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Abstract

:

Directed Energy Deposition (DED), a branch of AM processes, has emerged as a significant technique for fabricating large metal components in sectors such as aerospace, automotive, and healthcare. DED is characterized by its high deposition rate and scalability, which stand out among other AM processes. However, it encounters critical issues such as residual stresses, distortion, porosity, and rough surfaces resulting from rapid melting and solidification. As a novel advancement, Ultrasonic-Assisted Directed Energy Deposition (UA-DED) integrates ultrasonic oscillations into DED aimed at addressing these challenges. Herein, the latest research related to the UA-DED process and the current major challenges of the DED process, residual stresses, porosity, and crack defects are critically reviewed. Subsequently, the paper also details the working principle and system components of UA-DED technology and reviews the material improvement by introducing UA into the DED process, grain, porosity, tensile properties, and deposition defects. The most critical optimization methods of process parameter variables for UA and the different material interaction mechanisms between UA and DED processes are identified and discussed in detail. Finally, the perspectives on the research gap and potential future developments in UA-DED are also discussed.
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1. Introduction


AM has revolutionized the production of complex metal components, offering unparalleled geometric freedom and material versatility [1,2]. AM stands out for its ability to manufacture parts with complex structures and exceptional material properties, beyond the reach of traditional manufacturing. Its precise layering and material deposition facilitate the production of complex geometries, making AM ideal for economically efficient, small-scale production runs of both structural and functional components [3]. Within the spectrum of AM technologies, DED stands out for industrial-scale applications, attributed to its rapid deposition rate and ability to construct large metal components [4,5]. Demonstrated across the aerospace, defense, automotive, and biomedical sectors, DED’s capability to craft critical industrial components underscores its potential as a cornerstone in advanced manufacturing [5,6].



While DED holds significant promise in additive manufacturing, inherent characteristics and process-induced limitations present notable challenges for its broader implementation. Critical among these are the nonequilibrium thermal conditions leading to uneven heating, cooling, temperature gradients, and solidification cracking [7,8]. High-temperature processing inherent to DED induces residual stresses and distortion, impacting the component’s dimensional accuracy and mechanical integrity [9]. King et al. [10] provide an in-depth analysis of how DED’s localized heat input creates steep thermal gradients, markedly affecting microstructural properties and inducing residual stresses. Xie et al. [11] detail the resultant thermal stresses, which can cause distortions and warping, thereby compromising the final product’s dimensional accuracy and mechanical integrity [12]. DebRoy et al. [1] discuss solidification cracking, elucidating differential contraction and solidification mechanisms in alloys and highlighting the susceptibility of certain materials to cracking under rapid cooling.



Furthermore, the rapid melting and subsequent solidification throughout the process can lead to the formation of porous defects and anisotropic microstructures [12,13], adversely affecting the mechanical properties of constructed parts. Shamsaei et al. [14] note that these processes result in fine, dendritic, and inherently anisotropic structures, with mechanical properties varying based on the build direction. Ng et al. [15] show that gas entrapment and incomplete fusion lead to voids and gaps, diminishing fatigue life and structural integrity. These porous defects serve as stress concentrators and crack initiation sites, significantly undermining the material’s performance under cyclic loads and real-world conditions. Additionally, the layered manufacturing nature and scanning strategy in DED lead to dimensional inaccuracies and poor surface finish [16], restricting the performance and applicability of DED-fabricated components. Complex molten pool dynamics, such as Marangoni flow and Rayleigh instabilities, cause composition segregation and balling effects [17]. Shim et al. [18] emphasize that the staircase effect inherent to layered manufacturing contributes to surface roughness and dimensional inaccuracies, thereby compromising mechanical functionality and performance. Moreover, the scanning strategy, dictating the energy input path, is pivotal in determining the residual stress and resulting deformation in the AM component [19]. Liu [20] notes that suboptimal scanning patterns exacerbate uneven melting and cooling, leading to significant surface irregularities and dimensional discrepancies. Additionally, the intricacies of metallurgy and the interrelated nature of defects make DED a challenging process to monitor and control [21,22,23].



To enhance the overall quality and mechanical properties of parts fabricated using DED, a spectrum of strategies has been explored, encompassing feedstock optimization [24,25], in-process monitoring and control [23,26,27,28], as well as various post-processing techniques [29,30,31,32,33,34,35,36]. Within the realm of post-processing, heat treatment methodologies [29,37] play a pivotal role in alleviating residual stresses and refining microstructures through mechanisms of recovery, recrystallization, and grain growth. Additionally, solution treatment and aging [38] have been recognized for their effectiveness in bolstering strength and ductility, a fact substantiated by the comprehensive analysis conducted by Hu et al. [38].



Hot Isostatic Pressing (HIP) [31] employs elevated temperatures and inert gas pressure to eliminate internal voids and enhance component consolidation, thereby augmenting density, surface finish, and fatigue performance. Concurrently, surface machining techniques such as milling and turning [32,39] are instrumental in eradicating surface irregularities, achieving dimensional and geometric accuracies beyond the direct capabilities of DED. Laser Shock Peening (LSP) [34], utilizing shock waves from high-energy laser pulses, instills deep compressive residual stresses, substantially elevating surface quality and mechanical attributes. Similarly, Ultrasonic Impact Treatment (UIT) [35] leverages the synergistic effects of ultrasonic energy and high-frequency mechanical impacts to induce severe plastic deformation on metal surfaces, diminishing roughness and porosity while enhancing hardness.



In the realm of AM, the integration of auxiliary fields has emerged as a pivotal innovation, enhancing the process capabilities beyond traditional methods. This approach, known as Field-Assisted Additive Manufacturing (FAAM), amalgamates a variety of auxiliary fields—magnetic, acoustic, mechanical, and thermal—to transcend the inherent limitations of standard AM processes. Notably, these auxiliary fields have proven to be instrumental in refining a wide spectrum of metallic materials, including aluminum alloys, titanium alloys, nickel-based superalloys, magnesium alloys, and various steels. The profound impact of these fields is observed in multiple aspects of the AM process. They contribute to improved formation quality and surface smoothness, enhance the printability and densification of materials, and offer the ability to modulate residual stresses. Furthermore, these fields play a critical role in influencing the solidification behavior, thereby tuning the microstructure, alleviating anisotropy in mechanical properties, and significantly boosting mechanical performance and fatigue resistance. The application of ultrasonic vibrations, particularly in DED processes such as Wire Arc Additive Manufacturing (WAAM) and Laser Directed Energy Deposition (LDED), exemplifies this approach.



Distinguished among these is ultrasonic-assisted DED, a potent in situ method to amplify molten pool dynamics, microstructural evolution, and defect mitigation during the printing process [36,40,41]. The integration of ultrasonic vibrations into the melt pool promotes homogeneous nucleation, fostering refined and equiaxed grain structures [40], while acoustic streaming ameliorates molten fluid flow, curtailing defects and compositional segregation [42]. This technique has shown to bolster microstructural and mechanical properties in an array of metallic materials, including titanium [43], aluminum [44], Inconel alloy [45], carbon steel [46], and stainless steel alloys [40]. However, despite extensive research endeavors, recognizing and understanding the inherent limitations of the UA-DED process is a prerequisite to further advance and mature the UA-DED technique and enhance UA-DED processing capabilities. For instance, there are notable restrictions on the maximum size that can be produced both efficiently and effectively, which are determined by factors such as the extent of the deposition head’s reach and the efficiency of ultrasonic wave transmission. Incorporating ultrasonic technology into DED systems adds complexity and extra equipment, leading to a potentially higher initial setup and operational costs [47]. More importantly, the complex influence of ultrasonic parameters on the DED process and the characteristics of the resulting components remains to be thoroughly clarified.



This paper aims to provide a comprehensive explanation of the fundamental principles, methodologies, impacts, and recent advancements in UA-DED technology. Emphasis is placed on exploring the intricate mechanisms by which ultrasonic vibrations influence molten pool dynamics, microstructure formation, defect genesis, and crystallographic texture within the DED process. Moreover, it establishes a detailed correlation between ultrasonic parameters and the attributes of the resulting metallic parts. Strategies for integrating ultrasonic generators within multi-axis DED systems are also scrutinized. It is expected that this review will promote the fundamental understandings and technological readiness of UA-DED, making it more applicable for fabricating high-quality complex-shaped components across various industrial sectors where high precision and mechanical performance are required.




2. Fundamental Mechanisms and Principles of DED


2.1. Overview of DED Technology


DED represents a sophisticated additive manufacturing technique, utilizing focused heat sources such as lasers, electron beams, or electric arcs to meld materials—predominantly metals—to construct three-dimensional objects [48,49,50]. Within DED processes, feedstock materials, either in powder or wire form, are directed into a molten pool generated by the concentrated energy source upon the substrate’s surface [2,51]. These materials undergo a controlled melting and solidification process, adhering to pre-defined tool paths on a track-by-track and layer-by-layer basis, to directly fabricate functional components directly from 3D CAD data [18,34]. Notably, DED distinguishes itself from selective laser melting by its capacity to produce large-scale, near-net shape metallic constructs, extending over meters, facilitated by a superior deposition rate thanks to higher laser power capabilities (up to 10 kW) [52]. Furthermore, DED affords the creation of functionally graded materials and advanced property parts through the strategic amalgamation of disparate powders/wires [53]. One notable application of DED is in the repair of complex metal parts such as austenitic stainless steel vessels, diesel engine crankshafts, and drive shafts, where laser energy is used to melt and deposit metal powders onto substrates, thereby demonstrating DED’s capability to achieve high-quality interfacial bonding and dilution, as well as its economic benefits, with the cost of repairing drive shafts being 50% of what it costs to produce a new one [52,53]. DED can also be combined with pre-machining as a hybrid approach to repair parts such as turbine airfoils and tool dies. This method has been used effectively to repair defects in materials such as Ti-6Al-4V, stainless steel, and Inconel 718. These practical implementations of DED in various industries highlight the potential of these technologies in driving sustainable and efficient manufacturing practices.



Feedstock materials for DED are introduced into the melt pool either through one or multiple nozzles utilizing carrier gas, as seen in powder-based DED [54], or directly fed in wire form for wire-based DED [55]. Generally, an increase in the powder or wire feed rate necessitates a larger nozzle to accommodate the increased volume of material. This is crucial when using larger-diameter wires to enhance deposition rates, necessitating nozzles with wider inner diameters to reduce wear and ensure smooth material flow. The nozzle orientation varies depending on whether the material, be it powder or wire, is introduced into the bath either off-axis or coaxially [5].



Depending on the employed heat sources, DED is primarily classified into several types: laser direct deposition [56,57], Electron Beam AM (EBAM) [49], WAAM [50,57], laser-arc hybrid deposition [58], and micro-plasma deposition [59]. Laser DED, which utilizes a laser as the precise heat source, is renowned for its high resolution, albeit at a relatively lower deposition rate [53]. Powder-based laser DED utilizes lateral powder injection nozzles, whereas wire-based variants rely on a laser-melted wire tip. EBAM, harnessing a focused electron beam within a high vacuum, boasts rapid scanning speeds and reduced oxidation at the expense of higher equipment costs [59]. Conversely, WAAM employs less costly heat sources and achieves greater deposition rates for large-scale parts such as flanges and stiffened panels [60]. These components often require materials such as titanium and nickel alloys, which are expensive and have a low fly-to-buy ratio. WAAM’s high deposition rate is advantageous in efficiently creating these parts while minimizing material waste. Hybrid DED systems combine laser and arc/plasma heating to optimize both heating efficiency and precision [54].



In light of the various DED technologies discussed, such as laser direct deposition and EBAM, it becomes crucial to address the material selection criteria tailored for each method. The choice of feedstock materials in DED is pivotal in determining the effectiveness and quality of the manufacturing outcome. This selection is largely dependent on factors such as the melting point, thermal properties, and compatibility with the specific energy source used in different DED types. For instance, metals such as titanium and stainless steel are often chosen for their optimal melting properties and mechanical strength post deposition in laser-based DED, where materials with high laser wavelength absorptivity are preferred for their energy efficiency and reduced thermal distortion. Similarly, EBAM’s high vacuum environment necessitates materials such as Inconel and titanium with low vapor pressure to minimize evaporation. WAAM exhibits flexibility in material choice, accommodating a range of metals such as aluminum and steel, catering to its varied melting points and thermal conductivities requirements. Furthermore, the DED technique also plays a crucial role in depositing metal–ceramic composites. This application during the restoration phase is key in prolonging the implant’s service life and enhancing its biocompatibility [61]. Svetlizky et al. [4] and Gibson et al. [62] provide insights into these material selections, aligning them with specific DED technologies. Moreover, as Feenstra et al. [63] elaborate, multi-material DED introduces additional complexities, necessitating an in-depth understanding of how different materials interact under various heating conditions. Therefore, the choice of material not only influences the final product’s structural and mechanical integrity but also dictates crucial process parameters such as the energy input, deposition rate, and layer thickness, thereby underlining the need for a strategic balance to achieve optimal deposition quality.




2.2. Working Principle of DED


Figure 1 presents an illustrative layout of the typical DED process. Powder-based laser DED is an innovative AM technique that integrates material deposition and high-energy laser technology to construct components layer by layer. As depicted in Figure 1a, the system encompasses a laser source, powder delivery mechanism, motion system, and substrate holder. During the operation, the laser beam generates a melt pool on the substrate, into which powder feedstock is injected when the laser travels along a pre-programmed path. This process, meticulously orchestrated, ensures a stable melt pool while maintaining uniform layer thickness and composition. Concurrently, the motion system precisely guides either the laser and powder nozzle assembly or the substrate, or both, along the designated path, harmonizing with the powder and laser delivery to fabricate the targeted geometry layer by layer. High-speed cameras, equipped with advanced image processing algorithms, vigilantly monitor the melt pool’s size and morphology in real time, offering the capability to adjust processing parameters as required [64]. After finishing one layer, the substrate moves down vertically by the thickness of one layer, preparing for printing the next layer [56]. This cumulative, layer-by-layer method progressively constructs the final part, complete with intricate geometries.



In contrast, EBAM utilizes a focused electron beam as its principal heat source, as illustrated in Figure 1b. Its fundamental components comprise an electron beam gun, a wire or powder feedstock delivery system, a vacuum chamber, and a computer-controlled motion platform. The electron beam gun is central to this technique, emitting a high-velocity electron stream that, when targeted at the material, transfers energy to generate a melt pool for feedstock deposition. Operating within a vacuum is imperative, mitigating beam scattering and preserving the material’s purity and structural integrity.



WAAM has emerged as an arc-based DED process that garnered significant interest in recent years [57,62]. Illustrated in Figure 1c, a standard WAAM setup comprises a wire feeder, Computer Numerical Control (CNC) system, arc torch, shielding gas supply, and a monitoring camera. Within this system, the arc melts the wire material into droplets. This droplet then detaches and is deposited onto the substrate, where it solidifies into a bead. Additionally, the arc current aids in preheating the substrate, thereby mitigating thermal stresses [63]. The bead size depends on the wire feeding speed and the torch moving speed. Through the precise control of robotic motion, 3D parts are constructed layer by layer, with each layer consisting of a sequence of welded bead deposits.



The fundamental principle of DED is predicated on the precise synchronization of the heat source and material feed rate. This synchronization is crucial for tailoring the material properties and ensuring geometric fidelity. Typically, DED operates within a shielded gas environment to avert oxidation and maintain the purity of the deposited materials. The quality and structural integrity of the final part depend on an array of factors, such as the scanning methodology, substrate conditions and hatch spacing. These parameters collectively influence the microscopic morphology and mechanical property of the fabricated material, as illustrated in Figure 2. Meticulous optimization of these parameters is imperative to fabricate DED parts with the desired density and structural integrity, thereby achieving superior outcomes in DED processes [6].




2.3. Current Challenges of DED Processes


DED has ascended as a powerful technique for crafting large-scale and intricate components, and is renowned for its material versatility, expansive design freedom, and capacity for in situ repairs. Nonetheless, alongside its multitude of advantages, DED confronts considerable challenges and inherent limitations. This method frequently exhibits issues, including porosity, heterogeneity, and cracks, arising from a plethora of factors including suboptimal parameter settings, rapid thermal gradients, and specific material reactions, as outlined in Table 1. The genesis of these imperfections is inherently complex, entailing intricate interactions among multiple process parameters, including laser power, scanning speed, powder flow rate, and environmental conditions. These factors determine the thermal behavior and microstructural development of the material, thereby substantially affecting the ultimate mechanical characteristics and quality of the fabricated components [4].



Through a meticulous scrutiny of the extant literature, this review specifically dissects residual stresses, porosity defects, and crack formation inherent to DED processes. It aims to delineate the adverse impacts of these imperfections on material properties and to articulate strategies for their mitigation.



2.3.1. Residual Stresses


The manifestation of residual stresses is acknowledged as a paramount challenge within DED methodologies. The incessant rapid heating and cooling cycles inherent to DED precipitate non-uniform expansion and contraction across adjacent material volumes, culminating in the emergence of substantial residual stresses [66,67]. Such accrued stresses not only constrict the maximum achievable dimensions of printed constructs due to distortion but also compromise the structural integrity, performance, and fatigue resistance of the final product [68]. Moreover, they exacerbate the propensity for cracking and potential fracture during the operational life of the component.



The genesis of residual stresses in DED is principally attributed to two mechanisms. The initial mechanism, known as the Temperature Gradient Mechanism (TGM), originates from the localized and moving heat source. Zou et al. [69] elucidate that the rapid heating of the sample surface, coupled with the comparatively slow release of heat, results in a sharp temperature gradient around the area of laser exposure. The subsequent mechanism takes effect during the cooling stage, where the contraction of the molten metal is hindered by the solidified material, resulting in thermal contraction stresses. This effect imparts additional tensile stresses along the build direction as the material solidifies. Together, these mechanisms intricately shape the residual stress profile in DED-fabricated components. Illustrative of this, Figure 3 presents the temperature and displacement curves at a specific measurement point for both continuous-wave and pulse-wave laser modes, substantiating these phenomena. Notably, the continuous-wave laser induces a characteristic thermal expansion and subsequent contraction in the material, while the pulse-wave laser induces a distinct serrated pattern of expansion and contraction.



Regarding the distribution of residual stresses, Ding et al.’s seminal study [70] provides a comprehensive examination of longitudinal residual stress patterns in WAAM components. According to their findings, these parts typically exhibit a distribution characterized by tensile stresses along the deposited wall, which are counterbalanced by compressive stresses within the base plate. Their rigorous thermomechanical modelling, corroborated by experimental validation, depicts a multi-layer wall structure wherein the deposited layers accrue pronounced tensile stresses upon cooling, attributed to material contraction. This tensile state is offset by the generation of compressive stresses within the base plate lying beneath the deposit. Notably, the tensile stress magnitude peaks at the uppermost section of the deposit and progressively diminishes through the thickness, approaching the base plate.




2.3.2. Porosity Defects


Porosity stands as a prevalent defect in components fabricated via DED [71]. The presence of pores precipitates significant stress concentrations and effectively functions as pre-existing, crack-like flaws, thus becoming the primary nucleation sites for fatigue cracks. Sterling et al.’s study [70] elucidates the adverse ramifications of porosity on the fracture behaviors of a DED Ti-6Al-4V alloy. Their fractographic analysis indicated that pores predominantly initiated cracks, leading to earlier fatigue failure compared to wrought Ti-6Al-4V samples. Notably, larger pores with irregular shapes, particularly those nearer to the surface, significantly undermine fatigue resistance, as evidenced in Figure 4. Moreover, the agglomeration of pores exerts a more profound negative impact on fatigue life than their sparse distribution. Consequently, the occurrence of pores engenders a more erratic fatigue behavior and data scatter. Pores that are irregular in shape, larger, and closer to the surface have been identified as especially detrimental to fatigue resistance [72].



The pore formation during DED is mainly attributed to three mechanisms. Firstly, pores originate from the entrapped gas bubbles in the molten pool, which are induced by factors such as low-melting constituents, metallurgical reactions, and keyhole instability [15]. Secondly, the complex fluid flow caused by the thermal capillary force and recoil pressure can carry bubbles into the melt and leave pores after solidification [73]. Thirdly, the rapid solidification and inadequate feeding lead to shrinkage porosity due to the lack of supplementary liquid metal [74]. As Tan et al. [75] found in their study of DED stainless steel AISI 316L, the presence of smooth, round pores, inferred to be related to gas entrapment during the DED process, likely form from the high scan velocity trapping gaseous bubbles in the melt pool. Irregular pores originate from poor interlayer bonding that produces incomplete melting defects.



An array of strategies has been investigated to mitigate porosity, a critical flaw that impairs the mechanical integrity of components. Among these is Hot Isostatic Pressing (HIP), whereby by applying high pressure and temperature in a synergistic manner, it is possible to homogenize the microstructure of AM components while concurrently densifying and relieving stress within the matrix. This is widely considered the most effective post-treatment technique for rectifying process-related defects in DED parts and enhancing their fatigue performance [31,76]. However, specialized high-temperature and high-pressure equipment is required to create the extreme conditions needed for hot isostatic pressing. Pre-processing methods [77] such as controlling parameters and in situ techniques provide extra time for pore escape through melt pool remelting [78] but introduce dimensional errors and hardware challenges.




2.3.3. Cracking Defects


The cracking tendency of DED-printed components is increased by the repeated thermal cycle history [79]. The susceptibility to cracking is mainly attributed to the high cooling rates and large thermal stresses inherently present in metal AM processes. In their investigative study, Dang et al. [80] noted that hot cracking along grain boundaries was a prevalent issue in DED samples, induced by the constitutional liquation of segregated elements and the ensuing the formation of low-melting eutectics within interdendritic zones. Concurrently, solid-state cracking has also been identified as a significant concern in final AM parts. As they cool to the ductility dip temperature range, strain localization and an inherent reduction in ductility can precipitate cracking, as delineated in Zhang et al.’s study [81] examining cracking mechanisms in laser-melted Inconel 738 alloys (refer to Figure 5).



Regarding the impetus for crack formation, based on the research by Guo et al. [82] and Zhou et al. [83], the genesis of cracking is closely correlated with residual stresses in additively manufactured components. Guo et al. showed that tensile residual stresses can accelerate crack growth along the lamellar structure in 316L stainless steel produced by DED. Zhou et al. further revealed that incomplete fusion voids can act as sources of cracks. Additionally, an excessively high scanning velocity can induce large residual internal stresses, whereas insufficiently low scanning velocity promotes undesirable stray grain formation; both factors amplify the propensity for hot cracking. Overall, controlling residual stress development is crucial to mitigate cracking issues in additively manufactured metals.



To mitigate cracking defects in DED, strategies have been proposed. Woo et al. [84] found that strategies such as orthogonal and island scanning help prevent large fluctuations and relax stresses by altering heat buildup and dissipation during processing. In turn, this approach helps minimize part distortion, lack of fusion defects, and the propensity for cracking in the fabricated component. Zhang et al. [85] proposed an innovative in situ doping approach, whereby thin interlayers of Inconel 718 were deposited between layers of Inconel 738 during the DED process. Su et al. showed that cracks formed in an Al 7075 alloy produced by laser DED. In addition, post-processing heat treatment has been demonstrated to be an efficacious approach for mitigating cracking in an additively manufactured Al 7075 alloy, as demonstrated by the research of Su et al. [86]. Cu segregation at grain boundaries of the as-fabricated alloy may contribute to cracking inhibition. Additionally, the refined microstructural grains resulting from post-treatment annealing impart enhancements in mechanical performance.




2.3.4. Design Flexibility


Design flexibility, a key feature of Directed Energy Deposition (DED) processes, enables the creation of highly intricate and complex components, often unattainable with traditional manufacturing techniques. DED’s layer-by-layer material deposition capability facilitates the realization of designs with advanced geometric complexity, internal structures, and customized features. However, despite these advantages, a significant challenge in DED’s design flexibility arises from the process’s inherent limitations. As noted by Renjith [87] and Bikas [88], the manufacturability of a part in DED is not merely a matter of whether it can be manufactured or not. The unique build mechanisms of this technology mean that while certain design aspects and features are theoretically possible, they may be impractical or excessively expensive to produce. For example, overhanging structures are a notable challenge in DED; without adequate support, they can suffer from structural failures or poor surface quality. Furthermore, while DED enables the creation of complex internal channels and geometries, this process may be constrained by the nozzle’s physical accessibility, leading to difficulties in fabricating some internal structures and potentially raising production time and costs. Additionally, geometrical deviations due to thermal effects can occur during the process, possibly resulting in the final geometry not being achieved, or necessitating oversizing the part to compensate for distortion in subsequent machining.



Current strategies addressing these challenges emphasize optimizing design algorithms and process parameters. Advanced computational techniques are under development to predict and mitigate the effects of Direct Energy Deposition’s (DED) layer-by-layer construction, particularly in terms of mechanical properties. A typical example is provided by Teresa Primo et al. [89], who focused on the topology optimization of a simple test case geometry, such as a C-Clip, using an innovative approach that combines structural optimization with lattice structure design. The authors developed a hybrid method that leverages the benefits of both topological and lattice approaches. By implementing various lattice structures in specific regions, they achieved further weight reduction of the component and more controlled printing times. This method offers greater flexibility in design, but the optimal solution varies depending on the final application. These techniques aim to improve the predictability and reliability of the DED process, enabling designers to explore greater complexity while ensuring the manufacturability and functional integrity of the parts.




2.3.5. Post-Processing Requirement


Post-processing in Direct Energy Deposition (DED) is crucial for achieving the required mechanical properties and surface finishes in fabricated parts. Typically, the DED process results in parts with elevated levels of surface roughness, residual stresses, and potential defects such as porosity, necessitating comprehensive post-processing. A vital aspect of this post-processing is thermal treatment [90], which serves to normalize the material’s microstructure and reduce internal stresses that may have built up during the layer-by-layer deposition. Additionally, mechanical finishing steps [91], such as machining or polishing, are essential to enhance surface roughness. However, these post-processing stages come with their own challenges. For example, thermal treatments need precise control to prevent warping or dimensional changes in the part. Likewise, mechanical finishing requires a careful approach to achieve the desired surface quality without impairing the part’s integrity or altering its dimensions.



To address these challenges, ongoing research and development are focusing on the integration of process control and optimization techniques. Careri et al. [39] investigated the impact of different post-processing sequences (machining followed by heat treatment, or heat treatment followed by machining) on the surface integrity of components made with Inconel 718 superalloy using DED. They found that the AD+M (DED followed by post-machining) strategy offered the best machining conditions, due to increased ductility of the material without reinforcement. The AD+M+DA strategy (DED followed by post-machining and double aging heat treatment) proved to be a superior fabrication approach, as evidenced by hardness and residual stress test results on the specimens. Additionally, Jiang et al. [92] proposed a support interface method for DED, which allows for direct part removal without extra machining. This method involves printing a sacrificial layer of struts, upon which the actual part is built. This innovation aims to improve process efficiency and automation in DED, enabling more precise tailoring of post-processing steps to minimize risks and maximize the quality and performance of the final components.






3. UA-DED Technology


UA-DED involves the external coupling or internal integration of an ultrasonic transducer with a conventional DED system to introduce vibrational energy into the melt pool [93]. As early as the 1800s, researchers began experimenting with adding vibrations to enhance metallurgical bonding, refining grains in castings, and altering solidification structures [94]. In recent years, UA-DED has emerged as a promising technique to actively control the printing process for better microstructural and mechanical properties [95,96,97].



The mechanisms of grain refinement, porosity reduction, and residual stress relief via in-process ultrasonic vibrations hold the potential to overcome key limitations of traditional DED and significantly enhance part performance [43,98].



3.1. Working Principles of UA-DED


The core principles of ultrasonic-assisted directed energy deposition lie in the interactions between high-frequency mechanical vibrations and the melt pool evolution during printing. As analyzed by El-Azab et al. [36] through in situ observations, the oscillatory molten metal flows generated within the melt pool have the potential to substantially alter the heat and mass transport, fluid flow, damping phenomena, and solidification kinetics. When ultrasonic vibrations are applied during the DED process, the high frequency acoustic waves propagating into the melt pool cause fluctuations in pressure and velocity fields within the molten metal. This leads to complex hydrodynamic effects that alter heat transfer, mixing patterns, and solidification kinetics.



There are primarily three effects that impart strong influences—acoustic cavitation, ultrasound absorption, and acoustic streaming (cf. Figure 6) [36].



Acoustic cavitation denotes the genesis, oscillation, expansion, and violently implosive collapse of microscopic gaseous cavities, induced by the extreme pressures generated during ultrasonic irradiation [99]. As these bubbles collapse, they create local hotspots where the interior temperature can rise dramatically, reaching up to 6000 K. The implosive collapse of the cavitation bubbles can markedly dissipate energy, thereby promoting thermal transport through intensified turbulence and surface replenishment dynamics. This enhancement of heat transfer is not merely due to the agitation of the liquid but the dynamic and intense effects of the cavitation bubbles themselves, as studied experimentally by Zhou and Liu [99].



Ultrasound absorption originates from the vibrational excitation of atoms whereby acoustic wave energy is transformed into thermal energies [100]. Ultrasonic energy can be converted to heat in molten metals via absorption, causing thermal variation gradients. Absorption also accelerates physical diffusion processes, which together with cavitation-induced effects promote greater elemental homogenization [101].



Acoustic streaming refers to steady-state fluid motion driven by acoustic wave propagation in the presence of solid boundaries or vibrationally excited interfaces [101]. Within the melt pool, rapid oscillating velocities of up to 100 cm/s are generated from sonication to circulate the liquid metal in controlled vortex flows or directed jets/streams [102]. This intensifies mixing and breaks temperature boundary layers to assist feeding during solidification.



Derived from the preceding synthesis, it is evident that thermal fluctuations, oscillatory flows, cavitation phenomena, and kinetic energy impacts induced by ultrasonic vibrations constitute the pivotal mechanisms that steer melt pool dynamics during DED processing. These mechanisms collectively play a critical role in procuring desirable microstructural and mechanical improvements. To harness these benefits effectively, it is imperative that vibration parameters are meticulously calibrated to ensure optimal energy coupling and circumvent potential process instabilities. Future research endeavors ought to establish a comprehensive correlation between the effects instigated by ultrasonic vibrations and the resultant grain morphology, defect formation, and material properties.




3.2. System Configurations of UA-DED


Figure 7 illustrates the configuration of a typical UA-DED system. This system encompasses a conventional DED subsystem, an ultrasonic-assisted module, and a deposition platform. The ultrasonic-assisted module is integral to the system, comprising several essential components: the ultrasonic generator, transducer, amplitude transformer, and sonotrode probe [97,98]. Within this module, the generation and propagation of high-frequency sound waves are pivotal. High-frequency electrical signals, emanating from the generator, are transmuted into mechanical vibrations by the transducer, which is typically fabricated from piezoelectric materials. These mechanical oscillations are then amplified through booster horns, designed to minimize energy dissipation, before they are ultimately coupled with the deposition nozzle.



For ultrasonic-assisted arc DED specifically [103], the transducer, amplitude transformer, and sonotrode probe are integrally coupled in a rigid construct. During operation, the DED-arc process initiates material deposition in a layer-by-layer manner, where an electric arc melts the feedstock material that is then deposited onto the substrate. Concurrently, the ultrasound-assisted system activates, applying ultrasonic vibrations to the molten pool. These ultrasonic vibrations can engender microstructural modifications within the melt pool via acoustic cavitation and molten metal flow dynamics, promoting the transition from coarse columnar to fine equiaxed grains, thus improving the microstructure and mechanical performance of the material. Analogous to the ultrasonic-assisted Arc DED system, the ultrasonic-assisted laser DED [41] employs a laser as the heat source to melt the material powder, while the ultrasonic vibrator, affixed to the substrate, transmits vibrations vertically, influencing the molten pool in a similar manner.
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Figure 7. General arrangement of ultrasound-assisted DED system: (a) laser DED [104], (b) arc DED [105]. 
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3.3. Performance Enhancement Mechanisms in UA-DED


UA-DED integrates high-frequency mechanical oscillations into the deposition process, engendering a spectrum of enhancements across the microstructure, densification, and mechanical integrity of AM parts. The oscillations and induced acoustic streaming perturb the thermal profiles and flow dynamics during solidification to directly influence grain evolution, porosity formation and defect generation [44,95,106,107]. By regulating the melt pool hydrodynamics and energetics, these distinct improvements across the grain morphology, density, defects, and various mechanical properties highlight the capabilities of ultrasonic assistance in augmenting directed energy deposition processing, properties, and performance capabilities beyond conventional limitations.



3.3.1. Grain Refinement


The incorporation of ultrasonic vibration during DED has been empirically validated to yield significant grain refinement effects. Research conducted by Chen et al. on the Inconel 625 alloy produced using ultrasonic-assisted WAAM demonstrated that the application of UA effectively interrupted the growth of coarse columnar grains and encouraged a shift from columnar to more uniform equiaxed grain structures [45]. Figure 8 clearly illustrates that the samples created using UA-DED successfully demonstrate a nearly random crystallographic orientation. The maximum value of the uniform distribution is notably decreased to 4.66 due to the application of ultrasonic-assisted DED. This additionally indicates that incorporating ultrasonic vibrations can significantly reduce and potentially eliminate the texture density in the Inconel 625 alloy produced via WAAM. Further, as demonstrated in Figure 8c,f, the use of UA promotes an increase in low-angle grain boundaries, resulting in superior mechanical properties compared to samples produced without ultrasonic-assisted DED. Mechanical property test outcomes indicated that the yield strength of the Inconel 625 alloy saw an increase of 13.2% and 23.8% across the two build orientations, and the mechanical anisotropy was remarkably reduced compared to samples without ultrasonic assistance. Yuan et al. [102] observed a comparable evolution in grain morphology during the ultrasonic-assisted directed laser and wire solidification of stainless steel. Specifically, they noted an increase of 21.7% in the proportion of grains with a grain size (d ≤ 60   μ m  ), alongside a transition from coarse columnar to refined rosette-like equiaxed microstructures. Additionally, Yang et al. [106] demonstrated that ultrasonic-assisted DED promoted grain refinement and transition in the Inconel 718 microstructure compared to DED alone. Yang et al. discovered that in as-built DED samples, the coarse columnar grains along the build direction underwent a transformation into finer equiaxed grains exhibiting a more random crystallographic texture when produced using ultrasonic-assisted DED. They noted a significant reduction in the average grain size, decreasing from 743.38   μ m   in standard DED to 68.96   μ m    in UA-DED.




3.3.2. Reduced Porosity


Ultrasonic assistance has proven effective in diminishing porosity levels in materials deposited through DED. Zhu et al. [42] conducted a detailed study on the effects of ultrasonic amplitude on porosity in Inconel 718 components fabricated using laser cladding. Their findings indicated that ultrasonic assistance markedly reduced both the quantity and size of pores compared to traditional laser cladding methods devoid of ultrasound. The porosity first increased and then decreased with higher ultrasonic amplitudes from 10 to 25   μ m  . At a 25   μ m   amplitude, the porosity reached a minimum. This phenomenon is attributed to the acoustic streaming and cavitation effects induced by UA within the molten pool during solidification. The intense stirring motions enhance fluidity, which allows gas bubbles to easily escape before solidification.



Ning et al. [108] applied UA during a laser-engineered net shaping process of Fe–Cr stainless steel (cf. Figure 9). Employing ultrasonic assistance led to a decrease in the porosity value from 0.68% to 0.35%. In a separate study focusing on the laser deposition of 316L austenitic stainless steel [40], with the application of UA, the area fraction of porosity across the entire section of each sample was found to approach 0.01 area %, as determined through a thresholding analysis of the optical microscopy images.




3.3.3. Improved Tensile Properties


The incorporation of UA-DED has been substantiated as a potent means to significantly enhance the tensile properties of the fabricated materials. Cong et al. [109] applied UA in the deposition of an AISI 630 stainless steel. With optimized parameters, enhancements were achieved with a 144.2% increase in ultimate tensile strength, a 117.7% increase in yield strength, and a 108.5% increase in ductility. Chen et al. [45] demonstrated a ~13.2% (0° direction) and ~23.8% (90° direction) improvement in tensile strength of Inconel 625 alloys deposited with UA compared to samples without. Similar tensile property improvements have been reported for titanium alloys and Al-12Si alloys fabricated by ultrasonic-assisted DED [43,44].



The enhancement in tensile performance is principally attributed to the ultrasonic-induced grain refinement and diminished defect prevalence [40]. The fine and uniformly distributed equiaxed grains formed during UA contribute to increased strength, in accordance with the Hall–Petch relationship. Moreover, the inhibition of pores, microcracks, and phase segregation by ultrasonics decreases stress concentrations in the microstructure. The high-density deposits with minimal defects can sustain higher loads prior to failure. Additionally, the residual compressive stresses induced by ultrasonic impact during solidification are beneficial in resisting tensile forces.




3.3.4. Reduction in Deposition Defects


UA has been demonstrated to effectively minimize deposition defects such as cracking, warpage, and delamination in DED processes. Gorunov [110] achieved over a 1.12 times increase in microhardness by applying ultrasonic vibration, attributed to a significant refinement of grains and a reduction in defects. Additionally, the wear resistance of ultrasonic-assisted DED samples doubled that of DED samples, which Gorunov attributed to better resistance against crack propagation in the fine-grained microstructure. Researchers have also discovered that the application of UA-DED can significantly minimize defects in the fabricated nickel–titanium components. Specifically, Zhang et al. [111] noted that NiTi components produced via traditional DED exhibited heterogeneous microstructures characterized by Ni-rich and Ti-rich regions, alongside defects such as lack of fusion and microporosity. They attributed these issues to the non-uniform distribution and biased flow rates of the nickel and titanium powders that had differences in size and density. In contrast, under the same laser power, the NiTi parts fabricated through ultrasonic-assisted DED demonstrated markedly more homogeneous microstructures with fewer darker Ni-rich regions distributed in the matrix (cf. Figure 10). The UA-DED process also effectively reduced the lack of fusion defects and micropores in the NiTi parts. Zhang elucidated that ultrasonic assistance (UA) facilitated acoustic streaming and cavitation effects within the molten pool during deposition. This process circulated the molten materials, improved heat transfer, and the shockwaves along with microjets produced by cavitation disrupted powder agglomerates and aided in degassing.




3.3.5. Enhanced Microhardness


The microhardness of materials fabricated using DED has been found to improve considerably with the integration of UA. In laser fabrication of Ti-6Al-4 V alloys, Gorunov [110] achieved over a 1.12 times increase in microhardness by applying ultrasonic vibration, attributed to a significant refinement of grains and a reduction in defects. Additionally, the wear resistance of ultrasonic-assisted DED samples doubled that of DED samples, which Gorunov attributed to better resistance against crack propagation in the fine-grained microstructure. Yang et al. [106] demonstrated that ultrasonic vibration during laser DED of Inconel 718 increased the microhardness by 14.9%, resulting from subsurface grain refinement and rapid cooling under ultrasonics. The application of UA assistance during laser DED has been observed to enhance the microhardness of in situ synthesized NiTi alloys. Zhang et al. [106] reported an increase in the microhardness values of the fabricated NiTi components across all tested laser power levels ranging from 150 to 250 W. The microhardness values of NiTi parts fabricated with UA ranged from approximately 420–520 HV, while those without UA ranged from 380–460 HV. This corresponds to an increase of around 10–15% in the microhardness values when utilizing UA.






4. Optimization of Ultrasonic-Assisted Parameters in DED


In UA-DED, the impact of ultrasonic vibrations on the materials and build quality is significantly influenced by the parameters of the UA [1]. Selecting inappropriate UA parameters can lead to unstable melt pool dynamics, undesired microstructures, and poor mechanical properties in the fabricated components [112]. By coordinating the UA parameters such as amplitude, frequency, and power with the DED process parameters, the melt pool stability, material microstructure, deposited geometry, defect reduction, and mechanical performance can be synergistically optimized [6]. This section focuses on the subjects outlined in Table 2. It presents a study on optimizing key parameters (amplitude, frequency, power) and multi-parameter co-optimization of UA through different DED process conditions for different materials. The table summarizes how these parameters impact the properties of the deposited materials and highlights the main findings. Subsequent subsections provide more detailed discussions.



4.1. Ultrasonic Intensity Optimization


In DED processes, Ji et al. conducted a study on how varying ultrasonic amplitudes influence the grain morphology and tensile strength of steel alloy samples fabricated by arc DED [105].



Ji et al.’s investigation [105] into the influence of UA amplitudes on the microstructure and mechanical attributes of steel alloy fabricated via arc DED revealed that an increase in ultrasonic amplitude significantly alters the microstructure and simultaneously improves the mechanical properties of the fabricated ER70S-6 steel alloy. Commencing from an amplitude of 0   μ m  , where coarse columnar grains predominate, an increment to 5   μ m   instigated a localized refinement in the deposition layer’s central region. Progressing the amplitude to 10 μm amplified the refinement area to 36.3% of the cross-sectional area, with a notable decrease in grain size. However, the most marked metamorphosis was observed at a 15 μm amplitude, where 94.6% of the cross-section exhibited fine equiaxed grains averaging a size of about grade 6 (cf. Figure 11). Correspondingly, the mechanical properties exhibited a significant enhancement as the amplitude increased. Applying a 15   μ m   amplitude led to a 10.6% rise in microhardness compared to the specimen that was not subjected to UA. The yield strength and ultimate tensile strength were augmented by 10.9% and 10.7% respectively, under similar comparative conditions. Nevertheless, it was observed that an excessive amplitude could potentially destabilize the melt pool dynamics and degrade the formation quality, implying the necessity for a balanced approach in amplitude application.




4.2. Frequency Optimization


The frequency of UA is vital in dictating the microstructure and characteristics of metal components fabricated using UA-DED. A study by Wang et al. [41] examined the influence of varying ultrasonic frequencies (0 kHz, 25 kHz, 33 kHz, and 41 kHz) on these characteristics.



In their investigation, the augmentation of ultrasonic frequency within ultrasonic-assisted laser DED was found to correlate with a decrease in grain size and a transformation of the Laves phase from elongated columnar to particulate forms. Additionally, the process led to increased porosity and microhardness, while the elastic modulus decreased. For instance, an increase in ultrasonic frequency to 41 kHz resulted in a 19% increment in microhardness from 236.1 HV1.0 at 0 kHz to 280.6 HV1.0. This grain refinement was principally attributed to intensified cavitation effects and acoustic streaming within the molten pool, which engendered an increase in heterogeneous nucleation sites during solidification. Such modifications result in a more homogeneous density and thermal distribution, conducive to the formation of uniform equiaxed grains. Nonetheless, an excess in ultrasonic frequency also resulted in increased porosity, thus indicating the necessity for optimization to establish a critical threshold. Additionally, the impact of ultrasonic frequency on the mechanical properties was significant. The introduction of ultrasonic vibration refined the grain size, leading to a greater microhardness. The wear rate also showed significant improvement, decreasing with increased frequency up to 33 kHz due to the refined grains and more uniform microstructure. However, a further increase to 41 kHz led to an increased wear rate, likely due to the increased porosity at higher frequencies.




4.3. Ultrasonic Power Optimization


The power of ultrasonic vibration has significant effects on the microstructure evolution and properties of alloy steel fabricated by non-contact UA-DED, according to the study by Wang et al. on the effect of varying ultrasonic power on a 1Cr12Ni3MoVN alloy deposited by DED [112].



Specifically, with an increase in ultrasonic power, there is a notable transition in the microstructure from coarse columnar to fine equiaxed crystals. At 0 W (without UV), the sample exhibited coarse columnar crystals, a structure typical for high-temperature gradients and slow cooling rates during DED. However, with the escalation of ultrasonic power to 1000 W, the microstructure transformed into fine equiaxed crystals, indicating a substantial disruption in the columnar growing tendency. This transformation is quantitatively supported by the reduction in the average area size of grains from 158 μm2 at 0 W to 80 μm2 at 1000 W. This microstructural transformation can be ascribed to the effects of UA, fostering higher nucleation rates and hindering the expansion of pre-existing columnar grains, culminating in grain refinement. In addition, the mechanical properties, particularly microhardness and tensile strength, also demonstrate significant variations with changes in ultrasonic power. Initially, at 200 W, there was an evident increase in microhardness compared to the non-UA-treated sample. With a further increase in power to 1000 W, there was a decline in the average microhardness, indicating an optimal range for UV application to enhance hardness. Tensile testing revealed that while the ultimate tensile strength remained relatively consistent across different ultrasonic powers, the elongation at 1000 W increased by 53.8% in comparison to the sample not treated with UA. This suggests that UV treatment, particularly at higher power levels, effectively enhances the material’s ductility while maintaining its strength.




4.4. Multi-Parameter Coordinated Optimization


To fully utilize the advantages of ultrasonic assistance in DED, coordinated optimization of multiple ultrasonic parameters is often required. As studied by Gorunov et al., synergistic effects were achieved by jointly controlling the ultrasonic power and frequency during laser DED of a Ti6Al4V alloy [110].



In their study, the Ti6Al4V samples were fabricated with varied ultrasonic power from 30% to 100% and frequency from 22 kHz to 100 kHz. It was found that varying the frequency and power culminated in the formation of equiaxed grain regions at different locations in the parts. For instance, with a frequency of 22 kHz and power at 100%, equiaxed grains developed 5 mm above the substrate in the constructed part (see Figure 12). Conversely, with a frequency of 100 kHz and power at 65%, finer equiaxed grains appeared at a lower height of 2.5 mm. The microhardness of the parts also exhibited a strong dependence on the ultrasonic vibration parameters. Specimens made with an 80 kHz frequency and 100% power showed a 1.12 times increase in microhardness over those made by DED without ultrasonic vibration. At a 100 kHz frequency, microhardness peaked at 30% power but decreased at 100% power compared to the DED sample, and the wear properties were improved in parts made by UA-DED, with the coefficient of friction being reduced by half initially during wear tests. The cycling fatigue life also improved by over 60% for UA-DED parts from. The author attributed these enhancements to the fine equiaxed grain and enhanced hardness induced by controlling the UA frequency and power.



Additionally, the ultrasonic parameters need coordinated optimization with the DED process parameters. For example, the laser power and scanning speed must be matched with the ultrasonic input to ensure sufficient energy density for material melting while enabling controlled solidification under ultrasonic refinement effects [112,116].





5. Summary and Prospectives


5.1. Summary


The fundamentals, mechanisms, configurations, and performance enhancement effects of UA-DED have been systematically elucidated. The influence of ultrasonic vibration on melt pool dynamics, microstructural evolution, defect formation, and mechanical properties during DED has been assessed. The intrinsic correlations between ultrasonic parameters and the microstructure–property relationships of fabricated materials have been established. The unique capabilities of the UA-DED technique in augmenting additive manufacturing quality and applicability have been highlighted. UA-DED provides a potent means for quality and performance improvements of AM components. The specific findings of this investigation are as follows:




	
The introduction of ultrasonic vibration can effectively manipulate melt pool dynamics, microstructure evolution, and defect formation through mechanisms of acoustic cavitation, streaming, and damping. Tailored UA-DED with optimized vibration parameters matched to DED signatures has demonstrated great capabilities for eliminating cracks, refining grains, and enhancing mechanical properties.



	
Strong evidence has been provided on the intrinsic correlations between input ultrasonic parameters and output materials properties. By tuning the ultrasonic frequency, amplitude, and power, the precise regulation of grain morphology, defects, and hardness/strength can be achieved synchronously with DED process parameters. These intrinsic relationships form the basis for quality and performance improvements in UA-DED technology.



	
Despite the potent effects exhibited, the applications and further development of UA-DED still face limitations such as process stability, parameter matching, and materials generalization. To address these gaps and facilitate the industrialization of UA-DED integrated monitoring systems, multi-physics modelling tools and extensive research uncovering multi-material microstructure–property relationships have been highlighted as critical future efforts.









5.2. Prospectives


5.2.1. System Integration and Standardization of UA-DED


While UA-DED has demonstrated significant capabilities in improving additive manufacturing quality and applicability, this technology is still not mature and faces limitations in parameter optimization, ultrasonic wave attenuation with increasing wave propagation distance, and materials generalization. Further system integration and standardization efforts are critical to address these gaps and facilitate the industrial-scale implementation of UA-DED.



On the system level, the integration of multi-physics modelling tools and in situ monitoring systems with closed-loop control of ultrasonic vibration inputs can promote process stability and repeatability. Physics-based models can provide predictive capabilities for parameter matching between ultrasonic vibration and DED signatures across various materials. In situ monitoring tools such as high-speed imaging, infrared thermography, and spectral sensing allow real-time tracking and closed-loop control of melt pool dynamics, thermal history, and microstructure evolution [36]. The integration of these capabilities will enhance process robustness and part quality consistency. The standardization of procedures and benchmarks is also needed to quantify UA-DED performance and enable quality certification. Standard UA-DED process flows, test artifacts, and quality standards for deposited parts need to be established. These will provide metrics for comparing process capabilities across different DED processes and materials.



While the system integration and standardization incur additional time and costs, the long-term payoffs in process reliability, product quality, and industry adoption justify these investments. The synergistic effects of modelling, monitoring, and benchmarking will tackle the existing limitations of UA-DED and accelerate its maturation as a transformative manufacturing platform. In summary, a systematic outlook with concerted efforts in developing integrated tools, quantitative metrics, and community datasets will be key to unlocking the full potential of UA-DED.




5.2.2. Mechanistic Study of UA-Material Interaction


Advanced multi-physics modelling encompassing ultrasonic effects has shown promise in guiding UA-DED system optimization. Sophisticated simulations coupling vibrational acoustics with melt pool fluid flow, thermal transport, microstructure evolution, and mechanical responses will enable predictive capabilities for tailored parameter matching. Further in-depth study on the customization of ultrasonic inputs and the elucidation of their roles and impacts across various materials is needed. Both computational and experimental efforts are required to uncover the intrinsic connections between ultrasonic parameters, solidification patterns, microstructural developments, and resultant part properties in different alloy systems. The findings will provide fundamental insight on how ultrasonic vibrations interact with distinct alloy chemistries during solidification to manipulate defects, phases, and mechanical performance.



Robust correlations established between ultrasonic inputs, thermal signatures, microstructures, and mechanical properties across various materials such as steels, titanium alloys, and nickel superalloys will guide the development of process–structure–property maps for UA-DED modelling. The physics-based models and maps will provide critical capabilities for optimizing ultrasonic parameters and predicting AM part quality for different materials. In summary, a mechanistic perspective encompassing multi-field simulations, customized experiments, and data-driven analytics will accelerate the understanding and control of UA interactions with diverse alloys to expand the design space and applicability of UA-DED technology.




5.2.3. Further Development and Practical Application of Processes for Material Adaptation


The unique capabilities of UA-DED in manipulating microstructures and properties of materials open exciting avenues for expanding alloy design spaces. Further research and development efforts are imperative to adapt this process for enabling new materials and enhancing the performances of existing alloys.



On the material development side, the microstructure and defect control of UA-DED can potentially enable compositions that were previously unprocessable for AM. Coarse grains and unfavorable textures often hinder the AM processing of novel compositions with superior potential properties. The implementation of ultrasonic inputs to alter solidification and restrain cracking and coarsening could sufficiently expand composition ranges for successful AM deposition.
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Figure 1. Illustrative layout of (a) laser DED, (b) EB-DED [1], (c) WAAM [65]. 
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Figure 2. DED process parameters diagram [4]. 
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Figure 3. The progression of temperature and X-displacement at measure point [69]. 
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Figure 4. (a) Porosity resulting from gas entrapment, (b) pore serving as a crack initiation site, (c) crack initiation and propagation off the tip of an irregularly shaped pore, and (d) the merging of two pores to create a larger one [71]. 
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Figure 5. Solid-state cracking. (a) SE-SEM image and (b) the corresponding EDS maps; (c) SE-SEM image shows the enlarged region marked in (a) [80]. 
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Figure 6. Diagrammatic illustrations of the three phenomena: (a) acoustic cavitation, (b) ultrasound absorption, and (c) acoustic streaming [36]. 
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Figure 8. WAAM of Inconel 625 with ultrasound and without ultrasound (X-Z plane). (a,d) Inverse pole figure; (b,e) inverse pole figure (IPF) maps; (c,f) misorientation distribution (GB); and the inserts are Kernel Average Misorientation (KAM) [45]. 
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Figure 9. Microstructures of parts fabricated by LENS without and with UA. (a)Without ultrasonic vibration; (b) With ultrasonic vibration; (c,d) porosity; (e,f) grain structures; (g,h) micro-cracks [108]. 
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Figure 10. Effects of UA on microstructure. (a1,b1) 150 W; (a2,b2) 175 W; (a3,b3) 200 W, (a4,b4) 225 W; (a5,b5) 250 W [111]. 
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Figure 11. OM of arc DED single deposition layer. (a) SS-0, (b) SS-5, (c) SS-10, (d) SS-15 [105]. 
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Figure 12. Cross-sectional optical micrographs of parts obtained by DED and UA-DED [110]. 
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Table 1. Characterizing primary defects in DED processing [4].
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	Defect
	Defect’s Origin
	Defect’s Selected Effects on the Deposited Material Properties
	Mitigation





	Residual stresses and distortion
	High cooling rates and thermal gradients
	Induced phase transformations, loss of geometric tolerance, cracking, delamination, degradation in fatigue behavior, premature failure
	Substrate preheating, preheating the chamber and printed part during deposition, optimization of the scan strategy, post-print heat and surface treatments



	Porosity
	High laser energy density, feedstock porosity, selective evaporation, entrapment of shielding gas, insufficient energy input (LoF)
	Degradation of mechanical properties (mainly fatigue life), facilitated crack propagation, anisotropy, reduced corrosion resistance
	Process optimization, control of the powder feedstock’s composition and quality, HIP post-print treatment



	Cracking and delamination
	High cooling rates and thermal gradients, either too high or too low energy input, physical and metallurgical properties of the deposited material
	Degradation of both static and dynamic mechanical properties, reduced corrosion resistance, premature failure
	Process and geometric optimization, e.g., substrate and chamber preheating, materials compatibility when printing jointly multi-materials



	High surface roughness
	Low heat input, large powder particles, high laser scanning speeds; a variety of material feedstock, part design, processing, post-processing conditions and variables
	Adverse effects on dimensions and geometric tolerances, degradation of mechanical properties (particularly fatigue)
	Increase in heat input, small layer thickness, finer powder particles, post-processing (e.g., HIP and chemical/electrochemical polishing)










 





Table 2. Optimization and impact analysis of UA parameters in DED processes.
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Parameter

	
Amplitude

	
Frequency

	
Power

	
Multi-Parameter Coordinated




	
Power, Frequency






	
Material

	
Steel alloy

Ti-6Al-4V

	
Inconel 718

	
1Cr12Ni3MoVN alloy

	
Ti6Al4V

stainless steel




	
DED Process

	
Arc DED

Laser DED

	
Laser-engineered net shaping (LENS)

	
Laser DED

	
Laser DED




	
Effects on the deposited material properties

	
Formation of grains

Grain size

Microhardness

Yield strength, tensile strength

	
formation of grains

grain size

Laves phase amount, particle size, Nb content

Pore number, average pore size

Microhardness

Wear rate

Elastic modulus

	
Formation of grains

Grain size

Mechanical properties

	
Microstructure

Microhardness

Mechanical properties

Pore size

Defects




	
Key results

	

	
The larger the ultrasonic amplitude, the greater the degree of grain refinement and refinement area, and variation in ultrasonic intensity along the build height



	
The microhardness improves with the increase in ultrasonic amplitude






	

	
Higher ultrasonic frequency led to decrease in grain size



	
the particle size and Nb content of Laves phase were further decreased with the increase in ultrasonic frequency



	
Porosity value decreased with frequency of 25 kHz, increased ultrasonic frequency resulted in the increased porosity when ultrasonic frequency was larger than 25 kHz



	
Microhardness was increased by increasing ultrasonic frequency



	
Ultrasonic frequency of 25 kHz produced the smallest porosity, the porosity was increased when ultrasonic frequency was increased from 25 kHz to 41 kHz






	

	
Increasing ultrasonic power, the columnar crystal transforms into equiaxed crystal gradually



	
Grain size decreases with increasing ultrasonic power



	
Ultimate tensile strength of samples treated with different ultrasonic powers is almost identical, the elongation of samples increases with increasing ultrasonic power






	

	
The frequency and power of the acoustic oscillation occurrence area is determined in a sample of fine equiaxed grains



	
The hardness greatly varies depending on the frequency, power affects hardness at frequencies of 80 and 100 kHz



	
The hardness increases by more than 1.1 times with a frequency of 100 kHz and a power of more than 1 kW









	
Ref.

	
[43,105,113]

	
[41,114]

	
[112]

	
[110,115]
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