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Abstract

:

Gas metal arc welding (GMAW) is a joining process that is controlled by several inputs or welding parameters. However, speed, current and voltage are the parameters that are most frequently used in setting this process. Cord area, yield stress, tensile strength, residual stresses, hardness and roughness are considered to be outputs or welded joints parameters. They are widely used when the design requirements are based on the cost, manufacturing speed, strength and surface finish. This paper seeks to determine the relationship between the welding parameters and the welded joint parameters of speed, current and voltage in butt joints (X-groove) of EN 235JR by the response surface method (RSM). The optimal joints when considering the design requirements of cost, manufacturing speed, strength and surface finish were achieved by using the multi-response surface (MRS). The optimal welding parameters reached when considering the design requirements of cost were 140.593 amps, 8.192 mm/s and 29.999 volts, respectively, whereas the design requirements of manufacturing speed were 149.88 amps, 9.261 mm/s and 29.999 volts. Finally, the welding parameters for the design requirements of joint strength and surface finish were 149.086 amps, 7.139 mm/s and 28.541 volts and 150.372 amps, 8.561 mm/s and 29.877 volts, respectively.
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1. Introduction


Gas metal arc welding (GMAW) is a metal joining process that is commonly used in many industrial sectors. A wide range of materials can be joined by GMAW, although stainless steel and low carbon steel are the materials that typically are welded by this technique. Due to the intense concentration of heat in a reduced area, the areas that are near the weld cord experience severe thermal cycles, which generate residual stresses and changes in mechanical properties. Several inputs or process parameters can be controlled directly by the welding machine or robot (speed, voltage, current, wire feed rate, flow rate of shielding gas and flux proportion of the mixture). Alternatively, they can be controlled by the boundary conditions (nozzle-to-plate distance, electrode orientation, plate thickness and wire diameter). However, speed, voltage and current are the most frequently-used parameters in the design process of welded joints that are manufactured by GMAW [1,2]. In this regard, yield stress and tensile strength are the outputs or welded joint parameters that are used widely to determine the accumulated plastic strain, which is closely related to the amount of energy absorbed before the welded joint fails [3]. Residual stresses are produced mainly by non-uniform heat distributions and plastic deformations and can provide information on changes in microstructural phases [4]. Tensile residual stresses are induced by shrinkage of the molten region, and compression residual stresses are induced by the effect of phase transformations [5]. The maximum values of residual stresses usually appear in the heat-affected zone (HAZ) on the toe of the weld cord and should be reduced as much as possible [6]. Variations in the residual stresses among the base metal, weld cord and HAZ can cause an increase in corrosion, as well as the formation of an irregular surface of the welded joints [7]. A surface roughness (Ra) of 3–4 µm can be achieved on high-quality weld cords, but values of 7–8 µm are more likely on industry standard welds cords [8]. Micro-hardness and hardness are usually used to quantify the strength of each constituent in the weld joint by determining the average hardness of each phase [9]. Some researchers [10,11] have investigated the relationship between hardness and tensile strength and used it to assess the strength of the welded joint. High values of hardness in the welded zone may be attributed to a fine grain size [12,13]. Lower values of hardness in the HAZ may be related to grain growth and a ferrite phase in this region [14,15]. In this sense, it is necessary for the difference between the hardness levels of parent material, weld cord and HAZ to be as low as possible so that the strength of the weld is as homogeneous as possible [16]. Moreover, the power consumed during the manufacture of welded joints affects greatly the yield, tensile strength, residual stresses and hardness. Similarly, the inputs or process parameters have a considerable influence on the weld area and power that is consumed, which can provide an idea of the amount of material that is provided to the welded joint. For example, the power that is consumed, the speed and the amount of filled material that is provided for the weld cord also should be considered, since they markedly affect the total manufacturing cost of welded products. The most desirable welded joint is the one that has the lowest possible values of residual stresses, surface roughness (Ra), hardness and manufacturing cost, but with its yield stress, tensile strength and speed maximized. The process of achieving the optimal welded joint solely on the basis of trial-and-error when the design requirements of cost, strength and surface finish are considered is a difficult task that should result in an unacceptable cost. In this context, some researchers have used the response surface methodology (RSM) in order to reduce the number of experiments that are necessary to obtain the optimal combination of inputs or process parameters. RSM is a statistical method that is used widely to model and optimize processes. It uses the input variables of the process and their responses or outputs to identify the combined effect of the input variables and obtain the best response [17]. RSM attempts to replace the implicit functions of the original design optimization problem with an approximation model that is traditionally a polynomial function (regression models) and, therefore, less expensive to evaluate. When there is more than one output, several response surfaces should be optimized using MRS. In this paper, a group of regression models that are based on the RSM was used to determine the relationship between the welding process parameters (inputs) and the welded joints parameters (outputs). Then, while considering design requirements based on manufacturing cost, manufacturing speed, strength and surface finish, the optimal welded joints were achieved by the MRS with the desirability functions. The weld cord area is the welded joint parameter that is used when the design requirements are based on the cost, whereas yield stress, tensile strength, residual stresses and hardness are the parameters used when the design requirements are based on the welded joint strength. Finally, roughness (Ra) is the parameter that is used when the design requirements are based on the surface finish. This paper concentrates on a study of the butt joint with complete penetration (X-groove) of EN 235JR low carbon steel for a range of speeds, currents and voltages for inputs or process parameters of 120–180 amps, 3–10 mm/s and 20–30 volts. The remaining inputs or process parameters (flow rate of the shielding gas, orientation of the electrode and the distance between the nozzle and plate) were assumed to be constants with values of 20.0 L/min, 80° and 4.0 mm, respectively.




2. Modelling Using the RSM


The RSM is a method that attempts to determine the relationships between the independent variables (input variables) and one or more response variables (output variables). The method was introduced by Box and Wilson in 1951 [18] to use the data that are obtained by experiments to obtain a model or an optimal response. Originally, RSM was developed to model experimental responses. However, it has been used recently in combination with other techniques to optimize products and industrial processes [19,20]. Basically, RSM is a group of statistical techniques that utilizes a regression model that is based on a low-degree polynomial function (Equation (1)).


   Y = f  (   x 1  ,  x 2  ,  x 3  , ... ,  x k   )  + e   



(1)




where Y is an experimental response, (x1, x2, x3, …, xk) are the vectors of inputs, e is an error and f is a function that consists of cross-products of the terms that form the polynomial. The quadratic model (second-order) is one of the most widely-used polynomial functions and is expressed in Equation (2):


   Y =  b 0  +   ∑  i = 1  n    b i  ⋅  X i  +     ∑  i = 1  n    b  i i   ⋅  X i 2  +     ∑  i = 1   n − 1      ∑  j = i + 1  n    b  i j   ⋅  X i  ⋅  X j      + e   



(2)




where the first summation is the linear part, the second is the quadratic part and the third is the product of the pairs of all variables. The values of the coefficients b0, bi, bii and bij are calculated by using regression analysis. Nevertheless, these functions sometimes do not give good results for complex problems with many nonlinearities and a high number of inputs. This is because they are continuous functions that are defined by polynomials and cannot be adjusted when the data are sparse. The p-value (or Prob. > F) is defined as the probability of obtaining a result that is equal to or greater than what was actually observed, assuming that the model is accurate. It can be computed by the analysis of variance (ANOVA). If the Prob. > F of the model and no term in the model exceeds the level of significance (say α = 0.05), the model may be considered to be adequate within a confidence interval of (1 − α). Some researchers have used ANOVA with the aim of analysing the influence of the inputs or process parameters on the outputs of the process [21,22]. When a problem has more than one output, it is called MRS and implicates conflict between outputs because an optimal configuration for one output may differ greatly from the optimal for another output. Harrington [23] presented a compromise between outputs. It consisted of desirability functions for each output, Equations (3) and (4), and an overall desirability that is defined as the geometric mean of the desirability D for each output (Equation (5)).
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   D =    (    ∏  r = 1  R    d r     )     1 / R      



(5)




where A and B are the limit values and s is an exponent that determines how important it is to reach the target value; X is the input vector; and fr is the model that is used for prediction. A second higher degree polynomial should be used to optimize one or several responses [24]. The desirability approach involves transforming each estimated response into a unitless utility that is bounded by 0 < dr < 1, where a higher value of dr indicates that the response value is more desirable. The optimization part of the R package v.1.6, [25] searches for a combination of importance factors (or weights from 1–3) that simultaneously satisfy the optimization criteria of each of the responses and inputs.




3. Welded Joint Parameters that Were Studied Using RSM


Several researchers have used the RSM to obtain the optimal combination of inputs or process parameters in welded joints. However, most of these works are based on the modelling and optimization of a relatively low number of output and input parameters. Thus, for example, hardness is commonly employed to investigate the grain size distribution of the welded joint and is characterized by means of a micro-hardness test. The test is carried out by a micro Vickers-hardness testing machine [26] and is used to obtain a surface hardness map with the values of hardness at different points across the weld joint [27,28]. High values of hardness in the welded zone may be attributed to fine grain size [12,13], whereas lower values of hardness in the HAZ may be related to grain growth [14,15,29]. In this regard, different levels of hardness that are obtained at the different parts of the weld joint could affect the overall behaviour of a weld joint. This can cause small cracks and material discontinuities, as well as the appearance of residual stresses. Some researchers have studied the micro-hardness test results of welded joints to create a hardness map of different points across the weld joint. Ghazanfari et al. [9] developed a comparative micro-hardness study of AISI 4130 welded joints to obtain hardness maps of the weld cord, base metal and heat-affected zone (HAZ) for a tungsten inert gas welding process (TIG). Other authors, such as Samardžić et al. [16], have studied the influence of welding parameters on hardness at different points across the weld joint in the submerged arc welding process (SAW). In this case, the study sought to reduce the level of hardness of different areas of the welded joint when the input parameters varied. One of the first works to be undertaken was a statistical study by Darwish et al. [30]. In this case, the influence of the input parameters on hardness and tensile strength of the weld joint was modelling using a linear regression model. Jindal et al. [31] modelled a hardness and weld cord area according to the welding parameters of SAW using the mathematical models that were obtained from the RSM. In this case, the hardness at the centre of a weld bead of the welded joint (fusion zone) was determined.



Yield stress and tensile strength are widely used in the characterization of the structural integrity and strength of welded joints. Obtaining these parameters is always undertaken by means of standard tests [32,33] that reveal, for different areas of the welded joint (parent material, weld bean and heat-affected zone (HAZ)), the plastic strain that accumulates until total failure occurs [3]. Knowing the strength of the welded joint is very important, since it predicts the performance of the joint in service. Thus, for example, if failure of the weld joint occurs on the weld cord, the joint is deficient. However, if failure of the parent material occurs, the joint is oversized. In this sense, several authors have investigated the method of modelling and optimizing the strength of the welded joint. For example, Dwivedi et al. [34] studied the influence of the process parameters (rated power of the microwave oven, welding time and temperature) on microwave welding. In this case and using RSM, the tensile strength of the welded joints was modelled and optimized. This study demonstrated that the strength of the welded joints decreases with increasing rated power, whereas the tensile strength of a welded joint increases as the welding time and the welding temperature increase.



Mechanical properties also are strongly influenced by residual stresses, which are one of the most important parameters considered during the manufacture of welded joints. The magnitude of residual stresses that are obtained should be in the vicinity of the HAZ, as measured in standard tests [35]. Several authors have studied the modelling and optimizing of residual stresses for various welding parameter inputs or process parameters. For example, Olabi et al. [36] determined the relationship between laser welding parameters and the magnitude of the residual stress at different locations by using RSM for laser butt-welding of AISI 304 plates joints. In a similar fashion, Olabi et al. [37] studied the minimization of residual stress in the heat-affected zones of AISI 304 plates that were welded with LBW (laser beam welding). This optimization was conducted by several designs of experiment (DOE) techniques, the Taguchi method and RSM. The process input parameters that were considered for both cases were: laser power, welding speed and focal point position. Furthermore, the incremental hole-drilling method was employed to measure the magnitude and distribution of the maximum residual stress in both studies [38].



Surface roughness can directly influence the quality of the surface, the tensile and yield stress and the fatigue strength of the welded joint. Surface roughness is determined by the mean roughness [39]. It is often used as a standard to measure the surface finish and quality of welded joints [40]. A weld joint with mean values of 3–4 µm of roughness should be considered to be a high-quality weld, whereas values of 7–8 µm are more likely encountered on industry-standard welds [8]. Furthermore, surface roughness can be affected by each of the parameters that control the welding processes. In this regard, Tzeng [41] studied as the input welding parameters speed, pulse energy, average peak power density and pulse duration to determine how they affected the mean roughness values of a welded joint that is manufactured by pulsed laser welding. The study showed that, as the mean laser power increased, the roughness of the weld bead was less pronounced when an acceptable welding speed was applied. Moreover, if the average laser power is reduced to a certain limit, the roughness values increase rapidly. Furthermore, Alam et al. [42] studied the influence of roughness on the tensile strength and fatigue strength at welded joints that were manufactured by laser hybrid welding. Although the fatigue strength is often dominated by the toe radius of the welded joint, high roughness values cause high stresses to appear in the ripples of the weld cords. These values of high stress on the weld cord ripples somehow affect the fatigue and tensile strength of the welded joint.



The input parameters of the welding process have a considerable influence on the weld bead geometry and weld bead area. The weld bead area can provide an idea of the amounts of material that are provided to the welded joint and consumed by the welding process. Basically, all weld bead geometries are characterized by their penetration, width, reinforcement height, width-to-penetration ratio and percentage dilution. There have been many studies during recent decades of how various input parameters of different welding processes influence weld bead geometry. For example, Gunaraj and Murugan [43] used the RSM to develop mathematical models for use in relating the input process parameters in weld beads in SAW of pipes (open-circuit voltage, wire feed rate, welding speed and nozzle-to-plate distance) to the outputs or welded joint parameters (penetration, reinforcement, width and percentage dilution of the weld bead). They demonstrated that all outputs decrease with increasing welding speed, whereas an increase in the wire feed rate produces an increase in all outputs, except width. Benyounis et al. [44] applied RSM to determine the effect of the input process parameters in the laser welding process (laser power, welding speed and focal point position) in order to determine the heat input, penetration, bead width and width of HAZ outputs. They discovered that the laser power has a positive effect on all of the outputs or welded joint parameters. Based on this study, Benyounis et al. [45] optimized the previous welding process by utilizing MRS based on a desirability approach. More recently, Wang et al. [46] studied the mathematical relationship between input process parameters in the laser welding process (laser power, joining speed and stand-off-distance) and the strength and width of the weld joint using RSM. A central composite second-order rotational design (CCRD) was used, and the optimum-joining parameters were achieved. Singh et al. [47] used the MRS to predict the critical dimension of weld-bead geometry and shape relationships with the effect of polarity in submerged arc welding (SAW). In this case, bead width, penetration, reinforcement and percentage dilution of the welded joint were modelled when the input process parameters wire feed rate, open circuit voltage, travel speed and contact tip-to-work distance.




4. Experimental Setup and Results Obtained


All welded joints were manufactured automatically with an ABB 1500 IRB robot incorporated in an ESAB 180 welding machine (Figure 1a). During the GMAW process, all specimens were supported on a refractory flat surface to which both plates of EN 235JR low carbon steel were clamped. Thus, the unique forces that produced the angular distortion of the welded parts were only gravity and the force of thermal shrinkage. The cooling of the welded joints was accomplished in air at a room temperature of 18 °C. The weld cord was deposited sequentially on both sides of the plates to be welded (first on one side and then on the other side) to create a butt joint with complete penetration (X-groove). Figure 1b shows a schematic of how the welding process was developed for all specimens. The wire that was used for all specimens was an ER70S-6 with a diameter of 1.2 mm and a chemical composition and mechanical behaviour very similar to those of the base metal. The flow rate of the shielding gas and the distance between the nozzle and plate were 20.0 L/min and 4.0 mm, respectively, with an orientation of the electrode of 80°. The dimensions of the plates that were used to manufacture all welded joints were 60 × 80 × 6 mm, and the length of the weld cord was 60 mm. The gas mixture was 80% argon (Ar) and 20% carbon dioxide (CO2) (see Figure 1c). Each of the specimens was machined in order to obtain sufficient samples for the different welded joint characterization tests (see Figure 1d).



Prior to conducting the different tests for characterization of the welded joint, X-ray radiographic analysis and ultrasonic testing were undertaken according to ISO 17636 [48] and ISO 11666 [49], respectively, to detect possible defects and imperfections in the welded joints to be studied. These types of analysis are considered to be non-destructive testing and allow testing of the specimens studied to continue by other methods of analysis. The tests were conducted to identify welded joints to reject that might cause any alteration in the outputs or welded joints parameters that would be obtained and were undertaken with a Balteau X-ray radiographic analysis and Krautkramer USK7B ultrasonic analysis with MWB80-4 angle beam transducer equipment. Figure 2a shows the results of a radiographic analysis of a welded specimen on which no defects or imperfections were detected. Similarly, Figure 2b shows the procedure followed for an ultrasonic analysis.



Once all specimens were checked by the nondestructive tests just mentioned and no defect or imperfections were detected, they were subjected to the following standard tests to characterize the welded joints.



4.1. Residual Stresses


It is known that different welding sequences applied to the same specimens can produce different residual strains and stresses on them [50]. In this case, all specimens were manufactured with the same welding sequence (same weld cord length and direction of welding) and were fixed to the ground in the same points (see Figure 1d). In the centre of the weld joint and on the left side of the weld cord in the direction of advance of the welding robot (as close as possible to the foot of the weld bead), the incremental hole-drilling non-destructive technique was used [38] to obtain the maximum residual stress. This technique is considered to be a stress-relaxing method that analyses the stress-relaxation that is produced in a metal part when the material is removed. This test was first so that the residual stresses were not altered by relaxation of the material that was machined for the final test that is required in this work. The procedure that was described in measurement group TN-503 [51] was followed. A strain gauge rosette type CEA-06-062UM-120, which allows the residual stresses close to the weld bead to be measured, was used to ensure that they were the maximum. Figure 3a shows the milling guide machine (Model RS-200, Vishay Measurements Group, Raleigh, NC, USA) with an ultra-high speed air turbine that includes a carbide cutter to drill a hole in the centre of the strain gauge rosette. Figure 3b shows the glued strain gauge rosette that contains a centre hole to relax the material close to the weld cord and obtain the residual stresses.




4.2. Hardness


A Shimadzu micro Vickers-hardness type HMV-2 testing machine was used to obtain the difference between the average values of hardness obtained in the weld cord and the average values of hardness HV obtained in the centre line of the base metal according to ASTM E92 [26]. In this case, the value of the applied force was 1 kPa (or 9.81 N), and the holding time was 15 seconds (HV1). Before proceeding with the measurement of hardness, all welded joints were cut into pieces, ground and then treated with picric acid on the faces of the cuts in accordance with ASTM E407 [52], so that different areas of the joint would be visible (weld bead, HAZ and base metal). The value of hardness HV for the weld cord of all specimens was measured at different points in a straight line that was 2 mm from, and parallel to, the centre line of the weld joint. The distance between hardness HV measurements points was 0.2 mm. (Figure 4b). Figure 4c shows the variations of the hardness in the parallel straight line that is located 2 mm from the centre line of the weld joint in red and the centre line of the weld joint in blue. Figure 4c also shows that points on the weld bead have a much greater hardness than points on the base metal.




4.3. Yield Stress and Tensile Strength


The specimens with which to obtain the values of yield stress and tensile strength were prepared according to the ASTM E8M-04 Standard Test Method and the ISO 5178 Standard Test Method, respectively [32,33], and were tested in a MAH-3000 Servosis universal testing machine. Figure 5a shows the yield stress and tensile strength that were obtained for some of the welded specimens, as well as for the base metal. Furthermore, the figure shows that the stress-strain curve for the base metal has a very similar behaviour to that of Specimen 16. This is mainly because Specimen 16 has a rigid weld cord, and welded joint failure occurs in the base metal, which is the element of the welded joint that suffers the most localized plastic deformation. Furthermore, Figure 5b shows some of the specimens after they were tested. This last figure shows that failure of the welded joint has occurred in the base metal (Specimen 01), whereas failure of the welded joint occurred in other specimens tested in the weld bead itself (Specimen 16). The failure of the welded joint in the base metal suggests that the weld cord was oversized, whereas the failure of the welded joint in the weld cord suggests that its dimensions were inappropriate.




4.4. Surface Roughness


The roughness of the welded joints was measured longitudinally at the face of each bead. The roughness measurement was conducted according to the ISO 4287 standard [53] using a portable Surtronic 25 Taylor Hobson surface roughness tester profilometer. Figure 6 shows the roughness value obtained on the face of two different weld beads. The actual weld bead from which the roughness values were obtained (Ra) appears on the left side of each figure, as well as the path that the portable roughness tester probe followed to determine the roughness (right side). The face of the weld bead shown in Figure 6b has higher values of waves than those that appear in Figure 6a, which generate higher values of roughness. The profile of the roughness shown in Figure 6a has a lower roughness value (Ra = 1.63 μm) than the value that appears in Figure 6b (Ra = 9.16 μm).




4.5. Weld Cord Area Surface Roughness


To obtain the weld cord area, the joint was cut into pieces and ground. Then, the faces of the cuts were treated with picric acid according to ASTM E407 [52]. Once the specimens had been treated, they were examined under a microscope using 40× magnification. The images obtained by the microscope were digitalized. Subsequently, software was used to determine the surface of each weld bead. Figure 7 shows the areas obtained for two weld beads that were created by the GMAW process with different input process parameters of current, voltage and speed. Figure 7a (Specimen 09) shows an area of the weld cord that is much greater than that of the weld cord that appears in Figure 7b (Specimen 09). The amount of filler material in Specimen 09 suggests that the filler material used to create the welded joint is excessive for the thickness of the welded plates studied.





5. Design of Experiments


RSM needs to establish a DoE [54] in order to obtain accurate models with the least amount of data to support the initial hypotheses. Several methods have been proposed to develop DoE. However, they all require the construction of a design matrix (inputs) to measure the outputs or responses of the experiments. In this case, a Box–Behnken design (BBD) [55] of three factor and three levels was used to develop the experiment. The input process parameters that were used to develop the DoE were speed (S), current (C) and voltage (V). The outputs were area of the weld cord (A), surface roughness (Ra), hardness (H), yield stress (YS), tensile strength (TS) and the maximum residual stress (RS). The range in which the different levels of current, speed and voltage were adjusted was based on the experience of the laboratory personnel, as well as on the manufacturing of a group of preliminary welded samples in order to ensure that the welded specimens had no defects and imperfections. Thus, for example, Figure 8 shows some preliminary tests in which the specimens that were manufactured present defects and imperfections. Figure 8a shows a weld bead in which the flow rate of the shielding gas and the orientation of the electrode are incorrect (in this case, 10.0 L/min and 65°, respectively, when the correct values are 20.0 L/min and 80°, respectively (see Section 4)). In this figure, the pores in the weld cord are visible. They have been caused by a poor melting of the filler material cord. Furthermore, Figure 8b shows a weld joint that was manufactured with the following input parameters: a current of 260 amp, a voltage of 30 volts and a speed of 3 mm/s. In this case, the heat supplied during the welding process was excessive and caused the metal base, which had a thickness of 6 mm, to melt.



Once the input process parameters that could cause defects and/or imperfections were discarded on the basis of inspection of the preliminary welded samples and the experience of the laboratory personnel, the ranges for each of the input process parameters were established. Table 1 shows the input process parameters, the notation and the limits of each input parameter.



According to the input parameters and levels shown in Table 1 and using the statistical open source software R (r-project) [56], 17 experiments were generated with their corresponding inputs (Table 2).




6. Results and Discussion


6.1. Modelling the Area, Yield Stress, Tensile Strength, Roughness and Residual Stress Using RSM


Equations (6)–(11) were fitted by using the data that appear in Table 2 to obtain regression equations for all responses. The RMS “R” package [57] was used for this. Second-order polynomial models were built for each response, and several criteria (R2, p-value, MAE and RMSE) were used to select the most accurate model. These equations show the second degree polynomial functions that were obtained to model area (A), roughness (Ra), hardness (H), yield stress (YS), tensile strength (TS) and residual stresses (RS). These equations show how each of the outputs is obtained by a combination of second-order polynomials that are formed by a combination of input variables.


A = 70.108 − 11.955 × S − 0.0159 × C × S + 0.716 × S2 − 1.337 × V + 0.0142 × C × V



(6)






Ra = 30.084 − 0.284 × C + 0.001094 × C2 + 7.566 × S − 0.0285 × C × S + 0.1416 × S2 − 2.455 × V + 0.0054 × C × V − 0.201 × S × V + 0.059 × V2



(7)






H = 1524.363 − 7.828 × C − 29.685 × S + 0.159 × C × S + 1.448 × S2 − 46.377 × V + 0.261 × C × V



(8)






YS = −2156.353 +30.110 × C − 0.085 × C2 − 167.101 × S + 0.882 × C × S − 2.888 × S2 + 48.827 × V − 0.355 × C × V + 2.351 × S × V



(9)






TS = −2794.565 + 32.582 × C −0.0729 × C2 − 135.596 × S + 0.699 × C × S − 2.539 × S2 + 80.884 × V − 0.559 × C × V + 2.012 × S × V



(10)






RS = 907.235 − 27.519 × C + 0.103 × C2 + 0.214 × C × S + 3.620 × S2 + 86.219 × V − 0.202 × C × V − 2.382 × S × V − 0.622 × V2



(11)







Table 3, Table 4, Table 5, Table 6, Table 7 and Table 8 show the results of ANOVA for each of the final quadratic models. Most of the variables have a p-value that is less than 0.01. This indicates that the variables that were used on the reduced quadratic models are statistically significant. The multiple correlation coefficient (R2) was calculated as the measure of the amount of variation around the mean that was obtained by the regression model. The results showed that all values of R2 are close to one. This indicates that these models possess good predictive capacity.



MAE and RMSE are calculated to determine the generalization capacity of the quadratic models that are obtained using the data that appear in Table 2 according to Equations (12) and (13).


   MAE =  1 m  ×   ∑  k = 1  m    |   Y  k  Experiment   −  Y  k  Model    |      



(12)






   RMSE =    1 m    ∑  k = 1  m      (   Y  k  Experiment   −  Y  k  Model    )   2        



(13)







In this case, YkExperiment are the responses that were obtained experimentally, and YkModel are those that were obtained from the quadratic models that were developed with RSM and m specimens. Table 9 shows the prediction errors, where the maximum error corresponds to YS (MAE equal to 6.826 and RMSE equal to 7.345), and the minimum error corresponds to RS (MAE equal to 2.993 and RMSE equal to 3.504).



Figure 9 shows the relationship between the actual values that were obtained experimentally (Table 1) and the predicted (quadratic models) values of A (Figure 9a), Ra (Figure 9b), H (Figure 9c), TS (Figure 9d), YS (Figure 9e) and RS (Figure 9f). The figures show that these models are adequate for the prediction of these values because the residuals that were obtained are small and the correlations between actual and predicted values are high.




6.2. Multi-Response Optimization


Table 10, Table 11, Table 12, Table 13 and Table 14 show the combination of process parameters and welded joint parameters that were studied in searching the design process of welded joints through desirability functions using the RMS “R” package [25], while considering several design requirements. The first column of all tables shows the inputs and outputs (process parameters and welded joint parameters) that were studied, whereas the second column shows the goal that was established in the optimization process for both inputs and outputs. The third column in the tables shows the degree of importance considered in the design process. Finally, the fourth columns show the values of the process parameters and welded joints parameters and the fifth columns show the desirability values. Table 10 shows the results when the design requirements that are based on cost, productivity of manufacturing, weld joint strength and surface finish were considered with the same level of importance (equal to one). In this case, the value of the overall desirability was 0.808. Table 11 shows the results when the design requirements that are based on the cost (weld cord area) were considered with a higher level of importance than other design criteria. The goal that was established was a value of three (maximum), and the overall desirability obtained was 0.749. Table 12 shows the results when the design requirements that were based on the manufacturing speed process (manufacturing speed) were considered. The value that was established for the goal was the maximum and the overall desirability obtained was 0.759. Table 13 shows the results when the design requirements were based on the weld joint strength (yield stress, tensile strength, residual stresses and hardness). The overall desirability obtained in this case was 0.739. Finally, Table 14 shows the results when the design requirements are based on the welded joint surface finish (roughness (Ra)). The overall desirability obtained in these design requirements was 0.789. From the results that appear in Table 10, Table 11, Table 12 and Table 13, it can be seen that the process parameters obtained are very similar for all different design requirements studied. Thus, for example, the range in which the current reaches its value for the different design requirements that were studied extends from 140.593 amps–150.372 amps, whereas the ranges for speed and voltage were, respectively, 7.139 mm/s–9.261 mm/s and 28.541 volts–29.999 volts. In addition, the optimal value of the voltage when the first three design requirements criteria were considered is 29.999 volts. From these results, it follows that the optimal process parameters that are obtained for different design requirements are found in a relatively narrow range.



Once the different design requirements were obtained, five new specimens according to the combination of process parameters that are shown in Table 10, Table 11, Table 12, Table 13 and Table 14 were manufactured in order to determine the accuracy of the proposed methodology. These new specimens were manufactured with boundary conditions that were identical to those that were followed for the manufacture of the specimens that are shown in Table 2 (see Section 4). The new welded specimens were tested according to X-ray radiographic analysis and ultrasonic testing (ISO 17636 [48] and ISO 11666 [49]) in order to detect possible defects and imperfections. For all new welded specimens, any defect or imperfection was identified. Table 15 shows the values of different outputs or welded joint parameters according to the five design requirements that were studied. This table shows the values that were obtained experimentally when the five design requirements that were considered do not differ significantly from those values that were obtained by applying the MRS methodology (see the results of Table 10, Table 11, Table 12, Table 13 and Table 14). In this case, in order to compare the different errors that were obtained in the prediction of the outputs or welded joint parameters according to the five design requirements that were studied, MAE and RMSE were obtained from the data that had been normalized. The normalization of the data is commonly used in statistical processes to transform all variables to the same scale (from 0–1). In this case, this transformation is carried out subtracting the minimum value from each original value and dividing by the range of each variable according to Equation (14).


    Y  k ,  norm   =    Y k  − min  ( Y )    range ( Y )     



(14)




where Yk,norm are the normalized outputs that were obtained from the outputs or welded joint parameters from the models that were developed with RSM and the outputs or welded joint parameters that were obtained experimentally. The error shown in the last two columns represents the MAE and RMSE, which have been normalized for each of the variables in each of the five design requirements that were studied. However, the normalized MAE and RMSE that appear in the last two rows correspond to the errors in each of the outputs or welded joint parameters studied. For example, when strength is considered to be a design requirement for welded joints, the errors obtained are the smallest (MAE = 0.15 and RMSE = 0.16), but when all variables are considered equally important, the error is the largest (MAE = 0.27 and RMSE = 0.28). The reason for this difference in the errors could be that, when all variables are considered equally important, the models must have a more general behaviour. In contrast, the maximum errors obtained for each of the outputs are lower when predicting hardness (MAE = 0.15 and RMSE = 0.16) and greater when predicting residual stresses (MAE = 0.28 and RMSE = 0.28). This difference may be due largely to the difficulty of obtaining the residual stress according to the hole-drilling strain-gage method [38] used in this case. It requires a significant number of operations for its development. In addition, the values of MAE and RMSE that were obtained for each of the different outputs or welded joint parameters are all in acceptable agreement.





7. Conclusions


This paper presents a methodology that allows the optimization of a butt joint with complete penetration (X-groove) when several design requirements are considered simultaneously. First, a DoE using BBD was undertaken to determine the configuration of 17 experiments. Using RSM, weld cord area, yield stress, tensile strength, residual stresses, hardness and roughness were modelled with quadratic regression models as functions of the process parameters of speed, current and voltage. The resulting quadratic models were tested and found to be adequate. A multi-objective optimization study was conducted using the desirability function approach when the design requirements of cost, manufacturing speed, strength and surface finish of the welded joint were considered. From the optimization study results, it was found that the process parameters that were obtained are very similar to the different design requirements that were studied. The range in which the current reaches its value ranging from 140.593 amps–150.372 amps is 7.139 mm/s–9.261 mm/s for speed, whereas the range for the voltage is 28.541 volts–29.999 volts. It follows from the results that optimal process parameters are obtained when different design requirements are raised are in a relatively small range. Five new specimens were manufactured with the optimal design requirements, and good agreement was noticed between the experimental and predicted results.
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Figure 1. (a) ABB 1500 IRB robot with the ESAB 180 welding machine used to manufacture all welded joints with gas metal arc welding (GMAW). (b) The welding process employed in the manufacture of the butt joint with complete penetration (X-groove). (c) Common welding parameters used in GMAW and considered in this case. (d) Butt joint with complete penetration (X-groove) manufactured: details of the specimens to be machined for the different welded joint characterization tests. 
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Figure 2. (a) X-ray radiograph that shows a weld bead that was analysed. (b) Analysis using ultrasonic testing. 
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Figure 3. (a) RS-200 milling guide machine. (b) Detail of the strain gauge rosette type CEA-06-062UM-120. 
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Figure 4. (a) Lines in which the hardness values in both the weld and the base metal were measured. (b) Micrograph that shows the hardness HV values obtained every 0.2 mm. (c) Varying hardness values obtained in both lines (centre line and parallel line). 
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Figure 5. (a) Yield stress and tensile strength according to the ISO 5178 Standard Test Method. (b) Specimens after they were tested according to ISO 5178. 
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Figure 6. Roughness profile obtained and paths that the portable roughness tester probes followed to determine the roughness. (a) Low values of roughness obtained and (b) high values of roughness obtained. 
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Figure 7. Weld cord areas at different GMAW input process parameters of current, voltage and speed. 
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Figure 8. (a) Pores in the weld cord due to incorrect values of flow rate of the shielding gas and the orientation of the electrode. (b) Melting of the base metal due to excessive heat supplied to the welding process. 
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Figure 9. Scatter diagram of: (a) area (A), (b) roughness (Ra), (c) residual stress (RS), (d) hardness (H), (e) yield stress (YS) and (f) tensile strength (TS). 
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Table 1. Independent variables and experimental design levels used with the Box–Behnken design (BBD) method.
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Input

	
Notation

	
Magnitude

	
Levels




	
−1

	
0

	
1






	
Current

	
C

	
amps

	
120

	
150

	
180




	
Speed

	
S

	
mm/s

	
3

	
6.5

	
10




	
Voltage

	
V

	
volts

	
20

	
25

	
30
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Table 2. Design matrix and specimens obtained by BBD. A, area of the weld cord; H, hardness; YS, yield strength; TS, tensile strength; RS, residual stress.
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Inputs

	
Outputs




	
Exp. No.

	
C

	
S

	
V

	
A

	
Ra

	
H

	
YS

	
TS

	
RS




	
(amps)

	
(mm/s)

	
(volts)

	
(mm2)

	
(µm)

	
(MPa)

	
(MPa)

	
(MPa)

	
(MPa)






	
14

	
150

	
6.5

	
25

	
26.7219

	
2.3

	
179

	
339.229

	
396.45

	
79.3




	
1

	
120

	
3

	
25

	
42.342

	
1.967

	
185

	
355.449

	
404.63

	
172.991




	
3

	
120

	
10

	
25

	
12.3578

	
8.269

	
244

	
67.526

	
158.3

	
267.577




	
6

	
180

	
6.5

	
20

	
29.642

	
3.608

	
172

	
311.631

	
414.11

	
128.07




	
10

	
150

	
10

	
25

	
18.9386

	
5.091

	
251

	
298.46

	
341.85

	
180.314




	
12

	
150

	
10

	
30

	
22.5676

	
2.57

	
220

	
339.883

	
382.85

	
195.392




	
13

	
150

	
6.5

	
25

	
26.5941

	
2.82

	
205

	
337.921

	
359.05

	
89.451




	
4

	
180

	
10

	
25

	
22.454

	
2.508

	
286

	
294.12

	
334.79

	
323.307




	
16

	
150

	
6.5

	
25

	
28.5

	
2.58

	
205

	
356.43

	
416.5

	
83.774




	
8

	
180

	
6.5

	
30

	
42.934

	
5.411

	
182

	
332.603

	
364.37

	
155.425




	
15

	
150

	
6.5

	
25

	
24.1788

	
2.59

	
210

	
349.236

	
411.63

	
89.5




	
5

	
120

	
6.5

	
20

	
17.608

	
6.299

	
289

	
106.12

	
126.52

	
101.618




	
2

	
180

	
3

	
25

	
58.75

	
8.196

	
160

	
211.282

	
287.42

	
130.536




	
17

	
150

	
6.5

	
25

	
25.3

	
2.32

	
177

	
344.069

	
382.7

	
81.7




	
11

	
150

	
3

	
30

	
55.858

	
8.95

	
130

	
351.865

	
406.37

	
132.678




	
7

	
120

	
6.5

	
30

	
21.274

	
4.852

	
142

	
340.472

	
412.67

	
250.234




	
9

	
150

	
3

	
25

	
60.648

	
3.716

	
160

	
376.18

	
424.71

	
62.902











[image: Table] 





Table 3. ANOVA table for the “A” quadratic model.
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Var.

	
Df

	
Sum of Sq.

	
Mean Square

	
F-Value

	
p-Value

	
Sig. Code






	
S

	
1

	
2495

	
2495

	
285

	
3.29 × 10−9

	
***




	
C × S

	
1

	
352.21

	
352.21

	
40

	
5.54 × 10−5

	
***




	
S2

	
1

	
404.02

	
404.02

	
46

	
3.00 × 10−5

	
***




	
V

	
1

	
87.24

	
87.24

	
10

	
9.17 × 10−3

	
**




	
C × V

	
1

	
133.55

	
133.55

	
15

	
2.465× 10−3

	
**




	
Residuals

	
11

	
96.44

	
8.77

	

	

	




	
R2

	
0.984

	

	

	

	

	








Significance codes: *** 0; ** 0.001. 
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Table 4. ANOVA table for the “Ra” quadratic model.
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Var.

	
Df

	
Sum of Sq.

	
Mean Square

	
F-Value

	
p-Value

	
Sig. Code






	
C

	
1

	
0.346

	
0.346

	
2

	
2.394057 × 10−1

	




	
C2

	
1

	
9

	
9

	
44

	
2888 × 10−4

	
***




	
S

	
1

	
2

	
2

	
12

	
1.15299 × 10−2

	
*




	
C × S

	
1

	
36

	
36

	
172

	
3.51 × 10−6

	
***




	
S2

	
1

	
9

	
9

	
42

	
3.458 × 10−4

	
***




	
V

	
1

	
2

	
2

	
8

	
2.58224 × 10−2

	
*




	
C × V

	
1

	
3

	
3

	
13

	
9.3021 × 10−3

	
**




	
S × V

	
1

	
19

	
19

	
89

	
3.14 × 10−5

	
***




	
V2

	
1

	
6

	
6

	
29

	
1.0289 × 10−3

	
**




	
Residuals

	
7

	
1

	
0.209

	

	

	




	
R2

	
0.991

	

	

	

	

	








Significance codes: *** 0; ** 0.001; * 0.01. 
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Table 5. ANOVA table for the “H” quadratic model.







Table 5. ANOVA table for the “H” quadratic model.







	
Var.

	
Df

	
Sum of Sq.

	
Mean Square

	
F-Value

	
p-Value

	
Sig. Code






	
C

	
1

	
450

	
450

	
2

	
1.988151 × 10−1

	




	
S

	
1

	
16,744.5

	
16,744.5

	
70

	
7.71 × 10−6

	
***




	
C × S

	
1

	
1122.3

	
1122.3

	
5

	
5.48739 × 10−2

	
.




	
S2

	
1

	
330.5

	
330.5

	
1

	
2.655811 × 10−1

	




	
V

	
1

	
6984.7

	
6984.7

	
29

	
2.923 × 10−4

	
***




	
C × V

	
1

	
6162.3

	
6162.3

	
26

	
4.692 × 10−4

	
***




	
Residuals

	
10

	
2376.3

	
237.6

	

	

	




	
R2

	
0.964

	

	

	

	

	








Significance codes: *** 0; . 0.05. 
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Table 6. ANOVA table for the “YS” quadratic model.







Table 6. ANOVA table for the “YS” quadratic model.







	
Var.

	
Df

	
Sum of Sq.

	
Mean Square

	
F-Value

	
p-Value

	
Sig. Code






	
C

	
1

	
9805

	
9805

	
17

	
3.4049 × 10−3

	
**




	
C2

	
1

	
35,302

	
35,302

	
61

	
5.27 × 10−5

	
***




	
S

	
1

	
10,862

	
10,862

	
19

	
2.5365 × 10−3

	
**




	
C × S

	
1

	
34,366

	
34,366

	
59

	
5.80 × 10−5

	
***




	
S2

	
1

	
1902

	
1902

	
3

	
1.080436 × 10−1

	




	
V

	
1

	
15,245

	
15,245

	
26

	
9.059 × 10−4

	
***




	
C × V

	
1

	
11,383

	
11,383

	
20

	
2.2114 × 10−3

	
**




	
S × V

	
1

	
2539

	
2539

	
4

	
7.00186 × 10−2

	
.




	
Residuals

	
8

	
4650

	
581

	

	

	




	
R2

	
0.981

	

	

	

	

	








Significance codes: *** 0; ** 0.001; . 0.05. 
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Table 7. ANOVA table for the “TS” quadratic model.







Table 7. ANOVA table for the “TS” quadratic model.







	
Var.

	
Df

	
Sum of Sq.

	
Mean Square

	
F-Value

	
p-Value

	
Sig. Code






	
C

	
1

	
11143

	
11143

	
11

	
1.07556 × 10−2

	
*




	
C2

	
1

	
26,095.2

	
26,095.2

	
26

	
9.773 × 10−4

	
***




	
S

	
1

	
11,654.1

	
11,654.1

	
11

	
9.622 × 10−3

	
**




	
C × S

	
1

	
21,564.9

	
21,564.9

	
21

	
1.7561 × 10−3

	
**




	
S2

	
1

	
1363.2

	
1363.2

	
1

	
2.80849 × 10−1

	




	
V

	
1

	
13,132.5

	
13,132.5

	
13

	
7.09 × 10−3

	
**




	
C × V

	
1

	
28,205.5

	
28,205.5

	
28

	
7.641 × 10−4

	
***




	
S × V

	
1

	
1859.6

	
1859.6

	
2

	
2.137441 × 10−1

	
*




	
Residuals

	
8

	
8154.2

	
1019.3

	

	

	




	
R2

	
0.966

	

	

	

	

	








Significance codes: *** 0; ** 0.001; * 0.01.
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Table 8. ANOVA table for the “RS” quadratic model.







Table 8. ANOVA table for the “RS” quadratic model.







	
Var.

	
Df

	
Sum of Sq.

	
Mean Square

	
F-Value

	
p-Value

	
Sig. Code






	
C

	
1

	
379.2

	
379.2

	
2

	
1.821709 × 10−1

	




	
C2

	
1

	
27,557

	
27,557

	
155

	
1.62 × 10−6

	
***




	
C × S

	
1

	
29,079

	
29,079

	
164

	
1.32 × 10−6

	
***




	
S2

	
1

	
7656.8

	
7656.8

	
43

	
0.0001758

	
***




	
V

	
1

	
11,144.2

	
11,144.2

	
63

	
4.70 × 10−5

	
***




	
C × V

	
1

	
3676

	
3676

	
21

	
1.8783 × 10−3

	
**




	
S × V

	
1

	
8275.1

	
8275.1

	
47

	
1345 × 10−4

	
***




	
V2

	
1

	
679.7

	
679.7

	
4

	
8.6221 × 10−2

	
.




	
Residuals

	
8

	
1421.5

	
177.7

	

	

	




	
R2

	
0.992

	

	

	

	

	








Significance codes: *** 0; ** 0.001; . 0.05. 
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Table 9. Results of the predicted error criteria for area (A), roughness (Ra), hardness (H), yield stress (YS), tensile strength (TS) and residual stresses (RS).







Table 9. Results of the predicted error criteria for area (A), roughness (Ra), hardness (H), yield stress (YS), tensile strength (TS) and residual stresses (RS).







	

	
A (mm2)

	
Ra (µm)

	
H (kp/mm2)

	
TS (MPa)

	
YS (MPa)

	
RS (MPa)






	
MAE

	
4.223

	
3.513

	
6.597

	
4.529

	
6.826

	
2.993




	
RMSE

	
5.311

	
4.221

	
7.484

	
5.359

	
7.345

	
3.504
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Table 10. The first criterion considered: all variables considered equally important.







Table 10. The first criterion considered: all variables considered equally important.







	

	
Goal

	
Importance

	
Value

	
Desirability






	
Current (C)

	
In range → 120.0

	
1.0

	
143.788

	
1.0




	
Speed (S)

	
Maximize → 10.0

	
1.0

	
8.218

	
0.745




	
Voltage (V)

	
In range → 20.0

	
1.0

	
29.999

	
1.0




	
Area (mm2)

	
Minimize → 12.357

	
1.0

	
23.819

	
0.762




	
Ra (µm)

	
Minimize → 1.967

	
1.0

	
3.159

	
0.829




	
H (kp/mm2)

	
Minimize → 130.0

	
1.0

	
174.803

	
0.718




	
YS (MPa)

	
Maximize → 376.18

	
1.0

	
376.186

	
1.0




	
TS (MPa)

	
Maximize → 424.71

	
1.0

	
424.976

	
1.0




	
RS (MPa)

	
Minimize → 62.92

	
1.0

	
149.859

	
0.666




	

	

	
Overall Desirability

	
0.808
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Table 11. The second criterion considered: cost based on the cord area.







Table 11. The second criterion considered: cost based on the cord area.







	

	
Goal

	
Importance

	
Value

	
Desirability






	
Current (C)

	
In range → 120.0

	
1.0

	
140.593

	
1.000




	
Speed (S)

	
Maximize → 10.0

	
1.0

	
8.192

	
0.741




	
Voltage (V)

	
In range → 20.0

	
1.0

	
29.999

	
1.0




	
Area (mm2)

	
Minimize → 12.357

	
3.0

	
22.819

	
0.480




	
Ra (µm)

	
Minimize → 1.967

	
1.0

	
3.310

	
0.807




	
H (kp/mm2)

	
Minimize → 130.0

	
1.0

	
170.551

	
0.744




	
YS (MPa)

	
Maximize → 376.18

	
1.0

	
369.756

	
0.979




	
TS (MPa)

	
Maximize → 424.71

	
1.0

	
423.210

	
0.994




	
RS (MPa)

	
Minimize → 62.9

	
1.0

	
157.145

	
0.638




	

	

	
Overall Desirability

	
0.749
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Table 12. The third criterion considered: productivity of manufacturing based on the welding speed.







Table 12. The third criterion considered: productivity of manufacturing based on the welding speed.







	

	
Goal

	
Importance

	
Value

	
Desirability






	
Current (C)

	
In range → 120.0

	
1.0

	
149.88

	
1.0




	
Speed (S)

	
Maximize → 10.0

	
3.0

	
9.261

	
0.715




	
Voltage (V)

	
In range → 20.0

	
1.0

	
29.999

	
1.0




	
Area (mm2)

	
Minimize → 12.357

	
1.0

	
24.318

	
0.752




	
Ra (µm)

	
Minimize → 1.967

	
1.0

	
2.656

	
0.901




	
H (kp/mm2)

	
Minimize → 130.0

	
1.0

	
202.029

	
0.546




	
YS (MPa)

	
Maximize → 376.18

	
1.0

	
368.234

	
0.974




	
TS (MPa)

	
Maximize → 424.71

	
1.0

	
408.647

	
0.946




	
RS (MPa)

	
Minimize → 62.9

	
1.0

	
167.653

	
0.597




	

	

	
Overall Desirability

	
0.759
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Table 13. The fourth criterion considered: welded joint strength based on tensile strength, yield stress and residual stress.







Table 13. The fourth criterion considered: welded joint strength based on tensile strength, yield stress and residual stress.







	

	
Goal

	
Importance

	
Value

	
Desirability






	
Current (C)

	
In range → 120

	
1.0

	
149.086

	
1.0




	
Speed (S)

	
Maximize → 10

	
1.0

	
7.139

	
0.591




	
Voltage (V)

	
In range → 20

	
1.0

	
28.541

	
1.0




	
Area (mm2)

	
Minimize → 12.357

	
1.0

	
26.964

	
0.697




	
Ra (µm)

	
Minimize → 1.967

	
1.0

	
3.000

	
0.852




	
H (kp/mm2)

	
Minimize → 130

	
1.0

	
176.750

	
0.705




	
YS (MPa)

	
Maximize → 376.18

	
3.0

	
380.721

	
1.0




	
TS (MPa)

	
Maximize → 424.71

	
3.0

	
424.712

	
1.0




	
RS (MPa)

	
Minimize → 62.9

	
3.0

	
118.240

	
0.488




	

	

	
Overall Desirability

	
0.739
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Table 14. The fifth criterion considered: welded joint quality based on surface finish.







Table 14. The fifth criterion considered: welded joint quality based on surface finish.







	

	
Goal

	
Importance

	
Value

	
Desirability






	
Current (C)

	
In range → 120

	
1.0

	
150.372

	
1.0




	
Speed (S)

	
Maximize → 10

	
1.0

	
8.561

	
0.794




	
Voltage (V)

	
In range → 20

	
1.0

	
29.877

	
1.0




	
Area (mm2)

	
Minimize → 12.357

	
1.0

	
25.067

	
0.736




	
Ra (µm)

	
Minimize → 1.967

	
3.0

	
2.472

	
0.798




	
H (kp/mm2)

	
Minimize → 130

	
1.0

	
190.386

	
0.620




	
YS (MPa)

	
Maximize → 376.18

	
1.0

	
379.262

	
1.0




	
TS (MPa)

	
Maximize → 424.71

	
1.0

	
419.307

	
0.981




	
RS (MPa)

	
Minimize → 62.9

	
1.0

	
148.494

	
0.671




	

	

	
Overall Desirability

	
0.789
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Table 15. Outputs or welded joint parameters that were obtained according to the five design requirements studied







Table 15. Outputs or welded joint parameters that were obtained according to the five design requirements studied







	
Des. Crit.

	
Experimental Values Obtained

	

	




	
A (mm2)

	
Ra (µm)

	
H (kp/mm2)

	
YS (MPa)

	
TS (MPa)

	
RS (MPa)

	
MAE

	
RMSE






	
1st Crit.

	
22.23

	
2.85

	
169.23

	
368.29

	
418.76

	
164.95

	
0.27

	
0.28




	
2nd Crit.

	
21.43

	
3.12

	
168.32

	
358.66

	
419.32

	
136.45

	
0.25

	
0.27




	
3rd Crit.

	
25.28

	
2.46

	
192.95

	
371.34

	
412.65

	
149.75

	
0.21

	
0.22




	
4th Crit.

	
25.86

	
3.11

	
181.23

	
383.68

	
427.22

	
105.23

	
0.15

	
0.16




	
5th Crit.

	
24.87

	
2.31

	
193.50

	
384.62

	
421.37

	
128.54

	
0.15

	
0.18




	
MAE

	
0.19

	
0.19

	
0.15

	
0.23

	
0.20

	
0.28

	
0.21

	
0.21




	
RMSE

	
0.21

	
0.20

	
0.16

	
0.26

	
0.22

	
0.28

	
0.22

	
0.23










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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