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Abstract

:

The composition of the filler electrodes, as well as the shielding gases, has a strong impact on the static and dynamic properties of welded joints in HSLA steels. The content of Cr, Ni, and Mo, along with the shielding gases, helps maintain the hardness values in the HAZ of HSLA steels welded using the GMAW process, resulting in a positive impact on the fatigue life of the joints. Maintaining fatigue properties in the regions of the heat-affected zone is crucial. The increase in the size of the HAZ, coupled with microstructural changes, leads to a reduction in the hardness values in this region, contributing to a decrease in the fatigue life of welded joints. In this study, the effects of using different filler electrodes and shielding gases on the fatigue properties of welded joints in LNE 600 steel with a thickness of 4.75 mm, welded using the GMAW process, were evaluated. It was possible to observe a reduction in the hardness values in the HAZ region and a similar static resistance behavior for all evaluated conditions, except for the ER70S-6 electrode with 5% O2 gas, where the fatigue life showed better results with the application of the ER120S-G electrode.
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1. Introduction


The focus of the modern agricultural machinery industry is on economic gain and the greater structural optimization of its components to improve the quality of the final product and reduce maintenance costs [1,2]. To meet the growing demand of the agricultural industry, the metallurgical industry is developing modern structural steels with improved welding processing characteristics and mechanical property performance. Structural optimization and weight reduction are fundamental factors in ensuring competitiveness in the agricultural industry, achieving greater efficiency in their implements, and reducing environmental impact, including a decrease in CO2 emissions during their application [1,2,3,4].



One of the most popular classes of structural steels is high-strength low-alloy (HSLA) steels, where the combination of alloying elements, processing, and heat treatment in recent decades has significantly evolved, enhancing the mechanical properties and toughness characteristics of these materials [2,3,4]. The fine microstructure and thermomechanical processing of HSLA steels, along with the addition of low-level alloy elements, result in the formation of fine precipitates and regions of carbide and nitride formation [5,6,7]. These intermetallic particles resulting from the mentioned alloying elements contribute to matrix reinforcement by impeding the movement of dislocations and promoting grain refinement [7,8,9,10]. The low carbon content in these materials, combined with the low quantity of alloying elements, makes the material easily weldable [11]. However, determining the appropriate welding technique and ideal process still poses challenges for welding engineers [12]. The steel in the presented study is LNE 600, which is used in the construction of lightweight and high-strength structures and equipment. This material is characterized by its high mechanical strength achieved through the addition of alloy elements such as V, Ti, Nb, as well as Cr, Mo, and Ni, which, along with its manufacturing process, ensure its properties.



High-strength low-alloy steels exhibit high strength due to their microstructure, making them highly sensitive to welding processes [12,13]. Research related to the welding of high-strength low-alloy steels focuses on reducing hardness values in the Heat-Affected Zone (HAZ) compared to the base material. A region of lower hardness does not always indicate a reduction in the static strength of welded joints. The area of this low-hardness region and the alloying elements present in the welding consumables can ensure the mechanical strength in this region, even with microstructural modifications [12,13,14,15,16,17]. The region of lower strength in welded joints is typically in the recrystallized region of the heat-affected zone. The initiation of fatigue cracks is often observed near the edge of the weld bead on the face side, and in some cases, crack initiation is observed near the root of the joints [16,17].



Authors also report that the non-uniform cooling generated by welding HSLA steels can lead to cold cracks, reduced tensile strength, and areas of low hardness in the HAZ. This also indicates that the fatigue performance of HSLA welds is affected by the heterogeneities of the filler metal, regions of low hardness in the HAZ, and geometric factors that concentrate stresses [17,18,19,20]. In the study by Denisa et al. [20], fatigue tests were conducted on the Domex700 MC base material and the material welded with ER110S-G electrode. A decrease of 19.6% was observed in the hardness of the Heat-Affected Zone (ZTA) compared to the base metal, as well as a 12.8% reduction in fatigue load from the base material to the welded material. In the research by Stoschka et al. [21], which assessed the influence of filler metal and shielding gases on the fatigue life of HSLA (High-Strength Low-Alloy) materials, the geometric notch effect had the greatest impact on fatigue life behavior. Minimizing the notch resulted in a 70% increase in fatigue life, while variations in filler metal and shielding gas contributed only about 7% to the increase in fatigue life. In the studies presented by Ślęzak [1], which evaluated low-cycle fatigue tests on two different welded joints, V-shaped and square joints, the square joints exhibited slightly higher fatigue life when compared to the V-shaped joints. They also had higher hardness and a better hardness distribution. Hariprasath et al. [14] examined the effect of stress on the high-cycle fatigue behavior of HSLA welded joints. The results showed that the fatigue life of the welded joints was lower than that of the base material due to residual stresses and lower mechanical properties. Studies by Maurya et al. [22] indicate the importance of applying different compositions of filler metals in improving the mechanical resistance properties and fatigue life of joints. The addition of Ni to the weld metal has a positive impact on the tenacity of the joints and on solid solution hardening, leading to greater hardness and the greater formation of acicular ferrite, improving the tenacity of the joints. In this context, Moshtaghi et al. [23] indicated the benefits of reducing heat input on the mechanical properties of welded joints and the microstructural formation of the thermally affected zone.



The main objectives of this research are to evaluate the behavior of welds carried out using the GMAW process on LNE 600 steel; this study seeks to better understand the fatigue behavior of the joints in view of the premature failure of these components in agricultural implement applications. We investigated the influence of consumable electrodes applied in conjunction with shielding gases on the metallurgical transformations occurring in the Heat-Affected Zone (HAZ) of LNE 600 steel welded using the GMAW process. The tensile strength and fatigue resistance properties of the joints were also studied, including evaluations of locations where static and dynamic fractures occurred, as well as the assessment of fracture surfaces for the specimens subjected to fatigue testing.




2. Materials and Methods


2.1. Base Material


In this work, the LNE 600 steel (base metal), commercially known as NBR6656, which belongs to High-Strength Low-Alloy steel (HSLA), was selected as the study material. The LNE 600 steel is considered a high-strength, low-alloy steel due to the low levels of alloying elements present in the material, along with its manufacturing process through controlled rolling with grain refinement, which allows the best properties of this material to be extracted, as represented in Figure 1a. In addition, the choice of LNE 600 steel was based on studying mainly in the HAZ. In Figure 1b, only LNE 380 steel is referred to as a structural reinforcement used in the agricultural implement. The chemical composition of the base material is presented in Table 1.



Figure 2 shows the microstructure at different magnifications of LNE 600 steel, from which it is possible to observe a Ferritic–Pearlitic structure with carbide aggregates aligned along the rolling direction.




2.2. Welding Wire


The electrodes used in the welding were ER70S-6, ER110S-G, and ER120S-G, all with a diameter of 1 mm; these electrodes were selected to verify the application of the ER70S-6 electrode and its possible impacts on the properties of the joints. In contrast, the ER110S-G and ER120S-G electrodes were chosen due to their mechanical resistance after welding superior to the welding material. In addition, two shielding gases were used, Ar + 15% CO2 and Ar + 5% O2. The chemical composition and mechanical properties of the three welding consumables are listed in Table 2 and Table 3, respectively.




2.3. Welding Process


Before welding, the oxide layer on the surface of the LNE 600 steel was removed using sandpaper. Metal residues and oil were removed with acetone. Then, they were dried immediately after ultrasonic washing with ethanol before starting the welding process. A butt joint was used for the non-beveled steel plates. During the welding process, the LNE 600 steel plates were fixed with a press system to minimize the deformation of the steel plates.



The welding process was carried out manually, using the Gas Metal Arc Welding (GMAW) process, using a SUMIG FALCOM 400 welding source with automatic feeding. The welding parameters applied were an alternating current of 220 A and a voltage of 22 V, with a constant shielding gas flow of 18 L/min.




2.4. Microstructural Characterization


The sequence of steps according to the ASTM E3-01 standard [24] was followed to carry out the microstructural analysis of the samples. First, the samples were cut with a refrigerated horizontal band saw. Next, they were mounted in Bakelite resin and subjected to a semi-automatic grinding process using silicon carbide sandpaper from Nº 80 to 1200. The samples were polished in two stages: first, a solution of alumina with a granulometry of 3 and 1 μm, and second, a suspension of colloidal silica for the final finish with particles of size 0.04 mm. All samples were etched with a 4% Nital solution for 10 s, after which the samples were immediately washed with water, followed by ethanol, and finally blown dry with hot air. The microstructural observation of the samples in the different areas of analysis was carried out using SEM scanning electron microscopy (Tescan USA, Vega 3 LM model) and an OM optical microscope (Zeiss Scope model A1).




2.5. Mechanical Properties


2.5.1. Microhardness Tests of Welds


Microhardness measurements were carried out to determine the different regions of analysis. This was evaluated using Vickers microhardness tests using a Shimadzu micro durometer, Model HMV-G20ST. Indentations with a 0.2 mm indentation distance were made by applying a static load of 200 gf for 10 s at room temperature. Figure 3a,b) show the schematic of the regions measured starting from the center of the filler metal, traversing the Base Metal (BM), Fine-Grained Heat-Affected Zone (FGHAZ), Coarse-Grained Heat-Affected Zone (CGHAZ), and Filler Metal (FM).




2.5.2. Tensile Test


The tensile tests were carried out in accordance with the ASTM E8/E8M-22 standard [25] for manufacturing test pieces and the execution of tests. These tests were carried out using a Schenck universal testing machine, model UPM-200, and a constant strain rate of 0.5 mm/min was applied. In Figure 3c), a schematic is provided showing the welds’ location and the specimens’ subsequent machining. A total of 7 samples were carried out for each welding condition.




2.5.3. Fatigue Test


The different welding conditions were compared to evaluate the fatigue test following the ASTM 466-21 standard [26] guidelines. The tests were carried out using test loads at 50% and 60% of the tension, which were set at 620 MPa. A sanding process was carried out on the faces of the specimens using sandpaper with a number from 80 to 150 to eliminate burrs and reduce the stress concentration factor. These tests were carried out using the Shimadzu Servopulser model EHF–EV101 machine, applying loads axially at a frequency of 15 Hz and a load ratio of 10% (R = Fmin/Fmax = 0.1). The sample geometry is shown in Figure 3d).






3. Results and Discussion


3.1. Microstructure Characterization


3.1.1. Macrostructure of the Welded Joints


The butt-welding tests were carried out through the GMAW process and, in Figure 4a,b), the macrographs of the different zones in the cross-section of the base material (BM), heat-affected zone (HAZ), and the weld metal (FM), of the ER120S-G electrode using Ar + 5% O2 gas and the ER70S-6 electrode using Ar + 15% CO2 gas as shown, respectively. Additionally, Figure 4 indicates the different sizes in the HAZ widths (red arrows). The welding procedures were performed satisfactorily, and the weld was free of welding defects, such as porosities, inclusions, cracks, voids, and other defects. However, small areas with a lack of fusion were observed that are common and susceptible in the GMAW process.



The width of the HAZ was measured from the optical microscopy images, and its average values and standard deviation are presented in Table 4. The characteristics of the weld, such as the width of the HAZ and the width of the weld, are the key factors to estimate the quality of the weld. There is an increase in the HAZ width when using the ER70S-6 electrode compared to the other electrodes in terms of mean values. In general, for each electrode, increases in the width of the HAZ are observed when Ar + 15% CO2 gas is used compared to Ar + 5% O2 gas. It is observed that the ER120S-G electrode with Ar + 5% O2 showed a smaller HAZ with an average of 1.11 mm in all electrode and gas combinations. However, if the error bars are analyzed, it can be seen that adding one standard deviation of the HAZ width of the ER120S-G electrode with Ar + 5% O2 is almost equivalent to the average HAZ width of the ER110S-G electrode with Ar + 15% CO2 subtracting one standard deviation. This analysis could suggest the high heat exchange capacity of CO2 to transfer more significant heat to the base metal, and the difference between means could be due to random variability and/or the manual GMAW process.




3.1.2. Microstructure of Heat-Affected Zone


Figure 5 shows the HAZ from coarse (CGHAZ) to more refined grains (FCHAZ) with 1000× magnification, using gas Ar + 15% CO2. The region of the thermally affected zone for the ER70S-6 electrode presented a coarser microstructure, followed by ER110S-G and ER120S-G, which presented the most refined microstructure compared to the others. As the weld solidifies and cools, the grains near the weld will become coarser, and the grains at the ends will be fine-grained, depending on the local cooling rate, which is determined by the alloy elements in the base material and welding parameters. Studies by Haupt et al. [27] on the geometric and microstructural evaluation of welds in high-strength steels applied in the agricultural industry demonstrated the same refining behavior and size of the HAZ. The classification of microstructures in the study by Thewlis et al. [28] was used to evaluate the morphology of phases generated in welds. It is possible to observe the similarity between the compositions and morphologies of the phases generated in the studies.



Figure 6 shows the microstructure of the transition between the coarse- and fine-grain microstructures at higher magnifications ×4000 (SEM). Figure 6 shows that grain refinement in the HAZ occurs as it moves away from the heat input region. When comparing the images obtained between the two gases, it can be verified that, in welds where O2 gas is used, it had a smaller effect on grain refinement in the modified microstructure region, in line with the results obtained using macrographic measurements (Figure 4), indicating less warming and changes in this area.



In both the welds made with O2 and CO2 gas, the micrographs showed similarity in the microconstituents. For the ER70S-6 electrode, both the O2 and CO2 welds presented formations of primary ferrite and Widmansttäten ferrite. In the study by Shi, Wang, and Ko [29], it is clear that the most frequent failures in welding are caused by excessive heat input, causing the production of Widmansttäten ferrite in the welded joint, affecting the plasticity of the joint. This resulted in the low toughness, decarburization, and softening of heat-affected areas.



In the ER110S-G electrode, also welded with both gases, the microconstituents found were primary ferrites. For the ER120S-G electrode, there was a more significant presence of primary ferrite compared to the other microconstituents, with primary ferrite being beneficial for the joint. According to the studies by Lee et al. [30], the primary ferrite is formed by a very fine needle-shaped ferrite and its orientation differs from that of the neighboring sheets. The characteristics of acicular ferrite are widely recognized for their excellent combination of strength and toughness, thanks to its high internal dislocation density and high angle boundaries, which exhibit high resistance to cleavage crack propagation.




3.1.3. Microstructure of the Welding Wire


Figure 7 presents the microstructure of the main constituents found in the welding wire using shielding gas, Ar + 15% CO2 and Ar + O2, in the filler metal region using SEM. It is observed that the first column of Figure 7, using the shielding gas Ar + 15% CO2, the filler metal region, using the ER70S-6 electrode, presented a less refined structure containing primary ferrite (PF) and regions with acicular ferrite (AF). The ER110S-G electrode showed the formation of PF and regions with AF. For the ER120S-G electrode, there was a more significant presence of AF compared to the others and little formation of PF, generating more excellent resistance in the region. In the case of the second column of Figure 7, which represents the use of the protective gas Ar + 5% O2, PF, AF, and WF formations are identified for the ER70S-6 electrode. The ER110S-G electrode had a higher incident formation of PF and AF, highlighting that, in the ER120S-G electrode, it presents regions of mainly (AF) and parts with (WF).



The microstructures in Figure 7 depend mainly on the chemical composition (Table 2), the heat input, and the cooling rate [29,31]. The chemical composition of the welding wire for the butt joint of the plates will have a final microstructure composed of the ferrite grain boundary (GBF), dendritic WF, PF, AF, and other microphases. Furthermore, during the cooling of the weld wire, the decomposition of austenite to ferrite begins at the above austenitic grain boundaries, and GBF will nucleate along the austenite grain boundaries and grow through the diffusion mechanism. Furthermore, as the temperature decreases, diffusion becomes slow, and WFs nucleate through a displacement mechanism; with continued cooling to lower temperatures, AF will nucleate intragranular inclusions [30].



On the other hand, the mechanical properties (Table 3) of the filler metals generate lower strengths in more significant AF, WF, and AF regions in the columnar region due to the higher cooling rate after welding. On the contrary, PF predominates in the overheated region. The decrease in cooling rate caused by preheating generated the conditions for forming this PF phase at the austenite grain boundary.





3.2. Microhardness Tests of Samples


The microhardness profiles for different welding conditions are presented in Figure 8a,b for different shielding gases. Additionally, Table 5 shows the average microhardness and standard deviation for each sample. For both Ar + 5%O2 and Ar + 15%CO2 gases, no significant differences were observed in the hardness results considering the standard deviations when the samples in each analysis region were globally compared. The graphs show the variation in the microhardness values starting from the base material and passing through the HAZ and weld metal regions, as indicated on the graphs. On the other hand, higher hardnesses occur in the weld metal areas for welding conditions with ER110S-G and ER120S-G electrodes. This is mainly due to the difference in microstructure evolution discussed in the previous section.



For a more accurate data assessment, a statistical analysis of the different regions of the welds was conducted, with the presentation of the data in Table 6 indicating whether there was a significant difference or not for the different regions of the welds. In the refined-grain region (FGHAZ), the lowest average hardness found was 211 HV for the ER120S-G electrode with Ar + 5% O2, and the highest average hardness for this region was 218 HV for the ER70S-6 electrode using Ar + 5% O2. There was no statistical difference between the samples in this region. The coarse-grain region (CGHAZ) exhibited the lowest average hardness with the ER110S-G + 15% CO2 electrode at 214 HV, and the highest hardness with the ER120S-G electrode using Ar + 15% CO2 with an average of 241 HV in this region. Similarly, there were no significant hardness differences in this region among the samples. For the weld metal region (WM), the electrode that showed the highest average hardness was the ER120S-G with Ar + 15% CO2, with a hardness of 325 HV. The lowest average hardness was found for the ER70S-6 electrode with Ar + 5% O2, measuring 224 HV. The gases used did not exhibit significant relevance in hardness.



As mentioned by Ngoula et al. [32] and Hariprasath et al. [14], acicular ferrite morphologies provide improved strength and toughness properties in welded joints. In the case of the ER120S-G electrode, it exhibited a higher formation of acicular ferrite, followed by ER110S-G, while ER70S-6 showed a lower formation, which explains the difference in hardness between the electrodes. Another factor that may influence the results was concluded by Gordon et al. [33] indicating that, for HSLA steels, the heat input ends up impacting hardness, with higher and more uniform hardness observed at low heat input levels. In the studies by Ribeiro et al. [34], regarding the morphologies of acicular ferrite, Widmanstätten ferrite, and grain boundary ferrite, they exhibited an average hardness of 250 HV with a standard deviation of ±10 HV. These results are consistent with the findings in the current study, both in terms of the identified microconstituents and hardness, which can also be related to the varying amounts of acicular ferrite found in the different electrodes, with this microconstituent having the highest hardness.




3.3. Tensile Tests


The results of the tensile tests of the samples are presented in Table 7. The standard deviation of each of the samples is shown. Overall, the Yield Strength and Maximum Stress were higher than the base metal. More specifically, the Yield Strength and Maximum Stress of the sample ER70S-6 Ar + 15% CO2 presented values that were not significantly different from the base metal, considering the standard deviations.



Table 8 presents the results of Tukey’s statistical tests for yield strength, tensile strength, and deformation recorded in the tests. For the yield limit results, it was possible to observe the best performance for the ER120S-G with CO2 gas, ER120S-G with O2 gas, and ER110S-G, with all these conditions composing Group A. The ER110S-G conditions with CO2 gas and with the ER70S-6 electrode for both gas conditions showed inferior performance. In relation to the ultimate tensile strength, there was superior performance for the ER120S-G in the CO2 gas condition, making up group A, the ER110S-G and ER120S-G electrodes with O2 gas showed average behavior making up the AB group, while the electrode ER70S-6 with O2 application made up group B and the worst condition was the ER70S-6 electrode with Ar + 15% CO2 gas. The deformation values did not show significant differences between the different welding conditions, all of which made up the same group A.



From the tensile test results, it is possible to observe that the use of the ER70S-6 electrode leads to a reduction in tensile strength values, with fractures occurring in the HAZ of the joints for this welding condition. In contrast, the other electrodes exhibited fractures in the base material region, since the yield stress and maximum stress values are higher than the base material. This factor can be attributed to some variation in mechanical properties in the base material combined with residual stresses and the application of higher resistance electrodes that modified the local residual stress conditions, indicating higher strength in the welded region. This is attributed to the higher content of alloying elements present in the ER110S-G and ER120S-G electrodes. In the tests conducted in this study, failures also occurred in the HAZ, with all tests using an Ar + 5% O2 gas mixture and only one welded sample using the ER70S-6 electrode with an Ar + 15% CO2 gas mixture. In the remaining cases, the rupture occurred in the base metal. According to Hariprasath et al. [35], these sample failures in the tensile test are due to elastic deformations and distortions in the heat-affected region. The residual strength state of the welds can affect the mechanical strength of the material, including the higher content of alloying elements and residual stress, can modify the mechanical strength conditions in materials. It is also noted by Kim, Hwang [36], in their studies, that the deformation is not uniform between the welded joint and the base material, with the joint and the HAZ having lower yield strength. In cases where parallel welds are made, with a 0° angle between the weld bead and the load axis, both the base material and the weld will be exposed to the same deformations, and the failure will occur in the region with lower ductility, typically the weld and HAZ. This aspect is also confirmed in the tensile tests conducted. The strain values showed no statistically significant differences, indicating the good ductility of the welded materials.




3.4. Fatigue Tests


Figure 9 presents the results of the fatigue tests conducted using the Ar + 5% O2 gas and the electrodes. By evaluating the results, it is possible to observe a superior fatigue performance for the ER120S-G electrode under both load conditions employed in the tests. Following that, we can observe a moderate behavior for the ER110S-G electrode and an inferior performance for the ER70S-6 electrode across all fatigue load conditions. This behavior indicates the beneficial effect of the alloying elements present in the ER110S-G and ER120S-G electrodes, an effect that is also reported in other studies [1,2,3,6].



The trend lines presented in the graphs in Figure 9 indicate the superior fatigue behavior of the ER 120S-G electrode at both low and high loads, with the ER 110S-G electrode showing a similar performance at low loads. From this analysis, it is possible to verify the greater resistance to crack propagation generated by the ER 120S-G electrode with the use of O2 gas, these benefits being combined with the reduction in the heat input generated by the shielding gas and the presence of alloy elements in the electrode, with the microstructure generated in this condition being the one with better quality and less modification compared to other conditions. The ER 70S-6 electrode presented a lower performance, as shown in the trend line in the graph; this fact is due to the worse microstructural conditions together with the higher incidence of defects for this welding condition.



In Figure 10, the graph with trend lines for the fatigue tests conducted with Ar + 15% CO2 gas is presented. For the 60% load condition, unlike the results with the other gas, the ER70S-6 electrode exhibited the best fatigue performance, followed by the ER120S-G and ER110S-G electrodes. For the 50% load condition, the best performance was observed for the ER120S-G electrode, followed by the ER110S-G electrode, and the worst performance was recorded for the ER70S-6 electrode. This inferior performance under certain load conditions, shown by electrodes with high levels of alloying elements like the ER110S-G and ER120S-G electrodes, can be attributed to the geometric condition of the weld bead edge, which may result in potential geometric defects that enhance stress concentration in this region. Studies by Moravec et al. [15] and Rariprasath et al. [35] report the effect of stress concentrators at the edges of weld beads on the fatigue life of HSLA steels, indicating that these points are severe stress concentrators due to the margin geometry. Along with the microstructural changes caused by heat in the Heat-Affected Zone (HAZ) that lead to local hardness reduction, these factors facilitate the initiation and propagation of cracks under cyclic loads.



The trend lines presented in Figure 10 indicate the fatigue behavior of the materials; in this sense, it is possible to evaluate a greater inclination for the ER 110S-G and ER 120S-G electrodes. This behavior is attributed to the more excellent resistance to the propagation of cracks at higher loads. Also, there is a significant difference in the number of cycles for loads of 60 and 50% concerning the maximum static voltage. The ER 70S-6 electrode showed better fatigue behavior for loads of 60% of the maximum voltage and fatigue life, similar to the other electrodes for loads of 50%; this factor indicates greater difficulty in opening cracks in this welding condition.



Table 9 and Table 10 present the fatigue cycles with the standard deviation after tests, and the Tukey statistical test results for assessing fatigue behavior until failure. It is observable that the best fatigue life performance is achieved with the use of O2 gas for the ER120S-G electrodes, followed by the ER110S-G electrode, with inferior performance for the ER70S-6 electrode. The Tukey statistical test was evaluated for the two load levels, 60% and 50%. For the 60% load condition, the best performance was observed for the welding condition using the ER120S-G electrode with O2 gas, followed by a second group comprising the other analyzed conditions. The Tukey test for the 50% load condition revealed the presence of three distinct groups. Group A consisted of the ER110S-G electrode with Ar + 15% CO2 gas, followed by group AB with the ER120S-G, ER70S-6, ER110S-G, and ER120S-G electrodes. The condition showing the poorest performance was ER70S-6 with O2 gas.



The behavior observed for all welding conditions shows points with relatively high standard deviation, and the results presented are very susceptible to the formation of the margin of the beads as points of crack nucleation, to the presence of residual stresses arising from the cooling of the welded joints, and are also related to the presence of inclusions and a lack of fusion as main welding defects that can contribute to the reduction in fatigue life. The results found in this study indicate the beneficial effect of the alloying elements present in the addition electrodes, but they also reinforce the hypothesis that the geometric factors of the welding bead must be correctly controlled together with the heat generated during welding and the residual stresses under penalty of reduced fatigue life.



Fractographic Analysis of Fatigue Tests


For the fractographic analysis of the samples welded with different filler electrodes and 5% O2 gas, images of the fracture surface are shown using a SEM. The images are presented in Figure 11, with magnifications of 20×, 500×, and 20k× applied to identify cracks fatigue initiation, propagation regions and fatigue streaks (FS red arrows) were discovered. Defects such as a lack of fusion and inclusions, indicated by arrows in the images, can be observed, with cycle marks also shown for the 20k× magnification. Through the analysis of fracture surfaces, it becomes evident that defects like a lack of fusion, inclusions, and weld toe effects are the main points of failure initiation. The fracture behavior was ductile, suggesting that the material did not exhibit areas of high hardness leading to embrittlement, and fatigue fracture was accelerated by the presence of defects and areas of reduced hardness microstructure in the Heat-Affected Zone (HAZ) of the welded materials, allowing the progression of cracks.



The images presented in Figure 12 display the fracture surfaces for the different deposition electrodes using Ar + 15% CO2 gas. In this case, upon assessment, no defects, such as inclusions, porosities, or a lack of fusion, were recorded for the samples. This indicates the better protection and fusion capabilities for this shielding gas. The cracks initiated at the edges of the deposited weld beads exhibited slow propagation, culminating in a ductile final fracture.



The envelopes marked in Figure 11 and Figure 12 (20×) indicate the areas of fatigue cracking. Both Figures are characterized by a very diverse morphology and a system of numerous origins of fatigue cracks. The photographs in Figure 11 and Figure 12 (500×) show the areas of stable crack growth at a very close distance from the initiators.



The ductile character of cracking is preserved in the initial cracking stage and during stable growth. The most visible differences in the fracture surface images are the less crushed areas in the ER120S-G Ar + 15% CO2 sample resulting from small surface deformations in the compression phase of the load. In general, cracking is accompanied by numerous secondary cracks, which are indicated by the arrows. Fatigue streaks (red arrows) were also discovered, which appear frequently (20k×), although in many cases they have been crushed (ER70S6).






4. Discussion of Results


The welding performed under different electrode compositions and gases allowed us to observe that the HAZ sizes varied depending on the use of different electrodes and gases. This indicates that the combination of the ER120S-G electrode and Ar + 5% O2 gas proved to be the most suitable choice in terms of HAZ size and microstructural quality. It exhibited a predominant microstructure of acicular ferrite in the fused region of the joints and an HAZ with fewer microstructural modifications and a smaller heat-affected area.



The microhardness values were higher in the fused zone region for the ER110S-G and ER120S-G electrodes due to the greater quantity of alloying elements present in these electrodes and the formation of acicular ferrite microstructures in the fused region of these electrodes. It was also possible to observe a better static performance for the joints obtained with the ER110S-G and ER120S-G electrodes, indicating the higher mechanical strength resulting from the addition of alloying elements by the filler wire.



The fatigue life of the joints was superior in the ER120S-G welding condition with the use of O2 gas, closely followed by the ER110S-G electrode condition. This suggests that crack propagation was slower due to the finer microstructure present in these welding conditions. Crack nucleation primarily occurred at the edges of the deposited weld beads for most of the fatigue conditions, indicating that geometric factors and welding defects, such as inclusions and a lack of fusion, were predominant in crack initiation. The crack propagation was slow due to the high ductility of the materials evaluated.




5. Conclusions


There was a reduction in the size of the HAZ for the ER120S-G electrode with O2 gas compared to the other evaluated conditions. For the ER70S-6 and ER110S-G electrodes, the smaller HAZ occurred when using Ar + 15% CO2 gas.



The microstructural analysis indicated a smaller modification of the HAZ microstructure when the ER110S-G and ER120S-G electrodes were applied together with the Ar + 5% O2 gas.



The microstructural analysis indicated a finer grain refinement in the HAZ for the ER110S-G and ER120S-G electrodes, with a predominance of acicular ferrite in both welds. This microstructure is beneficial for mechanical strength.



Regarding the microhardness tests, there was an increase in the hardness values in the filler wire region for all ER110S-G and ER120S-G electrodes. The HAZ region exhibited a reduction in the hardness values for all evaluated conditions, with hardness significantly differing in comparison to the filler wire region.



The tensile strength of the joints was adequate for most of the evaluated conditions, with the exception being the ER70S-6 welding condition with Ar + 5% O2 gas. In fatigue, the welding condition with the ER120S-G electrode and Ar + 5% O2 gas showed the best overall performance, while the other load conditions and electrodes were statistically similar.



The fatigue cracks initiated near the edge of the weld bead, and their propagation was controlled by the microstructural condition of the HAZ in different joints and welding defects present in the crack initiation region.



It was possible to observe a stable propagation of fractures with a large area, culminating in a final fracture with a ductile mode. This indicates the high ductility of the material in the crack propagation region.



The fatigue results indicate the benefits of applying O2 gas together with electrodes with higher contents of alloy elements such as ER110S-G and ER120S-G.
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Figure 1. (a) Segment of the agricultural implement and (b) diagram of the implement with its dimensions in millimeters. 
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Figure 2. Microstructure of base material LNE 600. (a) Low-magnification optical image, (b) high-magnification optical image, and (c) high-magnification SEM image. 
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Figure 3. Schemes of mechanical characterizations for the LNE 600 steel. (a) Disposition of the test bodies, (b) measurement of microhardness of the analyzed regions, (c) dimensions of the specimens for the tensile test, and (d) dimensions of the specimens for the fatigue test. 
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Figure 4. Macrograph of the welded joints. (a) ER70S-6/Ar + 15% CO2 and (b) ER120-G/Ar + 5% O2. 
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Figure 5. Microstructure of the samples using Ar gas + 15% CO2 for the heat-affected zone (HAZ) region; transformation from coarse grain to refined grain. (a) ER70S-6; (b) ER110S-G; (c) ER120S-G. PF—Primary Ferrite; WF—Widmanstatten Ferrite. 
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Figure 6. Microstructure of the samples using gas Ar + 5% O2 for the heat-affected zone (HAZ) region; transformation from coarse grain to refined grain. (a) ER70S-6; (b) ER110S-G; (c) ER120S-G. PF—Primary Ferrite; WF—Widmanstatten Ferrite. 
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Figure 7. Region of the weld wire in welds performed with gas Ar + 5% O2 e Ar + 15% CO2. For the electrodes ER70S-6, ER110S-G, and ER120S-G. AF—Acicular Ferrite; PF—Primary Ferrite; WF—Widmanstatten Ferrite. 
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Figure 8. Microhardness for samples. (a) Ar + 5% O2 and (b) Ar + 15% CO2. 
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Figure 9. Trend line graph based on fatigue tests using Ar + 5% O2 gas. 
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Figure 10. Trend line graph based on fatigue tests using Ar + 15% CO2 gas. 
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Figure 11. SEM fractographic analysis for the samples using Ar + 5% O2 gas. 
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Figure 12. SEM fractographic analysis for the samples using Ar + 15% CO2 gas. 






Figure 12. SEM fractographic analysis for the samples using Ar + 15% CO2 gas.



[image: Metals 13 01910 g012]







 





Table 1. Chemical composition (wt%) of base metal, obtained using optical emission spectroscopy.
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	Material
	C
	Si
	Mn
	S
	P
	Al
	Ni
	Mo
	Cu
	W
	N





	Base Metal

LNE 600
	0.15
	0.35
	1.90
	0.015
	0.025
	0.015%
	4.95
	2.74
	0.29
	0.054
	0.225










 





Table 2. Chemical composition of welding wire (wt.%), obtained by the as-received wire.
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	Welding Wire
	C
	Si
	Mn
	S
	P
	Ni
	Cr
	Mo
	Cu
	N
	V





	ER70S-6
	0.10
	0.90
	1.50
	-
	-
	-
	-
	-
	-
	-
	-



	ER110S-G
	0.06
	0.6
	1.6
	0.01
	0.01
	1.4
	0.3
	0.25
	0.07
	0.25
	0.07



	ER120S-G
	0.081
	0.8
	1.75
	-
	-
	2.22
	0.41
	0.533
	-
	-
	-










 





Table 3. Minimum mechanical properties that welds must present after welding.






Table 3. Minimum mechanical properties that welds must present after welding.





	Welding Wire
	0.2% Yield Strength (MPa)
	Ultimate Tensile Strength (MPa)
	Elongation (%)





	ER70S-6
	470
	560
	26



	ER110S-G
	715
	805
	17



	ER120S-G
	920
	940
	18










 





Table 4. HAZ width for each electrode and gas used; the measurement region was indicated by arrows in the macrograph in Figure 4.
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Average Dimensions of the HAZ (mm)




	
Electrode

	
Gas

	
Average Dimension (mm)






	
ER70S-6

	
Ar + 15% CO2

	
1.93 ± 0.43




	
Ar + 5% O2

	
1.82 ± 0.09




	
ER110S-G

	
Ar + 15% CO2

	
1.71 ± 0.53




	
Ar + 5% O2

	
1.35 ± 0.07




	
ER120S-G

	
Ar + 15% CO2

	
1.37 ± 0.05




	
Ar + 5% O2

	
1.11 ± 0.22











 





Table 5. Vickers microhardness of samples.
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Samples

	
Ar + 5% O2

	
Samples

	
Ar + 15% CO2




	
BM

	
HAZ

	
WM

	
BM

	
HAZ

	
WM






	
ER70S-6

	
223 ± 21

	
217 ± 10

	
224 ± 14

	
ER70S-6

	
239 ± 17

	
221 ± 15

	
225 ± 13




	
ER110S-G

	
242 ± 21

	
218 ± 11

	
260 ± 12

	
ER110S-G

	
214 ± 21

	
215 ± 11

	
260 ± 13




	
ER120S-G

	
241 ± 17

	
219 ±21

	
313 ± 20

	
ER120S-G

	
219 ± 12

	
215 ± 18

	
325 ± 22











 





Table 6. Tukey test for microhardness in different regions of samples.
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Comparative Areas Tukey Test (Y = Yes and N = No)




	
Weld Metal and Gas

	
Result by Area




	
CGHAZ–FGHAZ

	
WM–FGHAZ

	
WM–CGHAZ






	
ER70S-6–Ar + 5% O2

	
N

	
N

	
Y




	
ER110S-G–Ar + 5% O2

	
N

	
Y

	
Y




	
ER120S-G–Ar + 5% O2

	
N

	
Y

	
Y




	
ER70S-6–Ar + 5% CO2

	
N

	
N

	
N




	
ER110S-G–Ar + 5% CO2

	
N

	
Y

	
Y




	
ER120S-G–Ar + 5% CO2

	
N

	
Y

	
Y











 





Table 7. Tensile test results for samples.
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Weld Metal

	
Gas

	
Yield Stress (MPa)

	
Maximum Stress (MPa)

	
Strain (%)






	
Material Base

	
-

	
570 ± 33.4

	
640 ± 32.1

	
18.33 ± 0.62




	
ER70S-6

	
Ar + 15% CO2

	
550 ± 29.4

	
619 ± 21.5

	
15.23 ± 1.54




	
Ar + 5% O2

	
601 ± 44

	
699 ± 10.1

	
13.95 ± 2.7




	
ER110S-G

	
Ar + 15% CO2

	
638 ± 28.9

	
712 ± 25.6

	
18.19 ± 1.13




	
Ar + 5% O2

	
605 ± 26.3

	
702 ± 14.4

	
17.18 ± 1.02




	
ER120S-G

	
Ar + 15% CO2

	
680 ± 5.3

	
753 ± 11

	
15.83 ± 2.47




	
Ar + 5% O2

	
649 ± 26.9

	
706 ± 16.4

	
16.12 ± 1.33











 





Table 8. Tukey test results for tensile testing of samples.
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Tukey Test Yield Strength (MPa)

	
Tukey Test Tensile Strength (MPa)

	
Tukey Test Strain (%)




	
Process

	
N

	
Mean

	
Grouping

	
Process

	
N

	
Mean

	
Grouping

	
Process

	
N

	
Mean

	
Grouping






	
ER120S-G (CO2)

	
3

	
679.79

	
A

	
ER120S-G (CO2)

	
3

	
753.01

	
A

	
ER110S-G (CO2)

	
3

	
18.19

	
A




	
ER120S-G (O2)

	
3

	
649

	
A

	
ER110S-G (O2)

	
3

	
712.2

	
AB

	
ER110S-G (O2)

	
3

	
17.18

	
A




	
ER110S-G (CO2)

	
3

	
637.5

	
A

	
ER120S-G (O2)

	
3

	
706

	
AB

	
ER120S-G (O2)

	
3

	
16.12

	
A




	
ER110S-G (O2)

	
3

	
605.3

	
AB

	
ER110S-G (CO2)

	
3

	
701.67

	
B

	
ER120S-G (CO2)

	
3

	
15.83

	
A




	
ER70S-6 (O2)

	
3

	
601

	
AB

	
ER70S-6 (O2)

	
3

	
699.33

	
B

	
ER70S-6 (CO2)

	
3

	
15.23

	
A




	
ER70S-6 (CO2)

	
3

	
550.1

	
B

	
ER70S-6 (CO2)

	
3

	
618.6

	
C

	
ER70S-6 (O2)

	
3

	
13.95

	
A











 





Table 9. Fatigue life results for the different welding conditions.
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Condition Shielding Gas O2

	




	
Weld Metal

	
Tensile (MPa)

	
Average Fatigue Cycles (Nf) * 103

	
Standard Deviation






	
ER70S-6

	
372

	
75.6

	
31.14




	
310

	
93.2

	
34.11




	
ER110S-G

	
372

	
79.8

	
18.46




	
310

	
179.32

	
48.19




	
ER120S-G

	
372

	
162.36

	
33.31




	
310

	
175.25

	
54.4




	
Condition Shielding Gas CO2




	
ER70S-6

	
372

	
91.45

	
14.54




	
310

	
181.06

	
1.40




	
ER110S-G

	
372

	
74.34

	
39.16




	
310

	
189.77

	
45.84




	
ER120S-G

	
372

	
64.26

	
23.95




	
310

	
187.01

	
28.84











 





Table 10. Tukey test for fatigue life across the different welding conditions.
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Tukey Test Fatigue 60%

	
Tukey Test Fatigue 50%




	
Process

	
N

	
Mean

	
Grouping

	
Process

	
N

	
Mean

	
Grouping






	
ER120S-G (O2)

	
4

	
162,361

	
A

	
ER110S-G (CO2)

	
4

	
189,768

	
A




	
ER70S-6 (CO2)

	
4

	
91,448

	
B

	
ER120S-G (CO2)

	
4

	
187,015

	
AB




	
ER110S-G (O2)

	
4

	
79,806

	
B

	
ER70S-6 (CO2)

	
4

	
181,063

	
AB




	
ER70S-6 (O2)

	
4

	
75,603

	
B

	
ER110S-G (O2)

	
4

	
179,326

	
AB




	
ER110S-G (CO2)

	
4

	
74,340

	
B

	
ER120S-G (O2)

	
4

	
175,254

	
AB




	
ER120S-G (CO2)

	
4

	
64,260

	
B

	
ER70S-6 (O2)

	
4

	
93,204

	
B
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