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Abstract 
A cast iron repair process that restores above 80% of the original tensile strength without thermal 

pre-conditioning is presented. Cast iron, an integral alloy to transportation and agricultural sectors, is a 

difficult alloy to repair owing to the presence of discrete graphite flakes and the tendency to form brittle 

iron-carbide phases and porosity. Preheating and post-process annealing assist in preventing premature 

fracturing but are economically and environmentally impractical for large castings. Thus, methods that 

circumvent these limitations while avoiding defect formation are crucial. 

Laser-based directed energy deposition (DED) offers a highly controllable method of 

remanufacturing cast iron and high carbon steel components. Lower thermal input and dilution in DED 

contribute to less porosity and smaller thermal gradients compared to welding processes. The result is 

that, under a narrow range of process parameters (laser power, scanning speed, etc.), defects can be 

avoided. This study expands the DED processing window of cast iron and steel through ancillary 

processing strategies, namely, varying filler material composition, wire feeding, and melt pool vibration. 

Using nickel-based filler material, 82% of the cast iron ultimate tensile strength may be restored without 

auxiliary preheating and annealing cycles. In-situ high speed imaging complements this work by 

quantifying process stability under various processing conditions (laser power, scanning speed, etc.). 

Using low thermal input conditions, the repair strength may be maximized while reducing gas generation 

and escapement during melting. Wire feeding was also found to maximize process stability by reducing 

the amount of graphite that was vaporized or oxidized during laser exposure. A novel method of localized 

ultrasonic melt pool vibration was shown to refine the microstructure in deposited stainless steel 316L 

and promote equiaxed grain formation. The use of these technologies enhances the robustness of DED 

techniques, expanding the application scope and lowering the cost to entry for iron and steel repair. As 

society aims toward technologies that reduce greenhouse gas emissions and energy consumption, this 

work provides a foundation for laser-based DED restoration of cast iron and dissimilar material 

structures. 
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Chapter 1 - Introduction 

1.1 Introduction 
Remanufacturing and repair industries are gaining traction as viable methods to reduce industrial 

energy use, emissions, and cost. In 2019, direct industrial emissions and indirect energy-generating 

emissions in all manufacturing facilities accounted for 29.7% of the total U.S. greenhouse gas emissions 

[1]. Of the emissions native to iron and steel production processes, coke production for producing iron 

from raw ore accounts for most CO2 emissions [1]. In part to technological improvements and reliance on 

steel recycling, the iron and steel production sector reduced CO2 emissions by 60% between 1990 and 

2019 [1]. Utilization of repair and remanufacturing technologies further reduces greenhouse gas 

emissions as well as reducing the energy and costs of producing new components via traditional 

subtractive and formative manufacturing processes [2]–[5]. To harness these benefits, design for 

remanufacturing must be incorporated into product lifecycles [5]. Technology development for 

remanufacturing serves to widen the range of applications and reduce the barrier to adoption [4]. 

Additive manufacturing (AM) technologies have garnered considerable attention within 

sustainable repair and remanufacturing applications. Directed energy deposition (DED) is one AM 

technique that, due to its localized nature, is widely considered ideal for repair. Like welding, DED 

couples an energy source (electron beam, laser, or plasma arc) with material delivery (blown-powder or 

fed-wire) at a single location to build up material as seen in Figure 1. The choice of energy source and 

material delivery method dictate the process cost, deposition rate, and print resolution. DED generally 

provides lower thermal input, dilution, and distortion compared to tungsten inert gas (TIG) welding and 

high velocity oxygen fuel coatings (HVOF) [6]–[8]. DED also provides a high level of control, allowing 

for tuning of parameters such as laser power, scanning speed, scanning pattern, deposition rate, etc. 

Several parameters are also dependent on one another. Stepover and layer height, for example, are 

nominal values that are chosen based on the track geometry dictated by laser power, scanning speed, etc. 

The thermal conditions promoted in DED are highly dependent on the process parameters, and the 

material properties of deposits are subsequently dependent on these thermal conditions [9], [10]. Finding 
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process parameter combinations that provides high strength, full density, and minimal distortion remains 

a foundation in DED literature [11]–[17]. 

Repair and remanufacturing applications of DED suffer from these challenges and more. The 

high process cost limits the utility to high-value components such as tooling or large castings. Residual 

stresses from non-equilibrium solidification threaten the integrity of interfacial bonding between the 

repair core and the deposited material, especially in the case of a bimetallic interface [18]–[20]. Tensile 

residual stresses formed from rapid solidification in DED also degrade the fatigue life of components 

[21], [22]. Additionally, the stress-driven geometric distortion in DED threatens the geometrical accuracy 

of repaired components [23]–[25]. Gas pockets and pores are also a known problem in cast iron repair. 

The discrete carbon flakes or nodules form carbon monoxide and carbon dioxide gases when heated 

above 1000°C [26]. Knowing that gray cast iron holds a liquidus temperature near 1280°C, it is expected 

that gaseous CO and CO2 may be trapped in the rapidly solidifying melt pool. In components exposed to 

gas or oil during service, the volatility of residual hydrocarbons contributes to additional porosity in the 

solidified material as the hydrocarbons decompose during laser exposure [27]. Repairing medium- and 

high-carbon steels also presents challenges in DED. The rapid solidification at the interface “quenches” 

the partially melted zone (PMZ), creating microstructures such as martensite and ledeburite which are 

brittle and prone to hot cracking [28]–[32]. The key to mitigating many of these issues lies in low spatial 

and temporal thermal gradients, two major challenges to the highly transient and localized DED process. 

The consequences of improper thermal conditions are significantly reduced mechanical strength and 

fatigue life at the interface of the deposited repair and the substrate core [18], [31]. 
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Figure 1. Generalized depiction of a blown-powder laser DED system. 

In the context of repair of steels and cast iron, considerable attention has been given to optimizing 

deposition-specific process parameters for powder-based DED [19], [20], [31], [33]. Laser power, 

scanning speed, and material feeding rate are commonly studied as independent factors affecting the 

dimensions and mechanical behavior of deposited materials. Factors that promote higher temperatures, 

i.e., higher laser power and slower scanning speed, create sufficient dilution but suffer from increased 

trapped gas porosity. Additional works have studied the effects of different scanning strategies on residual 

stresses, distortion, and geometrical accuracy [15], [23], [34]–[41]. Nevertheless, few works have 

explored unique process conditions to enhance repair quality. Traditional nickel-based filler materials in 

cast iron welding have transitioned to cast iron DED repair; however, the structural outcomes between 

low-cost stainless steel and high-cost nickel-based superalloys has not been established. Furthermore, 

parameter considerations for differing modes of material deposition are also under-reported, especially in 

depositions on high-carbon iron alloys. Wire-based DED processes offer lower resolution compared to 

blown-powder systems; however, wire is considerably less expensive compared to atomized powder 

making it more cost effective for cast component repair. Lastly, little consensus has been reached on the 

metallurgical effect of melt pool vibration in DED. Methods of melt pool agitation may be effective for 
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improving metallurgical quality in large component repair; however, few works have developed part-

agnostic vibration strategies [42], [43]. 

The proposed study aims to further the fundamental understanding of powder- and wire-based 

DED processes for the repair of cast iron and carbon steel alloys. To justify the process cost, the 

development will aim toward iron alloy repair in absence of preheating, a significant limitation in 

repairing large components. The effect of ancillary process modes on the strength of steel alloys repaired 

via DED will be studied. 

 

1.2 Research Objectives 
The goal of the proposed study is to understand the fundamental mechanics of DED processing to 

improve outcomes of DED-based repair by employing novel processing techniques, quantifying the 

resulting mechanical characteristics (porosity, dilution, interfacial strength, etc.), and explaining the 

mechanism that led to the achievement of such outcomes. The goal will be fulfilled by achieving the 

following objectives: 

 

1.2.1 Specific Objective 1 

Unveil the impact of feedstock composition and quantify the porosity and strength characteristics of the 

bimetallic interface in gray cast iron repairs. 

 

1.2.2 Specific Objective 2 

Quantify the process and metallurgical deviations between powder- and wire-fed laser DED repair of low-

carbon steel using geometrically normalized deposition conditions and high-speed melt pool imaging. 

 

1.2.3 Specific Objective 3 

Develop localized melt pool vibration to homogenize the microstructure and reduce porosity in repaired 

structures. 

 



5 

 

1.3 Organization 
 The following section will discuss relevant background literature for achieving the above 

objectives. Following this discussion, Chapters 3, 4, and 5 provide complete manuscripts in preparation as 

peer-reviewed journal articles. Two peer-reviewed journal articles are provided in Appendices A and B as 

foundational literature to support these chapters. Chapter 6 will further discuss the relevant findings and 

the implications on short-term and long-term research objectives.   
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Chapter 2 - Literature Review 

2.1 Cast Iron 
Cast iron alloys are incredibly important to global infrastructure, finding utility in transportation, 

manufacturing, agricultural, energy, construction, and more, and for justifiable reasons. The low cost 

allotropes of iron and carbon offer excellent strength, manufacturability, thermal conductivity, vibration 

damping, and wear resistance [44]. Cast iron also offers incredible versatility, allowing for mechanical 

behavior to be tailored for specific applications (Table 1). Gray cast iron retains excellent thermal control 

and vibration damping, making it ideal for brakes and other rotating components. Compacted graphite 

iron (CGI), considered a successor to ductile and gray irons, has high tensile strength and toughness, 

making it ideal for engine components ranging from passenger vehicles to large (>10 ton) industrial 

engines [45]. High-alloy cast irons are designed with varying major constituent elements such as Ni, Mo, 

and Cr to obtain specific material properties [46]. Because the carbon remains in solution during 

solidification, high-alloy white irons are important for hardfacing and grinding applications where the 

incredible hardness of carbide structures is required. Considering its availability, excellent properties, and 

ease of use, it is no surprise that cast iron has been steadily employed for over 5,000 years* [47]. 

Common Grades of Cast Iron 

Grade Graphite Form Advantages Applications 

Gray cast iron Lamellar flakes 
Wear resistance, 

damping 

Brake drums, discs; clutch plates; pressure 

vessels, housings, valves, fittings [48] 

Ductile cast iron Spheroidal nodes High strength, ductility 
Engine components; turbochargers; pumps; 

valves; hydraulics; wind turbine mechanics [49] 

Compacted graphite 

iron 
Rounded flakes 

High strength, thermal 

conductivity 

Engine cylinders and heads; exhaust manifolds 

[45] 

White cast iron Fe3C formation 
Strength at elevated 

temps, wear resistance 
Dry friction components; brake shoes; rollers [50] 

Malleable iron Aggregates Ductility and toughness 
Pistons; transmission gears; flanges; compressor 

components; universal joint yokes [51] 

High-alloy irons Varying 
High hardness, corrosion 

and wear resistant 

Grinding and crushing applications; impellers; 

mixing apparatuses [46] 

Table 1. Common cast iron allotropes and their respective applications. 

 
* There is debate on the first use of iron castings, stemming from 6,000 B.C.E. in Mesopotamia to 3,000 B.C.E. in 

Anatolia. Ancient cultures developing forgings of iron and copper often connected metals to the sky and heavens, 

even suggesting the metallurgist was of divine origin [47]. 
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Cast iron is commonly defined as an Fe alloy with major alloying elements of C and Si that 

solidifies as a eutectic structure [44]. The high solubility of C in Fe results in three major structures, a) Fe 

and graphite or b) Fe and Fe3C or c) Fe, Fe3C, and graphite. The formation potential of each allotrope or 

graphitization potential is dependent on both the cooling rate and constituent elements. Higher cooling 

rates, such as those in welding, encourage a reduction in graphite size and increase the chilling tendency, 

or the formation of brittle martensitic and ledeburitic phases [44]. The chilling tendency, while ideal for 

high hardness applications, decreases the strength of the solidified alloy. Inoculant elements such as Al or 

Ca may also be included during melting to increase the graphitization potential and reduce the chilling 

tendency.  

 

2.2 Repair Technologies 
Repair and remanufacturing applications have found success using a variety of fusion-based 

processes. TIG welding, for example, is a popular method of material repair as it can achieve high 

resolution and high-quality results [52]. Residual stresses and distortion caused by the high heat input 

present significant challenges to the process. Low deposition rates and the potential of tungsten inclusions 

in the weld are also limitations [53]. Plasma transferred arc welding and electron beam welding were 

developed to mitigate these issues, but the high process cost and complexity has limited their application 

scope [52], [53]. HVOF coatings provide very little porosity in deposited repairs but show low 

dimensional accuracy and require extensive secondary machining operations [52]. There are few 

processes that adequately meet the requirements of dimensional accuracy, high strength, and low process 

cost and complexity. 

One challenge of repairs is providing enough heat input for fusion while preventing the excessive 

heat input that contributes to residual stresses, distortion, high dilution, and porosity. The heat input is 

often studied post-mortem by quantifying the size of the partially melted zone (PMZ) and the heat 

affected zone (HAZ), shown in Figure 2. As the heat input into a repair increases, the size of these zones 

and melt track depth increase [53]. Dilution ratio (𝜂) is one weld-depth metric commonly used in repair 
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literature and is defined in terms of the total melt track volume (𝑉𝑚) and the melt track volume beneath 

the surface of the substrate (𝑉𝑑) [54]: 

𝜂 = 𝑉𝑑 𝑉𝑚⁄  (2.1) 

In practice, linear depth or area are used in place of volumes. Chemical composition gradients have also 

been used to quantify dilution [20]. High dilution is undesirable, especially in carbon steels, as the 

increased carbon content at deeper fusion roots promotes solidification cracking and brittle martensite 

formation.  

 
Figure 2. A stainless steel DED coating deposited on gray cast iron. 

2.3 Directed Energy Deposition 
Directed energy deposition (DED) is constituted as wire or powder delivered directly to the focal 

location of a high-intensity energy source such as a laser, electron beam, or plasma arc. Selective material 

deposition is performed until a component is built. Because the process is localized, DED is well suited 

for multi-material and functionally graded parts as well as large components that would be impractical to 

fit within a powder bed fusion chamber [55], [56]. DED also offers a high level of control, granting 

numerous parameters (laser power, scanning speed, toolpath, etc.) to achieve optimal metallurgical 

outcomes [52]. DED is not without limitations, however. The rapid heating and cooling created by 

localized energy sources create non-uniform thermal fields that promote residual stresses and distortion 

[9], [56]. Grain anisotropy during processing contributes to inconsistent strength in different loading 

directions [13], [57]. Porosity in generated structures is promoted by insufficient or excessive heat input, 

evaporation of volatile elements, or process-generated gas unable to escape the melt pool [9]. Finding 

adequate thermal conditions to minimize porosity and residual stress while maximizing the material 
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strength is a significant challenge in metal AM development and is often exacerbated by the open-source 

nature of DED platforms [55], [56].  

In the context of repair, DED performs as a lower heat input option compared to traditional 

methods. In a comparative study of DED and shielded metal arc welding, Yu et al. showed that DED 

produced a HAZ 21 times smaller than the welding process [58]. The process complexity outlined above 

remains critical in repair contexts. Current trends in repair literature seek to unveil 1) the quality of the 

repair compared to conventionally processed parts, 2) the integrity of the HAZ, and 3) mechanical 

performance of bimetallic material systems. The following section will elaborate on these trends.  

 

2.4 Deposition-specific Parameters 
 Of the tunable parameters in DED, deposition-specific parameters (laser power, scanning speed, 

material feeding rate, etc.) are amongst the most popular to study. As mentioned previously, the thermal 

conditions inherent to the process are highly dependent on the energy and material sources [9], [10]. As 

the melt pool temperature changes, the morphology of the melt pool and solidified track change. Ocelík et 

al. studied combinations of laser power and linear mass deposition rate to show the geometrical variance, 

microhardness, and microstructure of a Co-based alloy deposited on gray cast iron [19]. The authors 

suggested porosity may be minimized by maintaining dilution between 5-15%, producing a cladding 

contact angle of at least 100°, and minimizing shielding gas usage. Arias-González et al. performed a 

similar study of NiCrBSi alloy deposited on ductile and gray cast iron [20]. Samples with higher dilution 

generally showed higher trapped gas porosity in deposited tracks. Interfacial porosity in FeNiCr alloy 

cladded on nodular cast iron notably decreased the tensile strength in a study conducted by Li et al. [33]. 

The parameter-driven thermal gradients affect porosity generation in DED. In these studies, porosity was 

generated in both single-track, multi-track, and multi-layer structures. Although lack-of-fusion and 

keyhole porosity are potential sources, cladding on carbon steel substrates has the potential to generate 

CO and CO2 gases which can be trapped in the solidifying melt pool [53], [59]. Tong et al. observed that 
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slower scanning speeds when cladding Cr onto gray cast iron lengthened the molten duration of the melt 

pool and reduced the amount of trapped gas in the solidified track [60].  

 Because of the high carbon content and rapid cooling, brittle metastable phases such as martensite 

and ledeburite may form in the cladding process. Li et al. investigated crack propensity from varying 

power input while depositing Ni-Cu on nodular cast iron [28]. Excessive power produced “chilled” 

ledeburite structures surrounding graphite nodules. The nodules acted as fracture initiation points for the 

brittle ledeburite under stress. Residual stresses and distortion are also functions of the heat input; 

however, little work has been conducted to quantify the stresses generated in repaired structures. The 

author’s recent work in quantifying these stresses is outlined in Section 7. 

 

2.5 Filler Material Composition 
Several of the challenges in cast iron repair are directly linked to graphite within the melt pool. 

When a Fe-C alloy undergoes rapid solidification, C atoms have insufficient time to segregate out of 

solution to form homogeneous carbon flakes or nodules. Instead, chilled metastable formations of iron 

carbides, Fe-C, form. These hypereutectic intermetallic phases are naturally brittle and often fracture 

under thermally driven solidification stresses. Because of this, filler materials that react favorably with 

carbon are preferable.  

Filler/Deposition Material References 

Ni or Ni-base alloys [27], [28], [61]–[64] 

Cr or Cr-base alloys [60], [65] 

Fe-base alloys [29], [33], [58], [63], 

[66]–[68] 

Co-base alloys [69] 

Mo [65] 

Table 2. List of studies with various materials deposited on cast iron through laser-based DED or laser surface 

alloying. 

Fe-base alloys are a common choice for filler materials cast iron repair, owing to the similarity in 

major constituents. Fe alloys are also relatively inexpensive compared to preferable Ni alloys. Issues arise 
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near the high-carbon boundary between the cast iron and the Fe-based cladding material. This scenario, 

described above, generates Fe-C phases at this boundary and around partially dissolved graphite particles 

[29], [33], [63]. Martensite formation is commonly observed as a matrix phase at the cast iron interface 

with scattered graphite particles and hypereutectic ledeburite shells [29], [33]. A schematic of the graphite 

particle evolution is shown in Figure 3. As graphite particles dissolve, carbon saturates the iron-rich melt 

pool and forms martensite, the white region under the melt pool, upon solidification. These intermetallic 

phases offer incredible strength but little ductility. Shrinkage stresses during solidification can induce 

premature cracking, even in instances where preheating has effectively lowered the thermal gradient [63], 

[68]. Intermetallic phases can also be found throughout the deposited material, with interdendritic 

carbides forming around austenite dendrites [68]. 

 

Figure 3. Illustration of graphite nodule evolution during laser DED. Note: the depth of the partially melted zone and 

heat affected zone are exaggerated for clarity. Illustrated using BioRender. 

A Co alloy was also studied in a seminal study by Ocelík et al. [69]. The in-depth analysis 

provided several guidelines for reducing porosity in laser cladding on gray cast iron. The chosen alloy, a 

mixture of Co, 28% Cr, 4.5% W, and 1% of Si and C, offered similar behavior than comparable studies 

with Fe-Ni-Cr alloys. Dendrites of γ-Co formed at the interface region, surrounded by eutectic γ-Co and 
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W- and Cr-carbide phases. Intermetallic phases were also found in the partially melted zone (PMZ) in the 

gray cast iron. Melting and re-solidification of the carbon-saturated iron melt produced martensitic phases 

which remained after solidification and formed cracks after cooling. Under optimal process parameters, 

the authors were able to eliminate cracking and pores in coatings up to 3 mm. 

Ni and Ni-base alloys are often viewed as the optimal filler material choice for cast iron repair. 

The justification for this opinion stems from several elemental advantages [70], [71]: 

1. Ni has a relatively low carbon solubility limit of 0.5% at the eutectic temperature. This 

behavior results in precipitation of carbon as graphite within the fusion zone (FZ). 

2. The density of graphite is considerably lower than Ni. During solidification, the precipitation 

as graphite increases the volume of the fusion zone, reducing the shrinkage stresses during 

cooling. 

3. The suppression of intermetallic phases and high ductility of Ni-based alloys are ideal for 

resisting the tensile stresses exerted during cooling. 

Like the materials discussed above, complex atomic interactions occur when dissolving carbon in a 

molten pool of Ni. The microstructure of Ni-cladded cast iron depends on the other constituent alloying 

elements, although these are typically a combination of Fe and Cr. When subjected to rapid solidification, 

a dendritic Ni matrix phase may form with Fe-Cr laminar eutectics forming as precipitates [64]. 

Concentration of Cr near the cast iron interface has also been noted [64], likely due to the preferential 

formation of metallic carbides with early groups of transition metals (Sc, Ti, W, Cr) over later transition 

metal groups (Fe, Co, Ni) [72]. This affinity is based in the atomic radius ratio between carbon and metal 

atoms according to Hägg’s rule [73]. Atomic systems with a ratio between 0.41 and 0.59 have interstitial 

sites where carbon may reside. If this ratio exceeds 0.59 as in late transition metals, carbon atoms require 

phases with large unit cells that have larger interstitial sites for carbon atoms to reside [72].  

Early studies of Ni-based alloy cladding noted an absence of fracturing immediately after repair 

with cracks forming over time [64]. Later studies confirmed this behavior, noting that the thermal 

gradients in cladding without preheating formed cracking in deposited Ni alloys [63]. Lestan et al. found 
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that Ni-base alloy with 17% Cr and 4% Fe was a resilient alloy and resisted fracturing due to high thermal 

gradients in repair of cast iron [63]. Li et al. found that a hybrid filler approach of NiCu alloy as a buffer 

layer and low-expansion Fe-36Ni alloy suppressed major cracking [62]. In most cases, introduction of 

preheating and slow cooling is required to obtain the graphite precipitation and low-stress FZ that avoids 

interfacial cracking [70]. 

 

2.6 Powder-based vs. Wire-based DED 
Because of the process flexibility, the material deposition methods vary between DED processes. 

Currently, principal feedstock materials are in powder or wire form. Wire-fed DED offers several 

advantages compared to powder-fed DED:  

• Material efficiency: Wire DED processes can exhibit up to 100% material usage [74], whereas 

powder DED may only capture 40-80% of powder [75]. The material usage efficiency is also less 

parameter-dependent in wire DED [76]. Considering the high-cost and energy usage to generate 

flowable powder [77], high material usage offers economic and environmental incentives. 

• Deposition rate: Wire-based DED offers considerably higher deposition rates. Taminger & 

Hafley reported deposition rates up to 330 g/min with electron-beam wire deposition [78]. 

Powder-fed DED operates near 10 g/min [74]. 

• Safety: Metal powder offers critical safety challenges [79]. The high surface area to volume ratio 

encourages oxidation which may produce dangerous fumes and even combustion. Inhalation of 

fine powder is also problematic, and respiratory personal protective equipment is needed when 

handling metal powder. 

Several studies have offered direct comparisons between feeding modes. Syed et al. observed few 

differences between the metallurgical quality of powder- and wire-fed DED; however, inter-dendritic 

porosity was found in powder-based DED samples [76]. In both modes, lack-of-fusion porosity between 

adjacent tracks were observed, indicating the criticality of process optimization. Borges et al. studied 

stainless steel depositions and concluded that, while powder generated more porosity, wire fed deposits 
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were more sensitive to position and feed rate [80]. Heigel et al. compared Inconel 625 wire- and powder-

fed depositions [81]. The authors found that powder produced higher melt-pool temperatures at equivalent 

parameters owing to the higher laser absorption efficiency from particles in-flight. The increased laser 

absorption contributed to higher dilution as well, a conclusion confirmed by Abioye et al. [82]. Heigel et 

al. further suggested that powder feeding is the superior feeding mode owing to lower thermal distortion. 

Blinn et al. also concluded that powder-fed depositions of 316L were superior, offering fewer nonmetallic 

inclusions and improved fatigue life [83]. 

It is well established that powder-based processes are inherently more expensive compared to 

wire-based processes, largely due to the high cost of the flowable gas-atomized powder and powder 

handling equipment. Despite this, limitations in distortion and process sensitivity pose significant 

challenges to wire-fed DED. The continuity of material fed into the melt pool dictates crucially different 

process behavior in wire-based DED, and this has not been well reported in literature. Currently, the 

majority of carbon steel AM repair literature has focused on laser-based, powder-fed processes [19], [20], 

[27], [84]. A significant gap exists in the reporting of the quality of castings remanufactured through wire-

fed DED processing modes. 

 

2.7 Vibration-assisted DED 
 Several instances of DED systems have been equipped with subsystems to introduce mechanical 

vibrations to the rapidly solidifying melt pool. There are several advantages to adding vibration to the 

melt pool and have been described similarly over a range of frequencies (50 Hz – 41 kHz). The minute 

displacements caused by mechanical waves induce acoustic streaming and cavitation in the liquid around 

growing dendrites [85]–[87]. The mixing caused by this phenomenon creates bending stresses that are 

sufficient to fracture and redistribute the crystals throughout the melt pool. These fragments encourage 

nucleation in the liquid metal, thus reducing grain size. Todaro et al. offered another explanation for the 

grain refinement in their study of ultrasonic part vibration during deposition of stainless steel 316L [88]. 

Ultrasound effectively lowered the temperature gradient by 50% at the solid-liquid interface. This 
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reduction encouraged enough constitutional supercooling to encourage grain refinement. Constitutional 

supercooling occurs when the liquid temperature ahead of the solidification front falls below the freezing 

temperature of the liquid due to compositional changes [89]. At these temperatures, nucleation begins 

spontaneously in the liquid, refining the grain structure further. Reduced porosity using vibration 

strategies has also been attributed to the increased melt flow from minute displacements, although the 

fundamentals for porosity escapement from vibration have yet to be established [85], [90]. 

 Creating cavitation within the melt pool has primarily relied on streaming acoustic waves from 

transducers through the build platform [91]–[94]. Other systems have relied on oscillatory mechanical 

movements through the machine kinematics (X, Y, Z axes) for creation of melt pool motion [95]. The 

frequencies and amplitudes for motion have varied. Tsujino et al. reported optimal weld strengths in 

aluminum plates at 27 kHz and 40 kHz operating between 2-7 µm displacement [92]. Chen et al. found 

grain refinement in wire-arc deposited Cu-8Al-2Ni-2Fe-2Mn alloy at 20 kHz [93]. Ma et al. reported a 

significant increase in tensile strength in cold-metal-transfer arc welding of Inconel 625 onto a 28 kHz 

vibrating substrate [94]. This is owing to the grain refinement strengthening dictated by the Hall-Petch 

relationship: 

𝜎𝐻𝑃 = 𝑘 √𝑑⁄  (1.1)  

This defines the grain boundary strengthening (𝜎𝐻𝑃) in terms of a material-specific Hall-Petch coefficient 

(𝑘) and the average grain size (𝑑) [96]. The inverse relationship between strengthening and grain size 

dictates methods of grain refinement will result in strengthening, down to a limit of <10 nm grain size 

[97]. 

Cong & Ning noted that ultrasonic vibration of the part during powder-based DED of stainless 

steel reduced gas-induced porosity and cracking and increased the dilution into the substrate [85]. The 

grain refinement caused by vibration also improved mechanical performance of the deposited material. Li 

et al. also noted a decrease in grain size using low frequency (500-1400 Hz) part vibration during 

TiC/AlSi10Mg powder DED [98]. The authors found an optimal vibration near 1000 Hz and 10 µm 
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amplitude to draw out gas porosity while not incurring additional porosity from excessive melt pool 

cavitation. Zhang et al. also found that vibration around 36 Hz reduced porosity from 6.66% to 1.52% in 

Al-Mg wire-arc additive manufacturing (WAAM) [90]. Chen et al. were able to achieve nearly isotropic 

material properties in a Cu-Al alloy deposited by WAAM using part vibration (20 kHz) [93]. The authors 

concluded that the grain refinement, twinning and dislocation formation, and precipitation strengthening 

were all driving factors for the strength behavior. 

 On a fundamental level, the use of in-situ vibration increases the range of acceptable process 

parameters by reducing defects from imperfect process conditions. However, a need exists to form part-

agnostic vibration strategies. Additive manufacturing requires mass and volume changes throughout the 

process which make the vibration kinetics and the subsequent melt pool agitation inconsistent throughout 

the process [86]. The requisite energy to induce vibration scales with the transmission media size, making 

part-level vibration also impractical for large components [86]. Yuan et al. recently developed a method 

of localized ultrasonic melt pool vibration [86]. An ultrasonic probe contacts the deposited surface at a 

constant 20 mm offset distance to induce consistent mechanical waves at the melt pool. Although the 

authors showed a decrease in Ti-6Al-4V and stainless steel 316L grain sizes using this technique, 

columnar grains remained in the Ti-6Al-4V sample [86], [99]. The authors noted that the ultrasonic 

intensity was lower than the required intensity to induce melt pool cavitation approximately one-third of 

the time. This is in part to the attenuation caused by having the probe offset from the melt pool. Reducing 

the offset distance or increasing the vibration amplitude were offered by the authors as improvements. 

There are also geometrical limits to this methodology. For one, the deposition surface must be longer than 

the 20 mm offset distance to provide ultrasonic vibration, effectively lowering the resolution of the print 

process. Secondly, the morphology of the transmission media will affect the effective vibration. The 

agitation observed at the melt pool will be different when depositing on a thin wall vs. a surface, for 

example. Methods that circumvent the geometrical and energy limitations of current ultrasonic vibration 

assistance platforms are needed for creating robust fusion-based processes that have high-strength and 

uniform material properties.  
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Highlights 

• Stainless steel 316L and Inconel 625 were used to restore gray cast iron properties using laser 

directed energy deposition. 

• Laser-powder and laser-wire repaired structures show differing microstructural characteristics. 

• With and without in-process thermal cycles, the cast iron tensile strength was restored up to 

98.7% and 85.9%, respectively. 

Keywords: additive manufacturing, remanufacturing, directed energy deposition, gray cast iron 

 

Abstract 
Directed energy deposition has been identified as an ideal candidate for restoring damaged or 

worn cast iron components such as agricultural engine blocks, housings, and manifolds. While this laser-

based process offers superior control of the heat input compared to traditional arc-based repair, gaseous 

porosity and brittle intermetallic structures reduce the strength and ductility of the fusion zone. Varying 

combinations of Fe-Ni-Cr alloys have found success in remanufacturing cast iron using laser-based DED, 

but little attention has been given to the consequence of filler material composition and form, i.e., wire vs. 

powder. This study quantifies structural characteristics in cast iron repairs and offers microstructural and 

process-specific insights to support these observations. With appropriate thermal conditions, up to 98.7% 

 
† This chapter is in preparation for submission to Acta Materialia. 
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of the original tensile strength of gray cast iron may be achieved. These results point towards superior 

gray cast iron restoration using tunable laser-based DED. 

 

1. Introduction 
Aftermarket remanufacturing is a burgeoning portion of industry for several reasons [52], [84], 

[100]. First, rebuilding worn material is a cost effective alternative to replacement for components that are 

no longer in production or are not widely available like in supply chain shortages. The capital cost and 

development time for tooling in casting and forging are rarely justified for small-batch replacement 

operations. Also important to consider are the sustainability ramifications of remanufacturing. It takes 

considerably less energy for building-up material on an existing core via welding or thermal spray than to 

recast and machine the same component. This furthers the cost savings within the aftermarket repair 

sector. 

While remanufacturing has typically relied on arc-based welding processes for restoring worn or 

defected material volume, the high thermal input with welding can create significant defects in the heat 

affected zone. Solidification cracking is common and is exacerbated in cases where the base and filler 

materials have differing thermal expansion coefficients. Any process instability or material 

incompatibilities may also result in porosity, which significantly reduces the fatigue life in components. 

Low heat input technologies like thermal spray or cold spray avoid these issues but require additional post 

process machining due to the low resolution of material deposition. 

In these cases, laser-based directed energy deposition (DED) finds utility owing to its tunable 

thermal input and fine (<3mm) resolution. Laser power, scanning speed, and material feeding rate can all 

be adjusted to optimize dilution and adhesion [101]. The tunable aspect has offered significant 

technological development in cast iron remanufacturing, where the high carbon composition and rapid 

melting and solidification often create brittle microstructures and microporosity in the fusion zone. In 

addition to defect remediation through process parameter control, varying combinations of Fe-Ni-Cr 

alloys have been studied. Fernández et al. showed that NiCrBSi cladding on gray cast iron formed hard Cr 
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precipitates within dendritic Ni structures [102]. Despite slow cooling of the part, residual stresses formed 

fractures in the brittle fusion zone over a period of 4 months. Lestan et al. coated varying grades of cast 

iron using Ni-17Cr-4Fe powder [103]. Fractures were noted in nearly all samples due to the formation of 

interfacial martensite and thermal stresses. Weng et al. performed laser cladding of  Fe-15Cr-4Ni powder 

on ductile cast iron and observed similar behavior at the interface [67]. Martensite and ledeburite in the 

partially melted zone fractured under residual stresses estimated to be 1688 MPa. Li et al. identified the 

formation mechanics of martensite and “chilled” ledeburite within the partially melted zone for Fe-

13.5Cr-5Ni coatings on ductile cast iron [29]. Their subsequent work using Fe-35Ni-10Cr and Ni-base 

alloy powders achieved partial remediation of these brittle phases [27], [33], [62]. Porosity remained a 

significant issue within these repairs as they served as stress concentration sites that initiated tensile 

fractures. Stainless steel 316L (Fe-17Cr-12Ni) was recently used to restore gray cast iron tensile strength 

but required significant preheating and annealing to prevent premature failure [104]. 

 Of these studies, no consensus of Fe-Cr-Ni alloy composition for remanufacturing gray cast iron 

has been reached. Defining the structural effects of each composition under specific laser deposition 

conditions, i.e. thermal and material inputs, is difficult and time consuming. Furthermore, few studies 

have examined the metallurgical complexity of the diluted cast iron base material, austenitic filler 

materials, and the mixture of these dissimilar alloys. This study examines this complexity within the 

context of the unique process physics of powder- and wire-fed laser DED. Two common austenitic alloys, 

stainless steel 316L and Inconel 625, are studied as filler materials. The compositional and metallurgical 

consequences within the filler zone are quantified and connected to bulk mechanical properties. 

 

2. Methodology 
2.1 Experimental Setup 

A Hybrid Manufacturing Technologies (McKinney, TX) AMBIT FLEX system retrofitted within 

a Hardinge GX250-5axis CNC vertical milling center was used for all experiments. Two separate tools 

were used: one for powder deposition (2.4 mm spot size) and one for wire deposition (2.0 mm spot size). 
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The powder used was gas atomized (d10=49 μm, d50=61 μm, d90=92 μm) stainless steel 316L (SS316L). 

Two wires were used in experiments: SS316L welding wire (d=1.07 mm) and Inconel 625 (IN625) 

welding wire (d=0.76 mm). Ni-base alloys are preferable for cast iron repair due to their low carbon 

solubility limit but are considerably more expensive than Fe-Cr-Ni alloys such as SS316L. Gray cast iron 

(GCI) plates were used as substrates (ASTM A48 Class 40). The composition of these alloys is shown in 

Table 3. 

Material Ag C Co Cr Cu Fe Mn Mo N Nb+Ta Ni O P S  Si Sn Ti 

GCI 
plate 

- 3.12 - - 0.38 bal. 0.71 - - - - - 0.15 0.09  2.20 0.05 - 

SS316L - 0.01 - 17.0 <0.01 bal. 0.80 2.3 0.2 - 12.1 0.03 <0.005 0.004  0.45 - - 

IN625 <0.4 <0.1 <1.0 20-
23 

- <5 <0.5 8-
10 

 3.15-
4.15 

>58 - 0.01 0.01  <0.5 - 0.4 

Table 3. Chemical composition (wt%) for the substrate and powder used in the experiment. 

 Although the head geometry varies between powder and wire additive tools, any effective 

differences in gas flow or laser spot size are assumed negligible. The complex fluid behaviors in laser-

based DED are significantly understudied and addressing these effects on the resultant structures remains 

outside the scope of this research. Other head-specific parameters are presented in Table 4. 

Attribute Powder Wire 

Spot Size 2.4 mm 2.0 mm 

Nozzle Gas 10 L/min 20 L/min 

Shield Gas 5 L/min - 

Carrier Gas 2 L/min - 

Material delivery Coaxial around the 

vertical axis 

60° along vertical axis 

Table 4. Fixed parameters for each material feeding mode. 

 

2.2 Experiment 

 Three levels of treatment combinations were explored and compared to the properties of the 

original gray cast iron mechanical properties. Groove-repair samples were fabricated to compare the 
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interfacial strength of remanufactured cast iron (Figure 4). Optimal parameters (laser power, feed rates, 

and temperature control modes) were derived from quantified stability analysis using in-situ high-speed 

imaging and previous work [104]. The parameters used for each are shown in Table 5. A 300°C preheat 

and subsequent 2-hour anneal were utilized on SS316L samples to prevent solidification cracking and 

excessive martensite formation. Because of the high material capture efficiency in wire-based DED, only 

two layers were needed to fill the groove in wire-fed repairs. 

 Laser Power Laser Feed 

Rate 

Material Feed 

Rate 

Temperature 

Control Mode 

No. of 

Layers 

SS316L, Powder 750 W 650 mm/min 6.08 g/min Preheat/Anneal 4 

SS316L, Wire 1,250 W 1000 mm/min 7.19 g/min Preheat/Anneal 2 

IN625, Wire 1,500 W 500 mm/min 8.66 g/min None 2 

Table 5. Parameters used in each treatment combination. 

 

 

Figure 4. Drawing of the trapezoidal groove cross section and thermocouple location with dimensions. 

2.3 Characterization 

 Microstructural characterization was performed on cross-sections of the groove repair samples. 

After being mounted in epoxy, samples were ground and polished and etched using a solution of nitric 

acid (3% vol) in ethanol (97% vol) for 10 seconds. To better view the filler material microstructure, 

additional etching using hydrochloric acid (98% vol) in hydrogen peroxide (2% vol) was performed after 

taking microstructural images. These images were taken using scanning electron microscopy (SEM). 

Energy-dispersive x-ray spectroscopy (EDS) was also performed to view location-dependent composition 

of the remanufactured structures. Vickers microhardness was measured on mounted samples using a 200 
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gram load following ASTM E384 standard [105]. Porosity analysis was conducted on machined tensile 

samples using computed tomography (CT). Pore thresholding was conducted using Volume Graphics 

Studio MAX (Heidelberg, Germany). 

Uniaxial tensile testing was performed to gauge the bulk mechanical strength of repaired cast iron 

structures. Sample dimensions followed subsize tensile testing samples described in ASTM E8 [106]. 

Strain rate was specified at 2.0 mm/min, and crosshead displacement was used for strain measurement. A 

2500 kg load cell was used to measure tensile stress. 

3. Results 
3.1 Microstructure and Composition 

Welded samples showed heterogeneous microstructures owing to the varying compositions 

between base and weld alloys and the rapid solidification rate (Figure 5). The cast iron substrates 

maintained pearlite structures through the heat affected zone (HAZ) up to 200µm from the fusion zone 

(FZ) for both filler compositions. Within the partially melted zone (PMZ), resolidified cast iron appeared 

primarily as acicular martensite with ledeburite forming in the high carbon regions between graphite 

flakes and the fusion line. Ledeburite, a eutectic formation of austenite and cementite, likely formed as 

carbon from graphite flakes diffused into molten iron and solidified before carbon atoms could diffuse 

into stable structures. In addition to ledeburite, islands and peninsulas of martensite were present along 

the fusion line (Figure 6). This macrosegregation is a product of fluid flow due to Marangoni convection, 

rapid solidification, and the differences in liquidus temperature between cast iron and the austenitic filler 

materials. Liquidus temperatures for IN625 and SS316L are 1350°C and 1400°C-1450°C, respectively, 

and are considerably higher than that of gray cast iron (~1200°C). This, along with a general 

immiscibility between the filler and base materials, creates a condition where superheated base metal may 

be pulled upward into the melt pool due to Marangoni flow and quickly freeze as heterogeneous regions 

at the fusion line [107].   
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Figure 5. Examples of heterogeneous microstructures in the partially melted zone for remanufactured samples using 

(a) SS316L powder and (b) IN625 wire. 

 

Figure 6. Macrosegregation, porosity, and fractures within the fusion zones of (a,d) SS316L powder, (b,e) SS316L 

wire, and (c,f) IN625 wire. Macrosegregation is visible as islands and peninsulas of resolidified cast iron. 

Fusion zones also showed unique microstructures. In both SS316L samples, epitaxial growth 

occurred along the solidification front. Columnar dendrites grew from the solid boundary toward the 

center of the deposited track. Near the top of deposited tracks, grains were oriented along the travel 

direction and thus appeared as equiaxed grains in cross-sectioned images. Two notable differences were 

observed between powder and wire samples: 1) fewer pores were located along the interface in SS316L 

wire samples, and 2) SS316L powder samples resisted solidification cracking within the fusion zone. As 
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seen in Figure 6(e), large (300-800 µm) fractures appear near the top of the FZ in SS316L wire samples. 

Previous work has shown the sensitivity of GCI repair to incident laser energy when using SS316L alloy 

[104]. The higher power necessary to achieve stable melting in wire deposition causes elevated melt pool 

temperature. The deviation in thermal expansion between GCI and SS316L is exacerbated at higher 

temperature differentials, likely resulting in the solidification cracking. Although the melt pool 

temperature is likely higher in wire-fed repair, the melt pool retains less dilution with the GCI. The near 

100% capture efficiency in wire DED creates a functionally larger melt pool, and the force of surface 

tension draws the height of the deposited track upward. This results in less direct laser exposure on the 

GCI and less graphite vaporization, one initiator for trapped gas porosity [68]. Compositionally, wire and 

powder samples showed only slight variation.  

IN625 wire samples resisted solidification cracking in the FZ and showed epitaxial growth 

toward the center of the melt track. In these samples, bands of Fe formed parallel to the interface within 

the FZ (Figure 7). Similar to the Fe-C macrosegregation along the interface, these Fe rich bands likely 

resulted from Marangoni convection mixing the base and filler alloys. Higher thermal input from the 

elevated laser power in these samples creates larger thermal gradients that accelerate molten fluid motion. 

The lower energy input, i.e., low laser power and high scanning speed, in powder samples did not 

encourage the same level of melt pool convection. Unlike the islands and peninsulas visible in Figure 6, 

these bands are comprised of the cast iron base that has sufficiently mixed with the filler material in the 

melt pool and solidified within the melt. The microstructure in these bands depends on the elemental 

composition. 
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Figure 7. SEM and EDS images of the FZ and PMZ of (a, b) SS316L powder, (c, d) SS316L wire, and (e, f) IN625 

wire deposits on gray cast iron. 

In addition to banding near the bimetallic interface, IN625 filler promoted an Fe gradient 

throughout the fusion zone, visible in Figure 8. Toward the bottom of the fusion zone, Fe concentration 

was measured at 18-30%, 4-6 times as much as the allowable concentration of 5% Fe in IN625 alloy. This 

composition trends toward the nominal IN625 values near the top of the fusion zone. The Fe gradient 

likely serves to suppress solidification cracking by creating a gradient in mechanical properties across the 
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interface and throughout the fusion zone. This Fe gradient was not visible through SS316L samples. The 

consequence of the stark change in composition is an abrupt difference in mechanical properties and 

coefficient of thermal expansion. A slight gradient in Cr was noted, with decreased Cr near the PMZ 

interface. The variation in Fe, Cr, and Ni composition throughout the FZ indicates there are likely 

multiple allotropes of iron present in SS316L samples. 

 

Figure 8. EDS composition of the major constituent metals (Fe, Cr, Ni) throughout the FZ for each filler material. 

The propensity for ferrite, martensite, and austenite formation in Fe-Ni-Cr alloys is commonly 

predicted through Schaeffler’s diagram [108]. The SS316L and IN625 alloys in this study are especially 

interesting to examine owing to the high carbon content in the bands and diluted regions. Alloys rich in 

Ni, C, N, and Mn favor austenite formation, while alloys with Cr, Mo, Si, Nb, and Al favor ferrite 

formation. Within the IN625 melt pool, there are sufficient amounts of Ni and C, and the formation of 

ferrite was suppressed. Instead, the mixture maintains the austenitic structure of the surrounding filler. 
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Within the SS316L melt pool, the comparatively low Ni content creates conditions where a combination 

of austenite, ferrite, and martensite was possible. Mixtures of ferrite and austenite are generally preferred 

for crack resistance [108]. However, in the case of cast iron repair, austenitic structures are preferable due 

to their higher C solubility than that of ferrite. The FCC austenitic crystal structure maintains larger 

interstitial sites for C atoms to occupy compared to BCC ferrite. Because of this, less C was rejected 

during solidification in Ni-based IN625 and less was available in the PMZ for martensite and ledeburite 

formation. 

The composition across the FZ/PMZ interface was measured at the evenly spaced points in Figure 

7(a, c, e) and displayed in Figure 9. C atoms are maintained in IN625 over 0.18 mm from the FZ/PMZ 

interface. C atoms are also observed albeit to a lesser extent in SS316L wire deposits. It is likely that the 

austenite in the Fe bands (Figure 7(d)) contain C in solution with Fe. However, as noted earlier, the lower 

Ni content in SS316L discourages austenite formation and carbon solubility. The Fe bands are also 

observable as elevations in Fe concentration and depressions in Cr concentration between 0.15 and 0.18 

mm. Equivalent Ni and Cr concentrations are calculated from the observed elemental compositions and 

plotted on Schaeffler’s diagram (Figure 10). Both SS316L modes were expected to form martensite in 

addition to austenite and ferrite in the FZ. This was exacerbated near the PMZ interface, where decreased 

Cr composition shifts the solidification mode into full martensite. Neither alloy achieved the preferable 

austenite and ferrite solidification mode. IN625 successfully avoided martensite formation throughout the 

PMZ and FZ, making it an ideal candidate for crack avoidance. Although the microstructures are 

primarily martensite and ledeburite near the FZ/PMZ interface, it should be noted that both Ni and Cr 

were observed within the PMZ for IN625 wire and SS316L powder samples. This indicates there was 

sufficient melt pool motion to dilute portions of the filler material within the cast iron despite low thermal 

input. In both cases, insufficient concentration of Ni and Cr hindered the formation of austenite or ferrite. 
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Figure 9. Elemental composition of each sample across the FZ/PMZ interface as observed by EDS. 

 

Figure 10. Schaeffler’s diagram for each alloy condition calculated from the measured elemental compositions. 

Points above the chart lie above the upper Y-axis limit. 

3.2 Microhardness  

 Samples were subjected to microhardness measurements within the FZ to unveil the 

compositional effects on material strength (Figure 11). Each material combination showed a spike in 
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hardness at the PMZ interface where martensite was present. Measurements showed consistency with 

only minor decreases in microhardness upward through the FZ. These trends confirm the compositional 

observations and predictions in the previous section: the concentration of hard martensitic phases 

decreases as distance from the PMZ increases. Near the top of the FZ, softer austenite and ferrite phases 

create regions of lower microhardness. 

 IN625 also showed a change in microhardness between 0.6 and 0.85 mm upwards from the 

interface. This decrease corresponds to the change in Fe noted in Figure 8. This confirms previous 

inclinations that the gradient composition induced a gradient in mechanical properties. The strength 

gradient is likely better at suppressing the thermal stresses induced by fusion processes and is likely the 

reason for nearly no fractures present within the IN625 FZ.  

 

Figure 11. Microhardness at locations horizontally and vertically from the PMZ as depicted in Figure 8. 

 

3.3 Porosity 

 Varying levels of porosity and fracturing were formed during the deposition process, and these 

are visible in Figure 12. The SS316L powder sample showed large, round pores within the FZ and small 
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pores above the bimetallic interface. This behavior aligns with previous work with cast iron [27], [61], 

[101]. Oxidation within the melt pool encourages gas generation and entrapment in the rapidly solidifying 

melt pool. SS316L wire also produced small interfacial pores but showed less trapped gas porosity within 

the FZ. IN625 samples showed considerably less gas-generated porosity but suffered from lack-of-fusion 

pores near the bimetallic interface. This is likely a consequence of inadequate thermal input or improper 

stepover to fill the empty regions between deposition tracks [109]. While the non-spherical geometry of 

lack-of-fusion porosity is detrimental to the fatigue life, these defects require only trivial modifications to 

the process parameters to prevent.  

Solidification cracking was present throughout the repair as previously noted in the 

microstructural analysis. These fractures followed both longitudinal and transverse directions relative to 

the laser travel direction, indicating that the stresses produced during laser deposition were also 

bidirectional. All samples produced interfacial fractures within the PMZ. Unsurprisingly, the brittle 

phases found within the PMZ were unable to remain intact under the thermal stresses produced during 

DED. 

 Figure 13 shows the quantitative distribution of pore diameters for each sample. Repairs with 

SS316L powder produced more pores of all sizes than wire samples. While several argon gas flows are 

incident to the melt pool in powder deposition, the complex fluid dynamics between discrete powder 

particles, their carrier gas flow, and the surrounding shielding gas flow likely creates turbulence that 

introduces oxygen to the melt pool. The high surface energy of the powder particles also captures 

moisture, introducing additional contaminants into the melt pool [110]. Additionally, the melt pool in 

powder DED is primarily comprised of the substrate with periodic incorporation of powder particles. 

During wire DED, the majority of the melt pool volume is formed from continuously melting wire. The 

consequence of this is that the GCI undergoes direct laser exposure in powder DED which preferentially 

vaporizes graphite particles. With wire DED, the larger melt pool and indirect laser exposure allow for 

graphite to diffuse into the melt prior to laser exposure. This is likely why wire feeding generally 

produced the fewest number of pores.  
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Figure 12. X-ray computed tomography scans of GCI interfacial strength bars repaired using (a) SS316L powder, 

(b) SS316L wire, and (c) IN625 wire using laser DED. 
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Figure 13. Porosity quantified via CT analysis for all conditions. 

 

3.4 Interfacial Strength Samples 

 The tensile strength of remanufactured GCI with each alloy composition is shown in Figure 14. 

SS316L powder showed the highest ultimate tensile strength, achieving 98.8% of the original gray cast 

iron strength on average (Standard Dev. of 7.6%). SS316L wire showed similar repair integrity, 

successfully regaining 97.7% of the cast iron strength (Standard Dev. of 4.4%). The decreased ductility in 

the wire sample is likely a product of the solidification cracking visible in microstructural images. IN625 

wire restored 85.9% of the cast iron strength in absence of preheating and annealing (Standard Dev. of 

4.8%). Application of these thermal cycles would increase this strength.  

 As expected from the PMZ/HAZ fractures visible in CT images (Figure 12), samples primarily 

broke at the FZ/PMZ interface. The martensite and ledeburite structures have inherently low ductility, 

creating a zone where brittle fracture was prominent. Because of this, the gas porosity and thermal 

cracking in the FZ for SS316L were negligible defects with regard to the overall strength of the repair. 
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Reduction of these defects remains important, however, improving the interface microstructure proves to 

be the next meaningful challenge for restoring the material strength to its original state. 

 

Figure 14. Tensile strength of repaired cast iron groove samples. 

4. Discussion 
 In selecting alloys to contribute to GCI repair, special attention must be paid to the composition 

of major constituent metals: Fe, Cr, and Ni. The concentration of each element throughout the FZ will 

affect the propensity for brittle phase formation and the diffusion of C from the base cast iron. Successful 

repairs should minimize martensite and ledeburite formation through 1) preheating and slowly cooling 

restored volumes and 2) selecting alloys that are amenable to C absorption. Although GCI tensile strength 

was only fully regained when preheating and annealing were performed, the restoration of 85.9% strength 

with IN625 in absence of heat treatment is notable. Preheating and annealing add significant time and cost 

to the remanufacturing process, and these expenditures increase exponentially with increasing part 

volume. The ability to remanufacture cast iron in absence of heat treatment expands applicability of DED 

to large components, remote locations, or in-service structures. Further work should be conducted on 

similar Ni-base alloy performance in laser-based DED remanufacturing. 



34 

 

 Another aspect of the process to consider is the input material geometry. Powder and wire diffuse 

into the melt pool differently, creating inherently different process physics and regimes for process 

stability. Because of the low surface energy to volume ratio, wire requires less energy per unit volume to 

overcome surface tension before diffusing into the melt pool. Previous work has shown that powder 

particles, when not immediately absorbed into the melt pool, float on the surface before diffusing into the 

liquid [111]. This requires energy transfer from the melt pool and absorption of the incident laser energy, 

leaving less energy for gas porosity migration out of the melt pool. On the other hand, powder can be 

deposited at lower laser power owing to stochastic powder capture. A significant fraction of powder 

particles, often between 30-60%, are not captured in the process [112], leaving considerably more laser 

energy per unit mass to melt the captured particles. Wire DED often captures 100% of the incident wire 

due to the continuity of wire. The consequence of this means that, for common wire diameters (0.75-1.1 

mm), sufficient laser energy must be provided to fully melt the wire and maintain the melt pool. Herein, 

powder was able to be deposited at lower thermal input, creating a shallow dilution zone with minimal 

brittle phase formation. The tradeoff is the formation of additional trapped gas porosity and the high cost 

and safety risks of gas atomized powder. Future work in GCI remanufacturing should explore low thermal 

input of DED using powder and wire filler materials. Wire-laser DED remains a relatively nascent 

process, and the process windows for different alloy systems and wire diameters are largely undefined. 

This work serves to bridge the state-of-the-art between powder and wire DED processes. Additional work 

should be conducted to find the optimal deposition parameters for wire-based DED remanufacturing. 

 One of the key areas for remediation is the formation of interfacial fractures. All samples showed 

fractures within the PMZ, a consequence of brittle phase formation and the non-uniform deformation 

produced during localized thermal input. It should be noted that, despite performing nearly as well as the 

original GCI, these fractures would contribute significantly toward premature failure under cyclic loading. 

In applications where fatigue life is critical, crack prevention remains a priority. While IN625 showed 

favorable porosity remediation and gradient composition throughout the FZ, the thermal stresses during 

deposition and the carbon-rich phases at the interface promoted solidification cracking. Reduction of non-
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uniform stresses requires a reduction in the thermal gradient during deposition. This may be achieved 

through preheating and slow cooling of the cast iron core and a reduction in the laser energy input during 

remanufacturing operations. Even with these prescriptive actions, the high carbon content in GCI remains 

a difficult aspect of cast iron remanufacturing. Future technology development should focus on 1) 

quantifying and minimizing thermal stresses produced using specific deposition conditions, 2) detecting 

fracture formation in-process, and 3) providing fracture remediation steps in situ. 

  

5. Conclusions 
Gray cast iron was successfully remanufactured using SS316L and IN625 filler materials in laser 

directed energy deposition (DED). In-process preheating and annealing cycles restored 97.7-98.7% of the 

cast iron tensile strength using both stainless steel 316L wire and powder materials. Without in-situ 

heating, IN625 restored tensile strength up to 85.9%. Porosity and fractures within the fusion zone are 

noted for all alloys and are more prominent in SS316L samples. Gradient Fe concentration and high Ni 

content allow IN625 to suppress significant thermal stresses and create gradient mechanical properties 

throughout the fusion zone. The lower thermal input in the laser DED process allows for considerably less 

dilution than comparable arc-based processes and a reduction in brittle phase formation. This, combined 

with careful alloy and process parameter selection, present laser-DED as an ideal candidate for gray cast 

iron remanufacturing. On a broader scale, wire DED promises higher deposition rates and efficiency with 

lower safety risks and operating costs compared to powder processes. Continued research in wire DED 

serves to increase process reliability through a robust understanding of process physics. 
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Abstract 
Gray cast iron is favorable in agricultural and automotive castings for its high strength and wear 

resistance but offers difficulty during remanufacturing. Key challenges include restoring strength while 

avoiding brittle phases and porosity. While wire-based directed energy deposition (DED) repair studies 

are limited, powder-based DED has shown promise under specific thermal conditions. Determining these 

conditions is challenging due to the localized and transient nature of the process. Herein, in-situ high-

speed imaging was employed for quantifying melt pool stability for optimal thermal conditions in wire- 

and powder-based DED repair of gray cast iron. The rate of gas generation and escapement from the melt 

pool was driven by laser power and traverse speed. Stable deposition conditions, i.e., minimal melt pool 

geometric deviation, are identified for both media types, and the resultant strength is quantified. The 

insights provided by in-situ imaging promote superior parameter selection and is extendable to other 

difficult-to-repair materials. 

Keywords: additive manufacturing, repair, directed energy deposition, gray cast iron 

1. Introduction 
Gray cast iron is a widely used iron alloy in the automotive and transportation industries. Owing 

to its high strength and thermal stability, engine blocks, cylinder heads, and housings are often composed 

of gray cast iron. Remanufacturing of worn or defected cast iron components is of specific interest, as 

developing tooling for re-casting one-off components is typically cost prohibitive [113]. The design 
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specifications and tooling required for manufacturing equivalent replacements for these components are 

often incomplete or unavailable, making remanufacturing a viable approach for replacement. Seminal 

research in remanufacturing aims to address physical limitations and lower the cost for adoption within 

the industrial sector [114], [115]. 

Arc-based welding processes have typically been employed in remanufacturing processes but not 

without limitations. The high heat input and rapid solidification rate contribute to brittle cementite (FeC3) 

phase formation at the cast iron weld interface, regardless of the filler material composition [61], [67]–

[69], [101], [116], [117]. Porosity formation is also a known problem as free carbon may vaporize or react 

with surrounding oxygen and form gas-trapped voids in the solidifying melt pool [68], [116]. Traditional 

pathways around these limitations require preheating and post-process annealing and filler metals with 

low carbon solubility, i.e. Ni and Ni-base alloys. Minimizing porosity requires balancing the thermal 

input to minimize dilution into the substrate material. Additional process parameter considerations are 

required when working with dissimilar filler material compositions [69], [70]. 

Laser-based directed energy deposition (DED) has been offered as a potential solution to these 

issues. Employing a laser allows for a more controllable thermal process and the potential to mitigate the 

above issues. Research within gray cast iron repair literature has primarily focused on optimizing and 

expanding the window of acceptable process parameters within powder-laser DED [61], [69], [116]. The 

thermal input, dictated by laser power and scanning speed, has been shown to greatly affect porosity 

formation and the resultant material strength. 

Despite recent successes with powder, adoption of DED within industry will benefit from low-

cost, low-maintenance filler materials. Wire offers similar performance to powder at a reduced cost and 

without flammability and health hazards of powdered metal. Wire typically offers material utilization up 

to 100% as compared with the <30-90% captured in powder DED [118], [119]. This allows wire to hold 

substantially higher deposition rates than comparable powder deposition. Despite this, little work has 

explored wire as a potential feedstock alternative in laser-DED cast iron repair. 
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This study explores process windows for both wire-laser and powder-laser DED and translates 

process parameter sets between media delivery modes. Key outcomes for this translation are thermal 

input, melt stability, track geometry, and material strength. In this pursuit, deposition outputs are 

quantified, and the relationship between feeding modes is established. Process differences such as gas 

flows and melt pool dynamics are offered as explanations for observed process differences. The findings 

of this study expand the regime of acceptable process parameters for atomized powder and low-cost wire 

in laser DED with a specific emphasis on gray cast iron repair. 

2. Methodology 
2.1 Experimental Setup 

A 5-axis CNC machine retrofitted with a Hybrid Manufacturing Technologies (McKinney, TX, 

USA) AMBIT FLEX system was used for deposition. Separate wire and powder deposition heads were 

used for depositing stainless steel 316L (SS316L) welding wire (d=1.07 mm) and gas atomized powder 

(d10=49 μm, d50=61 μm, d90=92 μm). While Ni-base alloys are preferable in high carbon steel 

applications, Fe-Ni-Cr alloys are commonly used for their low cost and excellent weldability [66], [117]. 

Gray cast iron (GCI) plates were used as substrates (ASTM A48 Class 40). Supplier chemical 

compositions of these materials can be found in Table 6. 

Material C Cr Cu Fe Mn Mo N Ni O P S  Si Sn 

GCI plate 3.12 - 0.38 bal. 0.71 - - - - 0.15 0.09  2.20 0.05 

SS316L 0.01 17.0 <0.01 bal. 0.80 2.3 0.2 12.1 0.03 <0.005 0.004  0.45 - 

Table 6. Chemical composition (wt%) for the substrate and powder used in the experiment. 

 It should be noted that the gas flow behavior and nozzle geometry fundamentally differ between 

powder and wire deposition heads. While these factors are likely to affect the resultant melt pool 

behavior, the deviations are assumed negligible within this research. The complex gas flows are 

significantly understudied in DED literature and uncovering the effects of these variations is outside the 

scope of this work. Other head-specific parameters are presented in Table 7. 
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Attribute Powder Wire 

Spot Size 2.4 mm 2.0 mm 

Nozzle Gas 10 L/min 20 L/min 

Shield Gas 5 L/min - 

Carrier Gas 2 L/min - 

Material delivery Coaxial around the 

vertical axis 

60° along vertical axis 

Table 7. Process parameters for the powder and wire feeding deposition heads. 

2.2 Experiment 

Initial single-track experiments were conducted to quantify melt pool stability and calculate track 

geometry. Microstructure along the bimetallic interface was also studied, as brittle intermetallic phases 

formed during solidification are prone to failure. To test the resultant strength of the repair, interfacial 

strength samples were fabricated (Figure 15). Grooves were machined in cast iron plates and 

subsequently filled using DED. Tensile samples were then machined from the plate. Powder repair 

adhered to guidelines set forth in previous work [104]. Wire samples were completed in two layers: 3 

tracks on layer 1, and 4 tracks on layer 2. To prevent brittle phase formation, the plates were heated to 

300°C prior to deposition and held at temperature for 2 hours after deposition was finished. 

 

Figure 15. Drawing of the trapezoidal groove cross section and thermocouple location with dimensions. 

2.3 Characterization 

In-situ melt pool images were gathered using an Edgertronic SC2+ high-speed camera (Campbell, 

CA, USA). A low pass (<950 µm) optical filter was placed in front of the lens to block laser emissions 

toward the CMOS detector. Images were taken at 2,500 Hz with an ISO of 1,600 and a shutter speed of 

50,000 Hz. Pixel scale at the focal plane was identified as 18.5 µm per pixel. Melt pool identification was 
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completed with a Python script. Noise-reducing Gaussian blur was applied to images and followed by 

Otsu thresholding to identify continuous light and dark regions. The melt pool region was then selected 

using position and size characteristics and the equivalent diameter was calculated. In this study, 

equivalent diameter is defined as the diameter of a circle containing equal area as the melt pool region. 

Computed tomography (CT) was also performed to understand porosity formation under both 

wire- and powder-fed conditions. Porosity analysis was performed using VGStudio MAX from Volume 

Graphics, Inc. (Charlotte, NC, USA). Tensile testing was conducted on interfacial strength samples. A 

2,500 kg load cell measured tensile force at 10 Hz. Strain rate was taken from crosshead displacement and 

kept constant at 2.0 mm per minute. Microstructural analysis was conducted on unbroken tensile samples 

that were epoxy mounted, ground, polished, and etched for 7 seconds in nitric acid (3 vol%) in ethanol 

(97 vol%). 

3. Results 
3.1 Melt Pool Stability – Single Tracks 

As a direct comparison of parameters, tracks with identical laser power, scanning speed, and 

material feeding rate were deposited with wire and powder. High-speed images of powder and wire 

deposits at 1,500 W, 500 mm/min, and 11.7 g/min are shown in Figure 16. In the powder track, the melt 

pool exhibits transient size behavior; the melt pool grows as gas is generated and collapses when the gas 

bubble pressure exceeds the molten metal surface tension. This adheres to behavior observed in previous 

work. In the plotted melt pool diameter (Figure 17), these events are visible as repeating peaks 150% 

above the typical melt pool diameter. High-speed imaging of the wire track showed mostly consistent 

melt pool behavior. Stubbing of the wire produced minor instabilities in the melt pool size. Movement of 

the laser plume was also captured in this data, likely contributing to the deviation. 
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Figure 16. High-speed melt pool images for powder and wire deposition. The transient size behavior is visible in the 

powder images. Accompanying videos are provided in the online version of this text. 

 

Figure 17. Equivalent diameter of the melt pool over time for wire and powder tracks at 1,500 W, 500 mm/min, and 

11.7 g/min. 

Further tracks were printed in a two-factor experiment for laser power and scanning speed. In 

these tracks, wire deposits continued to show consistently stable melt pool behavior (Figure 18). Few gas 

escapement events were observed, and process instabilities were inherent to the wire feeding process, i.e., 

stubbing or wire movement. Conversely, stability in powder deposition was dependent on process 

parameter selection. Parameters with high energy input, i.e., high power and low speed, initiated more gas 

escapement events. Low laser power tracks produced notably lower pool diameter deviation, nearly 

matching the stability of the wire tracks. This is evident when the standard deviation of the melt pool size 
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is plotted for each process parameter (Figure 19). For powder feeding, the notable decrease in melt pool 

size variation for low power samples suggests laser power should be minimized during deposition. 

Previous work in powder DED has also shown higher tensile strength at lower thermal inputs [116]. 

Additional powder tracks deposited at 750 W laser power demonstrated melt pool diameter deviations of 

0.299 mm for 350 mm/min and 0.244 mm for 650 mm/min, i.e., 69% and 67% decreases in melt track 

instability, respectively. Wire tracks deposited at 750 W showed insufficient laser power to form stable 

beads. 

 

Figure 18. Melt pool size behavior for single tracks in the power and scanning speed factorial experiment. 
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Figure 19. Melt pool size standard deviations for each of the single-track process conditions between powder and 

wire. 

3.2 Melt Pool Stability – Interfacial Strength Sample 

Figure 20 shows plotted melt pool stability between the selected process conditions. In both 

powder and wire samples, the melt pool size deviation remains in the stable range identified in Section 

3.1. To ensure continuous conduction between the wire and melt pool, wire feeding rate and scanning 

speed were increased above the tested levels. Because of this, wire deposition showed higher error than 

normal due to wire stubbing the bottom of the melt pool. This is visible in melt pool images as the wire 

position quickly shifts toward the front of the melt pool and gradually moves backwards. 

 

Figure 20. Melt pool stability for nominally stable powder and wire single-track samples. 
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3.3 Interfacial Tensile Strength 

 Tensile testing revealed the subsequent strength between feeding modes (Figure 21). For powder 

samples, the ultimate tensile strength of the cast iron was restored to 98.7% (Standard Dev. of 7.6%) 

using low thermal input process parameters, i.e. low power and faster scanning speeds. At 350 mm/min, 

interfacial strength showed a 40% decrease compared to 650 mm/min samples. The sensitivity to 

deposition parameters is indicative of the effect of localized heat input. Parameters that encourage deeper 

dilution result in lower interfacial strength [116]. Wire deposition restored tensile strength to 97.7% 

(Standard Dev. of 4.4%) of the cast iron strength, albeit with higher elongation than powder samples. 

Although the requisite laser power for stable melting was higher in wire samples, the resultant strength 

was similar. This is in part to the differing melt pool kinetics between the feeding modes. 

 

Figure 21. Interfacial strength for nominally stable process parameter combinations. 

3.4 Porosity 

CT scans of SS316L/GCI interfacial strength samples are shown in Figure 22. Small, round pores 

formed in both material feeding modes. These pores, created by the reaction of graphite with oxygen, 

form CO and CO2 within the melt pool that may be trapped during solidification [61], [69], [116]. Larger 

round pores were also prominent in the powder-fed sample. This is likely an effect of the gas generation 

and a failure to escape prior to solidification. The wire-fed sample featured flat, plate-like porosity in the 
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fusion zone with several large pores located on the side walls of the groove. The surface normal to these 

flat pores was parallel to the laser travel direction, indicating these are most likely solidification fractures 

within the fusion zone. Pore morphology likely played a key role in the differing tensile behavior within 

samples. The flat pores created in wire-fed samples would allow for additional strain compared to the 

round pore morphology [120], [121]. The round pores and limited fractures within powder samples 

helped maintain the modulus of elasticity close to that of the original gray cast iron. Despite the excessive 

pore formation, both samples showed excellent strength compared to the base cast iron. 

 

Figure 22. CT reconstructions for (a) powder and (b) wire interfacial strength samples and (c) their respective pore 

histograms. 

4. Discussion 
Several major differences are noted between powder and wire feeding modes, especially in the 

context of gray cast iron repair. Arguably, the most consequential aspect is the melt pool shape. In powder 

DED, the melt pool is formed from direct laser exposure of the base metal with powder being 

incorporated to form a cohesive and fully joined track. These characteristics are what make powder DED 

excellent for high dilution, high resolution printing. This characteristic was notably detrimental in cast 
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iron repair, however. Direct exposure of the cast iron led to additional formation of gas-trapped porosity, 

likely from graphite vaporization during laser exposure. In wire DED, the melt pool is primarily formed 

by the filler material. As the wire is fed toward the substrate, the wire occludes the laser, preventing the 

cast iron from undergoing direct laser exposure. This allows graphite flakes to diffuse into the liquid 

metal prior to laser exposure. The dilution into the cast iron is primarily driven by residual heat from the 

molten wire joining with the substrate.  

The wire connection to the melt pool also drastically modifies the melt pool morphology. The high 

surface tension in the molten metal exerts an upward force along the wire, creating a taller track than a 

comparable powder processing. The taller track removes the laser exposure farther away from the 

substrate, improving upon the dilution issues present in powder DED. 

The consequence of heat input and laser exposure is evident in high-speed monitoring of the melt 

pool behavior. As the graphite within the cast iron is vaporized or reacts with residual oxygen, gas 

porosity forms and may be trapped in the melt pool. This greatly affects the structural outcomes in the 

material. Understanding the connection between the transient melt pool behavior and structural outcomes 

allows for better parameter selection and material feeding mode for the desired application, i.e., high vs. 

low dilution. 

The major drawback to wire DED in this study was the requisite thermal input to achieve stable 

melting. The molten metal transfer from the wire to the substrate is a critical determinant of process 

stability. Deviations in wire position or thermal input can prevent the wire from melting fully, cause 

stubbing, or initiate balling along the wire [122]. High laser power ensures the wire will fully melt at a 

wider range of wire positions, thus widening the window of acceptable process conditions. However, in 

dissimilar material joining, this excess thermal input exacerbates solidification cracking and porosity. 

Methods to minimize the thermal input while maintaining melt pool stability are especially well suited for 

this application. 

One of the promising technologies to overcome these limitations is in-process control. In-situ 

monitoring was demonstrated in this study, however, the computational time for stability analysis 
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prevents real-time control. Low latency sensor platforms, machine learning, and other computational 

techniques are well suited for achieving real-time frequency. These technologies would serve the repair of 

dissimilar materials, specifically stainless steel with gray cast iron, very well. 

 

5. Conclusions 
The results described herein present laser-based DED as a feasible technology for restoring the 

mechanical strength of worn cast iron surfaces. Both wire-laser and powder-laser DED processes were 

employed for dissimilar deposition of stainless steel 316L on gray cast iron plates. The melt pool 

dynamics and resultant morphology varies between material feeding modes, creating different limitations 

within each mode. In-situ monitoring and ex-situ optimization showed that powder deposition is 

improved with lower laser power. Conversely, higher laser power was required to initiate full melting in 

wire deposition. In both cases, tensile strength was restored to the original cast iron strength, despite 

formation of gas-generated porosity and solidification fractures within the fusion zone. These results 

suggest low-cost wire is suitable as deposition media in laser-based remanufacturing of cast iron 

components. 
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Abstract 
 Ultrasonic vibration assistance has proven itself as a useful tool in homogenizing microstructures 

and improving structural properties in localized fusion processes (welding, additive manufacturing, etc.). 

Current implementations of vibration transmission are geometry-limited, requiring adjacent material to 

transmit oscillations. Next-generation additive manufacturing processes for large components or non-

planar deposition require geometry-independent solutions for microstructural refinement. This study 

outlines a method of localized, part-agnostic melt pool vibration and preliminary results for the efficacy 

of improving structural outcomes. In-situ melt pool images confirm vibration transmission and cavitation 

within the molten material. Grain refinement with ultrasonic vibration corroborates previous literature on 

the microstructural outcomes with vibration assistance. The outlined methodology shows promise for 

unifying microstructures within large, multi-axis deposition strategies required in aerospace, agricultural, 

energy, and transportation sectors. 

Keywords: additive manufacturing, directed energy deposition, ultrasonic vibration, melt pool imaging  

 

1. Introduction 
Directed energy deposition (DED) additive manufacturing (AM), is a localized fusion-based 

welding process in which a heat source, typically laser, arc plasma, or electron beam, melts powder or 

wire at a single location. The localized nature lends itself to building material onto existing structures, i.e. 

repair and remanufacturing, and pairing with subtractive manufacturing processes to enable hybrid 
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manufacturing. With its roots in fusion-based welding, DED suffers from similar metallurgical issues: 

columnar grain formation, residual stresses, distortion, and porosity. 

Vibration-assistance has been a popular area of study for defect remediation in fusion-based 

welding and deposition. Current grain refinement theory speculates that oscillations within a rapidly 

solidifying melt pool creates acoustic streaming and cavitation which, in turn, encourage grain refinement 

as solid dendrites fracture and redistribute within the melt [91], [123]. Constitutional supercooling, 

redistribution of secondary phases, and precipitation mitigation have also been noted [91], [123], [124]. 

Structurally, this reduces tensile residual stresses, interrupts pore formation, and improves the overall 

mechanical properties of the solidified structure [91], [95]. The outcomes have been notably amplified at 

frequencies above ultrasonic (>20 kHz) [125]. 

Vibration-assistance has been applied in several forms. Most popular implementations include a 

stage or transmitter which mechanically imparts oscillations to the substrate in one or more of the 

principal dimensions [91], [95], [123], [126]–[132]. The power requirements for vibrating large parts at 

ultrasonic frequencies eliminate the practicality of this technique. Similarly, the inertia changes as 

material is added, resulting in a loss of resonant frequency. While the inertial change in welding may be 

negligible, the same cannot be said for DED. 

Other implementations avoid inertial limitations by providing oscillation through a localized 

transmitter near the melt pool. This transmitter maintains a fixed distance from the melt pool, thus 

ensuring consistent vibration kinetics at the melt pool. Zhou et al. implemented a fixed-distance ultrasonic 

probe to impart oscillations during laser welding of dissimilar Hastelloy and stainless steel alloys [124]. 

Ultrasonic vibration improved elemental distribution, grain refinement, microhardness, and load capacity 

of welded joints, proving the effectiveness of this technique. Yuan et al. applied a similar style of fixed-

offset ultrasonic probe in laser-wire additive manufacturing [133], [134]. Ti-6Al-4V and stainless steel 

grains were subject to refinement and a transition from columnar to equiaxed morphology. Lei et al. noted 

a 13-16% improvement in tensile strength in a laser-welded magnesium alloy with a fixed-offset 

ultrasonic probe [135]. Strength improvements were attributed to homogeneous elemental distribution and 
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grain refinement. Liu et al. compared structural implications for fixed-position and trailing ultrasonic 

probes in welding of stainless steel sheets [136], [137]. The trailing probe showed a lower thermal 

gradient and longer melt pool tail in simulation, and experimental results showed higher refinement and 

uniformity with a trailing-probe implementation. While these authors have primarily found success, 

current implementations are constrained by part geometry. If a deposition layer is smaller than the probe 

offset distance, the probe will not contact the surface and vibration will not be imparted. Further 

geometrical limitations of probe-style implementations exist in non-planar or multi-axis deposition 

strategies. 

An attractive alternative to applying vibration to the melt pool is direct vibration through a stirrer 

rod or through direct vibration of the filler material. The former approach was employed by Singh et al. in 

an arc welding process [42]. A 2.0 mm thoriated tungsten rod was placed in the melt pool and oscillated 

at 149 Hz. The authors reported grain refinement and a slight increase in microhardness due to vibrational 

assistance. Watanabe et al. found success by directly vibrating the filler wire in gas tungsten arc welding 

(GTAW) [43]. Vibration at 19 kHz refined grains at low welding speeds (<4 mm/s), where grain growth 

was the dominant solidification mechanism. Although marginal improvements in tensile strength were 

noted with vibration assistance, elongation was increased significantly. 

Application of vibration-assistance in DED has primarily been limited to part-level vibration and 

semi-localized acoustic transmission. Direct melt pool vibration bypasses the energy and geometric 

limitations of these methods, but its application has not transitioned from welding to DED processes. This 

work outlines a direct method of melt pool vibration and its application in laser-wire DED for grain 

refinement and porosity remediation. 

2. Design 
The DED process used in this study was a Hybrid Manufacturing Technologies (McKinney, TX, 

USA) AMBIT FLEX system integrated within a Hardinge (Atlanta, GA, USA) GX250-5axis vertical 

milling center. The laser-wire deposition head and off-axis wire feed are shown in Figure 23. The off-axis 

wire feed, in addition to its ease of implementation, offers simple implementation of auxiliary devices to 
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enhance the wire feed, such as ultrasonic transducers. A major challenge with wire feeding is ensuring the 

wire, which tends to curl due to residual stresses from the drawing process, feeds toward a precise 

location under the laser. Deflection in any direction can induce unstable melting conditions (e.g., 

stubbing, balling) or cause the wire to miss the melt pool entirely. The wire feed nozzle is also subject to 

intense thermal radiation from the laser reflections and melt pool emissions. This, combined with the 

abrasion of the metal wire, can prematurely wear the nozzle orifice. 

 

Figure 23. The AMBIT laser-wire DED head during deposition. The wire is delivered off-axis on the right side of 

the melt pool. 

Based on the defined constraints the following requirements were reached for an ultrasonic wire-feed 

nozzle: 

• The nozzle must maintain a precise wire position within the laser exposure region to maintain 

stable melting. 

• The nozzle must resist melting and thermal distortion when under stable deposition conditions. 

• The nozzle orifice must resist excess abrasion during the wire feeding process. 
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• The nozzle must impart ultrasonic (>20 kHz) oscillations to the wire which remain undamped at 

the precise melt pool position. 

Because of the complex relationships between melt pool temperature, melt viscosity, and transmission 

depth, the minimum amplification distance was left as an unspecified experimental variable. 

To fulfill the above requirements, a piezoelectric actuator was mounted within a custom wire-feed 

nozzle to impart linear oscillation to a sheath which directed the wire toward the melt pool. The design, 

illustrated in Figure 24, amplifies the minute strain of the piezo at a ratio of 5:1 at the approximate 

location of the melt pool. The selected piezo actuator (PA2JE) was purchased from Thorlabs (Newton, 

NJ, USA), and the relevant details are shown in Table 8. A spring, mounted coaxially with the piezo 

actuation axis, provided a load to assist in returning the piezo to its unstressed length during operation. 

The vibrating sheath was cut from stainless steel capillary tubing and provides excellent abrasion and 

thermal resistance. The sheath also allows for precise alignment of the wire within the laser spot. These 

attributes are particularly important for the orifice near the melt pool. 

PA2JE Piezoelectric Chip Details 

Dimensions 3.0 mm × 3.0 mm × 2.0 mm 

Resonant Frequency 450 kHz 

Max. Displacement at 75 V (No 

load) 

2.0 µm ± 15% 

Required load for max. displacement 144 N (32 lbs) 

Table 8. Details of the piezoelectric chip selected for generating ultrasonic motion. 

The piezo was driven by a square waveform and a custom amplifier circuit. The field effect transistor 

(FET) circuit supplied 44 V direct current to the piezo at a frequency dictated by the waveform generator. 
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Figure 24. A cross-section schematic of the ultrasonic wire feed nozzle mounted on a representative DED laser tool. 

3. Methodology 
3.1 Materials 

Stainless Steel 316L (SS316L) wire (Ø=1.1 mm) was selected for the feedstock material. Mild 

steel and stainless steel plates were used as substrates for single track and wall geometries, respectively. 

Stainless steel provides excellent strength and corrosion resistance, while mild steel is inexpensive and 

easy to machine. Both alloys show excellent weldability and are well suited within agricultural and 

transportation sectors. 

3.2 Deposition 

Maintaining stable deposition conditions is a key requirement for melt pool vibration to be 

effective. Any instances of stubbing or balling at the melt pool would disrupt the vibration mechanics at 

the end of the wire. Previous experimentation determined that stable melting occurs at a laser power of 

1,500 W, a scanning speed of 500 mm/min, and a wire feed rate of 900 mm/min. Shielding gas flow rate 

was kept at 3 L/min to maintain a stable flow field around the melt pool and prevent excessive oxidation. 
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Off-axis wire feed also contributes to direction-dependent melt pool stability. Because of this, single 

tracks were printed in the -X and +Y direction. Walls were printed as one continuous track along the +Y 

and -Y directions, alternating Y direction as each layer was deposited. Vibration was conducted at a 

variety of frequencies. Control samples were produced without vibration and are labeled as ‘0 Hz’ 

samples throughout the text. 

3.3 Characterization 

Several methods of capturing the process outcomes from vibration-assisted DED were employed. 

Off-axis high-speed imaging was performed using an Edgertronic SC2+ high-speed camera (Campbell, 

CA, USA). This imaging is well suited for capturing transient melt pool behavior and morphology during 

deposition. The orientation of the camera with respect to the melt pool is shown in Figure 25. All images 

were gathered at 13,000 frames per second. Microstructure was gathered from cross-section of track and 

wall samples. Samples were sectioned, cold mounted in epoxy, ground, and polished up to 1 µm using a 

diamond suspension. Mounted samples were electrolytically etched at 3V for several minutes in a 

solution of 56 g KOH and 100 mL deionized water. Optical microscopy was performed on etched 

samples. Computed tomography (CT) was also performed to unveil any variation in porosity between 

vibration conditions. CT scanning was performed on epoxy-mounted wall sections. Viewing and porosity 

analysis was performed using VGStudio MAX from Volume Graphics, Inc. (Charlotte, NC, USA). 

 

Figure 25. The off-axis high-speed camera mounted in the build chamber and aimed at the melt pool. 
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4. Results 
4.1 High-speed Melt Pool Imaging 

 Collections of high-speed images are shown in Figure 25 and Figure 26. At low frequencies 

(<6,000 Hz), the wire displacement is obvious. A bright halo surrounds the solid wire at the interface 

between the wire and melt pool. This halo geometry is an excellent indicator of the wire position and 

cavitation driven by the oscillatory wire motion. At higher frequencies (>13,000 Hz), the vibration 

frequencies surpass the frame rate of the camera and are not directly visible. Amplitude was observed to 

also depend on frequency, with lower frequencies generating displacement up to 75 µm. At all 

frequencies, the amplitude of vibration remained sufficiently low to prevent liquid atomization, spatter 

ejection, and melt pool instability. 

 

Figure 26. High-speed melt pool images of deposition at a variety of vibration frequencies. The movement direction 

is toward the camera. Accompanying videos are provided in the online version of the text. 
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Figure 27. Melt pool imaging at different vibration frequencies. The melt pool is traveling toward the right in the 

image, i.e., away from the wire insertion side. Accompanying videos are provided in the online version of the text. 

The direct effect of melt pool vibration is not immediately apparent in high-speed imaging. 

However, artifacts within the melt pool provide a nuanced understanding of the melt pool mechanics from 

sonic and ultrasonic oscillation. A crucial artifact is the wettability between the solid wire and liquid 

alloy. Figure 28 shows the variation in wettability with and without ultrasonic vibration. Without 

vibration, the molten liquid is repeatedly drawn up the wire due to surface tension. This force, acting 

against the constant force of gravity, creates an oscillating droplet along the wire. At 20,000 Hz, this 

transient behavior is not observed. This is effectively explained by the wettability and contact angle of a 

liquid under mechanical vibration. Wettability of a droplet is traditionally described as a relationship 

between the contact angle (𝜃) and the solid-gas (𝛾𝑆𝐺), solid-liquid (𝛾𝑆𝐿), and liquid-gas (𝛾𝐿𝐺) surface free 

energies via Young’s equation [138]–[140]: 

𝛾𝑆𝐺 = 𝛾𝑆𝐿 + 𝛾𝐿𝐺 cos 𝜃  (5.1)  
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Figure 28(d) depicts these variables in the context of wire-fed laser DED. The relationship between 

vibration within liquid media and the solid-surface contact angle has been established experimentally 

[141]. The contact angle, determined by the balance between adhesive and cohesive forces in a liquid-

solid interaction, holds an inverse relationship with vibrational peak velocity. Physically, this is a 

consequence of the surface energy reduction caused by liquid cavitation. Eq. (1) holds that as 𝛾𝐿𝐺 

decreases and the remaining surface energies (𝛾𝑆𝐺 , 𝛾𝑆𝐿) remain constant, the contact angle (𝜃) must also 

decrease. This relationship remains true for contact angles less than 90 degrees. The decrease in contact 

angle plays a key role in wire-fed DED. As the material melts and surface tension begins to form a 

droplet, the lower contact angle effectively lowers the adhesive force along the wire, improving the 

transmission of liquid media from the wire into the melt pool. 

 

Figure 28. (a-c) High-speed images of wire transmission with and without ultrasonic vibration over time. (d) 

Depiction of the contact angle (θ) and wire-gas (γSG), wire-droplet (γSL), and droplet-gas (γLG) surface energy 

interactions at the wire insertion point. 

 Another vibration artifact is the formation and disruption of the oxide growth on the tail of the 

melt pool. Residual oxygen in the shielding atmosphere and on the wire and substrate surfaces quickly 

forms oxides during the solidification stage. Because of the thermal gradients within the melt pool, 

Marangoni flow initiates vortices in the melt pool tail which are visible in the movement of the discrete 

oxide regions (Figure 29). Ultrasonic wire vibrations were observed to catalyze a dispersion of the oxide 
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regions near the wire insertion location. Oxides, floating toward the wire due to Marangoni flow, break 

apart and are pushed further along the melt pool tail. Without vibration, the oxide region remains intact 

and is pushed toward the substrate/melt pool interface. This oxide dispersion behavior appears to be 

dependent on the frequency/amplitude relationship. At 15 kHz, the dispersion can be observed 

considerably farther from the wire insertion point than at 20 kHz. This likely reflects deeper transmission 

of the waves, a consequence of higher oscillation magnitude. 

 

Figure 29. Flow and dispersion of discrete oxide regions on the solidifying melt pool without and with ultrasonic 

wire vibration. The build direction, i.e., melt pool motion, is toward the right side of the frame in these images. 

Accompanying videos are included in the online version of this text. 

4.2 Microstructure 

Sample microstructures, shown in Figure 30, featured columnar and cellular subgrains within 

macro-grains, typical of additively manufactured SS316L [142], [143]. These subgrains, ranging from 2-5 

µm in size, are a consequence of the rapid solidification and elemental segregation [144]. Limited 

diffusion of Cr and Mo within the Fe-Ni melt creates Cr-Mo enrichment between austenite grains and 

formation of intergranular δ-ferrite. In both structures, grains are elongated and pointed toward the top of 

each melt track. Heterogeneous solidification theory dictates that grain nucleation will begin on solid 

surfaces and grain growth will primarily occur in the direction of heat flux. In DED, the solid-liquid 

boundary at the bottom of the dilution zone is the catalyst for grain formation. The heat flux points toward 



60 

 

the top of the melt pool and along the direction of travel of the laser, which is why columnar grain growth 

is vertical at the dilution zone and is assumed horizontal, i.e., normal to the cross section view, near the 

top of the melt track. 

 

Figure 30. Cross section view of tracks produced without and with vibration assistance at a variety of frequencies. 

The white arrow indicates the approximate direction and location of the wire during deposition. 

Visible in Figure 31, grains were refined using vibration assistance. Columnar grains 500-800 µm 

in length with elongated subgrains in the 0 Hz sample were notably absent in the 20 kHz sample. Instead, 

oblong acicular grains with short columnar or cellular subgrains comprised the bulk of the deposited track 

microstructure. It is well established that ultrasonic assistance lowers the columnar-to-equiaxed transition 

threshold in stainless steels [91], [128]. This attribute is notable in the microstructure of wall samples 

(Figure 32). While columnar dendrites spanning multiple layers are found with and without ultrasonic 

vibration, there is a notable difference in grain morphology between conditions. Samples produced with 

20 kHz vibration show uniform cellular and short dendritic grains through the bulk of the wall. Without 

vibrational assistance, columnar grains are prominently found throughout the deposited layers. Current 

theory suggests that cavitation and melt pool turbulence disrupt the diffusion process at the solidification 

front, leading to fracture and redistribution of solid dendrites within the melt [91], [126]. Former dendrites 

either diffuse into the liquid state or behave as nucleation sites within the melt. The reformation of 
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dendrites within the molten metal is commonly believed to encourage changes in grain morphology and 

direction. It has also been speculated that there is a threshold energy for obtaining uniform grain 

refinement [132], [145]. With the columnar grains spanning multiple layers with and without ultrasonic 

vibration, it is clear the applied energy was not sufficient for complete grain refinement. The observed 

outcomes complement experimental findings from ultrasonic-assisted fusion welding and deposition 

literature [124], [128], [134]. 

 

 

Figure 31. Grain refinement observed between tracks produced without vibration and with 20 kHz vibration. 

Cellular grains are circled, and columnar grains are marked with arrows. 
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Figure 32. Microstructures in walls produced without (a, c) and with (b, d) 20 kHz ultrasonic vibration. The boxes 

mark the locations of images (c) and (d). 

4.3 Porosity Analysis 

 CT scans were used to compare porosity levels in three wall samples: no vibration, 3 kHz 

vibration, and 20 kHz vibration (Figure 33). The interior region was selected and analyzed for voids. In 

all samples, no obvious pores were noted. No major differences were identified between samples 

produced with and without vibration assistance. This is largely in part to the stability generated by the 
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selected process parameters. As seen in the high-speed images, all samples formed stable melt tracks 

which remained consistently stable throughout deposition. The stable melt produced in these samples 

resisted lack of fusion, keyhole porosity, gas-generated porosity, and solidification fractures. In material 

combinations or parameter selections that are prone to porosity formation, vibration is typically expected 

to mitigate pore formation [95]. 

 

Figure 33. CT scans of walls produced with (b) no vibration, (c) 3 kHz vibration, and (d) 20 kHz vibration. (a) 

shows a representation of the boxed interior region used for the slices in (b)-(d). 

5. Discussion 
The vibration system described herein can be described as a driven, damped oscillating system. 

The position of the wire oscillation at the piezo contact point (Figure 34) is provided in Eq. 2: 

𝑥(𝑡) = 𝑐1𝑒𝐴𝑡 + 𝑐2𝑒𝐵𝑡 +
𝐹0

𝑚𝜔0
2 + 𝐶 cos 𝜔𝑑𝑡 + 𝐷 sin 𝜔𝑑𝑡 (5.2) 

𝐴 = − 𝛾 2⁄ + √𝛾2 4⁄ − 𝜔0
2 (5.2.1) 

𝐵 = − 𝛾 2⁄ − √𝛾2 4⁄ − 𝜔0
2 (5.2.2) 

𝐶 =
𝐹0

𝑚(𝜔0
2 − 𝜔𝑑

2)
[1 −

𝛾2𝜔𝑑
2

(𝜔0
2 − 𝜔𝑑

2)2 + 𝛾2𝜔𝑑
2] (5.2.3) 

𝐷 =
𝐹0𝛾𝜔𝑑

𝑚[(𝜔0
2 − 𝜔𝑑

2)2 + 𝛾2𝜔𝑑
2]

(5.2.4) 
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The motion is defined in terms of the driving force (𝐹0) and frequency (𝜔𝑑) of the piezo, the inertial mass 

(𝑚) and natural frequency of the system (𝜔0), coefficients (𝑐1) and (𝑐2), and the damping coefficient (𝛾) 

provided by friction and fluid resistance in the melt pool. This relationship relies on several assumptions: 

the wire position remains fixed to the sheath during oscillation; the rotational motion about the fulcrum is 

sufficiently small to approximate linear motion; a small damping coefficient is assumed for underdamped 

motion; and gravity is neglected. A full derivation of the system dynamics is provided in Appendix C: 

Derivation of the Nozzle Motion Equation. 

 

Figure 34. A kinetic representation of the ultrasonic wire feed nozzle. The forces and torque acting on the nozzle 

affect the natural frequency (ω0) and damping coefficient (γ). 

The amplitude of the vibration is primarily dictated by the ratio between the driving frequency 

and the natural frequency of the vibration system [146], [147]. As this ratio approaches 1, i.e., the driving 

frequency matches the natural frequency, constructive interference dominates and the amplitude reaches a 

global maximum. Tuning the vibration system to a specific operating frequency that maximizes the 

amplitude is crucial, especially when considering the minute displacements of the piezoelectric actuator. 

Details of the vibration tuning process are provided in Appendix D: Tuning and Verification of the Piezo 

Vibration. While there is no established literature expanding upon the displacement required for grain 

refinement and porosity reduction, there is a visible effect of amplitude on the wave transmission depth 

seen in high-speed images.  

Although the physical phenomena of vibration-assistance during solidification have been outlined 

extensively through welding and AM literature, few works have supported theoretical phenomena with in-
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situ imaging [129], [136]. Traditional theory suggests cavitation and acoustic streaming in the liquid pool 

cause fragmentation and dispersion of solid dendrites, leading to improved nucleation near the 

solidification front [91], [133], [148]. While observation of the solidification front using visible light is 

not possible, high-speed images presented evidence of cavitation and acoustic streaming via disruption of 

oxide formation as shown in Figure 27. Building onto the theory presented by Cong and Ning [91], direct 

melt agitation using the filler wire adds a mechanical component to the fluid forces. As shown in Figure 

28, the stirring action assists with metal transfer into the melt pool by lowering the surface tension and 

contact angle of the wire as it melts. The improved wettability serves to expand the window of acceptable 

process parameters that prevent liquid balling on the wire. 

An important consideration in the application of this methodology is the sensitivity of the wire 

position relative to the melt pool. Given that the resonant frequency of the actuator depends on the 

oscillating load, the fluid drag on the wire will affect the resonant frequency. The piezoelectric chip is 

designed for considerably higher loads; thus, this issue was avoided. However, if the wire contacts the 

solid boundary at the bottom of the melt pool, i.e., during stubbing, the vibration is completely damped, 

effectively minimizing the metallurgical benefits of vibration assistance. Methods of sensing to avoid 

stubbing would eliminate these issues. 

6. Conclusions 
 Design and implementation of a geometry-independent, ultrasonic-assisted, laser-wire deposition 

system is presented. In-situ observations and structural outcomes for this novel technique are gathered: 

• Wire vibration serves to mechanically-stir the melt pool, inducing cavitation and acoustic 

streaming directly within the liquid alloy and improving metal transfer from the wire to the melt 

pool. 

• Frequency-amplitude relationships play a key role in determining the level of cavitation seen 

during deposition with higher amplitudes inducing deeper transmission within the melt. 

• Grain refinement and a columnar-to-equiaxed transition is noted in ultrasonic-assisted single 

track and wall geometries. 
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• Computed tomography confirms that all deposition strategies avoided porosity formation, 

indicating stability in the material and process parameter combinations. 

This work provides a basis for obtaining uniform structural outcomes in laser-wire DED. Additional work 

should focus on unveiling frequency-amplitude-outcome relationships and expanding the regime of 

vibrational kinetics. 
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Chapter 6 – Conclusions 

6.1 Summary 
 Cast iron remains a popular material in agricultural, transportation, and manufacturing sectors for 

many reasons. The ancillary processing modes studied herein proved successful in expanding the window 

of acceptable process parameters for laser-based DED. While stainless steel has proven to be an effective 

cladding material for cast iron remanufacturing under specific temperature conditions, the elemental 

composition of the stainless steel and cast iron melt pool is not amenable to rapid solidification processes. 

Ni-based filler material, specifically Inconel 625, showed success in being able to repair gray cast iron to 

86% of the original tensile strength without preheating or annealing. This was in large part due to the low 

Cr content in Inconel 625 alloy, leading to a preferential formation of austenite in the fusion zone rather 

than martensite. Inconel also provided superior mixing of base and filler materials, allowing for a gradient 

zone between the two materials. Careful control of these aspects ensures the dissimilar materials are 

amenable to laser-based remanufacturing. 

 The use of wire feeding also improved the outcomes in laser DED remanufacturing of cast iron. 

The primary advantage in wire feeding is the distinct melt pool morphology caused by continuous 

material insertion. There are two primary shape attributes that were observed to have beneficial effects: 1) 

the interaction between the laser and wire above the substrate, and 2) the surface tension effect pulling the 

melt pool against gravity. Because the wire is a continuous material, insertion into the laser path occludes 

the substrate from receiving high-intensity laser exposure. This prevents martensite formation and 

porosity generation. The benefit of this is obvious when comparing transient melt pool signatures. Melt 

pools in powder-laser DED undergo rapid growth and shrinkage as CO and CO2 gases attempt to escape 

the melt pool. This results in discrete spikes in the melt pool size that are notably absent from comparable 

wire feed parameters. The latter benefit, the upward force of surface tension, helps to draw heat further 

from the gray cast iron. The molten metal at the end of the wire is naturally pulled upward as surface 

tension forms a droplet at the end of the wire. This upward pull maintains a taller deposition track with 
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low dilution, an ideal scenario for preventing gas generation and martensite formation in gray-cast iron 

remanufacturing. 

 Lastly, a pilot study showed feasibility for a geometry-agnostic, ultrasonic melt pool vibration 

nozzle for laser-wire DED. In-situ high-speed images provided a better understanding of the effects of 

melt pool vibration and the wire dynamics under harmonic motion. Outcomes in single-track and wall 

samples proved the effectiveness of ultrasonic melt pool vibration on refining and unifying the 

microstructures in as-printed stainless steel. The detailed design unlocks physical and geometrical 

limitations of current technology by removing the component volume as a vibration transmission 

medium. Few additive manufacturing processes can achieve fully dense, heterogeneous material 

properties, and this work builds toward that goal for wire-laser DED. 

6.2 Future Work 
 This work, although it may have answered many questions, opened a plethora of additional 

questions of varying levels of difficulty and importance. In the context of wire DED, there is a 

considerable gap in our understanding of off-axis wire feed systems and how to maintain stable melting 

under different process disruptions (over-building, under-building, wire misalignment, etc.). Considerable 

process development is needed to transition wire-laser DED to a robust technology well suited for large 

components, repairs and remanufacturing, and process/part qualification. Likewise, very little is published 

about how shielding gas coverage in both powder and wire DED can affect the material properties and 

process integrity. Gas escapement events driven by oxygen contamination proved detrimental to the 

quality of powder-based remanufacturing. Tools like computational fluid dynamics simulations and 

Schlieren imaging are incredibly valuable in pursuit of a wholistic process understanding. 

 Other areas that are promising for the future are integration and feedback of sensor data within 

the build chamber. High-speed imaging is invaluable in providing a qualitative understanding of the melt 

pool physics under unique conditions. In-process non-destructive evaluation (NDE) is also an attractive 

approach, supplying direct structural quality information without physical modification to the existing 

structure. However, automated data collection and rapid decision making are required to generate 
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feedback about process stability. Of course, the robustness of the process design takes precedence in the 

order of importance, but reliable control mechanisms are needed to ensure any additive manufacturing 

process can withstand deviations during a build cycle. 

 There are many residual questions regarding the ultrasonic melt pool vibration system. There is 

very little information on requisite peak velocity to induce cavitation and acoustic streaming in a material, 

especially for a transient thermal process like DED. Similarly, the requisite vibration kinetics for inducing 

microstructural changes is not fully understood. On the macro-scale, this work left the structural outcomes 

of vibration assistance unanswered. With improved microstructural homogeneity, one would expect an 

improvement in isotropic strength, a serious limitation in both PBF and DED processes. In the context of 

dissimilar material repair, the additional cavitation is expected to improve elemental redistribution and 

residual stresses. Interfacial gradients of Fe and Ni proved successful at improving the bonding and 

reducing the structural disparities between GCI and the filler material in Chapter 3. Residual stress 

reduction is also ideal, as the stresses formed during solidification are a key factor in the interface fracture 

potential during solidification and cyclic loading.  

From a process design standpoint, open questions remain. Oscillations were only studied in one 

direction. Oscillation around two or more axes adds complexity that could provide additional process 

benefits and robustness. One example would be tailoring the oscillation at specific locations within a part 

to obtain specific mechanical behavior. Akin to how a designer would orient fibers in a continuous fiber 

composite along the loading direction, one could preferentially orient columnar structures in uniaxial 

stressed areas and induce equiaxed grain structures in coaxial stressed areas. The same philosophy could 

be applied with residual stresses as with steel rebar reinforcement in concrete. If ultrasonic-assisted 

vibration can adequately modify the localized residual stress state, a process designer could apply 

vibration assistance preferentially to prestress surfaces expected to undergo cyclic tension. 

DED remains a nascent technology with incredible flexibility owing to the coupled delivery of 

unspecified material and energy sources. Applications of arc plasma and high-carbon wire, for example, 

could be well suited for localized hardfacing. Implementations of laser and copper wire are fit for creating 
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sensors for structural health monitoring. Powder deposition for compositionally graded titanium would 

unlock design capabilities in aerospace and transportation and reduce end-use energy and emissions in 

aircraft and ground transportation. Creation of lattice structures also builds toward this goal, and DED has 

potential for both open- and closed-cell structures. Combining any of the above applications, e.g., 

compositionally graded lattice structures or load-monitoring hardfacing, is a) beyond exciting, b) 

incredibly useful, and c) near impossible with current manufacturing platforms. Considerable 

development is needed to get to these end goals, but DED technology has the potential. The 

multidisciplinary aspect of the process offers challenges for many areas: experimental, simulation, 

computation, controls, material science, physics, etc. As an engineer, I am excited and honored to be 

working alongside many bright scholars to create and transition these new technologies into practice.  
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Appendix A - Property-Structure-Process Relationships in Dissimilar 

Material Repair with Directed Energy Deposition: Repairing Gray Cast Iron 

using Stainless Steel 316L 
The following journal article founded a basis in laser DED-based repair of gray cast iron and the 

structural reliance on process parameters. It was published in the Journal of Manufacturing Processes 

and appeared in Volume 81, September 2022, pages 27-34, DOI: https://doi-

org.ezproxy.rit.edu/10.1016/j.jmapro.2022.06.015  
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Appendix B – Mechanical Behavior of Bimetallic Stainless Steel and Gray 

Cast Iron Repairs via Directed Energy Deposition Additive Manufacturing 
The following journal article unveiled pivotal relationships between DED process parameters and 

structural outcomes in gray cast iron repair. It was published in the Journal of Manufacturing Processes 

and appeared in Volume 85, January 2023, pages 1197-1207, DOI: https://doi-

org.ezproxy.rit.edu/10.1016/j.jmapro.2022.12.029  
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Appendix C: Derivation of the Nozzle Motion Equation 
The crucial portion of the nozzle motion can be isolated to the axis along the piezoelectric 

actuator and the preload force spring. The system may be simplified to the model in Figure C1. 

 

Figure 35. Schematic simplification of the nozzle oscillator with the applied forces. 

The spring generates a force negatively proportional to the applied strain (Δ𝑥) and spring constant (𝑘), 

obeying the Hooke’s law, which can be rearranged as an acceleration of the inertial mass of the system 

(𝑚) using Newton’s Second Law of Motion: 

𝐹𝑠𝑝𝑟𝑖𝑛𝑔 = −𝑘Δ𝑥 (𝐶1) 

𝑑2𝑥

𝑑𝑡2
= − (

𝑘

𝑚
) Δ𝑥 (𝐶2) 

The damping force naturally generated by friction and fluid drag is considerably more difficult to quantify 

owing to the transient thermo-mechanical nature of the DED process. Instead, this quantity is expressed in 

terms of a damping coefficient (𝛾) and is negatively proportional to the velocity of the wire at any point in 

time. Again, this quantity can be expressed as an acceleration: 

𝐹𝑑𝑎𝑚𝑝𝑖𝑛𝑔 = −𝛾𝑚
𝑑𝑥

𝑑𝑡
(𝐶3) 



83 

 

𝑑2𝑥

𝑑𝑡2
= −𝛾

𝑑𝑥

𝑑𝑡
 (𝐶4) 

Lastly, the transient driving force of the piezo actuator is dictated by the amplified DC square-wave and 

the intrinsic strain behavior of the piezo. For practical purposes, this force is assumed to follow a cosine 

function based on the driving frequency (𝜔𝑑), the force amplitude (𝐹0), and time. Because the piezo is not 

rigidly attached to the wire sheath, it can only apply a pushing force. Therefore, the output force must 

only generate positive magnitude: 

𝐹𝑝𝑖𝑒𝑧𝑜 = 𝐹0(cos 𝜔𝑑𝑡 + 1) (𝐶5) 

Again, expressing this in terms of acceleration yields: 

𝑑2𝑥

𝑑𝑡2
=

𝐹0

𝑚
(cos 𝜔𝑑𝑡 + 1) (𝐶6) 

Summing the acceleration caused by each component yields Eq. C7, the motion equation for this system. 

𝑑2𝑥

𝑑𝑡2
+ 𝛾

𝑑𝑥

𝑑𝑡
+ 𝜔0

2𝑥 =
𝐹0

𝑚
[cos 𝜔𝑑𝑡 + 1] (𝐶7) 

This equation can be described as a 2nd order, nonhomogeneous differential equation. The solution is 

comprised of the sum of two parts: the complementary and particular solution. The former is found by 

solving the equivalent homogeneous equation, i.e., setting the right side of the equation to zero and 

solving for x. The 1st and 2nd order differential requires a term that remains after differentiation, a perfect 

fit for an exponential function with constants (𝑎) and (𝑐). 

𝑑2𝑥

𝑑𝑡2
+ 𝛾

𝑑𝑥

𝑑𝑡
+ 𝜔0

2𝑥 = 0 (𝐶8) 

𝐺𝑢𝑒𝑠𝑠: 𝑥(𝑡) = 𝑐𝑒𝑎𝑡 (𝐶9) 

𝑥′(𝑡) = 𝑐𝑎𝑒𝑎𝑡 (𝐶10) 

𝑥′′(𝑡) = 𝑐𝑎2𝑒𝑎𝑡 (𝐶11) 

𝑐𝑒𝑎𝑡(𝑎2 + 𝛾𝑎 + 𝜔0
2) = 0 (𝐶12) 

Because the exponential will never reach zero, the quantity in parentheses must be equal to zero. Finding 

the solutions to Eq. C13 require use of the quadratic function to find coefficient 𝑎. 
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(𝑎2 + 𝛾𝑎 + 𝜔0
2) = 0 (𝐶13) 

𝑎 =  − 𝛾 2⁄ ± √𝛾2 4⁄ − 𝜔0
2 (𝐶14) 

Therefore, the complementary solution is defined as: 

𝑥𝑐(𝑡) = 𝑐1𝑒𝐴𝑡 + 𝑐2𝑒𝐵𝑡 (𝐶15) 

𝐴 = − 𝛾 2⁄ + √𝛾2 4⁄ − 𝜔0
2 (𝐶16) 

𝐵 = − 𝛾 2⁄ − √𝛾2 4⁄ − 𝜔0
2 (𝐶17) 

The particular solution can be separated into the sum of two particular solutions: 

𝑥𝑝1(𝑡) →
𝑑2𝑥

𝑑𝑡2
+ 𝛾

𝑑𝑥

𝑑𝑡
+ 𝜔0

2𝑥 =  
𝐹0

𝑚
cos 𝜔𝑑𝑡  (𝐶18) 

𝑥𝑝2(𝑡) →
𝑑2𝑥

𝑑𝑡2
+ 𝛾

𝑑𝑥

𝑑𝑡
+ 𝜔0

2𝑥 =
𝐹0

𝑚
(𝐶19) 

The latter of these (Eq. C19) has no transient terms on the right side of the equation, making the solution 

relatively simple: 

𝐺𝑢𝑒𝑠𝑠: 𝑥(𝑡) =
𝐹0

𝑚𝜔0
2

(𝐶20) 

𝑥′′(𝑡) = 𝑥′(𝑡) = 0 (𝐶21) 

0 + 𝛾 ⋅ 0 + 𝜔0
2 (

𝐹0

𝑚𝜔0
2) =

𝐹0

𝑚
(𝐶22) 

Thus, 

𝑥𝑝2(𝑡) =
𝐹0

𝑚𝜔0
2

(𝐶23) 

The particular solution to Eq. C18 is found by guessing a solution with both sine and cosine functions: 

𝐺𝑢𝑒𝑠𝑠: 𝑥(𝑡) = 𝐶 cos 𝜔𝑑𝑡 + 𝐷 sin 𝜔𝑑𝑡 (𝐶24) 

𝑥′(𝑡) = −𝐶𝜔𝑑 sin 𝜔𝑑𝑡 + 𝐷𝜔𝑑 cos 𝜔𝑑𝑡 (𝐶25) 

𝑥′′(𝑡) =  −𝐶𝜔𝑑
2 cos 𝜔𝑑𝑡 − 𝐷𝜔𝑑

2 sin 𝜔𝑑𝑡 (𝐶26) 

Substituting these expressions into Eq. C18 yields: 
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{−𝐶𝜔𝑑
2 cos 𝜔𝑑𝑡 − 𝐷𝜔𝑑

2 sin 𝜔𝑑𝑡} + 𝛾{−𝐶𝜔𝑑 sin 𝜔𝑑𝑡 + 𝐷𝜔𝑑 cos 𝜔𝑑𝑡}

+ 𝜔0
2{𝐶 cos 𝜔𝑑𝑡 + 𝐷 sin 𝜔𝑑𝑡} =

𝐹0

𝑚
cos 𝜔𝑑𝑡 

 

cos 𝜔𝑑𝑡 [−𝐶𝜔𝑑
2 + 𝐷𝛾𝜔𝑑 + 𝐶𝜔0

2] =
𝐹0

𝑚
cos 𝜔𝑑𝑡 

𝐶(𝜔0
2 − 𝜔𝑑

2) + 𝐷𝛾𝜔𝑑 =
𝐹0

𝑚
(𝐶27) 

𝐶 =
𝐹0 𝑚⁄ − 𝐷𝛾𝜔𝑑

(𝜔0
2 − 𝜔𝑑

2)
(𝐶28) 

 

sin 𝜔𝑑𝑡 [−𝐷𝜔𝑑
2 − 𝐶𝛾𝜔𝑑 + 𝐷𝜔0

2] = 0 

𝐷(𝜔0
2 − 𝜔𝑑

2) − 𝐶𝛾𝜔𝑑 = 0 

𝐷(𝜔0
2 − 𝜔𝑑

2) − [
𝐹0 𝑚⁄ − 𝐷𝛾𝜔𝑑

(𝜔0
2 − 𝜔𝑑

2)
] 𝛾𝜔𝑑 = 0 

𝐷(𝜔0
2 − 𝜔𝑑

2)
2

−
𝐹0

𝑚
𝛾𝜔𝑑 + 𝐷𝛾2𝜔𝑑

2 = 0 

𝐷 [(𝜔0
2 − 𝜔𝑑

2)
2

+ 𝛾2𝜔𝑑
2] =

𝐹0

𝑚
𝛾𝜔𝑑 

𝐷 =
𝐹0𝛾𝜔𝑑

𝑚[(𝜔0
2 − 𝜔𝑑

2)2 + 𝛾2𝜔𝑑
2]

(𝐶29) 

𝐶 =
𝐹0

𝑚(𝜔0
2 − 𝜔𝑑

2)
[1 −

𝛾2𝜔𝑑
2

(𝜔0
2 − 𝜔𝑑

2)2 + 𝛾2𝜔𝑑
2] (𝐶30) 

Eqs. C29 and C30 are the simplified quantities for the coefficients in the particular solution. Returning 

these values into Eq. C27 confirms Eq. C24 as a valid solution for the 2nd particular solution. 

𝐹0

𝑚(𝜔0
2 − 𝜔𝑑

2)
[1 −

𝛾2𝜔𝑑
2

(𝜔0
2 − 𝜔𝑑

2)2 + 𝛾2𝜔𝑑
2] (𝜔0

2 − 𝜔𝑑
2) +

𝐹0𝛾𝜔𝑑

𝑚[(𝜔0
2 − 𝜔𝑑

2)2 + 𝛾2𝜔𝑑
2]

𝛾𝜔𝑑 =
𝐹0

𝑚
 

𝐹0

𝑚
[1 −

𝛾2𝜔𝑑
2

(𝜔0
2 − 𝜔𝑑

2)2 + 𝛾2𝜔𝑑
2] +

𝐹0

𝑚
[

𝛾2𝜔𝑑
2

(𝜔0
2 − 𝜔𝑑

2)2 + 𝛾2𝜔𝑑
2] =

𝐹0

𝑚
 

1 − [
𝛾2𝜔𝑑

2

(𝜔0
2 − 𝜔𝑑

2)2 + 𝛾2𝜔𝑑
2 −

𝛾2𝜔𝑑
2

(𝜔0
2 − 𝜔𝑑

2)2 + 𝛾2𝜔𝑑
2] = 1 

1 = 1 

Thus, 

𝑥𝑝2(𝑡) = 𝐶 cos 𝜔𝑑𝑡 + 𝐷 sin 𝜔𝑑𝑡 (𝐶31) 

𝐷 =
𝐹0𝛾𝜔𝑑

𝑚[(𝜔0
2 − 𝜔𝑑

2)2 + 𝛾2𝜔𝑑
2]

(𝐶32) 

𝐶 =
𝐹0

𝑚(𝜔0
2 − 𝜔𝑑

2)
[1 −

𝛾2𝜔𝑑
2

(𝜔0
2 − 𝜔𝑑

2)2 + 𝛾2𝜔𝑑
2] (𝐶33) 
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The solution for the motion equation combines the complementary solution (Eqs. C15-C17) with both 

particular solutions (Eqs. C23 and C31-C33): 

𝑥(𝑡) = 𝑐1𝑒𝐴𝑡 + 𝑐2𝑒𝐵𝑡 +
𝐹0

𝑚𝜔0
2 + 𝐶 cos 𝜔𝑑𝑡 + 𝐷 sin 𝜔𝑑𝑡 (𝐶34) 

𝐴 = − 𝛾 2⁄ + √𝛾2 4⁄ − 𝜔0
2 (𝐶35) 

𝐵 = − 𝛾 2⁄ − √𝛾2 4⁄ − 𝜔0
2 (𝐶36) 

𝐶 =
𝐹0

𝑚(𝜔0
2 − 𝜔𝑑

2)
[1 −

𝛾2𝜔𝑑
2

(𝜔0
2 − 𝜔𝑑

2)2 + 𝛾2𝜔𝑑
2] (𝐶37) 

𝐷 =
𝐹0𝛾𝜔𝑑

𝑚[(𝜔0
2 − 𝜔𝑑

2)2 + 𝛾2𝜔𝑑
2]

(𝐶38) 
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Appendix D: Tuning and Verification of the Piezo Vibration 
Because of the small amplitude and short oscillation period at ultrasonic frequencies, verification 

of wire vibration became a crucial part to validating the success of the design. This process also became 

useful for finding resonant frequencies, i.e., where the wire oscillation amplitude is maximized. The 

chosen method relies on laser reflection and low-speed (<8 Hz) imaging. The verification setup is shown 

in Figure 36. A red laser is placed next to a camera at a distance far (>2 meters) from the vibration nozzle. 

Wire is fed through the nozzle to the location where it would theoretically enter the melt pool. The laser is 

pointed directly at the end of the wire and adjusted such that the signal is reflected directly back into the 

camera sensor. The specular reflection on the surface of the wire produces a static pattern visible in the 

camera’s images. As the wire displaces, the reflection surface position also changes, creating a 

displacement in the camera’s image. Because the wire vibration frequencies are 2-5 orders of magnitude 

higher than the image capture frequency, the displacement pattern will blur as the vibration amplitude 

increases. 

 

Figure 36. The vibration verification setup. The camera views the reflection of the laser pointer on the wire. 

Harmonic motion of the wire results in blurring in the camera image. (b) is the close-up image of the inset in (b). 

Reflection patterns at select nozzle frequencies are shown in Figure 37. Under 30 kHz, vibration 

is present in the wire at most frequencies. Several resonant peaks are noted at 2 kHz, 12 kHz, and between 
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20 kHz and 24 kHz. Above 28 kHz, the amplitude decreases such that any resonant peaks are difficult to 

locate. These peaks are a function of the mechanics of the nozzle design. Changing the nozzle features 

such as the preload spring force, the piezo electric element, the mechanical amplification distance, etc, 

will modify the amplitude peaks. 

 

Figure 37. Laser reflection patterns at various driving frequencies for the piezoelectric actuator. Blurring indicates 

high vibration amplitude. 

 


	Cast Iron Repair Through Directed Energy Deposition and Ancillary Processing Modes
	Recommended Citation

	tmp.1723817102.pdf.1YSqo

