensile-shear load-displacement curves of Al/steel RSW joint for three specimens (K-1, K-2, K-3) are shown in Figure 4. Peak load is between 1200–2500 N and displacement is between 0.5–1.1 mm. Furthermore, for these three specimens, the failure energy or absorption energy is 0.29, 1.18, and 1.72 J respectively. The line is not straight (the magnified region of the curve) due to the cracking brittle IMC interlayer. The experimental results showed that the welding current has significantly affected the load-displacement characteristics of these welded joints. Maximum failure load (around 2500 kN) and energy (around 1.7 J) were determinate with a welding current of 16.5 kA.



Determination of failure mode of RSW joint during the tensile-shear test is very important because RSWs failed in pullout mode (acceptable case) during the tensile-shear test are expected to fail in pullout mode during cross-tension, peel and chisel tests [33]. Fracture surface morphology for all RSW specimens are shown in Figure 5a. Some Al splash was found around the welded area and also the small bonded or weld area was found which is the reason for the lower tensile shear strength of the lap joint. When the joint is made with a welding current of 12.5 or 16.5 kA (specimens K2 and K3), spot welds were failed by one-sided pullout failure mode. Thus, by increasing the welding current, the tensile strength and failure energy of the joint is also increased, and it is possible to obtain a joint that bursts in a one-sided PF module.



It has already been pointed out that an increase in the welding current at a steel-aluminum joint can lead to a decrease in the thickness of the aluminum in the nugget but also to significant damage to the electrode and a reduction in its service life. The reduction of the electrode life is significantly affected by the oxide layer on the aluminum side, the damaged electrode further affects the quality of the joint [34].



Figure 5b shows the typical microstructure of AW5754/DP 500 steel RSW joint.



Region B (Figure 5b) shows Heat Affected Zone (HAZ) of DP 500. As is known, HAZ is a recrystallization zone. Insufficient heat input helps to produce fine martensite in HAZ. The fusion zone (FZ) of DP 600 is martensite and this is shown in Region C. Region D shows the line between the base material and HAZ. The IMC is shown in Region E.




4.2. Resistance Element Welding


4.2.1. Tensile-Shear Static Test


Figure 6a shows typical tensile-shear load-displacement curves of Al/steel REW joint for three specimens (REW-1, REW-2, REW-3). Peak load is between 2300–2500 N, displacement is between 2.5–3 mm and the absorption energy is between 3.3–5.7 J. The experimental results showed that the welding current in range from 6 kA to 10 kA has not big significantly affected the load-displacement characteristics of these welded joints.



All REW specimens fail in PF mode and fracture surface morphology for all REW specimens is shown in Figure 6b. This PF type of failure mode is also observed in riveted and bolted joints, and it is also referred to as tension failure (TF).



Since the PF (TF) sustained higher load and is more complex, it is characterized further. During lap-shear tests, due to the eccentricities in the load path, out-of-plane deformations referred to as secondary bending occur [31]. As shown in Figure 6b, the Al alloy sheet experienced secondary bending. A compressed region occurred on the primary bearing surface of the Al alloy under the rivet. The size of this region increased as the test progressed. As the severity of the secondary bending increased, due to the reduction in stiffness and limited ductility of the Al alloy, failure occurred abruptly through the hole center. There was no secondary bending on the DP steel side, primarily due to the higher load capacity of the DP steel compared to the Al alloy.




4.2.2. Microstructure and Microhardness


The typical macrostructure of the REW joint of steel DP500 and aluminum alloy AW5754 H22 is shown in Figure 7. The larger part of the nugget is in the Q235 steel rivet for all combination. This formation of the asymmetrical nuggets can be attributed to the differences in electrical resistivity and thermal conductivity. The welded joint can be divided into three parts: fusion zone (FZ), heat affected zone (HAZ) and base metal (BM).



RSW was implemented first on the rivet which leads to the fusion of the rivet (element) and then on the aluminum alloy near the rivet/Al interface. The diffused material between rivet and aluminum alloy is subsequently solidified and generates FeAl from a-Fe (Region A). Region B also shows the appearance of an intermetallic compound (IMC) but now between DP steel and aluminum alloy.



Region C shows the microstructures in the heat-affected zone (HAZ) of rivet Q235. This HAZ can be divided into two different zones: inter-critical HAZ and upper-critical HAZ. The maximum temperature that is attained in this zone is above Ac3 (upper-critical HAZ), and the BM completely transforms into austenite. As a result of the fast cooling, the austenite transforms into martensite. The peak temperature reached in this zone is between Ac1 and Ac3 (inter-critical HAZ, and the BM microstructure transformed into a mixture of ferrite and austenite. After cooling, the austenite transformed in to pearlite while the ferrite is retained. The BM microstructure also consisted of ferrite and pearlite, but the volume fraction of the pearlite is less than that of the inter-critical HAZ. The D show fusion zone (FZ) region at the rivet site and Region E show the interface between the DP steel and the rivet.



Peak temperature in the FZ surpasses the liquidus temperature. FZ on DP site exhibits a complex microstructure including columnar grains of martensite, upper bainite, allotriomorphic ferrite and Widmanstaatten ferrite, which is also the result of research of authors Ling, Z et al. [26]. The martensite formation in the FZ in DP steel is attributed to the inherently high cooling rate of the resistance spot welding process due to the presence of water-cooled copper electrodes and their quenching effect as well as the short welding cycle (Region F).



HAZ on DP site can be divided into four subregions: the subcritical, inter-critical, fine grained and coarse-grained heat-affected zones (Region G). In the subcritical HAZ, the peak temperature is below Ac1 resulting in the tempering of martensite. The peak temperature of the inter-critical HAZ ranges between Ac1 and Ac3. Increasing peak temperature results in an increase of austenite, which transforms into martensite due to the rapid cooling rate. Peak temperature exceeds Ac3 in the fine grained HAZ and holds a short time, and grains have little time to grow further. Peak temperature in the coarse-grained HAZ is well above Ac3 and has extended time to coarsen the austenite grains compared to the fine grained HAZ.



The vertical microhardness profiles of REW joint is shown in Figure 8.



As shown in Figure 8, the microhardness of the fusion zone in DP steel is on average 379 HV. The average hardness of the DP steel base material is 223 HV. The formation of bainite and martensite in the FZ explains the higher hardness of the FZ compared to the BM hardness [35]. The HAZ in Q235 steel rivet exhibited the highest hardness (more than 500 HV), which is due to the martensitic microstructure. It is also noted that the hardness of the rivet fusion zone is very high, about 500 HV. The hardness od IMC is similar to the hardness of Al alloy basic material, approximately 85 HV. Such a high value of the fusion zone microhardness allows failure in PF mode. Aluminum has the lowest hardness and strength in this joint, so it is obvious that the joint fails through aluminum, primarily around the weld because it is weakened there with a hole that served to insert the element.



According to the presented results and previous research [25,26] can be expected that the nugget of REW joint steel and aluminum alloy will be asymmetric and the fusion zone will consist mainly of martensite. The martensite formed in the fusion zone allows high hardness of weld, PF failure mode, and good strength of joint.




4.2.3. Fatigue Tensile-Shear Test


The dependence of the maximum tensile-shear load on the number of cycles to failure (S-N curve) for REW joint welded with 10 kA current is shown in Figure 9. Defined as the runout load at 10 × 106 cycles, a fatigue limit of 882 N was obtained for the REW of DP500 steel and aluminum alloy AW5754.



In all specimens (from 2–2 to 2–7) there was a fracture through the aluminum alloy at the joint, very similar to the static test, so it can be considered a PF failure mode (Figure 10). The initial crack was formed below the element in an aluminum alloy, which grew with an increasing number of cycles, and eventually caused the specimens to break. This type of cracking at fatigue testing can be explained by the fact that the fusion zone consists primarily of the very high hardness of martensite, but the aluminum is very soft and weakened by the IMC layer in the vicinity of the weld. So, since the fatigue cracks in Al sheet metal touched the weld spot, it could have been caused by the hardness reductions around the weld spot [28].





4.3. Comparison of RSW and REW


Figure 11 shows a comparison of peak load and failure energy value for RSW and REW joint of A5754 aluminum alloy and DP500 steel sheets. This experiment shows that with the significantly lower welding current in the REW process, satisfactory mechanical characteristics of the weld joint can be achieved. With a welding current of 6 kA (REW1) in the REW joint, approximately the same values of the peak load are obtained as in the RSW joint welded with a welding current of 12.5 kA (K2) and almost double higher failure energy. When welding with a current of 10 kA (REW3) in a REW joint, a slightly higher value of the peak load is obtained in relation to a joint welded with a welding current of 16.5 kA (K3), and the absorbed energy in a REW joint is up to three times higher than in an RSW joint. The higher energy absorbed by the REW joint is due to the cracking joint through the base material of aluminum. The advantage of the REW connection is not only reflected in the higher failure energy, i.e., energy approbation but also in the fact that it joins steel to steel, thus extending the life of the electrode. It has already been pointed out that an increase in the welding current at a steel-aluminum joint can increase the load capacity of the joint but also to significant damage to the electrode and a reduction in its service life.



The comparison was made on the basis of welding current, as a parameter that has the greatest impact on the mechanical properties of RSW and REW joints, so REW can achieve reliable joining of the DP steel and aluminum alloy at relatively low welding currents compared to RSW, which are also the conclusions of most previously published studies [25,26,27].





5. Conclusions


This paper presents the welding of AW 5754 H22 Al alloy (1.0 mm-thick) and DP500 steel (1.5 mm-thick) using novel Resistance element welding (REW). The peak load, approbation energy, microstructure, microhardness and fatigue strength of REW joint were obtained. The joint of the same materials was done using conventional Resistance spot welding (RSW) to compare results. The main findings of this paper can be summarized as follows:




	
REW is a more effective method than the conventional method for joining steel and aluminum alloy. With usage of REW process with the significantly lower welding current, satisfactory mechanical characteristics of the weld joint can be achieved. Moreover, the maximum absorption energy of RWE was 5.72 J, which is over 3.5 times higher than the RSW. All REW specimens fail in PF (TF) mode with experienced secondary bending of Al alloy sheet. By usage of RSW joining, specimens welded with current 9.5 kA fail in IF mode and other specimens (12.5 kA and 16.5 kA) fail in one-side PF mode.



	
A nugget of the REW was formed first at the interface of the rivet and DP steel. The larger part of the nugget is in the Q235 steel rivet. This formation of the asymmetrical nuggets can be attributed to the differences in electrical resistivity and thermal conductivity. The nugget of the resistance element weld joint consists mainly of martensite, and the heat-affected zone structure varies according to the distance from the nugget. An IMC layer was formed between the rivet and aluminum and also between aluminum and steel. Different microstructures correspond to different microhardnesses. The microhardness of the rivet fusion zone ranged from 460 to 500 HV, while the microhardness of the fusion zone in DP steel ranged from 360 to 380 HV. The HAZ in Q235 steel rivet exhibited the highest microhardness (more than 500 HV). The microstructure of the RSW joint shows that the fusion zone (FZ) of the DP steel site is composed of martensite3. REW joints of these two materials showed fatigue strength with the fatigue limit of 882 N at 10·106 cycles. During the fatigue test, there was a fracture through the aluminum alloy at the joint, very similar to PF failure mode.



	
It should be expected that the REW joint would show significantly better mechanical characteristics than the RSW joint, if the joining was performed with aluminum of greater thickness (up to 6 mm). Moreover, it should be noted that the advantage of REW joint over RSW joint can be expected in terms of joining dissimilar materials that are not easily welded, such as the joint of steel and carbon materials or sandwich panels of small thickness, which will be the subject of further research.
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Figure 1. Process of Resistance element welding (F—pressure force, Iw—welding current, Fw—Electrode force). 
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Figure 2. Dimensions of specimens: (a) Resistance element welding; (b) Resistance spot welding. 
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Figure 3. Schematic representation of characteristic zones and the line along which the microhardness measurement was made for REW joint. 
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Figure 4. Tensile-shear load-displacement curves of Al/steel RSW joint. 
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Figure 5. (a) Fracture surface morphology (W—welding area, F—fracture location); (b) Microstructure of AW5754/DP 500 steel RSW joint. 
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Figure 6. (a) Tensile-shear load-displacement curves of Al/steel REW joint; (b) Fracture surface morphology of Al/steel REW joint. 
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Figure 7. Microstructure of AW5754/DP 500 steel REW joint welded with 10 kA current. 
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Figure 8. Vertical microhardness profiles of AW5754/DP 500 steel REW joint welded with 10 kA current. 
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Figure 9. Dependence of the maximum tensile-shear load on the number of cycles to failure for REW joint welded with 10 kA. 
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Figure 10. REW specimen fracture after dynamic tensile-shear testing. 
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Figure 11. Comparison of peak load and energy absorption of RSW and REW joints. 
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Table 1. Mechanical proprieties and chemical composition of materials used in this research.
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Material

	
Chemical Composition (%)




	

	
C

	
Cr

	
Si

	
Mn

	
P

	
Fe

	
S

	
Mg

	
Al

	
Cu






	
DP 500

	
0.1

	
/

	
0.5

	
1

	
0.025

	
Bal.

	
0.01

	
/

	
0.015

	
/




	
AW 5754

	
/

	
0.3

	
0.4

	
0.4

	
/

	
0.3

	
/

	
3.6

	
Bal.

	
0.1




	
Q235

	
0.29

	
/

	
0.28

	
1.03

	
0.04

	
Bal.

	
0.05

	
/

	
/

	
0.2




	

	
Mechanical properties




	

	
Yield strength Rp0,2 (MPa)

	
Tensile strength Rm (MPa)

	
Elongation A80 (min %)




	
DP 500

	
330

	
550

	
20




	
AW 5754

	
185

	
245

	
15




	
Q235

	
250

	
475

	
20











[image: Table] 





Table 2. Welding parameters layout for tensile-shear static test.
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Run

	
Mark

	
Weld Current I (kA)

	
Electrode Force F (kN)

	
Welding Time T (ms)






	
1

	
K-1

	
9.5

	
3.68

	
280




	
2

	
K-2

	
12.5




	
3

	
K-3

	
16.5




	
4

	
REW-1

	
6

	
3.68

	
60




	
5

	
REW-2

	
8




	
6

	
REW-3

	
10
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