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The objective of this review paper is to provide a comprehensive and systematic analysis of the various aspects of vibration-assisted welding (VAW), focusing on its applications, limitations, future potential, and critical evaluations. This review examines welding processes where vibrations serve as a primary mechanism driving the process. It also explores cases where vibrations act as an auxiliary method to enhance operational efficiency and weld quality. A detailed examination is conducted on the physical mechanisms underlying VAW, along with state-of-the-art developments, experimental studies, technological advancements, and diverse applications across relevant fields such as aerospace, automotive, shipbuilding, and biomedical industries. The analysis highlights the benefits of VAW over conventional welding techniques, including enhanced mechanical properties, refined microstructures, and improved overall weld quality. Given these advantages, vibrations have emerged as a transformative technology in welding, leading to notable advancements in productivity and product performance in the twenty-first century. This paper aims to assess the current state of VAW and outline prospective directions for future research and industrial adoption. Further research is needed to standardize VAW methodologies and optimize process parameters for industrial use.
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1 INTRODUCTION
The mechanical strength of different welded connections influences the reliability and service performance of welded structures. Recent years have seen a rise in the use of the vibratory approach as a feasible alternative to the traditional heat treatment procedure, which involves some costly and time-consuming processes but effectively enhances weld quality. (Krajewski, 2009; Krajewski, 2010; Krajewski, 2011). Regardless of the parent metal or the welding procedure, the vibrations modify the structures of the melted and heat-affected zones (HAZ). Using a variety of vibratory settings, the vibratory welding process transfers external energy to the weld zone during or after the welding operation in the form of vibration. Vibratory welding techniques have less influence on the environment; less time spent producing, and reduced operating expenses. Mechanical and electric arc vibrations are two methods for introducing vibration into the welding zone to enhance process efficiency. There are essentially two ways to use vibration to the various industrial processes: vibration of the tool (Gunawan Setia Prihandana, 2009; Xu, 2009; Jimma, 1998; Qi, 2008; Mousavi, 2007; Huang, 2002; Weber, 1984; Babitsky, 2003; Skelton, 1968) and vibration of the workpiece (Shen, 2008; Pilyushenko, 1992; Nie, 2011; Abramov, 1995; Wu, 2005; Tewar S., 1999; Kim, 2008).
Vibrations of dielectric fluid (Gunawan Setia Prihandana, 2009), tool electrodes (Xu, 2009), blank holders in deep drawing processes (Jimma, 1998), vibrating wire drawing dies, vibrating extrusion dies (Mousavi, 2007), and vibrating die during upsetting (Huang, 2002), are a few examples of specific cases within the first group. The vibration of flowing melt during extrusion, melt vibration, and vibrating work components during welding (Wu, 2005; Tewar, 1999) fall under the second category. External vibrations in the processes above lead to less cutting or drawing force and improved surface quality. Mechanical vibrations have been proven in studies to alter the properties and structure of welded joints (Krajewski, 2012).
When mechanical vibrations are used during welding, the structure and qualities of the welded connections improve. (Balasubramanian, 2011). Mechanical or electric arc vibrations can be used to inject vibration into the welding zone to boost welding process efficiency. The vibrations produced by the tool and the workpiece are the two main vibrations used in industrial operations (Prihandana, 2009). Several impacts of the vibration contribute to the weld’s quality improvement. In order to improve the quality of the weld, it might be helpful first to break up any oxide or other impurities that may be present on the materials’ surface that is being fused. Second, the vibration aids in mixing the molten metal, lowering the possibility of porosity and other flaws (Ranjan, 2022). Regardless of the parent metal or the welding procedure, the vibrations alter the structures of the melted and heat-impacted zones (HAZ). Using a variety of vibratory settings, the vibratory welding method transfers external energy in the form of vibration to the weld zone during or after the welding procedure (Kalpana, 2017). Vibrations can be imparted to a workpiece in a variety of ways, including longitudinal, transverse, vertical, and random vibrations. The impact of longitudinal vibration on mechanical characteristics, including hardness, yield strength, and ultimate tensile strength.
The article presents a detailed review of various vibration assisted welding techniques that are used for improving the mechanical properties of welded joints. It also gives us an idea about how microstructure refined plays an important role for enhancing mechanical properties of welded joints.
2 DIFFERENT VIBRATION ASSISTED WELDING TECHNIQUE
Figure 1a shows a schematic representation of the experimental setup. Using a manual metal arc welder, the workpieces were secured to a table that was longitudinally vibrating with the aid of an electrodynamic vibrator (Yunhao Xia, 2024). The experimental setup as shown in Figure 1b included a waveguide coupled through a concentrator with a ceramic transducer powered by a GUZ202500W ultrasonic generator. The setup also comprised an ARISTOTIG 200 AC/DC TIG welding machine (ESAB Co.), a Fronius ALU Edition MIG welding source, and a mechanized system for straight-line welding (Fronius Co.). In TIG welding, a 2.4 mm WC 20 Grey tungsten electrode with a spherical tip was used, and the molten pool was shielded by argon at a flow rate of 11 L/min. Welding was performed with an AC or DC supply at 150 A and 30 Hz, with a welding speed of 0.0025 m/s, and the torch was fixed for flat welding.
[image: Figure 1]FIGURE 1 | (A). Schematic diagram of experimental setup (Yunhao Xia, 2024). Reprinted with permission from Copyright (1993) Sage Publications. (B) Experimental set-up: 1 – welding torch, 2 – linear manipulator, 3 – waveguide, 4 – ultrasonic transducer, 5 – concentrator (KRAJEWSKI, 2012). Reprinted with permission from Copyright (2012) Polish Academy of Sciences.
The waveguide was coupled through a concentrator with a ceramic transducer supplied by a GUZ 20 2500 W ultrasonic generator made by the Tele-Radio technical Institute (KRAJEWSKI, 2012). During the welding process, only the workpiece is subjected to vibration, as seen in Figure 2, while the vibration transducer, shell frame, and horn remain motionless. During the welding process, a high-frequency ultrasonic vibration generator with a 20 kHz output frequency was employed to drive ultrasonic vibration into the molten pool in a direction perpendicular to the base plates (Hui Lia, 2017). Figure 3 depicts a schematic of the vibration-assisted GMAW process. Before welding, a vibration exciter vibrated the plates at various frequencies in a vertical direction that was parallel to the plates.
[image: Figure 2]FIGURE 2 | Schematic diagrams of ultrasonic vibration enhanced TIG welding set-up (Hui Lia, 2017). Reprinted with permission from Copyright (2017) Taylor and Francis.
[image: Figure 3]FIGURE 3 | Schematic of vibration-assisted GMAW process (M.N. Ilman, 2022). Reprinted with permission from Copyright (2022) Elsevier.
A vibration meter fastened to the underside of a backing plate simultaneously recorded the response amplitudes. The vibration exciter was situated at one-half the backing plate’s length (Ilman, 2022).
Figure 4 shows a schematic of the ultrasonic vibration-assisted pulsed laser welding setup. The setup consisted of an ultrasonic vibration platform and welding fixtures, with fixtures used to secure the workpiece to the ultrasonic vibration board. At a fixed frequency of 20 kHz, the ultrasonic generator produced a maximum output of 500W. Three distinct ultrasonic output powers of 0W, 250W, and 500W were used for laser welding. The ultrasonic output power was used to regulate the amplitude of the ultrasonic vibration board (Siyu Zhoua, 2018).
[image: Figure 4]FIGURE 4 | Set-up for ultrasonic vibration-assisted pulsed laser dissimilar welding (Siyu Zhoua, 2018). Reprinted with permission from Copyright (2018) Elsevier.
The specimen may be placed on a platform with four springs at each corner. The vibratory table setup was completed by attaching a vibromotor to form the vibration platform. The vibrations were generated by connecting an ammeter, voltmeter, and dimmerstat to the vibromotor. Figure 5 shows the experimental setup.
[image: Figure 5]FIGURE 5 | Experimental setup of vibration assisted welding (Muvvala Chinnam Naidu, 2021). Reprinted with permission from Copyright (2021) ACCENTS Journals.
To enhance the mechanical characteristics of the weldment by introducing beneficial changes in the weld region’s microstructure, a supplemental vibratory setup that is adept at delivering mechanical excitations to the weld pool for “manual metal arc welding” is designed (Muvvala Chinnam Naidu, 2021).
Figure 6 shows the intended configuration for vibrations and an external magnetic field. Mild steel is employed as the workpiece material in the current research project. By changing the motor’s speed from 721 rpm to 923 rpm and the external magnetic field by changing currents from 0.2 amp to 0.3-amp, welding was done on the workpieces while modulating the magnitude of vibrations (Suresh Chitturi, 2020). In order to introduce vibration into the molten pool, a high-melting-point tungsten needle with applied ultrasonic vibration was inserted directly from the front side of the arc-welded weld pool, as illustrated in Figure 7.
[image: Figure 6]FIGURE 6 | Vibration assisted welding set up (Suresh Chitturi, 2020). Reprinted with permission from Copyright (2020) IOP Publishing.
[image: Figure 7]FIGURE 7 | Schematic of the experimental process with the ultrasonic vibration of weld pool (Guancheng Zhaoa, 2020). Reprinted with permission from Copyright (2020) Elsevier.
The output amplitude of the ultrasonic device was 105 µm and the frequency was 20 kHz (Guancheng Zhaoa, 2020).
A custom-made ultrasonic transducer assembly was used to treat the weld using ultrasound. The assembly shown in Figure 8 included a generator that produced and transferred ultrasonic vibrations to a magnetostrictive transducer. The sonotrode was linked to the transducer, which was housed in a case with liquid cooling. In order to transmit ultrasonic vibrations, the sonotrode was attached and fastened to the workpiece (A.V. Kolubaev, 2020). The pure iron and vibration platform were solidly attached during the welding operation is shown in Figure 9. When the maximum value of the vibration acceleration was attained, the vibration. The resonance frequency was frequency (Jiewen Jin, 2019). The aluminium sheet was cut to the desired size for the sample using an abrasive water jet machine. The FSW tool was made from H13 hot work tool steel rod with a shoulder diameter and pin diameter of 14 mm and 5mm, respectively. The requisite ultrasonic vibration waves were obtained using an ultrasonic processor. A titanium sonotrode with a tip diameter of 22 mm and a length of 100 mm was utilised to produce ultrasonic vibration waves with a 24 kHz frequency, an 85-W power output, and an adjustable amplitude up to 100 µm (EL-Wazery, 2022) as shown in Figure 10. The experiment’s wooden framework is depicted in Figure 11.
[image: Figure 8]FIGURE 8 | Schematic of the setup for ultrasonic-assisted laser welding of steel sheets (Kolubaev, 2020). Reprinted with permission from Copyright (2020) Elsevier.
[image: Figure 9]FIGURE 9 | Micro vibration laser welding platform (Jiewen Jin, 2019). Reprinted with permission from Copyright (2019) Wiley.
[image: Figure 10]FIGURE 10 | Experimental setup for UAFSW process (M. S. EL-Wazery, 2022). Reprinted with permission from copyright (2022) Materials and Energy Research Center.
[image: Figure 11]FIGURE 11 | Experimental setup for ultrasonic vibration assisted welding (Mahmudul and Pavel, 2018). Reprinted with permission from copyright (2018).
Large wooden table, base table, large wooden plate for vertical up and down movement, nylon rack, pinion, pulley, and motors are all mounted on top of the large table that is part of the wooden frame. With its four wheels, the small base table can travel along two rail lines. There’s one vibration device in front of that small base plate. This configuration enables the workpiece and the base table to bounce back and forth (Mahmudul and Pavel, 2018).
A vibration platform and an imbalanced vibrometer make up the configuration is shown in Figure 12. A circulating vibrometer, the surface plate, and the springs on which the surface plate is mounted vibrate the specimen (Vykunta Rao, 2022).
[image: Figure 12]FIGURE 12 | Line diagram of experimental set up (M. Vykunta Rao, 2022). Reprinted with permission from copyright (2022) Springer Nature.
Figure 13 shows the schematic representation of the experimental setup for ultrasonic vibration. To refine coarse columnar-Mg grains of Mg/Ti joints through cavitation and acoustic streaming effects, ultrasonic vibration was introduced into the welding pool using a system with a maximum output amplitude of 30 m, a maximum output power of 1.6 kW, and a maximum output frequency of 20 kHz. The vibration’s path was parallel to the welding plate (Chuan Xu, 2016).
[image: Figure 13]FIGURE 13 | Schematic illustration of the experimental setup (Chuan Xu, 2016). Reprinted with permission from Copyright (2016) Elsevier.
3 EFFECT OF VIBRATION ASSISTED WELDING ON MECHANICAL PROPERTIES
The Scanning electron micrograph images following post weld heat treatment (PWHT) at various temperatures are displayed in Figure 16, which highlights the notable microstructural alterations with a fine grain structure. Upon close inspection, welded joints exhibit a ferrite-pearlite structure with distinct white and dark regions. Scanning electron micrograph (SEM) images of the welded joints following PWHT at 600°C, 650°C, and 700°C are displayed in Figure 14. The test specimen is depicted in detail by the SEM analysis. It is demonstrated that the grain structure eventually becomes more regular after PWHT at 650o C, increasing the tensile strength (Rajeev Ranjan, 2024).
[image: Figure 14]FIGURE 14 | (a) SEM image after PWHT at 600o C (b) SEM image after PWHT at 650 C, (c) SEM image after PWHT at 700 C, (d) XRD pattern (Rajeev Ranjan, 2024). Reprinted with permission from Copyright (2024) Springer nature.
The tensile fractures of the welded joints GTA and UA-GTA are displayed in Figure 15. The fracture surfaces of both samples show characteristic dimples that indicate ductile fractures. There are both small and large dimples visible in the tensile fracture of the welded joint between the GTA and the UA-GTA. However, compared to the normal GTAW, the UA-GTAW fracture has somewhat bigger dimples (Yunhao Xia, 2024).
[image: Figure 15]FIGURE 15 | The fracture of samples after the tensile test: (a), (b), (c) and (d): GTA welded joint; (e), (f), (g) and (h) UA-GTA welded joint. (Yunhao Xia, 2024). Reprinted with permission from Copyright (2024) Elsevier Publications.
As illustrated in Figure 16, the nickel-based weld’s intergranular corrosion can be explained by the poor Mo theory, which is comparable to the poor Cr theory in the intergranular corrosion of stainless steel. The TCP phases are enriched in Mo element, and the formation of these TCP phases will consume the Mo close to the grain boundary, per the microstructure analysis. The majority of the Mo element in precipitated phases originates from the grain boundary because the diffused activation of Mo in the grain body is significantly lower than that of Mo within the grain boundary, resulting in a lower diffused rate of Mo in the grain body than that of the grain boundary (Siyu Zhou, 2021).
[image: Figure 16]FIGURE 16 | Influence mechanism of ultrasonic vibration on intergranular corrosion: (a) Laser welding without ultrasonic; (b) Ultrasonic assisted laser welding. (Siyu Zhou, 2021). Reprinted with permission from Copyright (2021) Elsevier Publications.
With mechanical vibrations of the workpieces during FCAW, the fatigue strength of weldments formed of weldable-grade SM 490A steel was only marginally enhanced. The experiment employed mechanical vibration equipment consisting of a rotary vibrator, sensor, analyser, and programmable logic controller.
The experiment was run at 60 Hz, which is the resonance frequency. The vibration caused the grain to become more refined, and the specimen’s mechanical qualities, including tensile strength, impact strength, and hardness, were enhanced (Lee, 2007).
The superior mechanical properties and weld formation in friction stir welding can be attributed to the softening effect of ultrasonic vibration. The base metal used for the butt-welding process was commercial 2024Al-T4 rolled plates with a thickness of 3 mm. Both localised ultrasonic vibration and none were used. The vibration tool head, which was connected to an ultrasonic amplitude transformer, projected vibration into the material 20 mm in front of the tool. The operating parameters of the ultrasonic vibration system were 20 kHz, 300 W of output power, and 40 µm of amplitude. According to reports, these vibrations might speed up the butt-welding process. Welded joint’s tensile strength and the weld nugget zone’s microhardness were enhanced (Liu, 2015). Due to the grain refinement brought on by arc oscillation, the mechanical parameters of the weld, including as yield strength, UTS, and % elongation, were enhanced (Raman, 2012).
After using ultrasonic vibration assisted laser welding to weld SUS301 stainless steel sheet with a thickness of 0.6 mm, the effects of fixed-point ultrasonic vibration and trailing ultrasonic vibration on the macrostructure, microstructure, and mechanical characteristics of the joints were examined. The outcomes showed that ultrasonic aided laser welding, particularly T-ULW, allows for improvements in both ductility and tensile strength of the welds (Zuguo Liu, 2022a).
Using ultrasonic vibrations in manufacturing improves the structural effectiveness of produced goods. It provides a noticeable benefit for the mechanical and microstructural characteristics of items. In this study, the AISI 304 stainless steel was joined using the Ultrasonic Assist Cold Metal Transfer (U-CMT) process. With the use of optical microscopy, SEM, and XRD, the welded joints are examined. The U-CMT welded joint’s microhardness, tensile strength, and residual tests are analysed and contrasted with CMT welded joint. The U-CMT welded joint’s microhardness and tensile findings demonstrate a significant increase in their mechanical characteristics as a result of the grain refinement caused by ultrasonic vibrations in the fusion area (Yuvaraj J. G., 2022).
In order to enhance the functionality of the produced pieces, ultrasonic and laser cladding technology were used. The experimental results demonstrate that the ultrasonic vibration-induced grain size was finer than the traditional laser cladding-induced grain size. The average grain size was 0.522 times that of non-vibration when the amplitude was 25 m. Figure 17 shows the effect of laser power on microhardness and it is also observed that high-frequency vibration application may reduce porosity while enhancing microhardness and wear resistance (Lida Zhu, 2021). These two distinct welding techniques’ weld formations features and material flow behaviour were investigated and contrasted. The welding instrument supplied axial ultrasonic vibration directly to the weld. Results indicate that ultrasonic vibration can significantly speed up the welding process for joints with no defects. The UAFSW can create defect-free welded connections at a welding speed that is 50% faster than that of the traditional FSW at a rotational speed of 1,200 rpm. Additionally, axial force may be reduced by 9%, and ultrasonic vibrations can improve joint surface quality.
[image: Figure 17]FIGURE 17 | Effect of laser power on microhardness.
Additionally, ultrasonic vibrations noticeably increase both the volume of the pin-driven zone (PDZ) and the thickness of the transition zone (TZ) (Zhiqiang Zhang, 2020).
Experimental research on impact strength is conducted after the unique vibratory technique is established for mechanically vibrating the specimens. Comparing the experimental input process parameters’ effects on impact strength to the standard welding method. Results showed that when compared to standard arc-welded specimens, impact strength with excitations increased by 17%, and a voltage at 190 V mostly influences enhanced flexural strength for the vibrating motor and 18 V for the D.C.-motor linked to the electrode (Bade Venkata Suresh, 2022). The yield strength increased by 61 MPa (from 219 to 280 MPa), and the UTS value increased by 80 MPa (from 340 to 420 MPa). The term “ductility,” the gain in value, expressed as a percentage elongation, was approximately two times as great from 5.71% to 12.9% This rise in the UTS value and welded yield strength favourable micro-structural characteristics of joints (vibratory weld specimen) alterations that hindered grain formation led to the dendrites in the grain having comparatively shorter pools weld (Pravin SINGH, 2017). Under the circumstances of the molten pool’s ultrasonic vibration, the UTS of the butt joint rose. The sample with the highest UTS was subjected to molten pool ultrasonic vibration. (Guancheng Zhaoa, 2020), (Figures 18a, b).
[image: Figure 18]FIGURE 18 | (a) Tensile graph for welded specimen (Pravin SINGH, 2017). Reprinted with permission from Copyright (2017) The Scientific Bulletin (b) Results of tensile tests (Guancheng Zhaoa, 2020). Reprinted with permission from Copyright (2020) Elsevier.
The examples are welded using vibro-motor voltage ranges between 60 and 230 V at intervals of 20 V at 90 amps, 20 V at 110 amps, and 20 V at 130 amps (Figure 19). The specimens’ initial hardness is minimal, but it steadily rises when vibrations are increased for 90 amps, 110 amps, and 130 amps from 60 V to 180 V and then again from 180 V to 230 V. The peak value of hardness is recognised at 180 V of vibromotor and 110 amps of welding current for 90 amps, 110 amps, and 130 amps because the material grade changes from austenitic stainless steel to martensitic, which makes the HAZ of metal as weaker. The welding current here, along with the vibration parameter, also affects the weldment’s hardness quality. Following the results, 180 V and 110 amps yield the highest hardness rating (Figure 20). Large dendrites break down into smaller ones due to molten pool stimulation during welding, and the grain size decreases with vibration. For stainless steel type 304 L materials, the hardness values are raised due to vibrations that reduce grain size (Muvvala Chinnam Naidu, 2021).
[image: Figure 19]FIGURE 19 | Comparison of Hardness of SS 304L at different vibromotor voltage and welding current.
[image: Figure 20]FIGURE 20 | Hardness values of vibratory assisted weld joints at (a) 0 V and 110 amps (b) 180 and 90 amps (c) 180 and 110 amps (d) 180 and 130 amps (Muvvala Chinnam Naidu, 2021). Reprinted with permission from Copyright (2021) ACCENTS Journals.
For four welding procedures, the base metal (BM) and heat effect zone (HAZ) hardness values were essentially the same. Weld metal (WM) has a harder surface than BM and HAZ. The standard GTAW has a WM hardness of roughly 180 HV (Figure 21). Three ultrasonic aided welding processes have around 210 HV WM hardness, which is virtually the same. The microstructure refinement is what caused the WM hardness in three ultrasonic aided welding procedures to increase by roughly 30 HV in comparison to the traditional GTAW (Chao Chen, 2020). The UMZ has a lesser hardness than the BM, as can be seen. The development of austenite grains in the UMZ is the cause.
[image: Figure 21]FIGURE 21 | Micro-hardness distribution profile (Chao Chen, 2020). Reprinted with permission from Copyright (2020) Elsevier.
The degree of loss in hardness in the UMZ is modest due to the use of electromagnetic vibration during GTAW, and as a result, the UMZ is not regarded as a weak zone in the weld joint. On the other hand, it can be seen that the WM’s centre zones have a harder composition than its side zones and zones near the fusion line (Figure 22a). For 316L stainless steel GTAW joints, engineering stress-strain curves have been published. As shown in the figure, the yield strength, tensile strength, and toughness of 316L stainless steel joints intensify as the density of electromagnetic vibration during the GTAW process increases (Figure 22b). For 316L stainless steel GTAW joints, the Charpy impact test results have been provided. This image shows how the impact resistance and fracture energy of 316L stainless steel GTAW joints intensely increase by increasing the intensity of electromagnetic vibration during the GTAW process. According to the Charpy impact test results, the impact energy increased from 106 J for weld joints that did not use electromagnetic vibration to 189 J for those that did when 40 V of electromagnetic vibration was applied (Figure 22c) (Masoud Sabzia, 2018).
[image: Figure 22]FIGURE 22 | Mechanical testing (a) Micro-hardness test, (b) Tensile test, (c) Charpy impact test (Masoud Sabzia, 2018). Reprinted with permission from Copyright (2018) Elsevier.
4 EFFECT OF VIBRATION ASSISTED WELDING ON MICROSTRUCTURE
A recently created welding technique is ultrasonic assisted laser welding (ULW). A high-speed camera monitoring system monitors the shapes of the molten pools during trailing ultrasonic assisted laser welding (T-ULW) and conventional laser welding (LW), and the welding temperature fields and weld pool temperature evolution are numerically simulated. The findings of the macro morphology study demonstrate that ultrasonic vibration not only lengthens the molten pool but also alters the cross-sectional morphologies of the welds by narrowing the top and widening the bottom. The findings of the microstructure study show that the fusion zone of the T-ULW welds is consistently distributed and mostly made up of refined equiaxed grains (Zuguo Liu, 2022a).
Under the influence of mechanical vibration during welding, the microstructure, mechanical characteristics, and corrosion performance of gas metal arc AA6061-T6 aluminum alloy welded joints have been studied. The study’s vibration frequencies, f, fell between 0 and 500 Hz. Following that, a number of experiments were conducted in a 3.5% NaCl solution, including microstructural inspection, microhardness measurements, tensile testing, fatigue crack growth tests coupled with fractography studies and electrochemical polarisation tests. It was discovered that the grain refinement of columnar dendritic and equiaxed dendritic microstructures in the weld metal area was the primary cause of the strengthening mechanisms in the vibrated weld joints as shown in Figure 23. These microstructures may prevent the emergence of fatigue cracks in the metal used for welding (Ilman, 2022). Using ultrasonic vibrations in manufacturing improves the structural effectiveness of produced goods. It provides a noticeable benefit for the mechanical and microstructural characteristics of items. With the use of optical microscopy, SEM, and XRD, the welded joints are examined. The U-CMT welded joint’s microhardness, tensile strength, and residual tests are analysed and contrasted with CMT welded joint. The U-CMT welded joint’s microhardness and tensile findings demonstrate a significant increase in their mechanical characteristics due to the grain refinement caused by ultrasonic vibrations in the fusion area (Yuvaraj J. G., 2022). The tendency for micro-segregation in the weld was reduced, and the ultrasonic vibration enhanced the uniform distribution of the components. The average tensile strength and elongation of the joint increased from 613 to 650 MPa and from 16.15% to 31.54%, respectively, using ultrasonic vibration.
[image: Figure 23]FIGURE 23 | Weld metal microstructures in: (a) as-welded condition and (b), (c), (d) vibration assisted welding at 100 Hz, 300 Hz and 500 Hz, respectively (Ilman, 2022). Reprinted with permission from Copyright (2022) Elsevier.
In Figure 24, the weld profile is displayed. There is penetration of the weld in both processes. The width of the weld on the top surface decreases to 0.578 mm upon the addition of ultrasonic vibration, while the width of the weld on the bottom surface increases to 0.406 mm from 0.3437 mm. The weld’s geometric size is smaller than it would be in the absence of ultrasonography. Figure 24a illustrates the typical wine-glass weld morphology in case A. But in the case that ultrasonic vibration is exerted, the weld morphology changes obviously, and the weld morphology is a cone, as shown in Figure 24b. In case B, the weld fusion zone (FZ) (Figures 24d, f) sees a more homogeneous and refined grain structure (Zuguo Liu, 2022b). The high temperature strength and oxidation resistance of nickel-based alloys are outstanding, but due to the coarse grains and severe segregation in their welding joints, these alloys are more prone to hot cracking. Sodium thiosulfate was utilised to model crystallisation, allowing researchers to understand the nucleation mechanism under mechanical vibration better and increase the hot-cracking resistance and mechanical qualities of nickel-based alloy welded joints. The findings demonstrate the method by which the Inconel 601H alloy’s grains are refined during gas tungsten arc welding (GTAW) under varied vibration modes and parameters. The low-frequency mechanical vibration operations produced significant grain refining effects in the welds as compared to the GTAW process; as a result, a greater hardness distribution was also accomplished under the vibration circumstances (Ze-long Wang, 2018). Through the welding instrument, ultrasonic vibration was directly delivered in an axial direction to the weld. The transition zone’s thickness is greatly reduced, and ultrasonic vibrations significantly increase the pin-driven zone’s volume. The UAFSW results in more sub grains and malformed grains than the FSW.
[image: Figure 24]FIGURE 24 | Microstructure of weld. (a) Weld morphology of case A; (b) Weld morphology of case B; (c) Fusion zone of case A; (d) Fusion zone of case B; (e) Heat affected zone of case A; (F) Heat affected zone of case (B) (Zuguo Liu, 2022a). Reprinted with permission from Copyright (2022) Elsevier.
The majority of the research indicated that those dark fringes were IGA’s core. However, according to multiple reports (backed up by direct TEM diffraction evidence), those were Cr2 N precipitates that were forming on dislocations. The current work’s TEM/EDX result, which is shown in the Supplementary Materials, shows a high degree of Cr enrichment in the precipitate, which is most likely Cr2 N. The precipitate with a tangled dislocation morphology is referred to as Cr2 N dislocation bundles from this point on. The following precipitation behaviour of Cr2 N seems appropriate (Tsai et al., 2018). Using the bead on plate technique, vibration welding is carried out on mild steel plates that are 6 mm thick with various material combinations. The effectiveness of the vibratory welding process is compared to traditional welding. Induced vibration during welding enhanced the nucleation rate, and steeper temperature gradients were discovered across the heat-affected zone (HAZ), according to metallographic investigations. In the case of vibratory welding, comparably finer grain microstructures are seen (Singh, 2017).
One of the most popular processes, shielded metal arc welding (SMAW), has been utilised to prepare weld specimens. A novel vibratory arrangement has been developed that stirs the weld-pool’s molten metal before the welding process causes it to solidify. The vibratory setup has a maximum amplitude of 0.5 mm and a resonance frequency of 300 Hz. When compared to traditional welded connections, the microstructure analysis of vibratory welded joints reveals smaller grain sizes (Pravin Kumar Singh, 2016).
The OM images of the welds in the heat-affected zone are displayed in Figure 25, and they accurately depict the grain microstructure there. While the heat-affected zone of the weld in Case B (Figure 25b) distributes with a significant amount of coarse grain, the microstructure of the grains in HAZ in Cases A and C (Fig. 29(a) and (c), respectively), is primarily composed of fine grains. Stated differently, ultrasonic can efficiently smooth the grain. Naturally, there are differences in the refinement effect depending on how the ultrasound is applied. Figure 25a, c make this difference in the refinement effect very evident. Figures 25a, c were compared (Zuguo Liu, 2022b).
[image: Figure 25]FIGURE 25 | Microstructure of weld in heat affected zone. (a) Case A, (b) Case B, (c) Case C (Zuguo Liu, 2022b). Reprinted with permission from Copyright (2022) Elsevier.
A brand-new technique called Ultrasonic-Magnetic field Coaxial Hybrid GTAW (U-M-GTAW) was put forth to enhance the characteristics of the joints by coaxial connection of magnetic field and ultrasonic vibration to the welding arc. The grain size of the U-M-GTAW joint centre was lowered by 12.4% compared to GTAW when ultrasonic and magnetic fields were combined with GTAW, and the joint centre nearly entirely changed into equiaxed crystals. The mechanical qualities of the joints were all enhanced by the external energy fields (Chao Chen, 2023).
5 OPTIMIZATION OF WELDING PROCESS PARAMETERS
To provide the intended and valuable outcomes, process factors must be assessed, regulated, and optimized. Common process variables that affect the desired outcome of a welding process include welding speed, arc voltage, welding current, etc. Depending on the type of welding method chosen, different welding process parameters apply. For this reason, achieving a high-quality weld necessitates managing the input welding parameters. One of the most important welding output characteristics in this process is weld dilution, which has an impact on welding productivity as well as quality. Using Taguchi’s design of experiments technique, the effects of variables like wire feed rate (W), welding voltage (V), nozzle-to-plate distance (N), welding speed (S), and gas flow rate (G) on weld dilution were mathematically studied. Signal-to-noise ratios (S/N) were determined after the data was gathered and used to determine the ideal levels for each input parameter (Aghakhani, 2011).
The gas metal arc welding (GMAW) process parameters of an AISI 410 martensitic stainless steel work piece were optimised using the Taguchi technique. Based on the orthogonal array Taguchi approach, sixteen experimental runs (L16) were carried out. The impact of welding factors including welding speed, welding current, and wire diameter on penetration is discussed in this study. The most important factor and projected ideal parameter setting are determined using the ANOVA and signal to noise ratio (S/N ratio) (AMBEKAR, 2015).
The experiments are carried out using a Taguchi orthogonal matrix. Tool pin profile geometry, tool rotating speed, and welding speed are all input factors. The joint’s tensile strength and the weld’s microhardness are included in the response. The experimental findings are analysed using the Taguchi technique. Taguchi steps are a special optimisation method for estimating the best process parameter choices. The experiment results indicated that the square tool pin profile increased tensile strength and microhardness (Niranjan, 2023).
In order to combine plastics, a technique known as ultrasonic welding (UW) uses heat produced by high-frequency mechanical motion. This method is recognised to be effective in numerous industries, including textile, packaging, and automotive. The best UW process parameters for producing a plastic power box with a high weld strength are studied using Taguchi techniques. Weld amplitude is the most crucial control element affecting weld strength, followed by weld pressure, hold duration, and trigger location (Kuo, Tsai, Li, Lin and Chen, 2022). The Taguchi technique was used to optimise input parameters using the L9 orthogonal array. Nine trial runs were made in MINITAB software to create the L9 orthogonal array table. The feed rate, tool pin shape, and tool rotation speed were selected as the input parameters for optimisation. At the same time, the optimised hardness, tensile strength, and impact strength were the output parameters (Anil Raj, 2021).
The L9 (34) orthogonal table was used to create the micro-vibration-assisted laser welding experiment for the 6082-aluminum alloy. The results revealed that the dendritic grains were dispersed across the fine, uniform, and equiaxed crystal areas in the weld centre (Qinghua Lu, 2021). The welded samples underwent shear strength tests, and the results were analysed using Taguchi’s S/N ratio analysis with the supposition that a higher ratio indicates better performance. The regression model’s analysis of variance reveals that the significant components with p-values less than 0.5 are penetration depth and tool rotational speed. Confirmation tests reveal an acceptable discrepancy of 2.06% between the estimated and expected shear strength. The model’s R2 and adjusted R2 values with a standard error of 0.076 indicate that it is statistically significant (Veerendra Chitturi, 2022).
The critical vibratory welding process parameters welding current, welding speed, and frequency of the vibrations produced in the molten weld pool were optimised through the application of Taguchi’s analysis and Response surface methodology (RSM). The effect of process variables on tensile strength and hardness was evaluated using optimisation techniques. Two different regression models were employed with RSM to ascertain how vibratory welding settings affected hardness and tensile strength. The frequency at its resonance value, or 300 Hz, has the greatest impact on achieving the ideal tensile strength and hardness (Pravin Kumar Singh, 2017).
6 LOW FREQUENCY VIBRATION ASSISTED WELDING
A recent study examined the effects of low-frequency vibration welding on the microstructure and mechanical properties of mild steel butt-welded joints with a 4 mm thickness. The study discovered that LFVW welding greatly improves the joint’s mechanical characteristics. Tensile strength, elongation, area reduction, and hardness of the welded junction all improved by as much as 33%, 147%, 102%, and 42%, respectively. In addition, the distribution and consistency of mechanical characteristics throughout the joint were observed to have improved, and there were less microstructural flaws than with traditional welding, according to the research. The voltage value of two peaks with frequencies ranging from 22 Hz to 400 Hz was thought to represent the opposing amplitude of vibration. Next, a spectrum map was made with the vibration frequency (Y-axis) and opposite vibration amplitude (X-axis) as reference points. The low (67 Hz), medium (250 Hz), and high (375 Hz and 390 Hz) vibration frequencies were selected using the spectrum map, and then the simultaneous vibration welding process began. Also, the effects of LFVW on the microstructure and mechanical characteristics of friction stir welded joints in mild steel have also been investigated. The study discovered that LFVW welding enhanced the joints’ mechanical characteristics by an astonishing 18%, 70%, and 28%, respectively, in terms of Charpy impact energy, microhardness, and tensile strength. Additionally, the study revealed that LFVW welding resulted in a refined microstructure with consistent grain size, finer particle dispersion, and less defects (Kumar, 2017). The impact of LFVW on the mechanical properties and microstructure of mild steel forgings was investigated. According to the study, LFVW significantly increased the welded joint’s elongation and tensile yield strength. The vibration’s impact resulted in a significant reduction in the grain size of the weld zone and a decrease in the number of cavities (Tewar S. P., 1999). Another investigation compares the mechanical characteristics of traditional welding techniques versus low frequency vibration assisted welding in mild steel plates.
According to the study, compared to conventional welding, low-frequency vibration aided welding created materials with greater yield and tensile strengths as well as reduced hardness. The authors concluded that using this technique might greatly enhance the mechanical characteristics of mild steel welded joints (Ingram, 2019). Another inquiry has been conducted into the impact of low-frequency vibration on the welding of mild steel. The use of low-frequency vibration, according to the authors, might assist in decreasing deformation and distortion in the welded joint by increasing the depth of fusion and lowering the welding temperature. The study also showed that the use of low-frequency vibration might enhance the weld zone’s microstructure, leading to an increase in the toughness and hardness of the welded connection (Yamamoto, 1993).
The research investigated the effects of low-frequency vibration on the mechanical characteristics and microstructure of mild steel welded joints. The findings showed that porosity, fractures, and other problems in the welded junction may be successfully avoided by using low-frequency vibration. The study also discovered that this technique considerably increased the welded joint’s tensile strength, hardness, and toughness. (Ilman, Metallurgical, mechanical and corrosion characteristics of vibration assisted gas metal arc AA6061-T6 welded joints, 2022).
Low-frequency vibration assisted welding (LFVW) is a solid-state welding technique that combines low frequency vibrations and pressure to join two materials. Given its ability to create robust and long-lasting bonds between a variety of materials, it has found widespread application in a number of industries, most notably the automotive and aerospace sectors. One of the most commonly used materials in the industry, mild steel, can be welded using a novel technique called LFVW, which is becoming more and more popular. The material’s surface characteristics are enhanced by applying mechanical vibrations to the welding tool, speeding up the welding process (Rao, 2014). Compared to traditional welding methods, it offers several advantages, such as improved mechanical qualities, a quicker welding process, and better weld quality. However, there are few investigations on welding mild steel with low-frequency vibration (Victor, 2020).
7 POST WELD HEAT TREATMENT
Fusion welding is a dependable and effective joining technique that produces metal coalescence by means of fusion. Many industries, including aerospace, shipbuilding, nuclear, bridge, and equipment, use this kind of welding extensively. Welding causes a nonuniform temperature distribution, thermal stresses, and localized plastic deformation (Chang, 2004). The majority of discussions on the process of welding structural steel connections emphasise the significance of heat input. Low-carbon steels are generally preferred in the automotive industry because of their better weldability, penetration, and lower investment. These steels have excellent weldability in comparison to other steels; most of the time, all welding techniques can be used to join them. Welding a thicker piece of low-carbon steel requires using the right heat treatment conditions. Fusion welding methods such as metal (or) gas metal arc welding (MIG/GMAW) and tungsten inert gas welding (TIG) have gained popularity over time because of their superior weld characteristics. GMAW is especially helpful when joining plates with varying thicknesses (Rajakumar, 2020). Fusion welding requires heat in order to melt the filler material and the workpiece’s surface, enabling coalescence and the formation of a solid, long-lasting connection after solidification. As a result, when fusion welding, the amount of heat applied is vital. Again, the welding current, voltage, and torch travel speed all affect the amount of heat input. To supply a specific heat input, these three parameters must be chosen (Saha, 2019). The process of applying a controlled heating and cooling cycle to a particular metal or alloy produces the required microstructures and mechanical properties, including hardness, elongation, tensile strength, yield strength, and toughness. Among the many different structural types of steel are austenite, ferrite, pearlite, bainite, and martensite. When steel is heated, many phase transitions take place (Blaoui, 2018). Heat input during welding causes a range of structural, thermal, and mechanical impacts into the heat-affected zone (HAZ), including expansion and contraction, metallurgical changes, and compositional changes (Zhao, 2016). AISI 4140 alloy steel’s hardness value as determined by the HAZ was lower than that of the base material. This variation resulted from an increase in martensitic structure. As the AISI 4140 steel cooled from high temperatures, a martensite transition happened near the weld interaction. On AISI 1050 steel, a pearlitic structure was found in the heat-affected zone (Celik, 2009). Several variables influence submerged arc welding (SAW) process output response. These include Marangoni convection, temperature-dependent thermo-physical properties, applied forces such as electromagnetic and gravity forces, surface tension’s capacity to keep objects in place, metal transfer during welding, and input parameters (Bahrami, 2014). The microstructural analysis is crucial for determining the heat input’s shape and the weld’s quality (Lan, 2016). Because of the high temperatures, the fusion zone (FZ) and the heat-affected zone (HAZ) frequently have an uneven ratio of ferrite to austenite. The fast cooling rates and high temperatures that characterize the welding process (Cervo, 2010). Welding different metals is known to cause some problems, particularly since it's harder to join dissimilar metals than identical ones. It has been discovered that the heat treatment temperature has the largest influence on the reduction of residual stress and deformation and that the reduction of residual stress is also affected by the material’s flexibility (Bensheng Huang, 2020). The effects of post-annealing and post-tempering on the mechanical, microstructural, and corrosion properties of gas metal arc welding of AISI 304 stainless steel have been investigated. As a result, compared to the post-tempered and post-annealed joints, the as-welded junction was harder. This was due to the stress-relieving action of annealing and eliminating Cr-rich precipitates in the post-tempering weld joint (Taiwo Ebenezer Abioye, 2020). Each specimen underwent post-weld heat treatments for the same amount of time and at different temperatures following welding. Temperatures for post-weld heat treatment at 150, 300, and 450°C were established. After the treatment, cross sections were taken from the area that was exposed to post-weld heat. The specimens were subjected to microscopic examination, hardness testing, and nondestructive testing. As a result, it was discovered that increasing post weld hardness lowered hardness values in heat affected zones of tempered martensite steel (Uzunali, 2015).
Vibration-assisted welding (VAW) is the process of combining mechanical vibration and traditional welding techniques. This method will improve the weld quality and decrease the chance of defects such as porosity, lack of fusion, and cracking (Vivès, 1993). The vibratory method has gained popularity recently as a feasible alternative to the conventional heat treatment procedure, which entails multiple expensive and time-consuming processes but significantly improves weld quality (Krajewski A., 2016). Compared to other vibration-assisted welding techniques, low-frequency vibration-assisted welding is better suited for mild steel. Low-frequency vibration-assisted welding (LFVW) has been demonstrated to alter the microstructure of the weld, which may alter the mechanical characteristics of joints that have been butt-welded. (Ilman, Metallurgical, mechanical and corrosion characteristics of vibration assisted gas metal arc AA6061-T6 welded joints, 2022). The molten pool was disturbed and the welded joints’ grain size was decreased by mechanical vibration, but the welded specimens’ microhardness and ductility were enhanced. As vibration research has progressed, the effects of vibration on grain refinement, hardness characteristics, and the metallurgical characteristics of welded joints have become more evident. The impact of vibration on mechanical properties as well as the optimum ways to weld by determining the appropriate values for amplitude, frequency, and speed, have also been studied (Zhang, 2021). The mechanical properties of the welded joints and any possible defects arising from deposition are intimately linked to their microstructure. The Fusion Zone (FZ), Heat Affected Zone (HAZ), and Base Metal areas are typically employed to divide the microstructure. (Khamari, 2018).
Future research can look into how vibration and heat treatment affect different materials, such as aluminum, high-carbon steels, and alloy steels. Although the shielded metal arc welding process is the focus of this work, TIG and MIG welding techniques may also be covered in future studies. Furthermore, research into the use of vibration-assisted welding for fusing disparate materials could be beneficial. Future studies could also look into how to combine robotic systems and vibration-assisted welding to improve automated manufacturing.
8 CONCLUSION
By conducting a quantitative literature review, this review article seeks to provide a state-of-the-art review for various vibration assisted welding process parameters that have a significant impact on the mechanical properties of welded joints. Additionally, guidelines and critical evaluation have been established for the researchers regarding the best methods, parameters, equipment, materials, instruments, etc. to choose in order to improve the mechanical properties of the welded components that are formed.
Following are the concluding remarks:
1. The detailed review of various vibration assisted welding methods suggest that mechanical properties of welded joints of different materials can be improved by providing vibration during welding.
2. Various experimental setups used by researchers have been analysed to provide insights for designing an optimized experimental setup for vibration-assisted welding.
3. The present study also gives us idea that how microstructure analysis plays a very important role in improving mechanical properties of welded joints.
4. The presence of fine grain structure was found by microstructural analysis, which may enhance the mechanical properties of welded joints because to a reduction in dendritic size connected with being near a weld pool excited.
5. The present literature review also suggests the desired frequency range of vibration for different welding processes, categorizing them into high frequency, medium frequency, and low frequency.
6. Induced vibration also helps in mixing the molten metal in the weld melt pool.
7. PWHT enhances microhardness by refining martensite and ferrite, while LFVW with low heat input further increases hardness; impact strength improvement is attributed to stress relief through recrystallization during annealing.
8. The regression equation, which was developed by RSM, has been demonstrated to be a useful tool for the vibration assisted welding parameters and to have a significant impact on the responses. The best parameters for vibration-assisted welding have also been determined using the RSM and TAGUCHI methodologies.
Future research on vibration-assisted welding (VAW) should focus on optimizing process parameters, developing standardized guidelines, and integrating with Industry 4.0 technologies for enhanced efficiency. Advanced numerical modeling and cost-benefit analyses will aid in industrial adoption. Further studies on critical applications in aerospace, automotive, and biomedical industries are essential for validation. Exploring hybrid approaches with other welding techniques can lead to improved weld strength and defect reduction.
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