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Abstract

:

The article presents the results of an analysis of the surface roughness parameters, microhardness, and the stresses of the surface layer ofFSW butt joints subjected to the burnishing process with a diamond tip. This can be useful in selecting the optimal parameters of the burnishing process, ensuring the best properties of the surface layer of the FSW joint. Burnishing force and feed rate influence were analyzed according to the two-factor three-level full factorial statistical completed plan PS/DC 32. The tested material was 2024-T3 aluminum alloy sheets with a thickness of 2 mm. The results show that burnishing significantly reduced the surface roughness from Sa = 6.46 μm to Sa in the range of 0.33 μm–1.7 μm. This treatment provides high compressive residual stresses    σ x    from −86 to −130 MPa and    σ y    from −158 to −242 MPa. Microhardness increased from 84.19% to 174.53% compared to butt joints. Based on the obtained results, multi-criteria optimization was carried out. This optimization allows us to obtain a compromise solution ensuring compressive stresses in the surface layer (   σ x  = − 123    MPa    and    σ y  = − 202    MPa   ) and microhardness    H V  = 362.56    mm  /   mm  2    with the roughness of the weld surface Sa = 0.28 µm, Sku = 3.93 and Spc = 35.88 1/mm.
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1. Introduction


The trend of lightweight construction in applications such as aerospace, railway, and automotive [1] has included new joining technologies (Friction stir welding [1,2], Laser beam welding [3], Refill friction stir welding [4], Pinless friction stir spot welding [5], adhesive joints [6]) and new materials (high strength steels, aluminum, magnesium and titanium alloys). The Friction Stir Welding (FSW) technology is used, among others, on non-weldable aluminum alloys, as the process does not involve melting and, therefore, cannot solidify [7]. Other benefits associated with this process are higher weld quality compared to traditional arc welding techniques [8], repeatability of welding parameters, low environmental impact in terms of gas generation, simple equipment requiring relatively low levels of operator training, refurbishment of damaged components previously considered uneconomical [9]. Joints obtained by this method reduce costs by up to 30% and weight reduction by 10% compared to the mechanical joining technique [10]. In joints made by the FSW method, as well as in other conventional welding processes, the weakest point in terms of fatigue strength is the welded joint [11].This is related to the introduction of tensile residual stresses at the weld zone.



Burnishing is one of the methods that has a beneficial effect on the strengthening of the surface layer [12,13]. It includes methods such as slide diamond burnishing (SDB) [14], ball burnishing (BB) [15,16], roller burnishing (RB) [17], or shot peening (SP) [18]. In the case of slide burnishing, tooltips are usually made of small-sized diamond composites. The small contact surface of the tool with the workpiece necessary for plastic deformation is smaller than in other burnishing methods. This, in turn, enables the strengthening of thin-walled elements such as FSW welded joints [19]. By using slide burnishing, we can obtain good surface smoothness, improve hardness and introduce compressive stresses in the top layer [20]. These features have a positive effect on fatigue strength [12,14], corrosion resistance [21], or tribological wear [22,23]. Zielecki et al. [12] applied slide burnishing to improve the fatigue strength of shoulder fillets of the shaft made of X19NiCrMo4 steel. The slide burnishing process improved the fatigue strength by 28.5%, reduced the surface roughness Ra in the range from 64.1% to 85.8%, and strengthened the surface layer by 32% down to a depth of 0.018 mm compared to the hardness of the core. Korzynski et al. [14] studied the effect of SDB on the fatigue strength of chromium-coated elements made of 42CrMo4 alloy steel. They indicate that after burnishing, the fatigue strength of shafts can be improved by up to 40%. In work [21], authors analyzed the influence of drawing, polishing, and slide diamond burnishing on the corrosion resistance of 1.4571 stainless steel. Based on microscopic observations, they found that the best corrosion resistance was found after burnishing. Nestler and Schuber [24] examined the SDB of aluminum matrix composites. The results demonstrate that this treatment significantly reduces the value of surface roughness and imperfections such as voids. They also indicated that the burnishing feed has the greatest influence on surface roughness.



In the literature, only a few articles were found on the application of the burnishing process in elements welded using the FSW method. In works [25,26],the authors investigated the influence of the ball-burnishing process on the mechanical properties of 2050 Al alloy using different burnishing configurations. They found that the ball-burnishing treatment of FSW joints increased the hardness in the range of 10–40% and generated compressive residual stresses from −315 MPa to −700 Mpa.



Statistical methods Design of Experiments (DoE) allows one to conduct an experiment and obtain results often impossible to obtain in any other way or require much higher costs [27]. In articles and studies on the subject of burnishing, DoE is often used to indicate the optimal process parameters in the tested parameter range. Due to the complexity of modern processes, the use of classical methods of planning an experiment may not bring the expected results. Therefore, the research methodology is often supported with an analysis using artificial neural networks and multi-criteria optimization. Authors of work [28] investigated the influence of slide burnishing of shafts made of heat-treated steel 42CrMo4 on their surface roughness using the Hartley plan and artificial neural networks. The results obtained with the neural model indicate a relationship in which an increase in the burnishing force results in a decrease in the roughness of the shaft surface. They also observed that the feed rate during burnishing has a significant effect on the Ra roughness. A low feed rate with a low burnishing speed leads to a small Ra parameter, while a high feed rate at the same burnishing speed results in the highest values of roughness. In turn, Kubit et al. [2] used the Design of Experiments and multi-criteria optimization to point out appropriate parameters of the FSW process for EN AW-2024-T3 Al alloy. They concluded that an increase in the welding speed at a given value of pin length caused a decrease in the load capacity of the joint and a significant increase in the dispersion of the results.



Therefore, research into the search for the best variants of the burnishing process of welded joints with the FSW method is justified. The article presents the study of the effect of selected parameters of static burnishing on the properties of a surface layer of FSW butt joints. A two-factor three-level full factorial Design of Experiments plan (DoE) was used to model the relationship between burnishing force and feed rate on the residual stresses, roughness, and microhardness. Based on the results of the residual stresses in two directions (σx, σy), roughness parameters (Sa, Sku, Spc) and microhardness (HV) of the FSW joint, multi-criteria optimization was carried out to indicate the appropriate parameters of the burnishing process.




2. Materials and Methods


2.1. Material


In the present article, high-strength aluminum alloy EN AW-2024-T3 [29], with a thickness of 2 mm, was selected to investigate the effect of slide diamond burnishing on residual stress, surface roughness, and microhardness joints welded with the FSW method. The chemical composition of this alloy is presented in Table 1, and the mechanical properties are in Table 2. This type of aluminum has various applications, including in aviation, automotive or military industries [30].




2.2. Method


Two strips with dimensions 400 mm (length) × 100 mm (width) × 2 mm (thickness) were butt welded using the friction stir welding method on a universal vertical milling machine Jafo FWF 32J2 (Figure 1). The welding process was carried out with the following parameters: rotational speed n = 1100 rpm, feed rate f = 80 mm/min, the plunging depth of the pin was set to 85% (d = 1.7 mm) of the sheet thickness in turn the shoulder penetration was set to 2.5%, inclination angle of the tool of 3°.



The slide diamond burnishing was performed on a vertical CNC milling machine VF-1 (HaasAutomation Inc., Oxnard, CA, USA).The SDB process was carried out on a test stand (Figure 2a) using a DB-3 burnishing tool (Figure 2b, Cogsdill-Nuneaton Ltd., Nuneaton, UK). This article used a tooltip made of polycrystalline diamond.



The experimental investigations were carried out in accordance with the two-factor three-level full factorial design of experiments PS/DC 32. The input parameters include the force burnishing P and feed rate f (Table 3).



Residual stresses in the surface layer were performed by X-ray diffraction analysis using a Proto iXRD Combo and computer software XRD Win 2.0 from Proto Manufacturing (Taylor, MI, USA). The measurements were made with a chromium anode using the sin 2Ψ method [32] at a diffraction angle (2θ = 139.3°) in the range of 25° to 25°. Measurements were made in two directions: longitudinal (σy) and transverse (σx) on the joint surface before and after burnishing (Figure 2a). The roughness tests were performed using the Talysurf CCI L5xZ1B1S1F5Hpk scanning interferometer from Taylor Hobson (Taylor Hobson Ltd., Leicester, UK). The measurement area was 3.3 mm × 3.3 mm. Points not measured were filled using the “smooth shape” method calculated on the basis of neighbors. A third-degree polynomial was used to remove the curvature. All measured parameters in the 3D system were measured in accordance with the applicable standard PN-EN ISO 25178-2:2022-06 [33].



The selection of the regression function was carried out using the principle of least squares in the following form of the criterion evaluating the quality of the approximation (1):


  min R = min   ∑  i = 0  N      [  f  (   x i   )  − W  (   x i   )   ]   2     



(1)




where the value of the R function is a measure of the deviation of the approximating function W(x) from the approximated f(x), i = 1, …, N—number of experiments.



To describe the process, the form of an algebraic polynomial of degree m was adopted, containing the interactions between the process parameters:


  W  ( x )  =  b 0  +   ∑  i = 1  S    b i   ( 1 )       x i  +   ∑     i , j = 1       i < j     S    b  i j    ( 1 )       x i   x i  +   ∑     i , j , … , l , n = 1       i < j , … , l < n     S    b  i j … ln    ( 1 )       x i   x j  …  x l   x n  +   ∑     i , j = 1       i ≠ j     S    b  i j    ( 2 )       x i 2   x j  +   ∑  i = 1  S    b  i i … m    ( m )       x i m   



(2)




where there are L unknown coefficients    b 0   ,    b i   ( 1 )     ,    b  i j    ( 1 )     ,    b  i j … ln    ( 1 )     ,    b  i j    ( 2 )     ,    b  i i … m    ( m )     , with i, j, …, n = 1, …, S—variables of the polynomial (2) and   i < j < , … , < l < n  .



The Fisher–Senecor test was used to assess the adequacy of the regression equation with the test results. At the first stage of the analysis, the adequacy variance was determined (3):


   S  a d  2  =   r   ∑  i = 1  N      (     y i   ¯  −     y i   ¯  ¯   )   2      N − k − 1    



(3)




where      y i   ¯   —mean value of the measurement results in the i-th experiment,       y i   ¯  ¯   —value calculated from the regression equation for the levels of the input and output factors of the i-th experiment, k—the number of terms of the regression equation (without the intercept) after discarding irrelevant terms.



Then, the value of the test factor was determined F(4):


  F =    S  a d  2   ( y )     S 2   ( y )     



(4)




and compared with the critical value determined from the Fisher–Snedecor distribution tables.





3. Results and Discussion


3.1. Residual Stress


This process of welding aluminum alloys enables the production of aircraft structures while reducing labor consumption, costs, and weight, while maintaining comparable or higher strength parameters compared to conventional joining methods. However, it introduces tensile stresses in the joint. Tensile stresses improve dislocation mobility and, as a result, reduce hardness [34,35]. Plastic deformation occurring in the surface layer of the weld under the influence of the burnishing tool with a diamond tip can be considered a process of generating new dislocations and their displacement. Dislocationgeneration occurs when a certain level of stress is reached. Since the deeper, non-deformed layers do not change, compressive stresses arise in the surface layer of the joint, increasing the joint’s fatigue strength.



Figure 3 and Table 4 present the results of measurements of residual stresses of butt joints subjected to slide burnishing with a diamond tool. The analysis of the test results shows that, regardless of the adopted setting parameters of the process, slide burnishing introduces compressive stresses both in the direction transverse    σ x    to the weld axis and along the weld axis (   σ y    direction). In the x-axis direction, the largest increase in compressive stresses from    σ x  = 2    MPa    to    σ x  = − 130    MPa    was recorded for experimental run no. 4 (  P = 50    N    and   f = 500    mm  / min  ). In turn, in the direction of the y-axis, as a result of applying a force of   P = 60    N    and a feed rate of   f = 500    mm  / min   (experimental run no. 7), compressive stresses of    σ y  = − 242    MPa    were introduced. It should be noted that before the burnishing treatment in the considered direction, only small compressive stresses of    σ y  = − 6    MPa   .



For stresses in the transverse direction, at feed rates of   f = 500    mm  / min   and   f = 1000    mm  / min  , an increase in contact force causes an initial increase in compressive stress by 51.16% at a feed rate of   f = 500    mm  / min   and 13.75% at a feed rate of   f = 1000    mm  / min  , and next decrease in compressive stress (Figure 4a). In the case of a   f = 1500    mm  / min  , the highest value of compressive stresses was recorded at a burnishing force of   P = 40    N   . In this case, a further increase in the burnishing force causes only a decrease in the stress value. In the case of stresses in the longitudinal direction, the opposite trend can be observed. At the feed rate of   f = 500    mm  / min   and   f = 1000    mm  / min  , the increase in the tool clamping force causes an increase in the value of compressive stresses. In the case of the feed rate of   f = 500    mm  / min  , as a result of changing the force from   P = 40    N    to   P = 60    N   , the compressive stress increased by 53.16% (to    σ y  = − 242    MPa   ), while at the feed rate of   f = 1000    mm  / min   by 26.59% to the value of    σ y  = − 238    MPa   ). At the feed rate   f = 1500    mm  / min  , the increase in force from   P = 40    N    to   P = 50    N    initially results in an increase in the compressive stress value by 20.10% to    σ y  = − 221    MPa   , and then with the increase in force, a decrease in the stress value by 13.38% (Figure 4b).



Table 5 presents the results of the significance analysis (ANOVA test—p-value) of the impact  f  and  P  on    σ x    and    σ y  .  



The results show that  P  is statistically significant (p = 0.047) for    σ y   .



Based on the ANOVA analysis of variance, an adequate stress value regression model was developed at the significance level   α = 0.05   in the transverse direction    σ x    (5) (Figure 5a):


   σ x  = 487.778 − 0.128333 f − 0.0001666  f 2  − 21.85 P + 0.0032 f P + 0.1883  P 2   



(5)




and in the longitudinal direction    σ y    (6) (Figure 5b):


   σ y  = 599.611 − 0.288167 f − 0.0000473  f 2  − 25.1667 P + 0.00405 f P + 0.18833  P 2   



(6)







Table 6 presents the R2 (coefficient of determination) value and significance analysis (p-value) for individual structural elements of regression models for    σ x    and    σ y   . The R2 value shows the high accuracy of the models. Moreover, the results indicate that not all structural elements of the model are statistically significant. However, attempts to omit them in the model resulted in a decrease in the quality of the model—a decrease in the value of R2.




3.2. Surface Roughness


Table 7 presents the results of surface roughness for the specimen after FSW (base variant) and after SDB according to PS/DC 32 plan. Selected roughness parameters such as Height parameters, Spatial parameters, Hybrid parameters, Feature parameters, and Functional parameters were analyzed.



The base surface was characterized by a relatively high value of the height parameters of the surface. The average arithmetical mean height of the surface Sa was 6.46 µm (Figure 6a). The largest maximum height of the surface Sz was 42.5 µm, which consisted of the maximum height of peaks Sp = 18.8 µm and the maximum height of valleys Sv = 23.7 µm. The surface was also characterized by a slight skewness (Ssk =  − 0.592), and a negative value of this coefficient indicates a surface with plateau hills.



The kurtosis of height distribution Sku, defined as a measure of the probability density of the height of the surface roughness, was 2.32. This parameter is most often a measure of the number of sharp and high peaks or sharp and deep valleys (e.g., scratches or surface scratches). For a perfectly random surface, the Sku parameter takes a value of 3. Values lower than 3 indicate less steep areas of the surface. As a result of the SDB, a clear reduction in the height parameters of the surface was obtained. The parameter Sa was in the range of 0.333–1.7 µm, and the parameter Szwas in the range of 5.86–36.1 µm. A similar reduction of parameters was also obtained in the case of Sp, Sv, and the feature parameters such as S10z, S5p, and S5v. It is worth noting that particularly high values of Sa and Sz parameters were expressed in specimens 2 and 3, burnished with the lowest value of the burnishing force P = 40 N. The analysis of the geometric surface structure showed that burnished surfaces with a force of P = 40 N contained numerous surface defects as a result of the burnishing process.



The increase in the value of the burnishing force to P = 60 N resulted in the elimination of this unfavorable phenomenon. The scatter of Ssk and Sku parameters of the burnished surfaces was quite large and ranged from −0.813 (experimental run no. 1) to 1.07 (experimental run no. 4) for Ssk. For Sku, it ranged from 2.59 (experimental run no. 7) to 11.7 (experimental run no. 8). The unfavorable impact of the lowest burnishing force value is also evidenced by the fact that individual values of the spatial parameter Str (texture aspect ratio of the surface) were obtained. This parameter expresses the relationship between the shortest and longest decay of the correlation function and takes values in the range of 0–1. Values close to 1 indicate that the GSS has a high level of isotropy, and values close to 0 characterize anisotropic surfaces (Figure 7). The sliding burnishing process is usually characterized by anisotropicity of the obtained surfaces, which was confirmed in the case of specimens 6–9. On the other hand, the Str value for specimens 1–5 places them in the range of mixed textures or, as in the case of specimen 3, close to random surfaces.



The Sal auto-correlation length is the shortest segment over which the normalized auto-correlation function decreases to a value τ which is greater than or equal to zero and less than 1. Large values of the spatial parameter Sal mean that the surface is dominated by low-frequency components, while a small value of Sal is the reverse case. For the base surface, the parameter Sal was 0.021 mm and was clearly lower than in the case of specimens 1–6 (0.2–0.25) and slightly lower than in the case of specimens with the highest feed value 7–9 (0.07–0.08). The developed interfacial area ratio Sdr is defined as the ratio of the increment of the boundary area in the area of definition to the size of the area of definition. This parameter is used as a measure of surface complexity, especially when comparing surface conditions between treatments. In the case of a real flat surface, Sdr = 0, and parameter values less than 1% are characteristic of smoothness finishing treatments, such as honing, lapping, polishing, etc. Burnishing treatment allowed us to obtain Sdr parameter values below 1%, i.e., typical for smoothness treatments. Moreover, values below 0.1% were obtained for specimens for which the force burnishing was   P = 50   N   and   P = 60   N  .



Another hybrid parameter—the root mean square gradient of the surface Sdq is calculated as the root mean square slope of all points in the defined area. The Sdq of a completely flat surface is 0. This parameter can be, for example, used to evaluate surfaces in sealing applications and to differentiate surfaces with a similar value to the Sa parameter. In the case of the base surface, the value of the Sdq parameter was 0.64, with Sdq = 0.2 for burnished surfaces. The lowest values of the Sdq parameter, similarly to Str, were obtained for specimens for which the force burnishing was   P = 50   N   and   P = 60    N   . Lower values of the Sdq parameter in the case of burnished surfaces indicate a more smooth surface.



The bearing area curve (BAC) (Abbott–Firestone curve (AFC)) is a kind of description of the differentiation of surface properties changing with its depth (Figure 8). The curve is divided into parts related to summits, cores, and valleys, thanks to which it is possible to calculate the reduced summit height Spk, the height of the core Sk, the reduced valley depth Svk and two values of the material contribution Smr1 (upper bearing area) and Smr2 (lower bearning area). Large Spk values characterize a surface consisting mostly of high summits providing a small initial contact area and, thus, high contact stress values when the surfaces are in contact. Sk can be used as a measure of the effective roughness depth after the initial running-in period. The Svk parameter, on the other hand, is a measure of the fluid-holding capacity of the sliding surfaces. Surfaces that require good lubrication should have high Svk values. Spk was lower than Svk in all analyzed cases, including the base specimen. Such a value of peaks leads to minimization of the lapping allowance provided for in operation and may indicate better tribological properties of the surface. On the other hand, increasing the Spk value leads to a decrease in the actual contact area, which may limit the impact of adhesive interactions.



Additional data on fluid retention in microgroove valleys at the interface of mating surfaces, valuable for constructors, can be obtained on the basis of vectorization of the microgroove network. The characteristic networks of microgrooves for the base and burnished surfaces are shown in Figure 9. The TalyMap 6.0 software allows us to determine three important parameters: the maximum and average depth of the grooves and their density. The maximum depth of grooves for the base surface, which is 31.5 μm, is significantly greater than for burnished surfaces (2.84–6.21 μm). In turn, the density of the grooves after the burnishing process was relatively similar to the density of the grooves after the treatment of the base specimen (212–284 cm/cm2). The surface structure can also be assessed on the basis of the vector distribution of microgrooves. In the case of the burnished surface (experimental run no.9), these observations only confirm the earlier observations regarding the anisotropic structure.



The density of peaks Spd is a parameter included in the group of features. It expresses the number of elevations per unit area. The Spd parameter determines the density of bumps on the tested surface. In the case of the base surface, the value of the Spd parameter was 45.9 1/mm2. The burnishing process reduced this parameter. Only in experimental run no. 7, it increased slightly to Spd = 52.2 1/mm2. In other cases, it ranged from 1.93 to 30.7 1/mm2.



The arithmetic mean peak curvature Spc is another parameter from the group of features. A smaller value of the parameter indicates that the tops of the surface are characterized by rounded shapes, while higher values indicate their “sharp” character. Depending on the value of the Spc parameter, various types of surface deformation may occur, such as elastic, elastic-plastic, and plastic. For the base specimen, the Spc parameter reached a value of 59.3 1/mm. This parameter increased for specimens where the burnishing force was P = 40 N. In other cases, the peaks of the burnished surfaces had a more rounded shape than the base specimen. The lowest value of the parameter Spc = 28.5 1/mm was obtained for experimental run no. 7, which was also characterized by the highest density of vertices.



Based on the obtained test results, it can be concluded that the smallest value of the burnishing force   P = 40   N  , although it contributes to the reduction of height parameters compared to the base specimen, at the same time causes a number of surface damages in the form of furrows, scratches, and build-up. The situation is much better in the case of the other two force values, i.e.,   P = 50   N   and   P = 60    N   . The reduction of the height of irregularities is then clear and stable (Sa in the range of 0.333 μm–0.666 μm). However, it can be noticed that the maximum smoothing of the surface was obtained in variants 6 and 9 (0.333 μm and 0.359 μm), i.e., corresponding to the force of   P = 50   N   and   P = 60   N   and the highest feed rate   f = 1500   mm / min  . It seems that the use of input parameters at the mentioned levels will ensure obtaining optimal GSS results.



Due to the fact that there is a high statistical correlation between some roughness parameters, only the parameters carrying the most information about the process were adopted for the analysis of optimization of burnishing process parameters. In the case of height parameters between the parameters Sa, Sz, Sv, Sp, and Sq, the Pearson correlation coefficient ranges from   r = 0.90   to   r = 0.99  ; therefore, the coefficient Sa and Sku, correlated with Sa to the degree of   r = 0.14  , were selected for further analysis. The spatial parameters Str and Sal, correlated with each other in the degree of   r = 0.82  , were omitted in the further analysis due to the high value of Pearson’s correlation (  r = 0.84  ) with the parameter Sa. Due to the fact that the hybrid parameters Sdr and Sdq are correlated with each other to the degree of   r = 0.99   and that the parameter Sdr is correlated with the parameter Sa to the degree of   r = 0.98  , they were also omitted from further analysis. To optimize the parameters of the burnishing process, apart from the Sa and Sku parameters, the Spc feature parameter correlated to a degree of   r = 0.72   with the Sa parameter was selected.



Table 8 presents the results of the significance analysis (ANOVA test—p-value) of the impact  f  and  P  on the   S a ,   S k u  , and   S p c   parameters.



The results show that   P   is statistically significant (p = 0.0172) for   S p c .  



At the significance level   α = 0.05  , the regression function was estimated for the presented parameters (Figure 10):




	
for Sa (7):


   S a  = − 14.03 + 0.024465 f + 0.579667 P − 0.00093315 f P − 0.00564667  P 2  + 8.745 ·   10   − 6   f  P 2   



(7)







	
for Sku (8):


   S  k u   = − 87.1133 + 0.07872 f + 4.232 P − 0.0028856 f P − 4.3067 ·   10   − 7    f 2  P − 0.051033  P 2  + 0.000041 f  P 2   



(8)







	
for Spc (9):


   S  p c   = 63.883 + 0.0455 f − 0.0000574  f 2  − 22.861 P + 0.001415 f P + 0.192  P 2   



(9)












Table 9 presents the R2 value and significance analysis (p-value) for individual structural elements of regression models for   S a ,   S k u  , and   S p c   parameters. The R2 value shows the high accuracy of the models. As in the previous analyzes, the results indicate that not all structural elements of the model are statistically significant. However, attempts to omit them in the model resulted in a decrease in the quality of the model—a decrease in the value of R2.




3.3. Microhardness


Plastic deformation of the weld made by the FSW method under the influence of the burnishing tool can be considered a process of generating new dislocations and moving them in the crystallites. At obstacles (grain boundaries, inclusions, slip bands), dislocations stop or bend, forming loops or half-loops lying in one crystallographic plane. As a result, the surface layer of the weld is strengthened, which is manifested by the formation of compressive stresses in the surface layer and an increase in its microhardness. The analysis of Figure 11 shows that regardless of the assumed feed rate, the microhardness of the surface layer increases with the increase in the tool burnishing force, reaching the maximum value at   P = 50   N  . For the feed rate   f = 500   mm / min  , this corresponds to an increase in microhardness by 7.98% (to the value of    H v  = 405.15   N /   mm  2   ), for the feed rate of   f = 1000   mm / min   24.01% (to the value of    H v  = 387.4   N /   mm  2   ) and for the feed rate of   f = 1500   mm / min   9.11% (to the value of    H v  = 352   N /   mm  2   ). The reason for the decrease in the microhardness value may be a decrease in the value of the maximum stress in the area under the burnishing tip due to the increase in the contact surface. The stress distribution under the burnishing tip is uneven, and with some combination of burnishing force and contact area, it may happen that the stress is lower. This is particularly visible in the case of stresses in the transverse direction σx for variants no. 7–9 (Figure 3). At lower stress values, fewer structure defects are generated, resulting in lower microhardness. Further increasing the burnishing forcemay lead to exceeding the criticaldeformation value. As a result, the continuity of the material may be lost, and the fatigue strength of the joint may decrease.



Based on the ANOVA analysis of variance, an adequate regression model of the surface layer hardness value (Figure 12) was developed at the significance level   α = 0.05   in the form (10):


   H V  = − 1015.5 − 0.019833 f + 58.9167 P − 0.00075 f P − 0.596667  P 2   



(10)







Results of ANOVA analysis show that  f  and  P  are not statistically significant for HV (p-value 0.359 and 0.106). Table 10 presents the R2 value and significance analysis (p-value) for individual structural elements of regression models for HV. The R2 value shows the high accuracy of the models. The results indicate that not all structural elements of the model are statistically significant. However, attempts to omit them again in the model resulted in a decrease in the quality of the model—a decrease in the value of R2.




3.4. Multi-Objective Optimization


Obtaining high reliability of joints made by the FSW method requires the selection of optimal parameters of the slide diamond burnishing. Proper selection of parameters should ensure the possibility of introducing high compressive stresses on the joint surface, hardening of the joint, and reduction of surface roughness to remove fatigue micro-notches that may reduce the fatigue strength of the joint. This selection must guarantee, apart from the required parameters of the surface layer, also high stability and efficiency of the process. This requires multi-criteria optimization and finding a compromise solution that meets the presented conditions.



The following notations were adopted for the presented multi-criteria problem:




	
  E ⊂  R m   —a set of feasible solutions—the range of the SDB process parameters.



	
x = (x1, x2, …, xm)   ∈ E  —an acceptable solution.



	
fi:E→R—i-th objective function (i = 1, 2,…, k).



	
(x) = (f1(x), f2(x), …, f7(x)—objective function of a multi-criteria problem.








The problem of the multi-criteria optimization of the selection of the slide diamond burnishing process parameters can be written in the form (11):


   {       f 1   ( x )  =  σ x  → m i n ,        f 2   ( x )  =  σ y  → m i n        f 3   ( x )  = t → m i n        f 4   ( x )  =  S a  → m i n        f 5   ( x )  =  S  k u   → m i n        f 6   ( x )  =  S  p c   → m i n        f 7   ( x )  =  H v  → m a x       x ∈ E        



(11)







In addition, the analysis took into account the process execution time t, which was determined as the quotient of the path traveled by the tool and the feed rate. For the feed rate of f = 500 mm/min, the specimen processing time was 2 min, while for the feed rate of f = 1500 mm/min 0.66 min.



A one-criteria problem written as (12) (in Table 11 was presented results):


   f i   ( x )  → e k s t r e m u m ,   z ∈ E  



(12)




is the i-th partial issue, while the vector    x  i o   ∈ E   in which the i-th objective functionachieves the extremum is the i-th partial solution. Vector (13)


φo = (f1(x1o), f2(x2o), …, f2(x7o))



(13)




is a vector called the ideal (utopian) solution in the evaluation space, whereas:


xo = x1o, x2o, …, x7o



(14)




is the solution to the ideal problem.



The set of efficient solutions usually contains many solutions. Therefore, the purpose of the presented problem was to select one solution from the set of effective solutions, called a compromise solution (compromise-optimal). For this purpose, issues (13) were reduced to a single-criterion form, with a scalarizing function   s :  R k  → R   in the form of (15):


  min ( s  (   f 1   ( x )  ,  f 2   ( x )  , … ,  f 7   ( x )   )  : z ∈ E )  



(15)







The scalarization of the issue was carried out using the evaluation weighting method. The weight values    u i  > 0   individual    f i    criteria were adopted (meeting the condition   u 1 + u 2 + u 3 + u 4 = 1  ), and then the optimal solution of the problem was determined (16):


  min (  ∑  i = 1  k   u i   f i   ( x )  : x ∈ E )  



(16)







Creating the function   φ  ( x )  =  ∑  i = 1  k   u i   f i   ( x )    is possible only when all objective functions are expressed in the same units and scales of values. Since, in the considered case, the objective functions were expressed in different scales of values, they were transformed into a dimensionless form taking values from the range [0, 1] for   x ∈ E  . After the unitarisation, an optimal solution to the problem is determined according to


  min (  ∑  i = 1  k   u i     f k   ( x )  − min (  f k   ( x )  : x ∈ E )   max (  f k   ( x )  : x ∈ E ) − min (  f k   ( x )  : x ∈ E )   : x ∈ E )  



(17)







The optimal solution of function (17) is an effective solution to the multi-criteria problem. The form of the solution depends on the adopted weight value    u i   . If it is assumed that all parameters have the same meaning (   u i  = 0.142  ), the objective function achieves the minimum value for the feed rate   f = 1500   mm / min   and the burnishing force   P = 50.14   N   (Figure 13a). This makes it possible to obtain surface roughness parameters:   S a = 0.28   µm,   S k u = 3.93   µm, and   S p c = 35.88   1 / mm   with the stress value in the surface layer    σ x  = − 123    MPa    and    σ y  = − 202   MPa   and microhardness    H v  = 362.56   N /   mm  2   . The parameters determined in this way also guarantee thehighest efficiency of the burnishing process (burnishing time   t = 0.66   min  ). If it is assumed for the calculations that the value of compressive stresses in the surface layer has the greatest impact on the fatigue strength of the joints (   u  1 , 2   = 0.25 ,    u  3 – 7     = 0.1  ), a compromise solution can be obtained at the feed rate   f = 500   mm / min   and the burnishing force   P = 57.70   N   (Figure 13b). Burnishing of joints with these parameters allows us to obtain the level of compressive stresses in the surface layer    σ x  = − 126   MPa   and    σ x  = − 240   MPa  . A higher value of compressive stresses is associated with the deterioration of the roughness parameters   S a = 0.506   µm and   S k u = 5.10   with more rounded surface tops (  S p c = 23.23   1 / mm  ), slightly higher microhardness of the surface layer of the joint (   H v  = 372.18   N /   mm  2   ) and significantly increased the time consuming of the burnishing process (  t = 2   min  ).





4. Conclusions


Research of the slide diamond burnishing process of butt joints made using the FSW method at a variable feed rate in the range of   f = 500    mm  / min   to   f = 1500    mm  / min   and burnishing force in the range of   P = 40    N    to   P = 60    N   , carried out in accordance with the methodology of the PS/DC 32 plan, showed that:




	
During friction stir welding, small tensile stresses (2 MPa) and grooves with an average depth of 9.77 μm (max 31.5 μm) are generated in the surface layer of the weld, which may contribute to a reduction in the fatigue strength of the joints.



	
Burnishing enables the introduction of compressive stresses both in the transverse and longitudinal directions. Compressive stresses during exploitation add up to stresses from external forces, changing the symmetrical cycle into an asymmetric one with reduced, harmful tensile stresses, increasing the fatigue strength of the joints. The highest compressive stress value in the transverse direction was obtained with a burnishing force of   P = 50    N    and a feed rate of   f = 500    mm  /  min    (  σ x  = − 130    MPa   ), while in the longitudinal direction with a force of   P = 60    N    and a feed rate of   f = 500    mm  / min   (   σ x  = − 242    MPa   ).



	
Plastic deformation of the surface layer as a result of the burnishing process increases the microhardness of the surface layer of the weld from 84.19–174.53% and reduces the surface roughness Sa from 73.68–94.84%. This ensures a microgeometry of the surface characterized by large radii of the recesses and small angles of inclination of the sides of the irregularities, thus, eliminating geometric micro-cuts.



	
Multi-criteria optimization of the burnishing process allows us to obtain a compromise solution ensuring compressive stresses in the surface layer (   σ x  = − 123    MPa    and    σ y  = − 202    Mpa   ) and microhardness    H V  = 362.56    mm  /   mm  2    with the roughness of the weld surface Sa = 0.28 µm, Sku = 3.93 and Spc = 35.88 1/mm, while ensuring high efficiency of the burnishing process.



	
The highest microhardness was obtained at the force   P = 50    N   . By further increasing the burnishing force in the area under the diamond burnishing tip, the contact area increases, which in turn results in a decrease in the value of the maximum stress (especially in the transverse direction    σ x   ). In the presence of lower stresses, fewer structural defects are created, which results in a decrease in the hardness of the surface layer of the joint.
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Figure 1. Friction stir welding process. 
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Figure 2. Slide diamond burnishing process (a) and burnishing tool (b). 
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Figure 3. Residual stress of the EN AW-2024-T3 butt welded joints after SDB. 
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Figure 4. Influence of feed rate and force burnishing on residual stress value (a) in the transverse direction    σ x   , (b) in the longitudinal direction    σ y   . 
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Figure 5. Plots of the regression functions of residual stresses (a) in the transverse direction    σ x   , (b) in the longitudinal direction    σ y   . 
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Figure 6. Isometric views (a) of the base surface and the SDB surfaces: (b)   P = 40    N   ,   f = 1000    mm  / min   (experimental run no. 2), (c)   P = 60    N   ,   f = 1000    mm  / min   (experimental run no. 8). 






Figure 6. Isometric views (a) of the base surface and the SDB surfaces: (b)   P = 40    N   ,   f = 1000    mm  / min   (experimental run no. 2), (c)   P = 60    N   ,   f = 1000    mm  / min   (experimental run no. 8).
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Figure 7. Isotropic rose (a) for the base variant and (b) after burnishing   P = 60    N   ,   f = 1000    mm  / min   (experimental run no. 8). 






Figure 7. Isotropic rose (a) for the base variant and (b) after burnishing   P = 60    N   ,   f = 1000    mm  / min   (experimental run no. 8).



[image: Applsci 13 01305 g007]







[image: Applsci 13 01305 g008 550] 





Figure 8. Abbott–Firestone curve (a) for base surface and (b) after burnishing   P = 60    N   ,   f = 1000    mm  / min   (experimental run no. 8). 
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Figure 9. Vectorization of the microgroove network (a) for base surface and (b) after burnishing   P = 60    N   ,   f = 1500    mm  / min   (experimental run no. 9). 
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Figure 10. Plot of the regression functions of roughness parameters: (a) Sa, (b) Sku, (c) Spc. 
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Figure 11. Influence of feed rate and force burnishing on Vickers microhardness. 
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Figure 12. Plot of the regression functions of microhardness. 






Figure 12. Plot of the regression functions of microhardness.



[image: Applsci 13 01305 g012]







[image: Applsci 13 01305 g013 550] 





Figure 13. Plot of the objective function of a multi-criteria optimization (a) ui = 0.142, (b) u1,2 = 0.25, u3–7= 0.1. 
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Table 1. Chemical composition of the EN AW-2024-T3 aluminum alloy (wt.%) [31].
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	Zn
	Fe
	Ti
	Cr
	Mg
	Mn
	Si
	Al





	0.25 max
	0.5 max
	0.15 max
	0.1 max
	1.2 ÷ 1.8
	0.3 ÷ 0.9
	0.5 max
	rest
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Table 2. Mechanical properties of the EN AW-2024-T3 aluminum alloy [31].
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	Ultimate Tensile Stress

Rm, MPa
	Yield Stress

Rp0.2, MPa
	Elongation A5, %





	360 ÷ 425
	250 ÷ 290
	12 ÷ 14
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Table 3. The burnishing parameters used in research according to PS/DC 32.
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	Input Factors
	Force Burnishing P, N
	Feed Rate f, mm/min





	the minimum (−)
	40
	500



	the central (0)
	50
	1000



	the maximum (+)
	60
	1500
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Table 4. The results of residual stresses according to PS/DC 32.
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	No.
	Force Burnishing P, N
	Feed Rate f, mm/min
	σx, MPa
	Measurement Error, MPa
	σy, MPa
	Measurement Error, MPa





	1
	40
	500
	−86
	±4
	−158
	±5



	2
	40
	1000
	−102
	±4
	−188
	±4



	3
	40
	1500
	−126
	±6
	−184
	±3



	4
	50
	500
	−130
	±4
	−219
	±3



	5
	50
	1000
	−116
	±5
	−215
	±6



	6
	50
	1500
	−119
	±4
	−221
	±5



	7
	60
	500
	−113
	±3
	−242
	±7



	8
	60
	1000
	−101
	±4
	−238
	±5



	9
	60
	1500
	−89
	±6
	−187
	±5



	base
	-
	-
	2
	±5
	−6
	±5
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Table 5. The p-value for ANOVA test—   σ x    and    σ y   .
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	     σ x     
	     σ y     





	  P  
	0.810
	0.0469



	  f  
	0.913
	0.6405
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Table 6. R2 value and p-value for individual structural elements of regression models.
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	R2
	Intercept
	f
	P
	fP
	P2
	f2





	    σ x    
	0.9254
	0.0370 *
	0.0088 *
	0.2170
	0.0087 *
	0.0312 *
	0.4582



	    σ y    
	0.9381
	0.0628
	0.0445 *
	0.0536
	0.0378 *
	0.1011
	0.2376







Legend: * statistically significant.
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Table 7. Results of surface roughness of the EN AW-2024-T3 aluminum alloy burnished using a diamond tool.
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Analyzed

Parameters

	
Experimental Run No.




	

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
Base






	
Height Parameters

	




	
Sq, µm

	
0.753

	
2.330

	
2.370

	
0.935

	
0.730

	
0.424

	
0.487

	
0.494

	
0.450

	
7.650




	
Ssk

	
−0.813

	
0.981

	
0.622

	
1.070

	
−0.250

	
−0.309

	
0.0472

	
−0.715

	
0.183

	
−0.592




	
Sku

	
11.100

	
11.300

	
5.540

	
10.400

	
11.500

	
4.270

	
2.590

	
11.700

	
4.090

	
2.320




	
Sp, µm

	
3.160

	
15.000

	
10.600

	
6.970

	
4.750

	
2.900

	
1.940

	
3.390

	
3.100

	
18.800




	
Sv, µm

	
12.100

	
21.100

	
17.000

	
8.080

	
8.750

	
6.570

	
3.920

	
8.280

	
5.610

	
23.700




	
Sz, µm

	
15.200

	
36.100

	
27.700

	
15.00

	
13.500

	
9.460

	
5.860

	
11.700

	
8.720

	
42.500




	
Sa, µm

	
0.569

	
1.490

	
1.700

	
0.666

	
0.538

	
0.333

	
0.401

	
0.388

	
0.359

	
6.460




	
Spatial Parameters

	




	
Sal, mm

	
0.208

	
0.228

	
0.250

	
0.244

	
0.235

	
0.198

	
0.075

	
0.067

	
0.086

	
0.021




	
Str

	
0.225

	
0.469

	
0.719

	
0.452

	
0.446

	
0.195

	
0.142

	
0.041

	
0.156

	
0.198




	
Hybrid Parameters

	




	
Sdq

	
0.057

	
0.159

	
0.168

	
0.039

	
0.045

	
0.029

	
0.031

	
0.040

	
0.041

	
0.640




	
Sdr, %

	
0.150

	
0.982

	
1.210

	
0.074

	
0.092

	
0.041

	
0.047

	
0.078

	
0.085

	
15.90




	
Feature Parameters

	




	
Spd, 1/mm2

	
5.790

	
1.930

	
2.570

	
3.210

	
5.790

	
15.200

	
52.200

	
5.790

	
30.700

	
45.900




	
Spc, 1/mm

	
76.900

	
102.00

	
66.500

	
36.800

	
49.800

	
33.800

	
28.500

	
35.700

	
46.400

	
59.300




	
S10z, µm

	
10.10

	
23.40

	
19.40

	
7.630

	
9.260

	
5.220

	
3.510

	
9.480

	
6.600

	
36.100




	
S5p, µm

	
2.080

	
7.680

	
6.860

	
2.200

	
2.000

	
1.420

	
1.040

	
2.360

	
2.410

	
12.500




	
S5v, µm

	
8.030

	
15.80

	
12.60

	
5.430

	
7.260

	
3.800

	
2.460

	
7.120

	
4.190

	
23.600




	
Functional Parameters

	




	
Sk, µm

	
0.789

	
1.450

	
1.890

	
0.835

	
1.010

	
0.698

	
1.150

	
1.090

	
1.030

	
15.400




	
Spk, µm

	
0.490

	
2.130

	
2.250

	
0.384

	
0.456

	
0.233

	
0.160

	
0.164

	
0.203

	
1.790




	
Svk, µm

	
0.799

	
2.430

	
3.590

	
0.551

	
0.619

	
0.372

	
0.227

	
0.780

	
0.399

	
10.400




	
Smr1, %

	
10.60

	
15.70

	
18.50

	
7.950

	
8.860

	
8.050

	
3.550

	
6.600

	
3.880

	
2.470




	
Smr2, %

	
87.70

	
87.50

	
86.40

	
91.00

	
92.60

	
90.200

	
96.30

	
97.50

	
96.30

	
77.500
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Table 8. The p-value for ANOVA test—  S a ,   S k u  , and   S p c   parameters.
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	     S a     
	     S  k u      
	     S  p c      





	  P  
	0.0315
	0.338
	0.0172



	  f  
	0.4531
	0.309
	0.9168
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Table 9. R2 value and p-value for individual structural elements of regression models.
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	R2
	Intercept
	f
	P
	fP
	P2
	fP2
	f2
	f2P





	    S a    
	0.9595
	0.1592
	0.0408 *
	0.156
	0.0483 *
	0.163
	0.0562 *
	-
	-



	    S  k u     
	0.9914
	0.434
	0.859
	0.303
	0.551
	0.224
	0.255
	-
	0.199



	    S  p c     
	0.9245
	0.0461 *
	0.6210
	0.0611
	0.2857
	0.0870
	-
	0.1600
	-







Legend: * significance important; “-“ element not included in the model.













[image: Table] 





Table 10. R2 value and p-value for individual structural elements of the regression model for HV.
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	R2
	Intercept
	f
	P
	fP
	P2





	HV
	0.9293
	0.0245
	0.8187
	0.0068 *
	0.6635
	0.0062 *







Legend: * significance important.
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Table 11. Results of one-criteria problem fi(x).






Table 11. Results of one-criteria problem fi(x).





	Parameter
	Optimization Goal
	Process Parameters
	Objective Function Value





	σx
	min ↓
	f = 500 mm/min, P = 53.76 N
	f1(x) = −124.87 MPa



	σy
	min ↓
	f = 500 mm/min, P = 60 N
	f1(x) = −243.14 MPa



	t
	min ↓
	f = 1500 mm/min
	f3(x) = 0.66 min



	Sa
	min ↓
	f = 1500 mm/min, P = 54.31 N
	f4(x) = 0.17 μm



	Sku
	min ↓
	f = 500 mm/min, P = 60 N
	f5(x) = 2.75



	Spc
	min ↓
	f = 500 mm/min, P = 57.69 N
	f6(x) = 23.24 1/mm



	    H V    
	max ↑
	f = 500 mm/min, P = 49.57 N
	f6(x) = 416 HV
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