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Abstract

:

Dual phase (DP) steels have high strength, while maintaining outstanding elongation capacities. This is possible using a well-controlled thermomechanical process that produces a perfect phase combination in the DP microstructures. However, automotive makers are required to weld the DP steels, which generates a soft zone in the microstructure. In this work, 1.6 mm-thick DP980 steel sheets were welded by gas metal arc welding process to analyze the response of the welded soft zone to cyclic loading conditions. Conducted macrographic and metallography analyses revealed good quality in the appearance of the welded joints, with a complete fusion of the DP980 joint and without the presence of discontinuities. Low cycle fatigue tests of the DP welded joints were conducted under a constant amplitude strain control mode. The welded joints experienced a fatigue life reduction with respect to the DP980 steel of ~16% at strain amplitudes of 0.2, 0.3, and 0.4%. For strain amplitudes larger than 0.6%, the fatigue life of the welded joint was reduced by 39%. Weld thermal cycles combined with metallography analysis indicated that a tempered process of the martensite during the welding was responsible for the soft-zone formation and the poor fatigue response.
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1. Introduction


Advanced High-Strength Steels (AHSS) is a group of steels widely used by the automotive industry because of their superior mechanical properties obtained by well-controlled thermomechanical processes and the resulting microstructures. Dual-Phase (DP) steels are part of this group. DP steel’s microstructure consists of a ferrite matrix (α) with dispersed martensite islands [1,2,3]. The adequate control in the martensite formation, morphology, and distribution can improve the mechanical strength, while the ductility is still sufficient for the sheet metal forming process [1,3,4,5]. Due to their high formability, the DP steels (and all the AHSS group) are suitable to fabricate lighter components with smaller thickness, reducing the final weight of the automotive body structure [4,6]. This weight reduction results in enhanced fuel efficiency with less exhaust emissions and allows a larger flexibility and the customization in the vehicle design process [1].



The automotive industry requires electric arc welding processes to join several components of the car body structures, and these joining processes produce a heat input that modifies the distribution and morphology of the martensite and ferrite grain size in the DP steels. Thus, the final behavior and durability of the welded components are modified [7]. Gas Metal Arc Welding (GMAW) is a permanent joining process by electric arc and filler metal, which is applied on automotive body structures, where the Resistance Spot Welding (RSW) cannot be used, such as in butt joints [7,8]. The electric arc induces a Heat Affected Zone (HAZ) in the material region adjacent to the Fusion Zone (FZ) [7,9]. The HAZ can be further divided as a function of the weld thermal cycles induced by the electric arc into High- and Low-Temperature zones (HT and LT). The HT-HAZ reaches temperatures corresponding to the austenite region (γ) in the Fe-C diagram. At this point, the original ferrite transforms to austenite, which, upon quenching at high cooling rates, transforms to martensite, increasing the content of this phase. Meanwhile, at the LT-HAZ, the reached temperature is lower than the (α + γ) region; thus, the cooling rates are slower [10]. This contributes to the tempering of the existing martensite, decreasing the mechanical strength and hardness. A softened zone is formed, which acts as a preferential failure zone.



The modification of the mechanical properties and microstructural conditions in the DP welded joints represent an important issue in the industry which has been investigated elsewhere. Ramazani et- al. [7] characterized the macroscopic mechanical properties for GMAW joints in DP600. The hardness results showed a soft zone located at the LT-HAZ, and where the final fracture took place. They explained that the soft zone was produced by the coarsening of the ferrite grain and the tempering of preexisting martensite. Kuril et al. [11] also reported the tempering of the martensite at the softened zone for DP600 steel when it was subjected to keyhole plasma arc welding. The failure also occurred at the softened zone. Most of the literature results are limited to evaluating DP welded joints subjected to exclusively tensile loading without analyzing the behavior under cyclic loading schemes. Ahiale and Oh [8] analyzed the behavior of GMAW joints of DP steels under cyclic loading (stress ratio R = 0.1). They compared the behavior of DP440 and DP590 steels under conventional fatigue tests (S-N curves). In addition, they analyzed the effect of the fatigue stress concentration induced by the weld reinforcement. However, this study was focused only on cyclic loads which did not exceed the yield strength. The results indicated that the softened zone induced by the tempered martensite was not the critical failure zone if the weld reinforced was present. On the other hand, the softened zone remained the critical failure zone when the weld bead was removed (smooth specimen). Furthermore, for the smooth specimen, the comparison between DP steels showed a higher fatigue life for DP590, which has a higher hardness. He et al. [12] assessed the microstructure of the welded joints and its effect on the tensile and conventional fatigue properties for different combinations of similar/dissimilar materials with different thicknesses. Their research found a greater severity of the softened zone for the DP1000 steel than for the DP800 steel. The hardness drop for DP1000 steel on the softened zone was 20%, and for the DP800 steel the drop was of 8% when compared to the base material. Fatigue failure in all the welded joints occurred at the fusion zone due to inhomogeneities and defects induced during welding because they report oxide particles and concavities in the welded joints, which promoted crack initiation. In another work, laser welding joints for DP600 and DP980 were evaluated under conventional fatigue tests (stress ratio R = 0.1) by Farabi et al. [13]. They reported a softened zone in the LT-HAZ. The results indicated that the influence of the softened zone on the fatigue life was more severe for the DP980 than for DP600 welded joints. They attributed this to the larger martensite content in the DP980 steel. Xia et al. [14] evaluated the laser welded joints of different DP steels and reported that the degree of softening due to heat input was proportional to the martensite content. Unfortunately, there is a lack of studies in the literature where DP welded joints are subjected to low cycle fatigue (LCF) conditions, and the soft zone is evaluated under these service conditions. Awareness of the softened zone induced in electric arc welded joints of DP steels and the related loss of mechanical strength under monotonic loading condition is of relevance for automotive body design. Furthermore, the fatigue response of the softened zone under LCF conditions is extremely relevant. For these reasons, this research work focuses on the analysis of GMAW welded joints of DP980 steel subjected to monotonic and cyclic loading conditions which generates cyclic plastic strains. The welded joints were evaluated by microstructural and hardness analysis. Fatigue behavior is also reported in terms of cyclic strain hysteresis loops, cyclic stress-strain curves, variable stress amplitude response during the cyclic loads, strain-life, and stress-life curves.




2. Materials and Methods


2.1. Base Material and Welded Joints


DP980 steel sheets with dimensions of 280 mm × 140 mm × 1.60 mm were joined using a standard flare V-groove configuration in agreement with the standard AWS D9.1 [15], as showed in Figure 1a. Table 1 presents the chemical composition for the DP980 steel sheet and Spoolarc 120 filler metal (The ESAB group Inc., Hanover, PA, USA), respectively. To obtain the joints, the GMAW process was performed using a Miller® Dimension 652 power source (Miller Electric Mfg. LLC., Appleton, WI, USA) equipped with a control panel, wire feeder, and a welding torch. A semiautomatic device implemented by the working group (CIITEC, Mexico City, Mexico) was used to keep a constant welding speed and a straight path. Shielding gas consisting of a mixture of 20% CO2 and 80% Ar (volume fraction) was used at a flow rate of 0.03 m3·min−1. The used welding parameters were a V voltage of 20 V, I current of 90 A, v travel speed of 5 mm·s−1 and a pre-heating temperature of 240 °C. According to Equation (1), a heat input Q of 302 J·mm−1 was determined considering a thermal efficiency η of 84% for the GMAW process [16]. In addition, K-type thermocouples were placed on the welding plate (at distances of 4 mm and 5.5 mm from the weld center) to obtain temperature measurements in the HAZ. Figure 1b shows the experimental setup for the welding process and the K-type thermocouples attached to the plate, which were connected to a data acquisition card from National Instruments model 913. An insulator ceramic was used to protect the thermocouple sensors from the electric arc.


  Q = η   V I  v   



(1)







The DP980 welded joints were metallography characterized in the longitudinal to rolling (L), long transverse (LT), and short transverse (ST) material directions. After the GMAW process, transversal welding bead samples were saw-cut. The samples were grounded with a different granulometry of SiC paper and polished with a 1 μm diamond paste. After polishing, the surface was etched using a reagent solution of 3% of HNO3 and 97% of Ethanol (Nital 3). Optical microscopy (Nikon metrology Inc., Tokyo, Japan) was used to reveal the final microstructure. The ferrite content was determined using a Fischer FERITSCOPE® FMP30 device (Helmut Fischer GmbH, Sindelfingen, Germany), and this allowed the determination of the martensite content.




2.2. Experimental Tests


The hardness in the DP980 and welded joints were determined with a Vickers microindentation test (Buehler Ltd., Lake Bluff, IL, USA). The hardness evaluation was in concordance with the standard ASTM-E92 [18]. The load used was 4.905 N (0.5 kg), and the dwell time was 15 s. Microhardness measurements in the DP980 steel were obtained in the rolling (L), transverse to rolling (TL), and short transverse (ST) directions. In the welded joints, Vickers microhardness measurements were performed in the transversal section perpendicular to the welded joint. A linear scanning path was followed to obtain the hardness measurement of all the zones produced by the welding process. The separation between each indentation was 0.5 mm.



A servo hydraulic MTS-Landmark (MTS System Headquarters, Eden Prairie, MN, USA) equipped with a 100 kN load cell, an extensometer, and a data acquisition system were employed to conduct monotonic tensile and LCF tests. The monotonic tensile tests were performed according to the standard ASTM-E8 [19]. The crosshead displacement was set to 1 mm·min−1. Standard dog-bone specimens were used for the tensile test. Figure 2a shows the schematic representation of the welded joint and the specimen cut. Figure 2b shows the corresponding dimensions for the tensile dog-bone specimens. Dog-bone specimens were tested for each material, and the engineering stress-strain (σ-ε) curves were reported and used to determine the corresponding mechanical properties. In addition, true stress-strain (  σ ˜  -  ε ˜  ) behaviors were computed from the obtained engineering data from the yield point until the initiation of necking, applying Equations (2) and (3).


   σ ˜  =   σ     1 + ε    



(2)






   ε ˜  =    ln      1 + ε    



(3)







The Ramberg-Osgood model is shown in Equation (4) and was used to fit the true stress-strain data. The fit allowed the determination of the strength coefficient K and strain hardening exponent n. For additional   σ ˜  -  ε ˜   data, the Hollomon constitutive model (Equation (5)) was used to obtain extrapolated data until the fracture point.


   ε ˜  =   σ ˜  E  +       σ ˜  K       1 n     



(4)






  σ = K ·      ε p     n   



(5)







In the case of LCF, the tests were performed following the recommendations established in the standard ISO-12106 [3]. The LCF tests were conducted with a constant amplitude strain, a strain ratio of R = −1, and a triangular waveform for the applied strain cycles. Table 2 presents the LCF test program used for the DP980 and welded joints, which consists of five different strain amplitudes εa and test frequencies. Material availability limited the test matrix to 10 samples per each material. The testing strain amplitudes selected were such that during the first cycle, the induced stress exceeds the yield strength of the DP980 steel, so all of them are in the plastic strain field. The strain amplitude εa = 0.008 was set as the maximum because at higher strain values, and with R = −1, the specimen undergoes buckling before the complete fracture of the tested sample. Although, an anti-buckling system was used for all the tested strain amplitudes as recommended in the standard ISO 12106. A constant strain rate   ε ˙   of 0.016 s−1 was used for the entire test program. Thus, it was necessary to adjust the frequency f for each strain amplitude (εa). The relationship between strain amplitude, strain rate, and frequency used to set the constant    ε ˙      is shown in Equation (6). Figure 2c shows the geometry and dimensions of the dog-bone specimen used for this LCF test.


  f =   ε ˙   4  ε a     



(6)







The data acquisition system in the MTS machine allows recording of the strain, applied force as a function of the testing time, and the number of cycles to failure Nf. The monitoring of these parameters was used to determine the total strain amplitude εt, plastic strain amplitude εp, cyclic elastic modulus Ec, and total stress amplitude    σ a   . Stable stress-strain hysteresis loops were plotted for each specimen at every strain amplitude. From hysteresis loops, the cyclic elastic modulus Ec was determined according to the procedure defined in the standard ISO-12106 [20]. This value was used to estimate the elastic strain amplitude εea based on Hooke’s law. The cyclic stress-strain behavior of welded joints and DP980 steel sheet was determined using the stable elastic strain and stress amplitudes. From the plot, cyclic yield strength σy′ was estimated at 0.2% strain offset. The cyclic elastic modulus Ec was approximated to the Ramberg-Osgood Equation (7) to obtain the cyclic strength coefficient K′ and cyclic strain hardening exponent n′.


   ε a  =      σ a     E c      +        σ a     K ′        1 /  n ′     



(7)







The plastic strain amplitude εpa was determined to be the difference between the total strain εa and the elastic strain εea amplitudes determined previously. The evolution of the εea, εpa, and εa versus 2Nf were determined from the experimental LCF results. The fatigue ductility coefficient    ε f ′    and the fatigue ductility exponent c were obtained by means of a least square method fitting to the plastic component of the Coffin-Manson Equation (8). The determined coefficients were applied to the Coffin-Manson equation and the curves of elastic, plastic, and total strain versus the number of reversals to failure were plotted. In order to track the hardening and softening behavior in terms of stress response at different strain amplitudes during the cyclic loading of welded joints and the DP980 steel sheet, the stress amplitude response vs. the number of cycle curves were plotted. The fatigue strength coefficient    σ f ′    and the fatigue strength exponent  b  were determined by the least square method, considering the stable stress amplitude and 2Nf and fitted to Basquin’s Equation (9). This data was plotted to S-N curves.



After LCF tests, surface fracture was evaluated using a JEOL JSM-6300 Scanning Electron Microscope (SEM, JEOL Ltd., Tokyo, Japan), equipped with SEI (Secondary Electron Image) with an acceleration voltage of 20 keV.


   ε a  =  ε  e a   +  ε  p a   =    σ f ′   E      2  N f     b  +  ε f ′      2  N f     c   



(8)






   σ a  =  σ f ′      2  N f     b   



(9)









3. Results and Discussion


3.1. Base Material and Welded Joints


The microstructure of the DP980 steel sheet is presented in Figure 3. It exhibits the typical fine islands of martensite homogenously dispersed in the ferrite matrix, as reported elsewhere [21], which corresponds to an intermediate quenching heat treatment. The average ferrite grain size was about 5 μm for the L and LT directions. Meanwhile, for the ST direction grain size was close to 6.5 μm. These values, which were determined by the application of the circle interception method as described in the standard ASTM-E112 [22] guidelines, are within the range of similar DP steels reported in the literature [21,23,24]. Differences in the grain morphology between the L and LT directions are not strongly marked because of the fine martensite islands. The L and LT metallographic images show slightly elongated grains, when compared to the ST directions, which was attributed to the rolling process which deforms the grains. A martensite content of 38% was obtained by means of ferrite measurements (Fischer FERITSCOPE® FMP30 device, Helmut Fischer GmbH, Sindelfingen, Germany).



The welded joint macrographic picture is presented in Figure 4. By visual inspection, no defects were detected in the welded joint such as porosity, microcracking, undercut, or a lack of fusion. Thus, a good quality was obtained for the welded joints appearance. It can be observed that the FZ presents columnar grains which nucleate in the base metal and grow following the electric arc direction, as a result of the heat transfer phenomenon. In addition, the microstructure of the HT-HAZ, LT-HAZ, and the base metal were identified. Figure 5a shows that the FZ exhibits needle-type martensite, which was promoted because, at this zone, the melting temperature (~1538 °C) was reached, and a fast-cooling rate was induced. Figure 5b shows the differences in the martensite morphology for the HT-HAZ with respect to the previous FZ. The presence of lath martensite is evident in the HT-HAZ (Figure 5c), where the martensite content rose 54% due to a peak temperature of 913 °C (higher than the Ac3 ~800 °C) during the welding, which was measured by the K-type thermocouple placed on the surface of the plate at 4 mm from the weld center. When this temperature was reached, the ferrite on the DP980 steel matrix was transformed to austenite and then quenched, forming lath-type martensite [10]. The cooling rate determined at this point was of 21 °C·s−1. Regarding the LT-HAZ, tempered martensite can be observed (Figure 5d). Tempering preexisting martensite of the DP980 steel is promoted when the peak temperature is lower than Ac1 temperature (~720 °C) [10]. The measured peak temperature by the K-type thermocouple placed within this zone, at 5.5 mm from the weld center, was 697 °C, and the cooling rate was of 7 °C·s−1. In Figure 6, the experimental cooling rates obtained from the weld thermal cycles measured were drawn on the time-temperature-transformation (TTT) diagram for DP1000 steel, this verified that the HT-HAZ presented lath type martensite and LT-HAZ presented tempered martensite. Despite the larger content of martensite in the LT-HAZ (60%) with respect to the content in the HT-HAZ (54%), the LT-HAZ has a lower strength and hardness due to the type of martensite contained within this zone, which was tempered.




3.2. Mechanical Properties


The average results obtained from Vickers microhardness measurements on DP980 steel sheet for the longitudinal (L) direction was 313 HV0.5, in the long transverse (LT) direction was 316 HV0.5, and in the short transverse (ST) direction was 315 HV0.5. These results are similar to reported values in the literature for DP steel grade, in the range of 300–320 HV0.5 [8,9,10]. No significant differences were found in the hardness between the rolling directions, which indicated the homogenous distribution of the martensite islands in the ferrite matrix. This distribution can result from a continuous annealing process in the intercritical regime. This process consists of holding the material in the austenite-ferrite (intercritical) regime followed by a quenching plus a holding at temperatures slightly below the martensite start temperature, whereby the austenite fraction transforms into martensite [11].



The welded joint microhardness profile is presented in Figure 7. In the FZ, the microhardness measurements were above 320 HV0.5. Despite the low carbon content of the filler metal (0.07 wt. %), the hardness of this zone was higher than the DP980 steel sheet, resulting from the presence of needle-type martensite, which was described in the previous section. In the HT-HAZ, the effect of lath-type martensite increased the microhardness to values up to 380 HV0.5. In contrast, in the LT-HAZ, the presence of tempered martensite reduced (compared to the DP980) the microhardness to values lower than 260 HV0.5. This tendency of hardness variations is comparable to similar DP steel grades joined by fiber laser welding by Cui et al. [25], where they reported a hardness drop in the LT-HAZ down to 240 HV0.2. Xia et al. [14] found that, for diode laser welding of DP980 steel sheet, the minimum hardness in the LT-HAZ was 233 HV0.5.



The stress-strain behavior is presented in Figure 8 for the DP980 steel sheet and welded joints, and their mechanical properties are summarized in Table 3. For the DP980, a ductile material behavior was observed, with an engineering fracture strain of around 0.15. The mechanical properties were determined based on this stress-strain behavior according to the mechanical properties specified by the mill test certificate. Regarding the welded joints, the stress-strain behavior proved detrimental to the ductility since it was calculated as a reduction of about 75% with respect to the base metal (DP980 steel sheet); therefore, the toughness also decreased. This diminution can be explained by a larger martensite content in the FZ, HT-HAZ, and the LT-HAZ compared to the DP980 steel sheet. As previously explained, each welding zone contains a characteristic type of martensite with different hardness values. Furthermore, a joint efficiency of 89% was obtained as a ratio of the welded joint strength to the DP980 steel sheet strength [26]. However, the failure took place at the softened region in the LT-HAZ, as shown in Figure 9, due to the presence of tempered martensite, which decreases the strength of the joint. This behavior has been previously reported in the literature [10,13,14].




3.3. Low Cycle Fatigue Tests


The cyclic stable response in terms of true stress vs. strain for the DP980 steel sheet and welded joint is presented in Figure 10a,b. These hysteresis loops were obtained towards the middle of the LCF life, where the cyclic stress relaxation was overpassed. Comparing Figure 10a,b, the DP980 steel sheet exhibited a slender hysteresis loop for 0.006 and 0.008 strain amplitudes. Thus, the plastic strain was higher for the welded joint subjected to high strain amplitudes under cyclic stable response. In the case of strain amplitudes equal to 0.004 or smaller, both materials presented narrow hysteresis loops, with just a small difference between the DP980 and welded joint. The welded joint exhibited the slender hysteresis loops, which apparently indicated a smaller plastic strain than in the DP980 steel. However, the hysteresis loops correspond to the cyclic stable response of the materials and the welded joint could not present the smaller plastic strains.



The stable cyclic and tensile stress-strain curves for both materials (DP980 steel sheet and welded joints) are presented in Figure 11a,b. Cyclic mechanical properties are summarized in Table 4. Both materials presented a cyclic softening behavior with respect to the tensile one, as observed in the stress-strain curves by the experimental applied strain amplitudes. However, the softening effect severity is larger in the DP980 steel. The softening behavior for both materials can also be verified by comparison of cyclic and tensile yield strength. On average, for both materials, the cyclic yield strength reduced by 30% with respect to the tensile yield strength. Moreover, the cyclic stress-strain curves fitted to the Ramberg-Osgood equation indicated that for strain amplitudes larger than the applied experimentally, there is a mixed cyclic behavior with softening and hardening of both materials DP980 and welded joint. However, this mixed cyclic behavior must be verified by performing additional LCF tests with larger strain amplitudes.



The strain-life curves are presented in Figure 12a for DP980 steel sheet and Figure 12b for the welded joint. Total, elastic, and plastic strain amplitudes are presented with the Coffin-Manson relationship and the determined coefficients for the elastic and plastic equation terms. Overall, a larger fatigue life was presented in the DP980 steel sheet than in the welded joint. The welded joint exhibited low scatter, and in some cases, the number of cycles to failure was almost identical at the corresponding strain amplitude, such as for εa = 0.006 where two samples presented the complete fracture at almost the same Nf (~1900 cycles). Thus, the number of LFC test repetitions was regarded as adequate to analyze the fatigue response of the welded joint. Figure 12a,b showed that for the applied strain amplitudes, the welded joint presented the larger plastic strains. This result was not clear from the previously presented hysteresis loops in Figure 10a,b, but it can be explained based on the yield strength of the materials. The welded joint presented a lower yield strength, which can be associated with the tempered martensite in the LT-HAZ of the welded joint (Figure 5d) and is a result of the weld thermal cycles. A lower yield strength resulted in the plastic strain arising early for the welded joint. The tempered martensite also induced a softening mechanism, which consists of the coarsening of martensite laths and a decrease of the dislocation density that reduces the movement of the dislocations. These phenomena have been previously reported in the literature [27]. To further analyze the hardening and softening behavior of the DP980 steel sheet and welded joints, Figure 13 presents the materials’ cycle response in terms of the variable stress amplitudes during the LCF tests. The response for the DP980 steel sheet (Figure 13a) showed an initial hardening, which increased up to 760 MPa for εa = 0.008, followed by a minor softening until the final failure fracture. This mixed behavior can be observed in fatigue specimens evaluated at εa = 0.006 and εa = 0.004. This behavior has been reported elsewhere [21,28]. Furthermore, the damage in dual-phase steels is typically divided by hardening of the ferrite phase (increasing the hardening rate with increasing the strain amplitude) due to the dislocation structure, which blocks the movement and forms barriers for plastic deformation. As the cyclic strain continues, substructures form due to dislocation rearrangement (such as veins and cells), leading to softening [28,29]. In the case of the welded joint (Figure 13b), for εa = 0.008 and εa = 0.006 strain amplitudes, the welded joints show continuous cyclic softening. At lower strain amplitudes, the welded joint presented hardening followed by softening, without a definitive stable behavior. The hardening behavior is associated with lower cyclic stresses closer to the yield strength; thus, some hardening of the limited ferrite phase could be present. The diminution in the capacity of the weld joint hardening is attributed to the reduction of ferrite content. It is well known that the martensite phase is hard and brittle. For this reason, its capability to withstand cyclic strain is reduced compared with the ferrite phase. In fact, these results are similar to the obtained for quenched and tempered carbon steel [30]. This can be explained by the formation of unblocked dislocations and the creation of a fatigue substructure, inducing a reduction of the internal stress, as suggested by Sankaran et al. [30], who assessed a medium carbon microalloyed forging grade steel 38MnSiVS5 quenched and tempered steel under LCF conditions.



For completeness, S-N curves for the DP980 steel sheet and welded joint deduced from the LCF tests are presented in Figure 14a,b. Table 5 presented the fatigue properties for the DP980 steel sheet and welded joint. Failure of fatigue samples took place at the LT-HAZ (Figure 14), since at this area, the tempered martensite requires the lowest stress to be deformed in the welded joint compared to the other martensite types located in the FZ and HT-HAZ. Therefore, the deformation distribution was not homogeneous, and it was concentrated at the position of the softened zone in the LT-HAZ (Figure 15).




3.4. Fractographic Analysis


The evaluation of fracture surface was done by a Scanning Electron Microscope JEOL 6300, equipped with SEI (Secondary Electron Image) with an acceleration voltage of 20 keV. This analysis was carried out taking a welded joint sample evaluated in LCF at εa = 0.006. This examination corresponds to the macroscopic and microscopic characteristics. The areas observed are marked with letters. In the macroscopic analysis of this fracture surface (Figure 16), in the LT-HAZ (where failure took place), plastic strain is evident at the edges where a thickness reduction is present. On the other hand, shear lips can be observed as a result of crack growth in the plane stress condition [31], attributed to the small thickness of the fatigue sample. Regarding the microscopic examination, the fracture exhibited ductile characteristics as observed in Figure 17a, where microvoids nucleation and coalescence was observed, which correspond with the final stage of fracture during the LCF test, and tear ridges are also shown as overload evidence due to the small remaining area when the crack length is critical. Deformation bands were observed at the edge of the tested fatigue sample, as shown in Figure 17b. A mixed fracture mode was present in some areas, where cleavage, quasi-cleavage, and microvoids coalescence were present. This was the main fracture mechanism found for most of the fracture surface, which was associated with a higher martensite content in this area and the presence of a ductile phase as ferrite (Figure 17c–e). Mainly cleavage was found in the area near the edge of the sample (Figure 17f). This characteristic can be found near the crack initiation point [31]. Furthermore, due to the tempered martensite content at this zone, cleavage is one of the mechanisms exhibited due to its brittle phase, and cleavage is a low energy fracture, as reported by Pandey et al. [32].





4. Conclusions


The main conclusions of this research work are the following:




	
Dual phase sheet steel of 1.6 mm-thick with a nominal tensile strength of 980 MPa were properly welded by the GMAW process using a heat input of 302 J·mm−1. The welded joints exhibited full penetration and not discontinuities were presented;



	
The dual martensite-ferrite phases were extensively modified by the GMAW process, presenting a martensite content increment of 54% in the HT-HAZ and 60% in the LT-HAZ. A region of tempered martensite in the LT-HAZ produced a ductility reduction of 75% with respect to the DP980 steel sheet (base metal). Also, the hardness value was reduced by ~20%, and the tensile fracture was presented in this tempered martensite region. This tempering process of the martensite in the LT-HAZ was verified by metallography analysis and welded thermal cycles that showed that pre-existing martensite had not enough time to transform into new ferrite;



	
Regarding the low cycle fatigue behavior, the strain-cycle data showed a reduced fatigue life for the welded joint compared to the dual-phase steel due to larger plastic strain amplitudes induced in the welded joint. For larger strain amplitudes (εa ≥ 0.6%), a softening behavior was observed in the welded joint during the LCF tests in terms of the variable stress amplitude as a function of the number of cycles to failure;



	
On average, the fatigue life of the welded joint was reduced by 39% at strain amplitude εa ≥ 0.6%. For the remaining strain amplitudes (0.2, 0.3, and 0.4%), the welded joint exhibited a mixed behavior (hardening followed by softening), and only for the strain amplitude of 0.2%, the welded joint presented cyclic stress-strain stable behavior. The fatigue life of the welded joint was reduced by 16% for the strain amplitudes of 0.2, 0.3, and 0.4%.












Author Contributions


Conceptualization, J.G.R.-C. and W.F.G.-Z.; methodology, J.G.R.-C. and W.F.G.-Z.; formal analysis, J.G.R.-C. and W.F.G.-Z.; investigation, J.G.R.-C.; resources, R.R.A. and D.J.; writing—original draft preparation, J.G.R.-C.; writing—review and editing, W.F.G.-Z., C.J.G., C.M.G. and R.R.A.; supervision, R.R.A., D.J., C.J.G., C.M.G.; project administration, R.R.A., D.J.; funding acquisition, R.R.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by CONACYT-Mexico (Project A1-S-27474).




Data Availability Statement


The data presented can be available upon request to corresponding author.




Acknowledgments


The authors of this paper are very grateful for the support given by CONACYT to conduct doctoral studies of J.G.R.-C. and W.F.G.-Z. Also, the Centro de Investigación e Innovación Tecnológica of the IPN and SIP-IPN are acknowledged by the technical and academic support provided.




Conflicts of Interest


The authors declare no conflict of interest.




Nomenclature




	
Ac1

	
Reference line for the beginning of Ferrite-Austenite transformation in Iron-Carbon diagram




	
Ac3

	
Reference line for the beginning Austenitic transformation in Iron-Carbon diagram




	
AHSS

	
Advanced High Strength Steels




	
Ar

	
Argon gas




	
ASTM

	
American Society of Testing and Materials




	
BM

	
Base Metal




	
DP

	
Dual-phase




	
FZ

	
Fusion Zone




	
GMAW

	
Gas Metal Arc Welding




	
HAZ

	
Heat Affected Zone




	
HNO3

	
Nitrogen oxoacid




	
HT-HAZ

	
High-Temperature Heat Affected Zone




	
HV0.5

	
Hardness Vickers Number in the 0.5 scale




	
ISO

	
International Organization for Standardization




	
L

	
Longitudinal direction in steel sheet




	
LCF

	
Low Cycle Fatigue




	
LT

	
Transverse direction in steel sheet




	
LT-HAZ

	
Low-Temperature Heat Affected Zone




	
O2

	
Oxygen gas




	
Q

	
Heat input




	
RSW

	
Resistance Spot Welding




	
SEM

	
Scanning Electron Microscope




	
SEI

	
Secondary Electron Image




	
SiC

	
Silicon Carbide




	
ST

	
Short transverse direction in steel sheet




	
Symbols

	
Description

	
Units




	
b

	
Fatigue strength exponent

	
Dimensionless




	
c

	
Fatigue ductility exponent

	
Dimensionless




	
E

	
Young’s Elastic Modulus

	
GPa




	
Ec

	
Cyclic Elastic Modulus

	
GPa




	
ε

	
Engineering Strain

	
mm/mm




	
εa

	
Total Strain Amplitude

	
mm/mm




	
εea

	
Elastic Strain Amplitude

	
mm/mm




	
εpa

	
Plastic Strain Amplitude

	
mm/mm




	
ε′f

	
Fatigue Ductility Coefficient

	
Dimensionless




	
εmax

	
Elongation after fracture

	
Dimensionless




	
   ε ˙   

	
Strain rate

	
s−1




	
   ε ˜   

	
True Strain

	
Dimensionless




	
f

	
Fatigue test frequency

	
Hertz




	
η

	
Efficiency of the welding process

	
Dimensionless




	
I

	
Current

	
Amperes




	
J

	
Energy applied

	
Joules




	
K

	
Strength Coefficient

	
MPa




	
K′

	
Cyclic Strain Coefficient

	
MPa




	
KeV

	
Acceleration voltage

	
Kiloelectronvolts




	
µm

	
Dimensions for scale in micrographs

	
Micrometers




	
n

	
Strain Hardening Exponent

	
Dimensionless




	
n’

	
Cyclic Strain Hardening Exponent

	
Dimensionless




	
N

	
Magnitude of force

	
Newton




	
2Nf

	
Reversals to Failure

	
Dimensionless




	
ν

	
Speed of heat source

	
mm·s−1




	
σ

	
Engineering Stress

	
MPa




	
   σ ˜   

	
True Stress

	
MPa




	
σ0.2%

	
Offset Yield Strength

	
MPa




	
σa

	
Stress Amplitude

	
MPa




	
σ’f

	
Fatigue Strength Coefficient

	
MPa




	
σu

	
Ultimate Tensile Strength

	
MPa




	
σy’

	
Offset Cyclic Yield Strength

	
MPa




	
R

	
Fatigue ratio

	
Dimensionless




	
V

	
Voltage

	
Volts
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Figure 1. Configuration for welding process of DP980 steel sheets (a) Schematic draw for the joint geometry with a standard flare V-groove preparation, dimensions are in mm. (b) Experimental setup. 
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Figure 2. (a) Schematic representation of welded joint and the specimens located. (b) Specimen geometry used for tensile tests and (c) for LCF tests. All dimensions are in mm. 
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Figure 3. Microstructure of the DP980 steel sheet. (a) Three-dimensional view, (b) short transverse direction, (c) long transverse direction and (d) corresponds to the longitudinal to rolling direction. 
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Figure 4. Transversal macrographic view of the GMAW joint. Complete welding penetration in the FZ is observed. The different welding zones are marked in the view. (a) Fusion zone, (b) fusion line, (c) high temperature heat affected zone and (d) low-temperature heat affected zone. 
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Figure 5. Different microstructures of the welding zones: (a) FZ, (b) transition of the FZ to the HAZ (fusion line can be observed), (c) HT-HAZ and (d) LT-HAZ. 
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Figure 6. Experimental cooling rates for the LT-HAZ and HT-HAZ of the DP980 welded joints and its corresponding time-temperature-transformation diagram [10]. 
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Figure 7. GMAW welded joints of DP980 steel in Vickers scale (HV0.5). 
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Figure 8. Tensile test stress-strain behavior for the base metal and welded joint of DP980 steel. 
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Figure 9. Dog-bone specimen of DP980 steel welded joint, failed at the soft region in the low temperature heat affected zone. 
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Figure 10. Hysteresis loops in LCF corresponding to (a) DP980 steel sheet and (b) welded joints. 
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Figure 11. Cyclic stress-strain curves vs. monotonic tensile stress-strain curves. (a) DP980 steel sheet and (b) welded joints. 
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Figure 12. Total strain vs. 2Nf. (a) DP980 steel sheet and (b) welded joints. 
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Figure 13. Variable stress amplitude vs. number of cycles at different strain amplitudes for: (a) DP980 steel sheet and (b) welded joints. 
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Figure 14. S-N curves of (a) DP980 steel sheet and (b) welded joints. 
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Figure 15. Failure zone of welded joints after LCF tests. 
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Figure 16. Sample tested at εa = 0.006. The indications (a–f) correspond with the areas examined in the microscopic analysis. 
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Figure 17. Details of different fracture features along the failed sample. (a) shows microvoids, (b) exhibits deformation bands at the outer face of a shear lip, (c) mixture of ductile and brittle zones at the inner wall of a shear lip, (d) quasi-cleavage, (e,f) evidence cleavage. 
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Table 1. Chemical composition of the DP980 and filler metal (wt. %).
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	Material
	C
	Mn
	Si
	P
	S
	Cr
	Ni
	Mo
	Al
	Cu
	Ti
	Zr
	Fe





	DP980 *
	0.130
	2.260
	0.420
	0.012
	0.009
	0.950
	0.021
	0.110
	-
	-
	-
	-
	96.087



	Spoolarc 120 **
	0.070
	1.690
	0.350
	0.004
	0.004
	0.270
	2.490
	0.510
	0.005
	0.030
	0.018
	0.002
	94.557







* Determined by optical emission spectrometry. ** As data sheet reported [17].
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Table 2. LCF experimental test program.
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Strain Amplitude, εa (%)

	
Test Frequency, f (Hz)

	
Tested Samples




	
DP980 Steel Sheet

	
Welded Joints






	
0.2

	
2

	
1

	
3




	
0.3

	
1.333

	
2

	
2




	
0.4

	
1

	
3

	
1




	
0.6

	
0.667

	
2

	
3




	
0.8

	
0.5

	
2

	
1
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Table 3. Tensile mechanical properties.
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	Material
	σ0.2% (MPa)
	σu (MPa)
	E (GPa)
	εmax (%)
	K (MPa)
	n
	Joint Efficiency (%)





	DP980
	699
	1012
	202
	15
	1389
	0.0905
	-



	Welded joints
	647
	906
	209
	3.8
	1388
	0.113
	89
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Table 4. Cyclic mechanical properties obtained from LCF.
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	Material
	E (GPa)
	σy′ (MPa)
	K′
	n′





	DP980
	234
	490
	2325
	0.20



	Welded joints
	242
	438
	2064
	0.18
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Table 5. Fatigue properties of the DP980 steel and welded joints.
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	Material
	σ’f
	b
	ε’f
	C





	DP980
	1724
	−0.102
	3.388
	−0.810



	Welded joints
	2649
	−0.171
	2.617
	−0.905
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