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Abstract

:

In order to meet the escalating demand in the shipbuilding business, suitable materials with enhanced qualities are required to maximize ship cargo while reducing fuel consumption. Aluminum (Al) and its alloys are competing contenders for use in a variety of complicated ship structures. The major challenge to enhancing joint quality and performance is the quest for a viable and efficient FSW parameter. The main focus of this study was to critically explore the effect of the tool pin profile and the preheat temperature used during the friction stir welding of AA 5052-H32 on its mechanical properties and weld microstructure characteristics. There are three pin profile variations, including samples that were cylindrical, samples with two flat sides, and samples with three flat sides, all of which were investigated in different preheat temperatures (150–300 °C). The results that were obtained during macrographic observation showed that tunnel defects were visible in the cylindrical and two-flat-sided pin profile designs. During observations of the microstructure, it was observed that the grain size became finer and smaller in the weld nugget compared to in the heat affected zone (HAZ) and thermo-mechanically affected zone (TMAZ) regions due to dynamic recrystallization. However, at the 300 °C preheat variation, the grain size appeared to be larger due to the slower cooling rate, causing a decrease in the mechanical properties of the samples. The results of the physical tests determined that the preheat temperature caused an increase in the mechanical properties until 250 °C, at which point the three-flat-sided pin profile tool demonstrated superior mechanical properties compared to the tools with a cylindrical design; a 12.2% tensile strength increase, a 15.3% and 9.4% face and root bending increase, and an 11.2% hardness increase were observed.
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1. Introduction


Aluminum and its alloys have always been the primary candidates for material selection in the shipping industry. Aluminum alloys demonstrate a number of benefits when used in the hulls of small vessels such as patrol boats, including light weight, high corrosion resistance, high machinability, high formability, and normal ductility [1]. The increasing use of aluminum in the shipbuilding sector is the primary driving force behind the search for a viable and efficient technology that can be used to create aluminum alloys that do not degrade the material’s desirable mechanical, chemical, and metallurgical performance.



Welding is a common and important joining process that is used during the fabrication stage in the shipbuilding industry [2]. Many of these joining processes experience difficulties that are caused by the different thicknesses of dissimilar materials, and this is also the case when using aluminum alloys in shipbuilding applications [3,4]. Conventional fusion welding methods, such as gas metal arc welding or gas tungsten arc welding, are the most commonly used joining process technologies. These traditional technologies rely on phase regulator-transistorized power sources that consume a lot of energy and that require a long cooling period [5]. Moreover, traditional aluminum fusion welding can result in the oxide removal, porosity, distortion, poor solidification, shrinkage, and mismatching of the filler metal composition, resulting in the material needing to be reworked, which is a costly process that also involves the use of more material [6,7].



Friction stir welding (FSW) has been widely regarded as the most important advancement in aluminum joining technology in the last decade. Due to its energy efficiency, environmentally friendly nature, and versatility, it is considered to be a green technology [8]. As a permanent-type solid-state joining process, FSW plays a crucial role in obtaining a sound-quality weld without any defects [9]. Unlike traditional welding, the material does not experience a liquid state during the FSW technique, and the weld takes place in the solid phase, below the material’s melting point [10]. FSW works on the simple principle of inserting a rotating tool with a shoulder and pin into the abutting edges of the plates and moving it along the joint line [11]. As a result, all of the problems that are associated with the solidification of fused material are avoided.



Many experimental studies on the use of FSW with aluminum alloys have been conducted to improve the mechanical and metallurgical properties of FSW-made joints by changing either the tool geometry or the process conditions. Several FSW processes, such as the rotational speed of the tool, the shoulder plunge depth, and the dwell time, are crucial parameters for the determination of joint quality [12]. The geometry of friction stir tools, tool pin dimensions, and FSW process parameters influence material flow and thus the static strength of the joints that are made using this method [13]. The shape of the tool pin that is used during FSW plays an active role in improving weld quality and in delivering sound, defect-free welds. Particularly, the pin profile is an important component for the definition of weld geometry, localized heating, and stirring action [14]. Very few of the papers that have been published on the FSW process have discussed the effect of the pin profile on welding quality.



Elangovan et al. [15] investigated the effects of the tool pin profile and the welding speed on the behavior of the material flow and on the weld quality. They observed that the tool pin profile has a significant impact on the weld quality. Gopi and Manonmani [16] investigated the effect of pin profiles on the FSW of AA6082. It has been observed that a pentagon-shaped pin profile produces higher strength joints. Janeczek et al. [17] observed the influence of tool shapes (cylindrical and tapered-threaded tools) on an aluminum alloy, EN AW-3004 (AlMn1Mg1). When compared to the maximum results that had previously been obtained for the tapered-threaded joint, the cylindrical tool showed that it was able to produce higher mechanical value parameters of around 37%. By modifying the pin and shoulder geometries, Dawood et al. [18] and Trueba et al. [19] aimed to enhance the mechanical and metallurgical characteristics of FSW aluminum alloy joints. The joints were created with three distinct tool pin profiles: threaded-tapered cylindrical (T1), triangular (T2), and square (T3). It has been claimed that a triangular pin and tool shoulder with a raised spiral shape results in a stronger joint. An appropriate pin profile and tool design can provide adequate heat and can combine plasticized materials. Four different pin profiles: threaded cylindrical (TC), stepped cylindrical (SC), conical (C), and square (S), were used to fabricate AA6061-T6 joints with different rotations and traverse speeds by Emamian et al. [20]. Their findings demonstrated that the threaded cylindrical pin profiles created superior joints. Another study by Marzbanrad et al. [21] examined the influence of the tool pin profile (cylindrical and square pin) on the friction stir welding mechanical characteristics, microstructure, material flow, temperature, and strain distributions of AA5083. Moreover, a more comprehensive study was conducted by Verma et al. [22], which investigated the influence of four different pin profiles: threaded cylindrical, tapered cylindrical, square, and triangular, on the thermal, mechanical, and metallurgical characteristics of FSW aluminum joints. In another recent study, the effect of the FSW tool geometry and welding settings on FSW lap joint defect formation, material flow, and weld formation mechanisms was studied by comparing conventional right-handed thread cylindrical probes, three flat probes, and three types of thread in three cylindrical sections [23]. Compared to the standard threaded tool design, the tool shape with three flat sides and a mixed thread demonstrated apparent advantages for FSW lap joint fabrication. Apart from the exploration into the pin profile, other publications have discussed the influence of the pin diameter and dwell time [24], pin angle [25], tool plunge depth [26], and underwater dissimilar aluminum friction stir welding [27] on mechanical characteristics and microstructure.



Recently, a few reports have shown how preheating can be used as an alternate option to improve joint characteristics [28,29,30]. Preheating softens and increases the flow of the materials in the stir zone. As a result, welding forces are reduced, and efficiency is increased. Muhayat et al. [31] investigated the effects of preheating temperature on the mechanical characteristics and microstructure of friction stir welded (FSW) 5052 aluminum alloy joints. The increased preheating temperature resulted in coarser grain size, which resulted in a small loss in both tensile strength and joint hardness. Moreover, the influence of pre- and post-heat treatment on the hardness of Al alloy weld joints (7A52 and 6061) was explored by Jia et al. [32], and the effects of preheating and water cooling on the thermal, mechanical, metallurgical, and texture properties of friction-stir-welded AA6082 were investigated by Verma et al. [33]. It was observed that preheating has more of an impact on microhardness due to dynamic recrystallization.



The influence of each pin shape or preheating temperature on weld quality is explained in all of the abovementioned works of literature. However, research into the effects of those two parameters on the friction stir welding material AA 5052-H32 is limited. The purpose of this study was to clearly determine the effect of the pin profile and preheating temperature on the friction stir welding material AA 5052-H32. Welding is conducted with three variations of pin profiles: cylindrical, two-flat-sided, and three-flat-sided, and welding is conducted in conditions without preheating and with preheating temperatures of 150 °C, 200 °C, 250 °C, 300 °C, respectively. Tensile strength, bending, and hardness tests were used to determine the strengths of the materials created under the abovementioned conditions, and the micro and macro structures will be observed. The aim of this research was to determine the effect of the pin profile and the preheating temperature on the behavior, mechanical properties, and microstructure of an FSW welding material in four different welding areas.




2. Research Configuration and Scheme


2.1. Fundamental Research Concept


The FSW tool is critical for the production of high-quality welds. The FSW tool is made up of two parts: the shoulder and the pin. The tool’s primary functions are heat generation and material movement. The size of the pin and the shoulder is significant in terms of heat generation, and the pin shape is crucial for stirring the material and for material flow [34,35,36,37].



In the present study, several steps, including material and instrument preparation, the welding process, physical weld testing, and macrostructure and microstructure observations were conducted in order to investigate the influence of pin profiles and preheating temperatures on the mechanical strength of the welded specimens. The physical tests comprised tensile, bending, and hardness tests. The parameters that were used during the welding process are described in Table 1.




2.2. Tested Materials


A base metal, tools, and a backing plate were used in this research. The base metal material comprised 24 5052-H32 aluminum alloy plates with a thickness of 4 mm with a length and width of 400 × 150 mm. The tool was made of Bohler K100 steel that had been thoroughly hardened to 59 HRc with a shoulder diameter of 18 mm. The test used three different tools with different pin profiles (cylindrical, two flat sides, and three flat sides), as shown in Figure 1a. The backing plate was the foundation, which was used to support the workpiece that was to be welded, and was made of mild steel (MS). The surface was flattened through the use of a grinding machine. Then two holes were made at the bottom and in the middle of the backing plate to create the thermocouple holder. The dimensions of the backing plate are shown in Figure 1b.




2.3. Research Instrument


In present experiment, equipment was required for specimen preparation, welding processes, and specimen testing. Specimen preparation and welding processes were carried out in the workshop at Polytechnic ATMI Surakarta, while specimen testing was carried out in the Sebelas Maret University (UNS) Laboratory. During specimen preparation, a YSD cutting machine HGO 31/6.35 (Huangshi Huaxin Machinery & Equipment, Huangshi, China), was used to cut the aluminum plate sheets into the base metal material. In addition, this machine was also used to cut the samples that were creating during the welding process into several specimens to be used in later tests. Moreover, the Mikron WF3 SA milling machine (Mikron, Agno, Switzerland), was used for the friction stir welding (FSW) process as well as for the finishing process of the piece that was cut from the cutting machine. The machine was also used to manufacture the test specimens. During the welding process, the temperature was measured using two Type K thermocouples connected to an ADVANTECH portable USB-4718 data acquisition module (Advantech, Taipei, Taiwan). The data that were obtained were then read using ADAMVIEW software (Advantech, Taipei, Taiwan), which had previously been installed on the laptop. A Compac dial indicator (Hexagon Metrology, Aarau, Switzerland) with a measuring range of 3 mm and an accuracy of 0.01 mm was also used in this study. Two types of dial indicators were used in this study; the dial indicators were used to measure the alignment and the alignment of the workpiece to the tool mounted on the machine spindle. A dial was mounted on the tool setter in order to adjust the distance of the tooltip to the workpiece surface. To measure the dimensions of the specimens, a dial caliper with an accuracy of 0.02 mm was used.




2.4. Welding Preparation and Process


During the welding preparation stage, the first steps were conducted by installing the thermocouple on the backing plate and by setting the temperature measuring device. The backing plate was installed on the milling machine table. The next step involved the installation of the base metal above the back-side plate and clamping in order to ensure that it remained fixed to the plats. The position of the plate was adjusted using a dial indicator. Then, the tool, a Bosch heat gun CHG 630 DCE (Robert Bosch GmbH, Gerlingen, Germany), was installed, and the machine parameter settings are schematically shown in Figure 2. The tool was adjusted so that it was right on the welding line (joint line).



During the welding process, the tool had a welding angle of 2° and rotates at the initial position of the joint line. The machine table is moved up so that the tool pierces the aluminum plate to a depth (tool depth plunge) of 3.95 mm. The heat gun is turned on and set to an initial temperature of 150 °C. The tool inside the workpiece is left alone until the workpiece temperature reaches 150 °C, which can be determined on the temperature gauge. This ensures that the workpiece is soft due to the heat that is generated by the heat gun and to the friction between the pin and shoulder and the workpiece surface. The welding process begins when the tool starts to move along the joint line at a welding speed of 60 mm/min. The friction stir welding process is depicted in Figure 3. When the welding process is complete, the tool is lifted while it is still rotating. After the tool is removed, an exit hole is formed in the workpiece. The welding process was carried out with the different types of pins (cylindrical, two-flat-sided, and three-flat-sided) and with the different preheat temperatures (150 °C, 200 °C, 250 °C, 300 °C).



As shown in Figure 4, the 400 × 300 mm base metal was cut into several parts based on the test specimen. The test specimens were collected according to the AWS D1.2 Standard structural welding code for aluminum. The specimen cutting layout is shown in Figure 4.




2.5. Welding Specimen Testing


Several tests, including tests to determine tensile strength, bending, and hardness, were conducted. A hardness test was conducted to determine the hardness of the specimens that were produced from the FSW welding process. The Micro Vickers Machine HIGHWOOD HWMMT-X7 (TTS Unlimited Inc., Osaka, Japan), was used for the hardness tests. For the hardness measurements, the applied load was 200 gf, with a loading time of 10 s. To measure the indentation distance, each specimen was placed at 1 mm away from each other, with the centre point of the specimen being used as a reference, resulting in a total of 29 test points. A bending test was carried out to determine the bending strength of the welding results using a Universal Testing Machine type SHT 4106 (MTS/LABSANS, Guangdong, China), with a rated load of 1000 kN at the Mechanical Engineering Materials Laboratory, UNS Surakarta. For the bending test, two specimens were taken from each of the samples that had been obtained through the FSW, ensuring that each of the different conditions were represented, according to the AWS D1.2 standard. The bending test was carried out by placing the specimen on the two supports of the workpiece. The workpiece supports were cylindrical, with a diameter of 30 mm and an inner distance of 38 mm between the two supports, while the pressure roller had a diameter of 27 mm. The specimen was carefully placed so that it was on the joint line and centered between the two supports. The dimensions of the bending test specimens are depicted in Figure 5.



Additionally, a tensile test was carried out to determine the tensile strength of the welding results using a Universal Testing Machine type SHT 4106 (MTS/LABSANS, Guangdong, China). The specimen was placed in the workpiece clamp, and careful attention was given to ensuring that the weld joint line was precisely between the two clamps. Figure 6 shows the dimensions of the tensile test specimens.




2.6. Macrostructure and Microstructure Observations


The microstructure was observed to determine the microstructure of the welded joint. This observation was carried out at the Mechanical Engineering Materials Laboratory of UNS Surakarta. In order to facilitate the observation process, the specimens were made to be 30 × 10 mm in size. The microstructures of the FSW-welded joints were observed under a microscope. Observations were made by first polishing the specimen and by then etching the specimen with a solution that consisted of 50 mL Poulton’s reagent (2 mL HF, 3 mL HCl, 20 mL HNO3, and 175 mL water), 50 mL HNO3, and 40 mL of a mixture containing 3 g chromic acid per 10 mL water. The micro photo process was then conducted for each specimen, which allowed the HAZ and weld nuggets to be observed at 400 times dilatation.





3. Welding Data Properties


3.1. Properties of Base Material


To obtain the material properties of the base material AA 5052-H32, several tests including tensile, face bending, root bending, and hardness tests, were conducted. Table 2 shows the mechanical properties of base metal.




3.2. Experimental Data of Pin Profiles without Preheating


Welding was conducted with three-pin-profile variations, including cylindrical, two-flat-sided, and three-flat-sided variations, without preheating, with a rotational speed of 1125 rpm, a welding speed of 30 mm/min, a plunge depth of 3.95 mm, and a tilt angle of 2°. The welding process without preheating produced the welded joints depicted in Figure 7. It can be seen that a groove defect can be found on the exit hole of the cylindrical pin profile variation when there is no pre-heating.



Figure 8 shows macro photos demonstrating the specimens that were obtained without preheating and using the cylindrical, two-flat-sided, and three-flat-sided variations, respectively. The macro photos of the cylindrical pin profile and the samples that were obtained using the pin with two flat sides show welding defects due to incomplete stirring. No defects can be observed in the macro photo of the specimens that were created using the three-flat-sided variation.



Table 3 shows photos of the microstructure in five different regions of the samples that were obtained without preheating and using the three different pin profile variations. When observing the microstructure, it can be determined that the weld nugget area became deformed due to the pin mortar and that the grain size became finer and smaller. The TMAZ area was affected by the pin mixing, and the grain size became much larger in size, while in the HAZ area, which tends to be affected by high temperatures, it can be observed that the grain size became larger as a result of the higher temperature.



Table 4 shows the results of the tensile strength, face bending, root bending, and average hardness tests on the three variations of the pin profile without preheating. The highest tensile strength results were determined for the three-flat-sided pin profile, and the lowest tensile strength results were determined for the cylindrical pin profile. These results are directly proportional to those that were obtained in other studies for face bending, root bending, and hardness.




3.3. Experimental Data of Cylindrical Pin Profiles with Different Preheat Temperature


Welding was conducted on the cylindrical pin profiles at different preheat temperatures: 150 °C, 200 °C, 250 °C, and 300 °C, with several welding parameters, such as s rotational speed of 1125 rpm, a welding speed of 60 mm/min, a plunge depth of 3.95 mm, a tilt angle of 2°, a heater tilt angle of 45°, a heater and tool distance of 60 mm, and a heater height of 20 mm. The different temperatures resulted in the differences between the welded joints, as stated in Figure 9. The figure shows that welding using cylindrical pin profiles with varying preheating temperatures of 150 °C, 200 °C, 250 °C, and 300 °C results in a smoother surface roughness compared to the specimens that were achieved when using the same variation without preheating. There are no visible defects on the welding surface.



Figure 10 shows the macro photos of a cylindrical pin profile with different preheating temperatures of 150 °C, 200 °C, 250 °C, and 300 °C. The macro photos of the samples that were obtained from the 150 °C and 300 °C preheating variations show a tunnel defect due to incomplete mixing. However, the macro photos of the samples that were obtained in the preheating temperatures of 200 °C and 250 °C do not show any defects.



Table 5 shows the photo of the microstructure of the cylindrical pin profile with different preheating temperatures of 150 °C, 200 °C, 250 °C, and 300 °C. When observing the microstructure in the weld nugget area, which is affected by deformation due to the pin mortar, the grain size becomes finer and smaller, but at the preheating temperature of 300 °C, the grain size looks larger than the one obtained in the previous heating variation. The TMAZ area tends to be affected by pin mixing, with the microstructure increasing in size, while in the HAZ region, which is affected by high temperatures, the microstructure becomes larger.



Table 6 shows the test results for tensile strength, face bending, root bending and average hardness of the cylindrical pin profile. The highest tensile strength results were obtained at a preheating temperature of 250 °C, and the lowest tensile strength results were obtained at a preheating temperature of 150 °C. This result is directly proportional to other results, such as those that have been obtained in previous studies for face bending and root bending. In contrast to the average hardness values, the highest yield was seen at the 150 °C preheating temperature, and the lowest yield was determined at the 300 °C preheating temperature.




3.4. Experimental Data of Two Flat Sides Pin Profile with Different Preheat Temperature


Welding was carried out using a cylindrical pin with two flat sides at the preheating temperatures of 150 °C, 200 °C, 250 °C, and 300 °C and with the same welding parameters as those mentioned previously. As seen in Figure 11, the different preheating temperatures result in the welded joints being different. Figure 11 shows the welding results on a flat two-sided pin profile after variations in the preheating temperature of 150 °C, 200 °C, 250 °C, and 300 °C. A groove defect can be found at the exit hole at a preheating temperature of 150 °C. There are no visible defects on the other welding surfaces.



Figure 12 shows macro photos of the two-flat-sided pin profile and the different preheating variations at 150 °C, 200 °C, 250 °C, and 300 °C. The macro photos that were taken at the 150 °C preheat variation show a welding defect in the form of a tunnel defect. On the other hand, the macro photos that were taken at the preheating variations of 200 °C, 250 °C, and 300 °C do not show any defects.



Table 7 shows the macro photos that were taken of the microstructures of the two-flat-sided pin profile at different preheating temperatures. Upon observing the microstructure in the weld nugget area, which is affected by deformation due to the pin mortar, the grain size became finer and smaller, but at the 300 °C preheating variation, the grain size looked larger than it did during the previous heating variation. The TMAZ area is affected by pin mixing, and as seen in the macro photos, the microstructure becomes rather larger sizes, while in the HAZ region, the area that is affected by high temperatures, it can be observed that the microstructure becomes larger sizes.



Table 8 shows the test results for tensile strength, face bending, root bending, and average hardness on a pin profile with two flat sides at different preheating temperatures. The highest tensile strength results were obtained at a preheating temperature of 250 °C, and the lowest tensile strength results were obtained at a preheating temperature of 150 °C. This result is directly proportional to other parameters such as face bending and root bending. In contrast to the average hardness value, the highest yield was seen at the 200 °C preheating temperature, and the lowest yield was obtained at the 300 °C preheating temperature.




3.5. Experimental Data of Three-Flat-Sided Pin Profile at Different Preheat Temperatures


For the last experiment, welding was carried out on a cylindrical pin with three flat sides at the preheating temperatures of 150 °C, 200 °C, 250 °C, and 300 °C, with the same welding parameters as those mentioned above. The welded joints of the pin profiles with three flat sides and for three different preheat temperatures are shown in Figure 13. There are no visible defects on the welding surfaces.



Similar results can be determined from the macro photos. Figure 14 shows the results of the macro photos that were taken of a pin profile with three flat sides and preheating temperatures of 150 °C, 200 °C, 250 °C, and 300 °C. The macro photos show no defects, regardless of the preheating temperature



Table 9 shows photos of the microstructure of a three-flat-sided pin profile at the different preheating temperatures of 150 °C, 200 °C, 250 °C, and 300 °C. Observing the microstructure in the weld nugget area, which is affected by deformation due to the pin mortar, the grain size became finer and smaller. However, at the 300 °C preheating variation, the grain size looks larger than it did at the previous heating variation. The TMAZ region, the area that is affected by pin stirring, demonstrates a slightly larger microstructure. However, in the HAZ area, which is an area that is affected by high temperatures, the microstructure becomes larger.



Table 10 shows the test results for tensile strength, face bending, root bending, and average hardness on a pin profile with three flat sides and at the preheating temperature of 150 °C, 200 °C, 250 °C, and 300 °C. The highest tensile strength results were observed at the preheating temperature of 250 °C, and the lowest tensile strength results were observed at a preheating temperature of 150 °C. These results are directly proportional than other studies for face bending and root bending. In contrast to the average hardness value, the highest yield is seen at 250 °C, and the lowest yield is seen at the preheating temperature of 300 °C.





4. Results of Microstructure Observation and Mechanical Properties


4.1. Macrostructure Analysis


Macro observation aims to examine the cross-section of a welded joint, specifically in the weld zone. The macro photo observations provided quality data regarding possible defects that may appear during the FSW process. Table 11 shows a comparison of the macro photos that were taken of the pin profiles at various preheat temperatures. The tunnel defect can be seen in macro photos of the cylindrical pin profile specimens without preheating, and at the 150 °C and 300 °C preheating temperatures, as well as in the two-flat-sided pin profile specimens that were obtained without preheating and at the preheating temperature of 150 °C. This occurred due to the low heat input and imperfect stirring that took place during the welding process. Defects that are often seen in FSW occur due to parameter processing errors, such as tool rotation, welding speed, plunge depth, tool design, etc. These errors cause a lack of material plasticization and material flow around the pin. Low heat input causes high voltage flow due to the lack of material flow, causing delays in material splicing. Defects that occurred in the cylindrical and two-sided pin profiles were due to the improper design of the pin profile, resulting in them being unable to achieve sufficient mortar deformation, which is necessary for a good connection. Meanwhile, in the specimens that were produced without preheating and at a heating temperature of 150 °C, tunnel defects can be observed due to the insufficient heat input received by the specimen to soften the material, resulting in a large cavity. In contrast to the specimens that were created at an initial temperature variation of 300 °C, the heat input was too high, causing the material to be too soft, making it unable to support good pin profile design. This causes the material flow to only rub and not stir properly, which causes defects. The most prominent results can be observed in the three-flat-sided pin profile, as no visible defects were observed after any of the preheat temperature variations. It can be determined that the right profile design achieves good results, as a high heat input causes the material to be perfectly deformed compared to the cylindrical and two-flat-sided pin profiles.




4.2. Microstructure Observation


According to a recent study, friction stir-welded joints have asymmetric physical and mechanical characteristics [38]. These are the result of a temperature differential between the advancing and retreating sides of the welding material [37]. Microstructure analysis is the examination of the crystal structure using a microscope. In this study, one specimen was taken from each welding process parameter, and then microstructure observations were made in the HAZ, TMAZ, and weld nuggets in the advancing side and in the retreating side, as shown in Figure 15.



4.2.1. Microstructure of Base Metal AA 5052-H32


Figure 16 shows a photo of the microstructure of the base metal. The grain shape that appears in the base metal area of aluminum 5052 is slightly flattened due to the cold working or strain hardening treatment processes that take places during the manufacturing process. This treatment deforms the grain shape to a certain size through a roller or press process in order to obtain the desired strength and hardness. After cold working, the shape of these grains becomes flat, with the elongation direction being in accordance with the rolling direction. The microstructure of the base metal aluminum 5052 is generally dark in color, indicating the aluminum–magnesium (Al-Mg) phase, while the light color is the α aluminum phase.




4.2.2. Influence of Pin Profiles and Preheat Temperature at HAZ


The microstructural changes that occurred in the HAZ region can be seen in Table 12 and Table 13, which compare the grain sizes in each of the FSW specimens, especially in the HAZ retreating side (RS) and in the HAZ advancing side (AS) welds. These two images show that when there is greater variation in the preheating temperature, the grain size in the HAZ RS and AS areas become larger; this is because when there is a larger heat input, the cooling rate slows down.




4.2.3. Influence of Pin Profiles and Preheat Temperature at TMAZ


Table 14 and Table 15 depicts the microstructural changes in the TMAZ area at the RS and AS sides. Table 14 and Table 15 show that the areas affected by the tool mix have a flat and elongated microstructure. It is used by the tool to the weld the nugget area. The grain size in this zone looks smaller than in the HAZ area.




4.2.4. Influence of Pin Profiles and Preheat Temperature at Weld Nugget


Table 16 shows a photo of the microstructure in the weld nugget (stir zone). Compared to the grain size between the HAZ and TMAZ, the grain size becomes finer and denser because it is deformed by the mortar tool in the weld nugget. The weld nugget area was plastically deformed by the stirring from the FSW tool, and the grains become refined as a result of dynamic recrystallization, with the grain size becoming finer than it was in the HAZ and TMAZ regions. This proves that changes in the grain size of the microstructure in the welding process are inseparable from the heat behavior and plastic deformation that are caused during the welding process. Preheating softens the materials and increases the flow of the materials in the stir zone, thereby reducing the welding forces and enhancing efficiency. Verma et al. reports that in FSW, the joint strength increases by 8% with preheating compared to conventional FSW [33].



At a preheat temperature of 300 °C, the grain size became larger than at lower preheat temperatures. As the preheat temperature rises, the welding temperature spreads more uniformly over the tool, resulting in a slower cooling rate. A coarser grain size can be achieved when the cooling rate is slower [31]. Kwon et al. [40] indicated that some extra grain development occurred because the maximum temperature of the stir zone rose as the rotation speed of the tool increased.





4.3. Tensile Strength Result


Figure 17a shows that the highest strength was achieved by a three-flat-sided pin profile with an initial temperature variation of 250 °C at 211.2 MPa, and the lowest strength was achieved by a cylindrical pin profile with an initial temperature variation of 150 °C at 131.8 MPa. This could have been caused by the concentration of stress creating defects in the weld joint. The cylindrical and two-flat-sided pin profiles without preheating and with preheating at 150 °C demonstrated tunnel defects, which resulted in low tensile strength, namely 128.3 MPa, 131.8 MPa, and 203.6 MPa. The three-flat-sided pin profile specimen demonstrated the highest test results compared to other specimens: 208.9 MPa, 210.1 MPa, 211.2 MPa, and 210.8 MPa.



The macro photos also do not show any defects in the weld nugget. The strain value of each variation can be seen in Figure 17b. It shows that the strain is directly proportional to the tensile strength of the three welding specimens. Increasing the preheat temperature resulted in a coarser grain size, and it also resulted in a small difference in the tensile strength [31] which could be observed when the preheat temperature was 300 °C.




4.4. Bending Strength Result


During the face bending test, the top of the weld seam of the specimen faces downwards, and the pressed part is the reverse surface. A comparison of face bending strength is shown in Figure 18a. The highest face bending strength value was determined for the three-flat-sided pin at the initial temperature 250 °C, with the value of 425.3 MPa, and the lowest value was determined for the cylindrical pin when no preheating was induced, with a value of 368.8 MPa. This conclusion was reached because in the variation at the preheating temperature of 250 °C, the three-flat-sided pin produced a connection with no visible defects and demonstrated the highest tensile and bending strength.



The dimensions of the specimen for the root bending test are the same as the face bending test, but the top of the welded joint instead faces up. A comparison of the root bending strength is shown in Figure 18b. The highest value of the root bending strength can be seen in the three-flat-sided specimens at an initial temperature of 250 °C, with a value of 430.6 MPa, and the lowest value was determined in a cylindrical specimen that was created without preheating, which demonstrated a value of 194.1 MPa. When connected with the macro photo analysis, the results show that the defects on the root side affect the root bending strength results. The cylindrical variations without an initial preheating temperature demonstrate tunnel defects, which cause the lowest tensile strength, face, and root bending strength.




4.5. Hardness Test Result


The hardness test in this study used a micro Vickers machine. Figure 19 and Figure 20 show that the hardness value at each test point had a relatively asymmetric value. Muhayat et al. [3] explained that an asymmetric hardness is the result of a difference in the welding temperature between the advancing and retreating sides. The lowest average hardness value was found in the specimens that were obtained at the preheating temperature of 300 °C for each pin profile variation. This is the result of the slower cooling rate, which results in the grain size being larger, meaning that it has less of an impact on the hardness. The average maximum hardness was achieved at a heating temperature of 250 °C. This is relevant to the tensile test results that were determined for each pin profile variation. The hardness characteristics increase as the preheating temperature increases due to grain refinement in the stirring area. This consideration may be extended to the thin-walled structure welding, e.g., ship, on offshore, and other vital structures [41,42,43,44,45,46,47,48].





5. Conclusions


The effect of welding parameters such as tool pin profile design and preheat temperature on welding performance, especially on the mechanical properties and microstructure characteristics of various welding zones resulting from the friction stir welding of AA 5052-H32 was investigated. A series of macrostructure and microstructure observations and experimental tests were conducted to compare the joint quality and weld strength. From the results that were obtained here, the following conclusions can be drawn:




	
Tunnel defects are found in the macrostructure of the cylindrical pin profile design without preheating and at the 150 °C and 300 °C preheating temperatures as well as in the flat two-sided pin profile without preheating and at the 150 °C preheating temperature. However, none of the preheating temperatures resulted in any visible defects in the three-flat-sided pin profile designs. The defects which occur in the cylindrical and two-flat-sided pin profiles are due to the improper pin profile design. The specimens received insufficient heat input to soften the material in the sample without preheating and with aheating at 150 °C, causing the observed tunnel defect.



	
The microstructural observations show that the weld nugget area was plastically deformed by stirring from the FSW tool, and the grain had grain refinement as a result of dynamic recrystallization. The grain size became finer than in the HAZ and TMAZ regions. Preheating softens the materials and increases the flow of the materials in the stir zone, but at a high preheating temperature (300 °C), it leads grain size growth due to a slow cooling rate.



	
The tool pin profile design affects the joint strength and performance of the FSW. The three-flat-sided pin profile has better mechanical properties in terms of hardness, tensile strength, and bending strength than the two other designs. The mechanical properties of the three-flat-sided pin profile demonstrate an increase in the tensile strength of 12.2%, increases of 15.3% and 9.4% for the face and root bending strength, and an 11.2% increase in hardness compared to the cylindrical pin profile at the 250 °C preheating temperature.



	
The optimal preheating temperature appears to be 250 °C, because it is best able to increase the mechanical properties of the joint. The increased preheat temperature produces a coarser grain size. It influences the small decrease that is seen in the mechanical properties at the preheat temperature of 300 °C.
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Figure 1. (a) Cylindrical, two-flat-sided, and three-flat-sided tool geometry (sizes are in mm); (b) backing plate size and thermocouple hole position (sizes are in mm). 
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Figure 2. Welding process parameters. 
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Figure 3. The friction stir welding process. 
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Figure 4. Test specimen cutting layout. Sizes are in mm. 
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Figure 5. Dimensions of bending test specimens. Sizes are in mm. 
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Figure 6. Dimensions of the tensile test specimens. Sizes are in mm. 
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Figure 7. Welded joints resulting from the pin profile variations. (a) Cylindrical, (b) 2 flat sides, (c) 3 flat sides. 
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Figure 8. Macro photo data of FSW-welded joints created without preheating among the pin profile variations (scale in (a–c) is 2 mm): (a) cylindrical, (b) two-flat-sided, (c) three-flat-sided. 
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Figure 9. Welded joints of cylindrical pin profiles with preheating temperatures of (a) 150 °C, (b) 200 °C, (c) 250 °C, and (d) 300 °C. 
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Figure 10. Macro photo data of cylindrical pin profile with preheating temperatures of (a) 150 °C, (b) 200 °C, (c) 250 °C, and (d) 300 °C (scale in (a–d) is 2 mm). 
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Figure 11. Welded joints of a pin profile with two flat sides at the preheating temperatures of (a) 150 °C, (b) 200 °C, (c) 250 °C, and (d) 300 °C. 
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Figure 12. Macro photo data of two-flat-sided pin profile at the preheating temperatures of (a) 150 °C, (b) 200 °C, (c) 250 °C, and (d) 300 °C (scale in (a–d) is 2 mm). 
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Figure 13. Welded joints of pin profile with three flat sides at the preheating temperatures of (a) 150 °C, (b) 200 °C, (c) 250 °C, and (d) 300 °C. 
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Figure 14. Macro photo data of the pin profile with three flat sides at preheating temperatures of (a) 150 °C, (b) 200 °C, (c) 250 °C, and (d) 300 °C (scale in (a–d) is 2 mm). 
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Figure 15. The observed microstructural areas of the FSW nuggets [39]. 
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Figure 16. Microstructure of the base metal. 
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Figure 17. Comparison of (a) tensile strength and (b) strain between the pin profile variations. 
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Figure 18. Comparison of (a) face bending strength and (b) root bending strength between the pin profile variations. 






Figure 18. Comparison of (a) face bending strength and (b) root bending strength between the pin profile variations.



[image: Metals 12 00004 g018]







[image: Metals 12 00004 g019 550] 





Figure 19. Comparison of the hardness tests of different pin profiles without preheating. 
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Figure 20. Comparison of hardness test results at different preheat temperatures: (a) cylindrical pin profile, (b) two-flat-sided, and (c) three-flat-sided pin profiles. 
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Table 1. Welding process parameters.
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	Parameters
	Value





	Rotational speed (n)
	1125 rpm



	Tool tilt angle (θ)
	2°



	Heater tilt angle (β)
	45°



	Welding speed (v)
	60 mm/min



	Depth plunge (h)
	3.95 mm



	Distance between heater and tool (l)
	60 mm



	Heater height (h)
	20 mm



	Preheat temperature
	150 °C, 200 °C, 250 °C, 300 °C
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Table 2. Properties of base metal AA 5052–H32.
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	Tensile Strength (MPa)
	Face Bending Strength

(MPa)
	Root Bending Strength

(MPa)
	Hardness

(HV)





	229.35
	437.66
	437.66
	68
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Table 3. Micro photo data of FSW without preheating between cylindrical, two-flat-sided, and three-flat-sided variations (view scale is 100 μm).
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No

	
Micro Photo

	
Tools




	
Cylindrical

	
Two Flat Sides

	
Three Flat Sides






	
1

	
HAZ RS

	
 [image: Metals 12 00004 i001]

	
 [image: Metals 12 00004 i002]

	
 [image: Metals 12 00004 i003]




	
2

	
TMAZ RS
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3

	
NUGGET
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4

	
TMAZ AS
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5

	
HAZ AS
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Table 4. Data properties of the pin profile without preheating between cylindrical, two-flat-sided, and three-flat-sided variations.
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	Code
	Tool
	Tensile Strength (MPa)
	Face Bending Strength

(MPa)
	Root Bending Strength

(MPa)
	Hardness

(HV)





	FT0-TP
	Cylindrical
	128.27
	383.84
	194.12
	66.87



	FT2-TP
	2 flat sides
	193.17
	391.78
	382.95
	67.53



	FT3-TP
	3 flat sides
	196.31
	424.43
	397.95
	66.91
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Table 5. Microstructure photo data of cylindrical pin profile with different preheat temperatures (view scale is 100 μm).
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Micro Photo

	
Preheat Temperature




	
150 °C

	
200 °C

	
250 °C

	
300 °C






	
HAZ RS

	
 [image: Metals 12 00004 i016]
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TMAZ RS
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NUGGET
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TMAZ AS
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Table 6. Data properties of cylindrical pin profiles with different preheating temperatures.






Table 6. Data properties of cylindrical pin profiles with different preheating temperatures.





	Code
	Tool
	Yield Strength (MPa)
	Face Bending Strength

(MPa)
	Root Bending Strength

(MPa)
	Hardness

(HV)





	FT0-150
	Cylindrical
	131.83
	359.13
	268.24
	64.70



	FT0-200
	Cylindrical
	174.39
	366.19
	298.25
	62.52



	FT0-250
	Cylindrical
	188.05
	368.84
	390.90
	60.69



	FT0-300
	Cylindrical
	161.00
	367.95
	368.84
	59.32
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Table 7. Microstructure photo data of two-flat-sided pin profiles with preheating temperatures (view scale is 100 μm).






Table 7. Microstructure photo data of two-flat-sided pin profiles with preheating temperatures (view scale is 100 μm).





	
Micro Photo

	
Preheat Temperature




	
150 °C

	
200 °C

	
250 °C

	
300 °C






	
HAZ RS
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TMAZ RS
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NUGGET

	
 [image: Metals 12 00004 i044]

	
 [image: Metals 12 00004 i045]

	
 [image: Metals 12 00004 i046]

	
 [image: Metals 12 00004 i047]




	
TMAZ AS
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Table 8. Data properties of two-flat-sided pin profiles at different preheat temperatures.






Table 8. Data properties of two-flat-sided pin profiles at different preheat temperatures.





	Code
	Tool
	Tensile Strength (MPa)
	Face Bending Strength

(MPa)
	Root Bending Strength

(MPa)
	Hardness

(HV)





	FT2-150
	2 flat side
	203.61
	365.31
	284.13
	62.54



	FT2-200
	2 flat side
	205.13
	375.01
	376.78
	64.58



	FT2-250
	2 flat side
	207.60
	396.19
	429.72
	63.82



	FT2-300
	2 flat side
	206.71
	370.60
	368.84
	60.33
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Table 9. Microstructure photo data of three-flat-sided pin profile at different preheat temperatures (view scale is 100 μm).






Table 9. Microstructure photo data of three-flat-sided pin profile at different preheat temperatures (view scale is 100 μm).





	
Micro Photo

	
Preheat Temperature




	
150 °C

	
200 °C

	
250 °C

	
300 °C






	
HAZ RS
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TMAZ AS
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Table 10. Data properties of pin profile with three flat sides at different preheat temperatures.






Table 10. Data properties of pin profile with three flat sides at different preheat temperatures.





	Code
	Tool
	Tensile Strength (MPa)
	Face Bending Strength

(MPa)
	Root Bending Strength

(MPa)
	Hardness

(HV)





	FT3-150
	3 flat side
	208.90
	368.84
	425.31
	64.42



	FT3-200
	3 flat side
	210.13
	382.07
	426.19
	65.54



	FT3-250
	3 flat side
	211.22
	425.31
	430.60
	67.52



	FT3-300
	3 flat side
	210.76
	397.07
	427.07
	60.45
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Table 11. Macro photos between different pin profiles at various preheat temperatures (scale for all preheat temperature is 2 mm).






Table 11. Macro photos between different pin profiles at various preheat temperatures (scale for all preheat temperature is 2 mm).





	
Pin Profiles




	
Preheat Temperature

	
Cylindrical

	
Two Flat Sides

	
Three Flat Sides






	
Without

preheat
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200 °C

	
 [image: Metals 12 00004 i082]

	
 [image: Metals 12 00004 i083]

	
 [image: Metals 12 00004 i084]




	
250 °C
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300 °C
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Table 12. Microstructure of friction stir-welded specimens at HAZ RS (view scale is 100 μm).






Table 12. Microstructure of friction stir-welded specimens at HAZ RS (view scale is 100 μm).





	

	
Pin Profiles






	
Preheat temperature

	

	
Cylindrical

	
Two Flat Sides

	
Three Flat Sides




	
150 °C

	
 [image: Metals 12 00004 i091]

	
 [image: Metals 12 00004 i092]

	
 [image: Metals 12 00004 i093]




	
200 °C
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300 °C
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Table 13. Microstructure of friction stir-welded specimens at HAZ AS (view scale is 100 μm).






Table 13. Microstructure of friction stir-welded specimens at HAZ AS (view scale is 100 μm).





	

	
Pin Profiles






	
Preheat temperature

	

	
Cylindrical

	
Two Flat Sides

	
Three Flat Sides




	
150 °C
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300 °C
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Table 14. Microstructure of friction stir-welded specimens at TMAZ RS (view scale is 100 μm).






Table 14. Microstructure of friction stir-welded specimens at TMAZ RS (view scale is 100 μm).





	

	
Pin Profiles






	
Preheat temperature

	

	
Cylindrical

	
Two Flat Sides

	
Three Flat Sides




	
150 °C
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Table 15. Microstructure of friction stir-welded specimens at TMAZ AS (view scale is 100 μm).






Table 15. Microstructure of friction stir-welded specimens at TMAZ AS (view scale is 100 μm).





	

	
Pin Profiles






	
Preheat temperature

	

	
Cylindrical

	
Two Flat Sides

	
Three Flat Sides




	
150 °C
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300 °C
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Table 16. Microstructure of friction stir welding at weld nugget (view scale is 100 μm).






Table 16. Microstructure of friction stir welding at weld nugget (view scale is 100 μm).





	

	
Pin Profiles






	
Preheat temperature

	

	
Cylindrical

	
Two Flat Sides

	
Three Flat Sides




	
150 °C
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