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Abstract 

The plasma transferred arc additive manufacturing (PTA-AM) process is a recently established 

additive manufacturing (AM) technique for manufacturing large parts for the resource industries. 

In the PTA-AM process, the build quality of the 3D part is governed by various processing 

parameters, including but not limited to plasma arc current, stand-off distance (SOD) and powder 

flow rate. The PTA-AM is challenging for in-process monitoring due to the complex interaction 

among the plasma arc, powder stream and substrate. Any instability in these processing parameters 

affects the overall build quality of the component, inducing non-conformance to geometrical 

properties. In the AM field, various high-speed imaging techniques are used to investigate the 

correlation between the processing parameter variation contributing to quality fluctuations of the 

final 3D product. This thesis presents the in-situ image processing methodologies to quantify and 

analyze the process aspects of the emergent PTA-AM system. Firstly, the single-track multi-layer 

bead deposition experiments of WC-reinforced NiCrBSi composites are carried out on a PTA-AM 

system and recorded with a high-speed camera. The optimized SOD has been determined from 

image analysis, contributing to the uniform deposition with quality deviation. The image analyzed 

SOD is validated with the experimentally determined SOD. This information is also used to 

evaluate the impact of powder variation on bead layer height. Secondly, the proposed in-situ image 

processing technique has been employed to describe the relationship between powder stream 

distribution and build geometry variation. In addition, the effect of plasma arc current on bead 

layer geometry (height and width) is also investigated. The Analysis of variance and t-tests has 

checked the significance of build quality dependence on powder and plasma arc variation. It is 

well-known that the powder flow behaviour (the particle trajectories and velocities) under the 
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plasma arc region is a complex but crucial physical phenomenon that affects the geometric 

dimensions and the bead deposition characteristics in PTA-AM. Therefore, we proposed another 

image processing methodology to investigate the powder stream behaviour under the influence of 

the plasma arc region. In the findings, variation in trajectories and impact velocities of individual 

powder particles due to plasma arc has been observed. Using the single-particle trajectory model, 

we validated that the results are within the theoretical range. Later, based on calculated impact 

velocities of powder particles, the parametric study was conducted to predict the spreading and 

solidification of molten powder particles on the substrate. Using dimensionless numbers, the 

parametric effect of hydrodynamic forces (Weber and Reynolds number) and thermophysical 

forces (Stefan and Peclet number) on the impinging melted powder particles is also studied.  
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1 Introduction 

Recent years have witnessed an influx of unprecedented attention for additive manufacturing (AM) 

due to the three key advantages: versatility of design, competence to enable mass customization, 

and abridging the product lead time [1]. AM process, also prevalently known as rapid prototyping 

or 3D printing, works on the principle of building up the cumulative layers of material to transform 

the computer-aided design (CAD) model into a physical component of the desired shape [2]. This 

concept changed the conventional approach of building the objects by removing mass through 

subtractive methods like CNC drilling and milling machines. Compared with conventional 

manufacturing (CM) processes, the benefits of AM processes can be boiled down to three aspects. 

First, AM can be used to make highly complex parts that are unattainable through the CM process. 

Second, the AM processes enhance the buy-to-fly ratio by decreasing the amount of waste 

material, reducing the parts' final price. Third, the AM process can substantially reduce energy 

consumption and protect the environment by lowering the weight of parts created due to material 

adaptations or innovative designs. The AM process lends itself to developing a wide range of 

materials, including metals, plastics, alloys, and composites. Combining these factors has led to 

an increase in the commercial exploitation of AM, and many sectors have begun to seize the 

opportunity. AM is mainly used in the aerospace, automotive, machine tool industries, medical 

and dental care in terms of applications. Nearly 150 companies in these fields use it [3]. Gartner 

publishes an annual report for the AM industry that details the hype cycle for every technology in 

the AM market. Over the past 25 years, revenues for all AM products and services worldwide have 

grown by 25.4% annually, from $295 million to $5.1 billion [4]. This growth was observed across 

all markets, including desktop 3D printers and industrial metal part AM. According to the estimate, 
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$230-550 billion could be delivered by 2025 [5]. The primary markets identified are consumer 

goods worth $100-300 billion and parts for medical and aerospace products worth $100-200 billion 

[6]. 

1.1 The motivation of the research 

The potential to improve materials efficiency, enable greater engineering functionality, reduce 

material waste, enhance production times, and reduce part cost has made AM a desirable 

manufacturing tool for various industries. The characteristics of printing an AM part, however, 

depend on the AM process that is selected. AM consists of seven major divisions, and directed 

energy deposition (DED), which is propitious metal AM class, is one of them. The ability of DED 

to create new components and repair damaged parts makes it very popular in many industries. The 

Plasma-based DED is particularly well suited for printing the more byzantine and large shapes, 

such as nozzles, gaskets, and pumps. The in-house developed plasma transferred arc additive 

manufacturing (PTA-AM) system recently confirmed that it could build wear and abrasion 

resistant parts for the oil, mining, and gas sector. Although this system shows tremendous 

potential, ensuring the repeatability of the process and the reproducibility of parts is still judged as 

one of the biggest challenges to ensure a broad application of this technology in real-world 

industries. Therefore, the process must be improved and characterized, including a more profound 

understanding of process parameters' influence on the geometrical properties of the printed parts. 

Additionally, an assessment of complex phenomena such as interactions among the process 

parameters (plasma arc and powder flow interactions) needs to be done to characterize their 

combined effect on the final printed parts. The simulation or numerical-based work and ex-situ 

experimental-based literature exist on the process parameter and printed part correlation in the 
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laser-based DED process. However, no studies have been found regarding the visual proof of bead 

geometry variation due to process parameter influence and in-situ image processing-based 

characterization of build quality dependency on process parameters in regular PTA-AM systems.  

1.2 Aim of the present work 

Based on the problems mentioned in the previous section, the main goal of the research is to 

characterize the processing parameters of the PTA-AM system and investigate their effect on the 

geometrical properties of the bead deposition. To achieve this goal, the following objectives are 

decided in this research work: 

1. Develop the in-situ image processing-based technique to describe the process parameters-

build quality dependency in the PTA-AM system. The processing parameter such as stand-

off distance (SOD), powder flow, and plasma arc current is considered in the study. The 

first objective is to determine the effect of SOD variation on the bead quality. The second 

goal is to confirm the stability in powder flow distribution for the constant powder feed 

rate. Additionally, the third objective is to quantify the plasma arc current effect on the 

bead geometry (height and width). 

2. Apply the image processing method in the PTA-AM process, with the intent to understand 

the governing physical phenomena, such as powder particles-plasma arc interaction and 

their effect on in-flight particle motion path and velocity. The last objective is to investigate 

the parametric effect of powder particles' motion dynamics on their spreading and 

solidification during their impingement on the substrate. 
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1.3 Literature review 

This part of the thesis will discuss the brief idea about additive manufacturing and its classification. 

Later, the potential applications and the challenges of the AM will be covered. Finally, this chapter 

also covers the thesis outline. 

1.3.1 Additive manufacturing (AM) 

Additive manufacturing refers to a manufacturing technique that fabricates three-dimensional 

components by progressively accumulating thin layers of material on one another guided by design 

from the computerized 3D model. The general AM process begins with designing the 3D CAD 

model of the component to be printed, converting the CAD model to STL format, slicing the 3D 

model into 2D multi-layers using slicing software, and forming the 3D geometry of the component 

by printing each 2D profiles layer by layer via selective deposition path [7]. A historical analysis 

of AM unveils that stereolithography apparatus was developed in the 1980s for first-ever prototype 

production purposes [8]. In addition, the first commercialized AM system called the SLA-1 system 

was launched by 3D Systems Inc. during that period to produce the 3D objects. A technology like 

this was created to make engineers' ideas a reality. The rapid prototyping process is one of the 

earliest AM processes. As this technology expanded to manufacturing the final product, it became 

known as rapid manufacturing. Different terms have been used to describe AM, such as layered 

manufacturing, additive fabrication, 3D printing, digital manufacturing, and freeform fabrication 

[9]. With AM, designers can manufacture complex shapes (creating a greater level of design 

freedom), separate components can be consolidated into a single part, and sustainable products can 

be produced without incurring environmental impact, which is not possible or convenient with 
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traditional manufacturing [10]. As per ASTM Standard F2729-12, an AM is the "process of joining 

materials to make objects from 3D model data usually layer-by-layer, as opposed to subtractive 

manufacturing technologies such as traditional manufacturing" [11], [12]. AM contrasts with 

conventional manufacturing methods (CM), which use subtractive or formative manufacturing 

procedures. Figure 1-1 shows how AM methods differ from CM methods in terms of 

manufacturing techniques. 

 

Figure 1-1 Comparison between A) Subtractive manufacturing, B) Formative manufacturing, 

and C) Additive manufacturing. 
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In subtractive manufacturing, the material is subtracted from a block to create a final shape through 

several machining passes. A significant side effect of this process is that significant amounts of 

waste are created, not always recycled. There are also machining costs and tool wear associated 

with this process. Formative manufacturing refers to processes such as die-casting, injection 

molding, and pressing. Components produced by these processes create less waste than those 

produced by subtractive manufacturing; however, they usually require additional machining tools 

for post-processing to achieve the required surface finish. Molds or dies are most commonly used 

during formative manufacturing. Since these tools are customized for each manufactured part, 

formative manufacturing is generally only cost-effective at large scales. Additionally, molds and 

dies wear out over time and must be restored or replaced before being used again [13]. In AM, the 

material is deposited layer by layer to manufacture parts with a near-net shape. While traditional 

manufacturing processes impose many constraints on product designs, additive manufacturing 

offers designers more flexibility to optimize their designs for lean production, eliminating waste 

by its very nature, as shown in Figure 1-1 (c). In addition, AM allows for complex geometries to 

be built that would not be possible with CM methods. Furthermore, AM's ability to design 

topologically optimized designs could enhance a product's functionality, reducing the use of 

energy, fuel, and natural resources, thus reducing its environmental impact [14]. 

The success of a printing process in AM is determined by selecting print parameters and the 

material [15]. To date, several AM processes have fabricated fully consolidated parts using various 

materials with mechanical properties that are considerably better than those of their CM 

counterparts [16]. A wide range of materials is presently used for 3D printing, including polymers, 

ceramics, concrete, and metals. Acrylonitrile butadiene styrene (ABS) and Polylactic acid (PLA) 
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are the main polymers in AM employed to print composites. Ceramics are primarily applied in 3D 

printed scaffolds. Concrete is the crucial material utilized in the AM of buildings. Advanced metals 

and alloys are usually used in the aerospace sector because traditional methods are more 

complicated, costly, and time-consuming [3].  It is also applied in the biomedical, automotive, and 

defense industries. Metal AM provides excellent autonomy for building complex geometries of 

multi-functional components, which can simultaneously provide the solution to structural, 

protective, and insulation engineering problems [3]. In particular, titanium and its alloys, nickel-

based, aluminum-based, cobalt-based, and magnesium alloys, have been an option for AM. These 

are high-performance materials commonly used in various industries [17], [18]. These metallic 

materials are distinguished by long lead-time and high machining costs based on CM methods. As 

a result, AM offers significant economic benefits by manufacturing very complex structures at 

lower costs and near-zero material waste.  

The interest and investments in AM technologies have risen significantly recently, which is no 

surprise as this layer-wise additive method is a refined concept that allows for complex geometric 

shapes to be manufactured with a wide range of materials [10]. With AM processes' expanding 

knowledge and potentials, the advantages of designing and fabricating using AM are making the 

business case further fascinating [3].  A wide variety of AM techniques is available; they differ in 

the manner in which the layers are deposited to build the parts with required properties, in their 

operating principles, and the material to be employed. In addition, when selecting a technique, the 

most important factors to consider are the component and material specification, the application, 

technology constraints, accuracy, quality of completion, and post-processing.  Each AM technique 
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has its pros and cons. AM systems are categorized according to the feedstock material, energy 

source, and size of deposit geometry [19], [20]. 

1.3.2 Additive manufacturing methods 

The "American Society for Testing and Material (ASTM) standard F2792" classified the AM 

process into seven categories. The standards were developed to address the lack of process 

categorization in the AM world, which makes it challenging to identify similarities and differences 

between processes [21]. Figure 1-2 summarizes the different AM processes in the form of a 

flowchart [21]. 

 

Figure 1-2 Classification of Additive manufacturing processes 

1.3.2.1 Binder Jetting 

Binder jetting is one of the AM processes developed in the 1990s by the Massachusetts Institute 

of Technology (MIT), but it was commercialized only in 2010 [22], [23]. This process typically 

uses two materials: the powder bed (metal, polymer, sand, and ceramics), of which the part is to 

be printed, and a liquid binder material, which glues the powder particles and then bonds the layers 
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together. The process is reiterated until the part is entirely printed. Binder jetting is similar to any 

other AM process that takes place for printing an AM part. However, the binder jetting process 

involves various post-processing steps such as de-powdering, curing, sintering, and annealing, 

which takes longer than the actual printing and may incur high costs [12], [24], [25]. In addition, 

the parts produced using this process are delicate with restricted mechanical properties. One of the 

advantages of the process is that the parts can be made without support structures. The built part 

can be used unbounded powder bed as a support structure [26]. Applications of this AM process 

are observed in the fabrication of molds and cores for sand casting patterns, colored parts, and 

prototypes [27], [28]. 

1.3.2.2 Material Jetting 

Material jetting is another AM process developed in 1984, creates 3D printed parts on the build 

platform by dispensing the liquid droplet materials using ink-jet print heads [29]. This process 

prints the layer of liquid drops on the build platform and then hardens it with ultraviolet light before 

adding the next layer. Multiple printheads can be operated to print the objects with different 

materials; thus, objects with different properties and qualities can be created [27]. Since this 

process relies on the drop deposition technique, only materials with low melting points, such as 

photopolymers, resins, or wax-like materials, can be used due to their viscosity limitations [29]. 

The material jetting process can print with a resolution of 10-30 microns (based on material, drop 

deposition speed, and printer speed), making the layer barely perceptible to the human eye. These 

flexible abilities make the process attractive for the application of jewelry, medical devices, the 

automotive industry, and the aerospace sector [30]. 
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1.3.2.3 Material Extrusion 

The material extrusion method causes the material to move through an extrusion die due to 

pressure force, producing an extruded material with a uniform cross-section and a desired diameter 

[31]. In 1988, the co-founder of Stratasys Ltd., Scott Crump, used this extrusion-based process, 

who developed the AM technique called Fused Deposition Modeling (FDM) to print the 3D 

objects by mechanically extruding the melted material through the nozzle or orifice (such as 

polymer-based filaments, thermoplastics) onto the substrate [31]. The FDM is relatively cheap and 

simple to use compared to other AM. In addition, it is an excellent alternative to the CM methods 

in a certain way; however, FDM is a slow process and can exhibit geometrical inconsistencies. 

The correctness and quality of final products in FDM are limited by the nozzle's inlet dimensions 

[32], [33]. FDM application is found in various sectors: aerospace, automotive, and medical [34]. 

1.3.2.4 Sheet Lamination 

The sheet lamination techniques create the 3D objects by bonding material sheets together. Layer-

by-layer bonding between sheets is achieved by using different mechanisms such as adhesive 

bonding, clamping, thermal bonding, and ultrasonic welding [27]. Sheet lamination includes two 

subclasses: Laminated Object Manufacturing (LOM) and Ultrasonic AM (UAM). In 1986, Helisys 

Inc. developed the AM system using LOM, and it was patented in 1987 [10]. LOM involves 

layering plastic material with heat and pressure and then cutting it into the desired shape using a 

laser. In UAM, ultrasonic welding bonded metallic sheets with an additional CNC machining 

process [27]. A large object can be manufactured since no chemical reaction is required. Melting 

of material is not required in the sheet lamination process, making it a low-energy process. LOM 

offers several advantages, such as low internal tension, low part fragility, great surface detailing, 



11 

 

 

and lower material, equipment, and processing costs [35]. However, this AM process cannot 

produce the same geometrical complexities as other AM processes [2].  

1.3.2.5 Vat Photopolymerization 

Van photopolymerization is one of the AM processes, also known as stereolithography apparatus 

(SLA), and is used for creating 3D objects with liquid polymer resin [2], [35]. Photopolymer resin 

is cured by UV light to fabricate models, prototypes, and patterns. The layers are consequently 

cured until the 3D part is completed. Different polymer grades can be utilized in the process. An 

SLA method, developed by Charles Hull in 1984, became the first commercial AM process. SLA 

can build at a relatively high speed (1–3 cm/hour), and the minimum layer thickness depends on 

the curing depth. This method has several downsides, such as support structures requirement, 

processing errors caused by over-curing, and expensive supplies and materials. Since this 

technology relies on photopolymerization, it can only be applied to photopolymers [36]. 

1.3.2.6 Powder Bed Fusion 

The powder bed fusion (PBF) method begins by transporting the thin layer of powder material 

across the build platform using a roller mechanism. An energy source, i.e. laser or electron beam, 

is instructed to selectively dose energy to the powder bed to melt and fuse the material [27]. The 

powder bed slowly moves down as each layer is completed, reiterating the process until the desired 

shape is attained. Selective Laser Melting (SLM) and Electron Beam Melting (EBM) are two 

different metal PBF processes most commonly employed in the AM industry, as shown in Figure 

1-3. EOS GmbH (Germany) and Arcam Ab (Sweden) developed them in 1995 and commercialized 

them in 2005, respectively [10]. Both types of PBF fabricate the 3D objects with high density, high 
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surface finish, and similar mechanical properties of formed parts. The processes differ regarding 

the atmosphere for printing, toolpath planning, powder properties, and recoating techniques [37]. 

  

Figure 1-3 Schematic of powder bed fusion equipment (a) Selective Laser Melting and (b) 

Electron Beam Melting  

As its name implies, SLM uses lasers to melt and fuse metal powders. The whole process takes 

place within a closed chamber that often contains an inert gas such as N2 or Ar, based on the 

reactivity of the powder material to be employed [38]. A chamber filled with inert 

gas keeps the process from being contaminated by oxygen. Substrate plate heating can be used to 

minimize cooling rates and prevent 3D parts from cracking. SLM is regarded as the best AM 

process due to its ability to process a broad range of advanced metals and alloys. Some of the most 

significant benefits of SLM include utilizing a wide range of materials, producing parts with multi-

functional properties, and creating near-neat shape parts ready to use. However, SLM has some 

drawbacks: its relatively slow process, severe size restrictions, high energy requirements, and high 

initial costs. Process parameters optimization is time-consuming [39].  
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SLM and EBM are almost identical processes; both use layer-by-layer technology; however, the 

EBM process has some differences, such as using an electron beam instead of a laser beam to melt 

and fuse powder particles. The powder bed is maintained at a high temperature, and overnight 

cooling is required after the build is completed. With an EBM process, more parameters are 

accounted for, making the process more challenging than the SLM process.  The EBM process is 

operated in a vacuum atmosphere, in contrast to the inert atmosphere used during the SLM process. 

The EBM process can process brittle materials as intermetallics and high entropy alloys without 

crack formation in the objects by carefully selecting the proper temperature of the powder bed. 

Each layer is processed using the electron beam multiple times, resulting in a much longer 

processing time than an SLM process. Additionally, the whole chamber becomes hot enough after 

the printing process that it may necessitate considerable cooling before the printed object can be 

removed from the chamber [23] [39]. 

1.3.2.7 Directed Energy Deposition 

Direct energy deposition (DED) is another highly developed AM technique that is particularly 

widespread for its potential to print AM parts and remanufacture or repair the parts by adding the 

material to already constructed parts [2], [29]. DED system uses the concentrated energy source 

and stream of feedstock material which intersect at any common focal point where the thermal 

energy melts the feedstock material. A melted material is deposited, fused to the substrate, and 

subsequently solidified after moving the energy source. Depending on the applications, geometry 

size, and build quality, the energy source could be a laser, an electron, or a welding arc [2], [29]. 

Various DED systems are classified according to feedstock material and energy source. Figure 1-
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4 presents a flowchart of the different DED categories [40]. Based on the feedstock type, powder-

feed and wire-feed DED systems are available. 

 

Figure 1-4 Categorization of Directed Energy Deposition (DED) methods 

The thermal-based DED and kinetic energy-based DED (cold spray) are available based on the 

energy used. Thermal-based DED could be further divided into the laser, electron-beam, plasma, 

and electric arc-based DEDs, which are discussed as follows. 

a. Laser-based DED 

In this DED-AM process, the laser beam is directed on the substrate to create the molten pool. 

Simultaneously the powder stream is fed into the exact spot where the laser is focused. As a result, 

the deposited powder material melts, and layer by layer deposition forms the 3D parts on the 

substrate. This process is completed in a closed chamber using argon gas to protect the molten 

metal from oxidation. A CAD model is used to direct laser movement using toolpath plans based 

on the 3D shape of the model [39], [41]. As the system is designed, either the laser source or the 
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substrate table moves to deposit subsequent layers. Laser-engineered net shaping (LENS) is one 

of the laser-based DED AM processes [2], [39]. The LENS method was developed at Sandia 

National Laboratories in 1995 and is currently being commercialized by Optomec. LENS can 

fabricate parts from multi-materials of different grades [42]. The printed part's rapid cooling and 

local melting make the well-refined grains microstructure, and the part is usually 30% stronger 

than those constructed through casting. Parts can be repaired using this method since selective 

restoration is possible in the damaged area. 

 

Figure 1-5 Schematic of Laser Engineered Net Shaping process (LENS) 

b. Electron beam-based DED 

Electron beam freeform fabrication (EBF3) is another DED-AM process for constructing structural 

metal parts [2][39]. EBF3 employs an electron beam as a high-power energy source in the vacuum 

chamber to melt the continuously supplying feedstock material on the substrate (Figure 1-6). Wire-
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based feeding is used due to the complexity of feeding powder in the vacuum environment due to 

the ionization of the carrier gas that helps deliver the powder [43].  

 

Figure 1-6 Electron beam DED based on feedstock material as an (A) wire and (B) powder [2] 

Vacuum-based processes provide a clean environment and eliminate a consumable shield gas, 

generally used in laser-based DED systems. In addition, EBF3 can print very reactive metal parts 

due to no connection with atmospheric gases, the printing of highly reflective alloys, and 

electrically conductive metal, including copper and aluminum. However, the prerequisite of a 

vacuum environment hinders large-scale 3D parts production. EBF3 is nearly 100% efficient in 

terms of feedstock consumption, and in terms of energy, it is nearly 95% efficient [43]. EBF3 

requires the whole build volume to be confined in a vacuum during the process. This substantially 

escalates the cost and time of the process as compared to DED-AM systems that only require 

shielding gas flow or an inert environment [44]. 
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c. Wire + Arc DED 

Wire + arc additive manufacturing (WAAM) is also classified in the category of DED system as 

per ASTM F2792 12a [21]. It combines arc welding and wire feeding system for AM purposes.  

 

Figure 1-7 Schematic of Wire+arc additive manufacturing  [45] 

The process uses the electric arc as a thermal energy source to melt the continuously feeding wire 

as a feedstock material. The layer-by-layer deposition of melted wire builds the near net shape 

parts[46]. A multi-axis table or a robot arm is used to operate the system. WAAM is gaining 

popularity because it offers a more cost-effective alternative to the CM method for comparatively 

large 3D metal parts with low to medium geometric complexity [47]. Electric arc systems are 

highly efficient and can be operated with a range of heat inputs and deposition rates. Pulsing the 

arc and changing the waveform and frequency of the arc can be used further to manipulate the 

deposition of material [48]. It is well known that the microstructural properties vary due to thermal 

history during the manufacturing process. However, the idiosyncratic WAAM thermal cycle, 

which includes cyclic heating and cooling, produces the parts with meta-stable microstructural 

properties and inhomogeneous composition [17].  
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d. Plasma arc-based DED 

In the 1960s, the plasma arc welding (PAW) process was adopted for surface modification in the 

overlays industry, which led to the development of plasma transferred arc (PTA) [49]. It can be 

considered that the PTA system is the derivative of the PAW system. Although both these plasma-

based welding processes utilize non-consumable tungsten electrodes, there is a significant 

difference between them: PTAW uses wire feedstock material, while PTA uses powder feedstock 

that requires argon gas to carry the powder stream to the plasma arc region [50]. 

Plasma transferred arc (PTA) is a fascinating technique for layer deposition of blown powder in 

the AM industry. PTA is comprised of the newly named 3D Plasma Metal Deposition (3DPMD) 

group that belongs to the DED category [47]. The PTA-AM depends on the current as well as 

voltage to create plasma arcs [51]. The required current value is inputted in the system, which 

controls the current flow between the plasma torch and the substrate. On the other hand, voltage 

is governed by the pressure difference between the plasma torch and the substrate, and it can be 

varied by adjusting the distance. The plasma arc is created as the current ionizes the inert gas (such 

as argon) between the plasma torch and the substrate [37]. In the PTA-AM system, the powder 

stream is transported from the powder hopper to the substrate via a plasma torch containing the 

non-consumable electrode and the plasma arc. As the powder stream enters the plasm arc region, 

it melts and impinges on the substrate. The melted pool solidifies as the torch moves over it, 

leaving a solid deposit behind [37]. The process is reiterated until the 3D object is printed. 

Compared to other AM, the PTA-AM method has significant advantages because it allows us to 

fabricate specimens with larger dimensions than those produced with PBF techniques. 

Furthermore, the high feed rate may result in a higher production rate than other AM technologies 
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[52]. It also offers the advantages of the refined microstructure of deposit, a small area affected by 

heat, and low distortion. PTA-AM permits printing 3D parts with homogenous, functionally 

graded materials, which is impossible in other laser-based and electron beam-based AM methods. 

PTA-AM is also capable of processing powders with a wide distribution range, from 45-150 

microns. PTA-AM does not suffer from the different microstructures of powders of different sizes 

since powders are fully melted during this process. Nevertheless, the powder size distribution is 

more critical for the LENS method since the powder is sintered instead of melted [37].  

1.3.3 Applications of AM 

Over the past few years, advanced AM techniques have significantly progressed, yielding 

applications to an ever-wider range of industries. In contrast to subtractive manufacturing, AM 

lends itself particularly well to manufacturing small quantities of intricate parts [53]. A report 

stated that reducing the amount of materials and energy used in the current manufacturing methods 

could significantly mitigate climate change. It is certainly true that industry emits nearly 30% of 

total greenhouse gas emissions [54].  The majority of industrial greenhouse gas emissions are 

attributed to the processing of materials. It is evident that the AM techniques can reduce the amount 

of energy and resources required for manufacturing processes, reduce the amount of material 

needed in the supply chain, and enable environmentally friendly practices [55]. 

In the aerospace industry, the components usually have complicated geometries and are made from 

advanced metal and superalloys, which are complex, expensive, and time-consuming [57]. 

Complex aerospace components include multiple simple parts joined with various fasteners (bolts, 

welds, and brazes). However, such assemblies are less reliable and require more inspection,  
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tooling, and maintenance than a single component. AM is an effective tool for consolidating parts. 

This allows for better feature integration as well as more excellent reliability [53].  

The buy-to-fly ratio in aerospace is an essential contributor to the high manufacturing costs, as it 

denotes the ratio between the raw material's weight and the final component's weight. In this 

scenario, the material usage and the fabrication cost can be substantially enhanced with AM 

freeform fabrication facilities and lower the buy-to-fly ratio nearer to 1:1 [53]. Moreover, 

aerospace production runs are generally small, limited to a maximum of a few thousand parts. This 

makes AM technologies ideal for aerospace applications as AM is more cost-effective for custom 

parts and small batches [53]. For example, Figure 1-8 shows1:6 scale exhaust mixer of gas turbine 

for Bell helicopters manufactured by Optomec using the LENS process [56]. In the automotive 

industry, product development is significant, but the process is often expensive and time-

consuming. Since AM technology allows for a shortened product development cycle and lower 

manufacturing and product expenses, it has been an essential tool for the automotive industry. 

Additionally, AM methods have been employed for the small production run of structural and 

functional components like driveshafts, engine exhausts, gearbox parts, brake systems for luxury 

 

Figure 1-8 Exhaust mixer for gas turbine produced by LENS [56] 
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cars, and low-volume motor vehicles [56][58]. Racing vehicles are often made from lightweight 

alloys with complex structures and low production volumes. Companies and research institutions 

have profitably applied AM technology to produce functional components for racing motor 

vehicles. For example, Arcam [59] used EBM- based AM technique with Ti6Al4V material to 

fabricate racing car parts such as suspension parts and engine parts, especially with lattice 

structures and gearboxes (Figure 1-9). 

 

Figure 1-9 Racecar gearbox produced by EBM  [59] 

According to the latest Wohlers' report [60], AM market has expected to grow from $6.1 to $21 

billion by 2020, and the biomedical market shares 11% of the overall AM market. In recent years, 

advances in AM technology, biomedicine, biological sciences, biomaterials have demonstrated the 

potential of applying AM technologies in the biomedical field to products such as orthopedic 

implants, artificial organs, tissue scaffolds, and medical devices [61]. The AM flexibility enables 

engineering novel materials, for instance, semicrystalline polymeric composites used to produce 

extremely complex shapes [62]. From implants to drug dosage, biomedical applications must be 

tailored to individual patients. AM offers a wide range of patient-specific biomedical products, 
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ranging from hearing aids to biomedical implants [63] and custom orthotics to prostheses [64]. 

Research institutes and universities are also studying the use of AM for biomedical implants. A 

Ti6Al4V implant (Figure 1-10) was designed with tailored mechanical properties that mimic the 

bone structure, and the EBM-based AM technique has fabricated it [65]. 

 

Figure 1-10 Hip stems with mesh, hole and solid configurations fabricated using EBM [65] 

The DED-based AM processes have recently been employed to repair and remanufacture the high-

value damaged components [54]. It has been revealed that conventional repair methods face 

several challenges, including high residual stress, distortion of the repaired part, low flexibility in 

geometry, and extensive post-machining. The DED process is excellent for repairing and 

remanufacturing automotive and aerospace components. DED has more advantages than 

conventional welding, including less heat input, less warpage, less distortion, lower dilution 

values, higher cooling rates, great metallurgical bonding within deposited layers, and high 

accuracy. DED is effectively used in diverse industries to repair various parts, including the 

crankshaft, driveshaft, four-stroke pistons, and turbine blades [54]. 
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Figure 1-11 Marine diesel crankshaft repaired using DED system [54] 

1.3.4 Challenges in AM 

The advent of additive manufacturing has led to the invention of many new products and 

applications. Nevertheless, there are challenges to overcome before this tool can truly be utilized. 

AM presents various challenges, comprising fabrication timeliness, material challenges, 

production cost, dimensional and geometrical accuracy, and manufacturing parameter 

optimization. This thesis aims to research the variation in geometry of the printed beads based on 

the manufacturing parameters used in the AM process. Furthermore, it focuses on the flow of metal 

powders and their interaction with the energy source.  

With reference to dimensional and geometrical accuracy, the main challenge in the AM processes 

is understanding the physical properties of a deposited part which is the function of numerous 

manufacturing parameters such as energy source (laser/plasma/electron beam power), 

powder/wire feed rate, stand-off distance (distance between torch and substrate), table 

travel/scanning speed, and gas flow rate (central, carrier /shielding). Another challenge is 
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investigating the physical phenomena among these parameters, such as laser/plasma-powder flow 

interaction, powder/wire melting due to arc current, molten metal deposition into a molten pool, 

liquid metal flows into the pool through surface tension gradient, deformation of the molten pool 

due to arc pressure and molten pool solidification [66]. Due to many processing parameters and 

these complex physical phenomena, optimizing the AM process to achieve the near-net-shape part 

is complex. It is crucial to identify the correlation between geometry deviation and the processing 

parameters as it affects the final product's geometry (size and shape) and quality. A high degree of 

dimensional accuracy is crucial for products such as biomedical products that have to fit perfectly 

into patients' bodies and reverse engineering where exact dimensions are needed to fit the damaged 

parts. A turbine blade's dimensional accuracy is also vital for energy efficiency and vibration 

prevention [66].   

The variation in quality and geometry of deposited parts can arise due to several reasons. However, 

poor choice of selecting the process parameter can significantly deviate the quality and geometry 

dimensions. The heat input parameter is a fundamental variable in the AM process that changes 

the deposited part's width and height and affects the microstructural properties. Determining how 

much heat is required to melt/sinter the delivered material from the feeding system is challenging. 

Insufficient heat input may encourage improper melting of the feedstock, resulting in undesirable 

effects on the final part dimensions and surface quality. A similar undesirable effect of excess heat 

is poor surface finish and excessive deformation of the deposited layer. Furthermore, residual 

stresses caused by AM processes' continuous rapid heating and the cooling cycle can yield 

substantial part distortions that significantly impact the final product's functionality [37]. 
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Powder/wire feeding rate into the heat source (plasma/laser) affects the deposition geometry and 

the deposition rate. A critical factor in achieving a stable bead height is to control the powder 

feeding rate. The powder feeding rate also affects the temperature of the powder particles that hit 

the substrate. As part of the laser-based DED AM process, the shape of the gas-powder stream, 

powder-laser interaction, as well as particle velocity and distribution are key factors influencing 

clad quality, clad geometry, and powder entrapment [67]. 

1.4 Thesis outline 

The thesis structure and subsequent chapter topics are discussed in this section. This thesis is 

focused on analyzing the dependency of bead quality on processing parameters of the PTA-AM 

process, which involves the influence of plasma arc current,  

In chapter 2 (Accepted in International Journal of Advanced Manufacturing Technology), we have 

presented the in-situ image processing technique to investigate the dependency of quality of bead 

on the processing parameters, including plasma arc current, powder flow distribution (powder 

particle count), and stand-off distance (SOD). We also used the statistical tests (ANOVA and two-

tailed t-test) to determine the significance of built geometry dependency and powder particle count. 

The validation of optimized SOD and uniformity in powder flow for the stable and uniform bead 

is also presented in this chapter.  

In chapter 3 (Submitted in the International Journal of Heat and Mass Transfer), the image 

processing technique has been discussed to analyze the powder flow behavior under the influence 

of plasma arc current. The variation in individual powder particles velocity and their trajectories 

due to plasma arc velocity is investigated. The dynamics of the powder particle motion are 
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validated with the theoretical single powder particle trajectory model. In the later section of this 

chapter, using a theoretical model, the parametric study has been presented to investigate the 

parametric effect of powder impact motion on the spreading and solidification of molten powder 

particles during their impingement on the substrate. 

The final chapter concludes the whole thesis work and describes the potential future to extend 

upon the research.  
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2 In-situ image processing for process parameter-build quality 

dependency in PTA-AM1 

2.1 Abstract 

Plasma transferred arc additive manufacturing (PTA-AM) is a high volume and high speed 

directed energy deposition (DED) technique that uses metal powder as a feedstock material to 

build up 3D components, layer by layer. In the PTA-AM process, the quality of the build is a 

function of several parameters, including but not limited to the powder feed rate, the torch travel 

speed, stand-off distance (SOD), and plasma arc current. Unlike the laser DED systems, the melt 

pool and laser visualization are not possible through inline imaging systems. These processes have 

difficulty sustaining uniform evenly distributed powder flow between the nozzle and the substrate. 

For the constant operating parameters, the process requires in-depth attention to inspect the quality 

and geometrical features of bead deposition, which may alter due to continuous mechanical 

connection with the deposition system. This paper provides a high-speed imaging approach to 

quantify and systematically analyze the process aspects of the PTA-AM system. The experiments 

of single-track multi-layer bead deposition of WC-reinforced NiCrBSi composites are carried out 

and recorded. The proposed image processing techniques are developed to optimize and validate 

stand-off distance (SOD) to print the stable bead and maintain the higher powder catchment 

efficiency at the deposition zone. It is also used to assess the impact of powder variation on the 

bead height. The powder stream distribution, the statistical dispersion of powder particle count, 

and their effect on the build quality are described based on powder flow images, using an image 

 
1 A version of this chapter has been accepted for Springer publication, International Journal of Advanced 

Manufacturing Technology as: “Gajbhiye R.; Rojas M.; Waghmare, P; Qureshi, A., (2021), In-situ image processing 

for process parameter-build quality dependency of plasma transferred arc additive manufacturing” 
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processing approach. The significance of relationships between bead height variation and powder 

particle counts are analyzed using statistical methodologies such as Analysis of Variance 

(ANOVA) and t-test. The effect of PTA-AM process parameters on bead geometry reveals that 

the plasma arc current and powder particle count significantly affect the bead geometry. This work 

validates the benefit of using 7 mm SOD for improving part quality. Using image analysis, the 

uniformity of powder flow is evaluated. In addition, the finding shows that the increment in plasma 

current by 40% increases the mean bead width by 85% and decreases its height by 24%. By 

determining the effect of processing parameters on the bead quality and geometry, this PTA-AM 

process can build near-net-shape parts and increase the reliability and reproducibility of the 

process. Thus, the proposed in-situ image processing methods can be adopted in the PTA-AM 

process to analyze manufactured parts' quality and characterize the process parameters responsible 

for the deviation in surface quality and dimensional geometry. 

2.2 Introduction 

Additive Manufacturing (AM) techniques build 3D components by adding the material in layers 

guided by a computer-aided design (CAD) model and associated computer-aided manufacturing 

(CAM) plan [1]. It prints the customized and intricate parts without conventional manufacturing 

steps such as casting mold, dies, or punching. It also remanufactures and repairs the damaged 

component by adding a layer to layer deposition of feedstock material [2]. One of the main 

categories of AM processes is the directed energy deposition (DED) method in which the energy 

source (i.e., plasma transfer arc (PTA), wire-arc, laser, or an electron beam) melts the feedstock 

material (i.e., wire, powder or both wire and powder) at their intersection point and forms the 

molten pool. The DED systems are classified based on energy sources such as laser-based, electron 
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beam-based, plasma-based, and electric arc-based DED systems. Based on the feedstock material 

it can be further divided into powder-feed and wire-feed DED systems [3]. 

DED is employed in AM to produce parts of metal-matrix composites (MMC), functionally graded 

material, and metal-ceramics, which are used in biomedical, aerospace, and defence industries due 

to its enhanced material properties (i.e., abrasion, corrosion-resistant, etc.), mechanical properties 

(i.e., tensile strength, hardness, Fatigue, etc.) and geometrical properties [4]. The variation in these 

properties is associated with the common defects that arise during the DED process, such as 

porosity, deformation, geometrical distortion, etc. The defect properties of AM components get 

influenced by various operating parameters such as energy source, powder/wire feed rate, travel 

speed of worktable/torch, stand-off distance, etc. [5], [6]. A diverse set of parameters, coupled with 

the complex thermal and momentum transport phenomena, limit our ability to understand the 

impact of these individual variables on the DED process [7]. With respect to ongoing 

advancements in DED systems, many researchers have been working on approaches such as 

analytical, thermal modelling, numerical simulation, statistical tests, artificial neural network 

(ANN), etc., to optimize the DED process by ascertaining the effect of operating parameters on 

deposit qualities. 

In the laser-based DED (L-DED) system, the control of clad geometry is essential for commercial 

applications. To avail of this need, several researchers [8], [9]  have constructed the optimization 

method for standard operating parameters such as powder feed rate, laser power, and scanning 

velocity. In the outcome measures, clad width and height were studied [8]. Thus far in theoretical 

studies, only a few mathematical models have been established to analyze clad geometry under the 

influence of powder feed behaviour with respect to stand-off distance [8] and powder transport 
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ratio, which validated with powder catching efficiency [9]. Further, the numerical models 

employed in L-DED were used to simulate the operating parameters, which include analysis of the 

powder stream shapes with respect to focal point positions, the effect of powder feed rate on laser 

beam intensity [10], clad geometry formation under the influence of laser power and scanning 

speed [11]. Moreover, the validation of statistical models has been achieved experimentally in the 

studies [12] using a high-speed imaging approach. The properties of streams, such as particles 

trajectory and velocity, powder stream distribution and focal plane position, were optimized in 

these studies [12]. In the same direction, Analysis of Variance (ANOVA) [13] and ANN using the 

machine learning approach [14] were also employed to predict clad layer geometry in the L-DED 

process. Besides, the in-situ monitoring using image signals with the visible and infrared spectrum, 

X-ray and acoustical signals is developed to enhance the defect detection in clad layers and 

repeatability of the L-DED process [15]. 

Like L-DED, the electron-beam DED (EB-DED) is also an AM process that prints a wide range 

of materials under a vacuum environment, unlike L-DED, which operates under an inert 

atmosphere [16]. Although a vacuum system is expensive, it offers tremendous advantages over 

L-DED, such as low residual stress, effective energy transfer to the substrate and high-speed scan 

rate [17]. In the EB-DED, the material microstructure also plays a crucial role because of the 

requirement posed by mechanical properties for the finished parts. Several works have been done 

to assess the impact of different processing parameters such as beam power, beam travel speed, 

beam focus and wire/powder feed rate on the mechanical properties and bead geometries [18]. The 

design of experiments approach used by Wallace et al. [19] highlighted that the process variables 

(beam power, beam travel speed) significantly impact bead width and height variation. In the same 
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study, it was also examined that the incident beam width changed the molten pool geometry 

without varying the microstructure of the deposits. In [20], the beam power and travel speed 

process map were developed using the finite element method to deposition a single-bead Ti6Al4V 

with the desired microstructure. Further, it also helped in achieving the proportional size scales 

between melt pool and beta grain widths [20]. In addition, the influence of deposition modes on 

the microstructure of Inconel 718 studied by [21] determined that the continuously deposited bead 

had greater yield and ultimate strength while intermittent deposited bead has superior plastic 

elongation property. Moreover, the high-quality build was achieved using the closed-loop control 

in the electron beam melting system, which provided deposit information via sensors to make 

immediate corrections [22].  

As the EB-DED and L-DED are confined by higher cost and low efficiency, and thus suited better 

for manufacturing great-value and low-production parts, the wire and arc additive manufacturing 

(WAAM) is another DED process that has been used recently in the industry in view of high-

efficiency and unique cost [23]. However, a significant problem associated with WAAM is the 

poor surface quality and low accuracy of the geometry created by extreme input power, high 

deposition rates, and large temperature gradients that occur during its process [24]. To address this 

query,  recent experiments [25] have determined that bead surface quality and geometry can be 

improved by heat reduction. The Taguchi and ANOVA method used on experimental results by 

[24] revealed that increment in travel speed or decrement in current increases the roughness, 

independent of wire feed rate. As the optimization based on experimental results is time-

consuming and expensive, the simulation modelling had been used in WAAM by various authors 

[26], in which accurate prediction of thermal behaviour on the bead, geometrical distortion, 
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residual stresses and mechanical properties were achieved in less time and cost. Further, to achieve 

the near-net deposition in WAAM, a forward and reverse model was developed by [27] that uses 

ANN to correlate the welding process parameters with single bead geometry. The Single-bead 

ANN model implemented with adaptive medial axis transformation (MAT) algorithm was able to 

deposit the accurate and void-free bead via an automatic selection of WAAM process parameters 

[28]. 

The plasma transferred arc (PTA) in the AM process has also been acquiring attention in scientific 

communities and the AM industry. The technology of PTA is counted as one of the fascinating 

additive techniques to fabricate the 3D parts through layer depositions by powder injection under 

the plasma arc [29], [30]. The PTA process had been recently employed in 3D plasma metal 

deposition, which is a category of DED process [31], [32]. As a promising technology, several 

ongoing studies have also been focusing on the effect of PTA processing parameters on 

geometrical and mechanical properties of deposits. In PTA-AM, characteristics that include the 

bead height and width, deposition rates, quality of bead, powder catching efficiency, melt pool 

dilution, and penetration level into the substrate depend on processing parameters such as arc 

current, voltage,  travel speed, powder feed rate, shield/center gas flow [33], [34]. Mercado Rojas 

et al.[35] has confirmed that the PTA-AM system is capable of the mass production of WC-

reinforced NiCrBSi 3D products for industrial applications. Another study by Mercado Rojas et 

al. [36], which is based on characterization of bead geometry and microstructural properties, 

showed that the bead height and width were significantly affected by the powder feed and gas rate, 

plasma arc current, and table travel speed. The printing of suitable quality components that 

encounter less deviation using optimized process parameters in PTA-AM is achievable with 
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minimum efforts required in post-processing. Further improvements in the final 3D metallic parts 

had been made by Moghazi et al. [37], which addressed the issues of oxidation and pore formations 

in the bead layer of 17-4PH stainless steel material. The study concluded that using 5% hydrogen 

in shield, center, and powder gas flow could avoid the oxidation in the layer and increment the 

heat input by 15 %, thereby eliminating porosity. Other researchers [38]–[41] have developed a 

micro-PTA-AM system to fabricate meso-sized parts, repair high-value components, and 

remanufacture defective products. Jhavar et al.[40] determined the correlation of good surface 

quality for multiple-layer depositions with optimized plasma energy and wire feed rate per unit of 

transverse length. Nikam et al. [38], [39] proposed a finite simulation model along with a thermal 

model to predict the single layer bead geometry using optimized parameters, i.e. plasma power, 

travel speed, wire feed rate, shielding gas flow, and thermal properties of melt pool and substrate. 

In addition to the effect of the above-mentioned process parameters, the influence of continuous 

and dwell-time mode multi-layer depositions has a significant impact on the deposit's 

microstructure, microhardness, and tensile properties [41].  

Based on the reviews from the previous research studies done on the various DED systems (i.e., 

L-DED, EB-DED, WAAM, and PTA-AM), the PTA-AM has superior characteristics such as 

higher productivity, cost-effective, and low power consumption. Among the overlaying 

techniques, the PTA-AM proposes a higher deposition rate and efficiency, thicker overlays, and 

minimum dilution of substrate [42]. Multiple powder hoppers in the PTA-AM system provide the 

novel means to fabricate the parts of composite materials and functionally graded material [29]. 

For the above-mentioned advantages, the PTA-AM system has been recognized to manufacture 

the whole complex parts for industries such as mining and oil and gas industries [37]. However, 
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due to the complexity of the powder stream's ejection from the multiple nozzles, their interactions 

with the plasma arc, and in-process monitoring of the powder stream and stand-off distance effects 

on the quality of build is challenging. In addition, isolating the effect of operating variables on 

geometrical and microstructural properties has been difficult since build deposition is susceptible 

to minute changes in the process [43]. It is also stated that the deposited geometry can vary 

significantly with the same set of operating parameters between processing cycles on account of 

its high sensitivity towards process parameters [44]. Moreover, the difficulty in accomplishing the 

adaptive control, complex post-process assessment, expensive and time-consuming trial-and-error 

experiments, and accumulation of error in the processes makes it challenging to have a widespread 

implementation of DED to its full potential [7] [45]. As well as most of the experimental work in 

DED systems, including PTA-AM, focus on process parameters and build quality optimizations, 

which are described ex-situ, i.e., after the process is finished and fabricated part has cool down 

[46]. 

To overcome the aforementioned challenges, in-situ monitoring of AM process is essential for 

comprehending the physical phenomena that arise during the process and transmute them into 

process signatures which can signify the bead quality. Moreover, these process signatures can be 

controlled online using adaptive closed-loop feedback control in DED systems. Despite the various 

effort in using high-speed imaging and image processing approaches for monitoring and 

optimizing the different DED processes, minimal attempts have been reported on the image 

processing approach used in the PTA-AM system for process optimizations. Therefore, the present 

work attempts in the PTA-AM process to develop in-situ image processing technique for process 

parameter-build quality dependency.   



41 

 

 

Figure 2-1 shows the schematic of the PTA-AM process. The plasma arc is used as the energy 

source to melt the powder particles as a feedstock material on the substrate, and repetition of this 

deposition process layer by layer produces the complete 3D solid part. In this PTA-AM system, 

the arc is restricted with a small diameter by using a water-cooled copper nozzle, but the power 

density is higher as compared to other arc welding methods [14]. The choice of the powder as a 

feedstock material in the process arises with the flexibility in using the desired composite coatings, 

overlays with different alloys composition and difficulty in producing the required diameter of a 

wire, as a form of feedstock material which is especially crucial for the efficient methods [47], 

[48].  

 

Figure 2-1 Schematic of PTA-AM system 

Noteworthy prior works have been done using an in-situ imaging system to develop advanced 

process monitoring procedures for faster mechanization of DED in the manufacturing industries. 

The in-situ high-speed X-ray imaging system used in the piezo-driven L-DED system revealed the 

laser beam-powder flow interaction and their effect on porosity and cavity formation during the 
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deposition of Ti-6Al-4V material [49]. With the same setup, Webster et al. [50] evaluated the Ti-

6Al-4V powder flow-melt pool interactions with the key finding such as laser beam attenuation 

into the molten pool zone due to increment in powder feed rate, the effect of particle velocity's on 

melt pool quality, phase transformation of powder as well as various porosity formations. The 

above literature provides insight into the fundamental physics of powder flow interaction with a 

laser beam and with a melt pool. However, these DED processes are still far from imitating 

components from real industrial DED systems; therefore, further research development is required 

to implement them into the industries [7]. In addition, the use of the charge-coupled device (CCD) 

or complementary metal-oxide-semiconductor (CMOS) high-speed cameras has been cited in 

different studies for monitor and controlling the DED systems. Lott et al. [51] have developed the 

CMOS camera-based optical system for in-situ monitoring of laser beam velocities and 

implemented the image processing technique to demonstrate molten pool variation. However, in 

the proposed method, the influence of process parameters for molten pool dynamics is not clearly 

illustrated. Fathi et al. [52] presented a CCD coupled vision-based proportional–integral–

derivative controller system to monitor a clad height under the influence of process conditions. 

However, only the scanning velocity was used as the input parameter to compensate for the 

deviation in deposition height. Later, Mozaffari et al. [53] have advanced the previous work by 

including the Particle Swarm Optimization and Pareto-based evolutionary algorithms for real-time 

melt pool prediction and optimization of process parameters, respectively. With this system, the 

authors demonstrated the clad height and dilution under the influence of scanning speed, laser 

powder and powder flowrate.  
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As per the author’s view, no work reported on the in-situ image processing technique used in a 

plasma-based DED system to investigate the correlation between processing parameters and the 

bead quality and geometry. Thus, this study uses the in-situ image processing methodology in the 

PTA-AM to systematically compute the image-based powder measurement and detect the bead 

geometry variation in the deposition zone. In order to understand the impact of PTA-AM process 

parameters on bead geometry, statistical techniques such as ANOVA and the two-tailed t-test have 

been used to estimate the significance of the linear relationship between powder particle count and 

bead geometry. In addition, the effect of plasma arc current on the bead height and width has been 

determined in this study. The proposed in-situ image processing methods can be well-defined 

measurement guideline to monitor PTA-AM process stability and ensure the optimum level of 

processing parameters for the stable build deposition. The outcome of this research work will be 

valuable for the optimization and validation of process parameters and deposition of the stable 

bead with lesser deviation manufactured by the PTA-AM process. The process and product 

characteristic optimizations using image analysis will help reduce material waste in a repetition of 

expensive experiments and increase the stability and reproducibility of the process.   

2.3 Experimental and optical setup 

The main equipment used in the process is an experimental PTA-AM system developed in-house 

consisting of a Kennametal StelliteTM STARWELD 400A PTA (Pittsburgh, USA) source, 

installed with Kennametal Stellite Excalibur II Torch  [36]. The torch features a high-efficiency 

3.18 mm (1/8 in.) nozzle with two powder ports and a self-centering thoriated tungsten electrode 

that is honed to an angle of 20o. The Excalibur torch is the transition point where plasma arc is 

used to melt powder particles carried by argon gas from the hopper to the nozzle exit. The 
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employed light source for illumination was a 1.2-kW HMI PAR Arrisun 12 plus (New York, 

USA). 

 

Figure 2-2 Experimental and optical setup of PTA-AM system 

The torch is fixed at one position, and the substrate moves in three dimensions guided by a CAD 

model. The powder streams from both nozzles and deposited layer height on the substrate are 

recorded with CMOS high-speed camera (Vision Research, Phantom V711) mounted with long-

reach macro lens assembly (AF-S Micro NIKKOR 105 mm f/2.8). This high-speed camera could 

provide up to 68,000 fps. The sensor size is 1280 × 800 pixels, where pixel size is 20 µm × 20 µm. 

A neutral density (ND) filter is used in front of the camera lens to suppress the plasma arc radiation 

and the weld pool brightness. The frame rate, exposure time, and spatial resolution are carefully 

chosen in this study to capture the powder flow distribution and complete bead deposition under 

the plasma arc intensity without losing the relevant information and to capture a high-speed image 

stream that can be computationally feasible for the image analysis implementation. With this aim, 
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the sampling frequency of 100 fps and 4 µs exposure time is selected, corresponding to a spatial 

resolution of 1024 × 768 pixels. 

Figure 2-3 (a) depicts the optical setup used in this study. The high-speed camera is fixed on the 

tripod (Manfrotto, Italy) to focus on powder streams injected from both powder ports. The 

backlight source is placed to illuminate the powder particles from the backside. The Neutral 

 

Figure 2-3 (a) Schematic of Optical setup with PTA-AM system (Isometric view) (b) Top view 

of an optical setup  
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Density (ND)-4 filter is inserted in front of the camera lens, which reduces the 1/10000 amount of 

plasma arc light entering the lens. The field of view of the high-speed camera has been fixed to a 

certain height of observation by keeping the camera sensor perfectly aligned with the substrate. 

Figure 2-3 (b) shows that the high-speed camera is aligned with and pointed towards the backlight 

source. Both are perpendicular to the moving direction of the substrate and powder port plane. The 

depth of field is correctly adjusted to provide an in-focused image of powder streams in a plane 

perpendicular to the camera and in-line with the powder deposition ports of the nozzle together 

with bead deposition.  

Table 2-1 Chemical composition ranges for tungsten carbide and MMC [54] 

Product Hard Phase composition  

(wt. %) 

Matrix alloy composition 

(wt. %) 

 Phase W C  Phase Ni Cr B Si C Fe 

 %    %       

PlasmaDur 

51122 

60 93.8 

94.0 

6.0 

6.2 

 40 Bal. 9.5 

12.5 

2.0 

2.5 

3.3 

4.3 

0.3 

0.6 

2.0 

3.5 

 

The powder material is the pre-blended mixture of tungsten carbide, and nickel-based metal matrix 

composites (MMC) sourced from OErlikon Metco [54], and the powder product name is 

PlasmaDur 51122. The particle size distribution is + 63 to – 180 µm with apparent density ranging 

from 5500 to 7000 kg/m3. The tungsten carbide is an angular shape, whereas MMC is in spheroidal 

shape. Table 2-1 represents the chemical composition of powder material. 
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2.4 PTA-AM processing parameters 

Table 2-2 provides the PTA-AM process parameters with their corresponding values. Experiment 

1 is mainly performed to investigate the spatial distribution of powder flow field along the nozzle 

axis and to optimize the stand-off distance (SOD) for the deposition of the stable bead using the 

image processing technique. 

Table 2-2 Main processing parameters for experiments 

 

Experiments 2 and 3 are conducted to determine the influence of powder particle count on the bead 

height variation. Three samples named S1, S2, and S3 are performed with the same processing 

parameters under experiments 2 and 3, respectively, to evaluate the variation in the process. The 

plasma current is decreased by 40%, with other parameters kept constant to investigate the 

influence of current on the bead geometry. 
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2.5 Image processing methodology 

 

Figure 2-4 Flow diagram of the proposed image-processing method. 

Figure 2-4 presents a flow diagram showing the method for estimating the Gaussian distribution 

of powder particles, optimized stand-off distance (SOD), powder particle measurement per frame, 

and bead height measurement per frame for every analyzed layer using the proposed image-

processing method. Based on objectives in the current study, the flow diagram contains three 

different series of image processing steps. The proposed methodology begins with acquiring a 

series of high-speed images and importing them into the image analysis software Image-Pro 10 for 

pre-processing images. The spatial calibration of the images has been used to convert the 

dimensions from pixel to millimetre measurements. The corresponding pixel size based on the 

image resolution is 20 µm × 20 µm, and the magnification factor was determined as 0.0125 

mm/pixel. The grayscale images were extracted from the high-speed RGB images to identify the 
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powder particles and beads (black pixels in the image). The spatial calibration and image aspect 

ratio enables us to determine the powder stream zone and melt pool zone. A region of interest 

(ROI) is extracted from the series of images to calculate the Gaussian distribution of powder stream 

and powder particle count per frame. The pre-processed images are imported into the MATLAB 

software to detect only black pixels below a threshold.  

The sieve analysis of powder size distribution provided by the powder's manufacturer is then used 

to convert the powder black pixels into the powder particle count in the metric unit. The bead 

height variation in the melt pool zone is measured per frame using the line profile tool provided in 

the image analysis software. The line profile provides the edge detection tool, which measures the 

pixel intensity change (black to white pixel) along the line drawn in the melt pool zone of the 

images. An overview of the significant image processing steps of the proposed methodology is 

presented in Sections 2.5.1 and 2.5.2. In addition, one of the objectives, i.e., optimization of SOD 

for good quality deposition using image processing methodology, is explained further in Section 

6.1.1. 

2.5.1 Powder particle distribution and measurement method 

Figure 2-5 depicts a schematic of a number of deposited layers i (i = 1,2,3,4,5) on the substrate, 

and n is the number of high-speed images that have captured the whole bead layer i and the number 

of powder particles deposited to build the corresponding bead layer. The image stream acquired 

during the deposition of bead layers can be signified as a series of images which are  𝐼 =

{𝐼1, 𝐼2, 𝐼3 … , 𝐼𝑛}, where  𝐼𝑛 is the nth image of size 1280 × 800 pixels. 550 consecutive frames 

capture the single-layer bead deposition, which was processed in the developed algorithm. The 
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grayscale images are an 8-bit per pixel in which the pixel intensity ranges from 0 to 255, where 0 

is black, and 255 is white.  

 

Figure 2-5 Example of an image stream containing n frames of 1280 × 800 pixels in the bead 

layer i 

The angle at which images are rotated is decided on the powder injection angle, which is around 

60o. The re-orientation has been done for vertical translation of powder streams distribution at the 

deposition zone. The powder flow distribution along the nozzle axis in the newly oriented images 

is aligned with the plasma arc axis and center of the melt pool zone. The re-orientation of images 

made it convenient to correlate the projected powder stream distributions with respect to bead 

height variation in the deposition zone. As shown in Figure 2-6, the image processing methodology 

is explained in steps to determine the powder stream distribution and powder particle 

measurement. The pre-processing of images was done in the image analysis software (Image-Pro 

10). The image calibration has been done using the center-to-center distance between the nozzles, 

which is 8 mm. A suitable size of two red-coloured rectangular windows is the region of interest 

(ROI) selected to extract only the region of powder flow ejected from both nozzles. The region of 

interest has been used in image processing to segment powder streams from the raw high-speed 

images and remove the unwanted portions of the images, as a result, reduction in the processing 
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time and complexity. The segmented powder stream images were re-oriented using a rotation of 

image at 30° (clockwise for nozzle 1 and anti-clockwise for nozzle 2 with respect to plasma center 

axis). 

 

Figure 2-6 Stepwise image processing method for powder particle detection in the image stream 

and powder particle count per frame 

A small ROI of size 315 × 158 pixels on the series of images has been defined for image 

processing. The size of the ROI region is decided in such a way as to detect the maximum 

distribution of particles as well as to crop the unwanted plasma arc region and black background 

region from the images. The final segmented image stream was imported into the MATLAB 

toolbox. The threshold value of the grayscale is estimated manually in the image analysis software. 

In order to binarize an image, the threshold is set at the point where all of the black pixels (powder 



52 

 

 

particles) have been detected and applied to the stream of images. The particles are detected in the 

binarized image data by counting the same value unit of attached black pixels. The total black 

pixels detected per frame are converted into a number of powder particles per frame by dividing 

the average area of a powder particle diameter of 71 µm. The total powder particle count per 

deposited layer and mean powder particle count per frame has been determined using the 

aforementioned image processing technique. In addition, the positions of the black pixels per frame 

are known, which have been used to calculate the Gaussian distribution of powder particles 

alongside the central nozzle axis and across the powder stream area. 

2.5.2 Bead height measurement in the deposition zone 

A typical high-speed image captured the powder stream and bead height with an eight-bit grayscale 

is presented in Figures 2-7, from which the bead layer height can be clearly seen. The image 

analysis software Image-Pro 10 has been used to detect the location of both the nozzles, powder 

injection angles, powder stream central axes (blue hash dot lines), and powder stream spatial 

distributions (blue lines) with respect to their deposition zone on the substrate. The mentioned 

software performs the measurement operation in terms of pixel positions in the image, and these 

pixel-level measurements can be converted into scaling units using spatial calibration.  
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Figure 2-7 Image processing technique for bead height detection after every 53rd frame in the 

deposition zone to correlate the mean powder particle counted from 53 frames with bead height 

variation at every 53rd frame   

In addition, the height tracking of whole beads was achieved using the processing of high-speed 

images into the image analysis software. The Line Profile tool provides the edge detection at the 

intensity change of greyscale pixels along the drawn line in the image. As shown in Figure 2-7, 

the reference is taken on the substrate plane, and the line tool is drawn perpendicular to the 

reference at three different points on the substrate, which are positioned at the starting point, the 

middle point and the endpoint of the deposition zone to detect the layer height. As shown in the 

detailed image Figure 2-7 (a), the edge of the bead is detected with the red line, and the bead height 

in between is measured from the substrate plane along the yellow line. As the PTA-AM table 

moves with a speed of 600 mm/min in the direction of the x-axis, the substrate located at starting 

point of the deposition zone [𝐼𝑡=𝑖] travels under the powder stream and plasma arc region. The 

bead layer is formed on the substrate by the impingement of powder particles, which are melted 

by the energy of the plasma arc. The gradual increment in the bead height is observed from the 
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point [𝐼𝑡=𝑖] at which bead deposition starts to the point [𝐼𝑡=𝑖+53] where deposition reaches the 

maximum height as the table moves forward, and beyond this point, the layer height remains 

constant due to the end of the powder deposition zone and the plasma arc zone. With the available 

information of table travel speed, image frame rate and deposition zone distance, the time required 

to reach the deposition zone endpoint [𝐼𝑡=𝑖+53] from the deposition zone start point [𝐼𝑡=𝑖] is 

calculated. It is computed that a time period of 53 frames (0.53 sec as per 100 fps) has been taken 

to cover the distance of the deposition zone, as shown in Figure 2-7. Therefore, at the deposition 

zone, the variation in bead height is detected after every 53rd frame to evaluate the variation in the 

amount of powder deposition and their effect on the bead layer variation. The detection of bead 

height at point [𝐼𝑡=𝑖+53] per frame and total powder particle count per frame can be estimated using 

the image processing technique. This study determined the correlation between the bead height 

variation at every 53rd frame and the accumulation of total powder particles detected in those 

corresponding 53 frames.  

2.6 Results and Discussion 

2.6.1 Powder flow structure and deposition zone 

Figure 2-8 depicts an average grayscale image of five hundred high-speed images with a time 

interval of ∆𝑡 between two consecutive images, which is an average time for the powder particles 

to travel from nozzle exits to the substrate. For finding the spatial distribution of powder streams, 

an average image of 550 of the sample images is considered, with a certain angle of divergence 

from the exit of the nozzle to the deposition zone on the substrate. 
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Figure 2-8 Schematic diagram represents the Gaussian distribution of powder flow streams and 

their concentration distribution at different SODs along the plasma arc axis 

The powder particles follow a parabolic trajectory motion under the gravity effect, with a particular 

initial velocity. The divergent powder stream generally complies with the Gaussian distribution 

[55]. The image analysis method is used to investigate the powder flow distribution within the 

cross-section of the powder stream, which is perpendicular to the nozzle axis. In addition, the 

powder flow coordinates, melt pool zone and SOD are determined using arithmetic operation in 

the image analysis.  
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The powder stream distribution has been determined based on the following assumptions: 

1. The Gaussian distribution of powder flow is symmetrical along the nozzle axis, and at 

every cross-sectional plane of powder flow, it follows the same Gaussian trend.  

2. The divergent powder stream cone is similar for both nozzles, and it is symmetrical along 

the nozzle axis. 

3. The effect of gravity and drag force on the powder particles is considered. 

4. Powder particle size distribution is uniform, and particles have spherical morphology. 

5. After powder injection, particle-particle interaction is neglected.  

 

Figure 2-9 Gaussian distribution of powder streams incoming from nozzle 1 and 2 and variation in 

powder concentration distribution at the SOD of (a) 9.44 mm and (b) 7 mm along the plasma arc axis 
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The schematic diagram (Figure 2-8) shows the distinctive pattern of Gaussian distribution of two 

powder streams and variation in deposition zone at different SOD planes. It is projected that the 

powder stream distributions follow a 'saddle' pattern, overlapping with each other as SOD 

decreases.  

The Gaussian distribution pattern of powder streams is shown in Figure 2-9 (a - b). By the law of 

mass conservation, it is expected that the total area under the Gauss curve of mean powder particle 

count at SOD of 9.44 mm is equal to the total area under the curve at SOD of 7 mm. Fig 2-9 (a) 

depicts that the peak of the powder stream distributions has deviated approximately 1.5 mm from 

the center of the deposition zone, which is 8 mm long, and the Gaussian distribution of two powder 

streams follow a saddle-shaped profile which can be the reason for the deposition of two low-

quality beads rather than one uniform stable bead. As the SOD decreased to 7 mm, as shown in 

Figure 2-9 (b), the Gaussian peaks are almost aligned with the center of the deposition zone, which 

is 4.61 mm long and overlapping of powder streams distribution can conclude the merging of two 

powder streams into one which is an essential factor for the deposition of the single stable bead. It 

is also determined that as the SOD decreases, as shown in Figure 2-9 (a - b), the deposition zone 

decreases from 8 mm to 4.61 mm, which is almost covered by the plasma arc region (Approx. 4 

mm wide). Statistically, it can be predicted that around 96% of the deposition zone falls under the 

plasma arc region at SOD of 7 mm. In contrast, only 50% of the deposition zone is covered by the 

plasma arc region at the SOD of 9.44 mm. It provides the clear insight that as the SOD decreases, 

the chance of powder catchment in the deposition zone under the plasma arc region increases.  
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Figure 2-10 Deposition of bead layer over ramp geometric benchmark test artifacts (GBTA), at 

specific SOD, the deposition bead gets uniform surface [56] 

It is known that SOD plays a vital role in bead quality. The effect of SOD on the bead height 

variation is experimentally evaluated by Mercado et al. [56] using the Geometric Benchmark Test 

Artifacts (GBTAs). The GBDA is specifically designed in the study to assess the uncertainties and 

build the bead deposits with different characteristics in the AM process. Using the processing 

parameters such as powder feed rate of 40 gram/min, plasma current of 50 Amp and table speed 

of 500 mm/min, the single-track single layer bead is deposited over the GBTA to measure the bead 

height and degree of deviation in the layer height with respect to SOD variation. The SOD between 

nozzle exits and GBDA starts from a maximum value of 13.15 mm to a minimum value of 2.54 

mm. The nozzle position is fixed while the GBDA travels in the x-direction under the plasma arc 

and powder streams, and this arrangement gives a variety of SOD ranges for the bead deposition. 

In Figure 2-10, it can be noted that as the ramp GBDA starts at the maximum SOD value of 13.15 

mm, the unstable bead deposition is observed till the SOD value of 9.75 mm. The beads stabilize 

at the SOD of 9.75 mm, where the two beads from individual powder nozzles merge into one stable 

bead with fewer deviations [Figure 2-10 (a)]. The stable bead again starts to split into two low-

quality beads with some deviations at the SOD of 4.74 mm [Figure 2-10 (b)]. The uniform bead 

with less variance is achieved between the SOD ranges of 9.75 mm to 4.74 mm. In addition, the 
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Mercado et al. [56]  has confirmed experimentally that the good quality bead deposited at the SOD 

of 7 mm with lesser deviation, which is relatively similar to the SOD, was estimated in the current 

study using an image processing method at which Gaussian distribution of the dispersed powder 

is overlapped which can be responsible for the deposition of uniform bead [Figure 2-9 (b)]. 

2.6.2 Statistical dispersion of powder particle count  

Figure 2-11 shows the statistical distribution of the mean powder particle count per frame for the 

number of deposited layers. The x and y axes signify the number of deposited layers and the mean 

powder particle count per frame. Three different samples [S1, S2, and S3] are analyzed at a 100 

amp and 60 amp plasma current for Expt. 2 and Expt. 3 respectively while other processing 

parameters were kept constant. The dispersion of mean powder particle counts per frame was 

summarized for five consecutive deposited layers in each sample experiment. Figures 2-11 (a), (c), 

and (e) show distribution of data for three samples (Expt.2) reveal that the interquartile spacing, 

median value and max-min range of mean powder particle count per frame with respect to 

deposited layers are nearly similar for all three samples. The mean powder particle count per frame 

for the samples S1, S2, and S3 from Expt. 2 is 66 ± 3, 65 ± 1, and 62 ± 4, respectively. Also, the 

maximum value of mean powder particle count is 95 ± 3, 99 ± 1, and 94 ± 4, and the minimum 

value is 33 ± 3, 32 ± 1, and 30 ± 2. From the comparison, it can be determined that the powder 

stream is almost constant with less variation for all three different samples. Similarly, Figures 2-

11 (b), (d), and (f) represents the statistical distribution of data for three more samples (Expt. 3). 

The mean powder particle count per frame for S1, S2, and S3 from Expt. 3 is 76 ± 2, 70 ± 1, and 

69 ± 2, respectively. Likewise, the maximum value of mean powder particle count is 105 ± 4, 100 

± 3, and 103 ± 3, and the minimum value is 37 ± 2, 37 ± 3, and 36 ± 2. It is also observed that the 
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interquartile space, median value, and max-min range of the data set against the deposited layers 

are closely identical, which shows consistency in the powder flow.  

Expt.2 and Expt.3 are operated at the constant powder feed rate of 27 grams/min. The statistical 

distribution for the same experiments investigates that the interquartile spacing and max-min range 

of powder particles are almost equal. However, the overall mean and median shift can be observed 

in the Expt. 3 samples in comparison with Expt. 2 samples. This uncontrollable variation of mean 

and median values might be due to the process being more susceptible to disruptions and can be 

affected due to the influence of other governing parameters, including but not limited to the carrier 

gas flow rate, shielding gas flow rate.  
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Figure 2-11 Box-and-Whisker plot represents the mean powder particle count per frame for three different 

samples (S1, S2, S3) in Experiment 2 (100 Amp) and Experiment 3 (60 Amp), respectively. 
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2.6.3 ANOVA of experimental samples 

The variation in bead height with respect to total powder particle count for three different samples 

performed at a plasma current of 100 amp is shown in Figure 2-12. The linear regression is applied 

between the independent (x-axis) and dependent variable (y-axis), representing the total powder 

particle counted for 53 frames and bead height variation at every 53rd frame, respectively. In the 

regression equation (y = a + b*x), y is the measured bead height in mm, x is the powder particle 

count, a is the y-intercept, and b is the slope of a regression line. The Analysis of Variance 

(ANOVA) evaluates the significance of linear regression with a 95% level of confidence (the test 

level is p-value < 0.05). For all three samples, the range of bead height variation is between 0.6 – 

0.9 mm against the total powder particle count range of 2700 – 3700. 

Figures 2-12 (a), (c), and (e) show the separate linear fit applied for individual layers. It is 

concluded from the ANOVA test that four out of five layers for sample S1 have a p-value < 0.05, 

which explains that 95% variability of bead height data can be presented with the linear fit model. 

Moreover, three out of five layers have a p-value less than 0.05, which signifies the linear 

relationship for samples S2 and S3. Figures 2-12 (b), (d), and (f) indicate the concatenated linear 

fit applied for all layers' data set together and the ANOVA test is performed to evaluate the overall 

significance of the model. It has been investigated that all three samples have a p-value less than 

0.05, which explains that bead height variation data can be predicted from the linear regression 

model.  

The variation in bead height with respect to total powder particle count for three different samples 

performed at a plasma current of 60 amp is shown in Figure 2-13. The linear regression is applied 
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between the x and y axes, representing the total powder particle count for 53 frames and bead 

height variation at every 53rd frame, respectively. The ANOVA is performed to determine the 

significance of the linear relationship between independent and dependent variables. For all three 

samples, the range of bead height variation is between 0.8 – 1.1 mm against the total powder 

particle count range of 2700 – 3800. 

Figures 2-13 (a), (c), and (e) show the separate linear fit applied for individual layer data sets. The 

ANOVA analysis examined that four out of five layers for all three samples have a p-value less 

than 0.05, and it explains that the 95% bead height variation in the data can be predicted from the 

regression model. Moreover, Figures 2-13 (b), (d), and (f) indicate the single linear regression 

model based on all layers' data sets together. It is observed based on ANOVA analysis, the p-value 

is less than 0.05 for all three samples, and it concludes that the linear relationship between bead 

height variation and total powder particle count is statistically significant. 

Additionally, for the constant powder feed rate, Figures 2-12 and 2-13 observed the height 

variation between five individual bead layers. It could be due to the thermal histories of the 

interlayers that bead heights fluctuate. As thermal dissipation varies along the bead height and 

dwell time between two successive deposit layers, the bead geometry of the first few layers 

changes, thus resulting in arc constriction and SOD changing as well. Due to the sensitive nature 

of bead deposition, the slight change in arc shape and SOD significantly affect the bed geometry 

of each layer. 
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Figure 2-12 Bead height detection at every 53rd frame with respect to total powder particle count for 

respective 53 frames. Figures 2-12 (a), (c), and (e) show the separate linear fit between bead height 

and total powder particle count for the individual layers in three samples and Figures 2-12 (b), (d), and 

(f) show the concatenate linear fit between bead height and total powder particle count for all the layers 

together for same samples performed in experiment 2 (plasma current is 100 amp). 
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Figure 2-13 Bead height detection at every 53rd frame with respect to total powder particle count for 

respective 53 frames. Figure 2-13 (a), (c), and (e) shows the separate linear fit between bead height 

and total powder particle count for the individual layers in three samples and Figure 2-13 (b), (d), and 

(f) shows the concatenated linear fit between bead height and total powder particle count for all the 

layers together for same samples performed in experiment 3 (plasma current is 60 amp). 
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2.6.4 Comparison of regression of different samples using t-test 

The linear regression model (straight line -1st order polynomial degree) explains a linear 

relationship where a dependent variable (y), i.e., bead height, is dependent on y-intercept (a) and 

of total powder particle count (independent variable x) that causes such a bead height variation 

throughout a coefficient factor, the slope (b), i.e., y = b*x + a, as shown in Table 2-3. The data 

from the 6 different samples were also analyzed to determine the regression line for individual 

samples (45 data points) performed at the plasma current of 100 amp and 60 amp. The 

concatenated linear fit was estimated across all the samples (135 data points); this result is 

categorized as the full sample.  

The regression model for the three samples together is y = 0.2*x +190.5 and y = 0.3*x - 59.8, 

respectively, for plasma currents of 100 amps and 60 amps, as shown in the last row of Table 2-3. 

The degree of variability of the PTA-AM process can be investigated by comparing the 

coincidence and parallelism of two regression lines of samples operated at the constant processing 

parameters. The slopes and y-intercept of two regression lines have been compared within samples 

operated at plasma current of 100 amp and 60 amp, respectively, as shown in Table 2-4. In 

addition, the regression model of samples operated between plasma current of 100 amp and 60 

amp has been compared to investigate the effect of plasma current on the regression model, as 

shown in Table 2-5.  Within this study, the two-tailed t-test is a statistical hypothesis test that has 

been used to test the significance of the difference in the slopes and y-intercepts of two regression 

lines. The null hypothesis of the t-test is that the slopes and the y-intercepts for two different 

samples are identical. With the confidence interval of 95%, the significance level (alpha) is 0.05, 

which compares with a p-value. If the p-value is greater than 0.05 of significance level, the null 
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hypothesis of the t-test has failed to reject, which estimates that the two slopes or intercepts are 

significantly identical. 

Table 2-3 Fitted regressions for the samples (in µm) from Experiment 2 and 3 

Plasma current  100 amp 60 amp n 

Sample 1 (S1) 𝑦 = 0.23267𝑥 + 16.50  𝑦 = 0.30000𝑥 − 26.63  45 

Sample 2 (S2) 𝑦 = 0.15858𝑥 + 198.94 𝑦 = 0.30460𝑥 − 76.27 45 

Sample 3 (S3) 𝑦 = 0.11814𝑥 + 358.67 𝑦 = 0.27448𝑥 − 7.73 45 

 Full Sample  𝑦 = 0.2𝑥 + 190.5 𝑦 = 0.3𝑥 − 59.8 135 

As shown in Table 2-4, for all the possible samples' comparisons, the p-value is greater than 0.05, 

which depicts that the slopes are significantly equal. Similarly, the y-intercept of regression lines 

for two different samples is significantly identical except for the unusual observation in sample 

comparison of S3 and S1, which operates at the plasma current of 100 amp (p-value is 0.009 < 

0.05). As shown in Table 2-4, the analysis indicates that the linear relationship between the 

dependent variable (y), i.e., bead height and independent variable (x), i.e., total powder particle 

count is significantly similar for all three different samples operated at constant processing 

parameters. In other words, it can be concluded that the stable bead deposited in the PTA-AM 

process for constant operating parameters and the deposition process is less susceptible to external 

disturbances.  



68 

 

 

Table 2-4 Comparison of the linear regression slopes and y-intercepts using two-tailed t-test for 

different samples (S1, S2, S3) from Expt.2 and Expt. 3 

 Experiment 2 (100 amp)  Experiment 3 (60 amp) 

Sample comparison S1 & S2 S2 & S3 S3 & S1 S1 & S2 S2 & S3 S3 & S1 

Comparison of slopes   

(p-value) 
0.31 0.48 0.070 0.88 0.44 0.32 

Comparison of  

y-intercepts (p-value) 
0.137 0.181 0.009 0.960 0.945 0.984 

Table 2-5 compares the regression statistics of every sample from experiment 2 with the samples 

from experiment 3. A total of 10 combinations of sample comparisons have been inspected to 

compare the variation in the slopes and intercepts. We have used 45 data points to analyze statistics 

from 1 to 9 while in order to compare slopes and intercepts across all the three samples, 135 data 

points were examined as shown in the last row of Table 2-5 and is referred to as "full sample." 

Inspection of Table 2-5 reveals that for the sample comparison, which is denoted as 4,5,7,8 and 9 

in the table, the p-value for the comparison of slopes is less than the significance level (i.e., p-

value < 0.05), which rejects the null hypothesis of two slopes being equal. The slopes are 

significantly different. Likewise, for the sample comparison, denoted as 5, 7, 8 and 9, the p-values 

are less than 0.05 level of significance. It shows that the y-intercepts are significantly different 

from each other by rejecting the null hypothesis of two intercepts being identical. The unusual data 

points have been recorded in sample S1 of experiment 2, which has regression statistics that are 

significantly equal to those of all samples from experiment 3. As we observed in the sample 
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comparisons named 1, 2, and 3 having p-value greater than 0.05 fails to reject the null hypothesis 

of two slopes or intercepts being equal.  

Table 2-5 Comparison of the linear regression slopes and y-intercepts using two-tailed t-test 

between the different samples (S1, S2, S3) from Expt. 2 and Expt. 3 

Sr. No. Samples comparison Comparison of Slopes 

(p-value) 

Comparison of y-intercepts 

(p-value) 

 Experiment 2  

(100 amp)  

Experiment 3  

(60 amp) 

1 S1 S1 0.355 0.93722 

2 S1 S2 0.325 0.64332 

3 S1 S3 0.580 0.85189 

4 S2 S1 0.041 0.06044 

5 S2 S2 0.035 0.02471 

6 S2 S3 0.107 0.09662 

7 S3 S1 0.001 0.00066 

8 S3 S2 0.001 0.00019 

9 S3 S3 0.010 0.00225 

10 Full Sample Full Sample 0.049 0.00458 
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On the contrary, the mean regression fits of full samples have been considered to compare the 

mean slopes and mean intercepts of all the data points together. Two-tailed t-tests revealed that the 

p-value was lower than the significance level, which is 0.05, a p-value of 0.049 and 0.00458 < 

0.05. The mentioned results have shown that the slopes and intercepts of the full sample are 

significantly different from each other. In the PTA-AM process, the processing parameters are 

kept constant except the plasma current, which has been operated at 100 amp and 60 amp to 

investigate its effect on the bead deposition geometry. From Table 2-5, it can be concluded that 

the linear regression statistics (i.e., slopes and intercepts) between the bead height and total powder 

particle count is the function of plasma current. The bead deposition geometry is changed 

significantly with the effect of plasma current. 

The effect of plasma current on the bead height and width is determined in the current study. The 

high-speed camera is oriented to capture only the bead height variation. The bead width dimension 

has been measured using a Vernier caliper. The five width measurements at a different position 

are taken to determine the mean bead width and its standard deviation. As shown in Figure 2-14, 

the x-axis defines the number of samples operated at 60 Amp and 100 Amp of plasma current. The 

y-axis represents the variation in mean bead height and width. From Figures 2-14 (a) and (b), it is 

investigated that the mean bead height decreased by 24 %, and the mean bead width increased by 

84% as the plasma current increased by 40%. Furthermore, the mean deviation of the bead width 

has decreased by 71%, as the plasma current has reduced by 40%. It can be concluded that the 

width of the deposited layer stabilizes with fewer deviations as the plasma current reduces to a 

certain amount. However, the mean deviation in height is nearly constant, which provides a clear 

indication that there is a negligible effect of plasma current on bead height stabilization.   
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Figure 2-14 Effect of plasma arc current on the (a) Mean bead height and (b) Mean bead width for 

three different samples (S1, S2, and S3) 

This is due to the increase in the arc current, that the amount of transfer of heat energy increases, 

leading to the complete fusion of powder material into the molten pool and substrate surface zone. 

It also impacts the fluid properties of the deposited bead at the melt pool zone, which gives rise in 

temperature of the melt pool and reduction in viscosity of the molten deposition material. As the 

viscosity of material decreases, the percent dilution of deposition increases, which can be the 

possible reason for the lateral spreading of the bead deposition over the substrate surface. In 

addition, the complete melting of the powder material as the arc current increases advances the 

broadness of width of bead deposition. However, it is observed that bead height is less as compared 

to the width of the bead [33]. 

2.7 Conclusion 

This study provides the methodology through the image processing techniques to optimize the 

process parameters, to determine statistical powder distribution and to compute the bead geometry 

of multi-layer single-pass deposition of WC-reinforced NiCrBSi composites by using the PTA-
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AM process considering plasma current, table travel speed, powder feed rate and SOD as 

processing parameters. It comprises the image processing approach to correlate optimized SOD 

with Gaussian powder distribution. The proposed technique is also applied to the image stream 

captured using high speed imaging for the bead height detection. The linear regression model is 

developed to determine the relationship between bead height and measured powder particles. The 

significance of the relationship is determined using the ANOVA test and two-tailed t-test. The 

influence of plasma current on bead geometry is also investigated. 

The following are the main conclusions that can be drawn from the research work: 

• The results for experiment 1 have shown that the Gaussian distribution of two powder 

streams merges into one at the SOD plane of 7 mm, leading to depositing the stable bead. 

At the SOD plane of 9.44 mm, the Gaussian distribution of powder streams presents a 

"saddle shape," which can be the reason for an unstable bead. The predicted SOD from 

image processing is in good agreement with experimentally calculated SOD from the work 

of Rojas. et.al.[56]. At the optimized SOD of 7 mm, the projected deposition zone is almost 

equal to the plasma arc region, which implies that the plasma arc totally melts the powder 

stream fed into the deposition zone. As a result, higher powder utilization efficiency and 

bead geometrical accuracy can be attained with in-focused powder flow. 

• Image analysis proves that the powder stream distribution is uniform for the samples 

performed at a constant powder feed rate. It signifies that the PTA-AM system is less 

susceptible to disturbances. 
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• The influence of powder particle measurement on the bead height variation was determined 

using a linear regression model. The ANOVA result concludes that the linear relationship 

between the variation in the deposited bead height and the powder particle count is 

significant. The two-tailed t-test has deduced that the linear relationship is approximately 

constant for all the 3 different samples performed in Expt.2 and Expt.3, respectively. It 

implies that the deposition process is consistent with less degree of variation for constant 

processing parameters used in different samples. In addition, the same statistical technique 

has concluded that the linear relationship between bead height and total powder particle 

count is significantly changed under the effect of plasma arc current. 

• The influence of plasma arc current on the bead geometry is proven to be very significant 

during the deposition process. As the plasma current is increased by 40%, the mean bead 

width increases by 85%. Although, the mean bead height decreases by 24%. It is also 

observed that bead width is stable with lesser deviation as plasma current is decreased to 

60 Amp from 100 Amp. 
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3 Maximum spreading of molten powder particles in PTA-AM 

process2 

3.1 Abstract 

In plasma transferred arc additive manufacturing (PTA-AM), the powder flow behaviour (the 

particle trajectories and their velocities) under the plasma arc is a complex but essential physical 

phenomenon, which affects not only the geometrical dimensions but also the characteristics of the 

bead deposition. Understanding the Tungsten Carbide reinforced NiCrBSi powder particle 

transportation during the interaction with plasma arc is limited and requires in-depth investigation. 

This study employs high-speed imaging in the PTA-AM process to capture the 2D powder flow 

images and import them into the image analysis software to assess variation in powder particle 

trajectories and velocities under the influence of plasma arc currents. The results showed a 

substantial shift in powder particle deposition zones on the substrate plane and traced the 

fluctuation in particle velocity with increasing plasma current by 40%. It has also been observed 

that the particle initial space condition at the nozzle outlet with respect to the plasma arc region 

decides the particle path and particle speed before impact on the substrate. The theoretical 

trajectory model validates the midstream particle flow characteristics derived from image analysis. 

Based on these results, the parametric study is further conducted to predict the spreading and 

solidification dynamics of the individual molten powder particles during their impingement on the 

 
2 A version of this chapter has been submitted for Elsevier publication, International Journal of Heat and 

Mass Transfer as: “Gajbhiye R.; Qureshi, A.; Waghmare, P, (2021) Maximum spreading of molten powder particle in 

plasma transferred arc additive manufacturing process” 
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deposition plane. It was found that the particle's impact velocity plays a vital role in the particle's 

impact dynamics. 
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Nomenclature  

𝐴𝑝             particle area 

𝐶𝑑             coefficient of drag 

𝐶𝑝             specific heat 

𝐷𝑝             particle diameter 

𝐷′             cylindrical disk diameter of spread particle 

𝐷𝑚𝑎𝑥        maximum spread diameter 

𝐷𝑡             base diameter of a truncated particle  

F              forces acting on a particle 

�⃗�              acceleration due to gravity 

ℎ               solid layer thickness 

ℎ∗             dimensionless solid layer thickness 

ℎ𝑓             latent heat of fusion 

𝐼                plasma arc current 

𝐾𝐸1           kinetic energy before impact 

𝐾𝐸2           kinetic energy after impact 

∆𝐾𝐸          kinetic energy loss due to solidification 

𝑟                distance between arc axis and calculated point  

𝑟∗               radius of plasma arc column 

𝑆𝐸1            surface energy before impact 

SE2            surface energy after impact 

𝑡                 time 

𝑡∗               dimensionless time 

𝑡𝑐               characteristic time for dissipation 

𝑇𝑝               particle temperature 

𝑇𝑠               substrate temperature 

𝑢                x-component of velocity 

𝑈𝑐              characteristic velocity 

�⃗⃗⃗�𝑟              resultant velocity 

𝑉𝑖             impact velocity 

𝑉𝑝             particle volume 

𝑉𝑟𝑎𝑑𝑖𝑎𝑙      radial velocity 

𝑉∞(𝑟)        plasma arc velocity 

𝑤               z-component of velocity 

𝑊1−2         energy loss due to viscous 

dissipation 

 

Greek symbols 

𝛼             solidification term 𝑊𝑒√
3 𝑆𝑡𝑒 

4 𝑃𝑒
 

𝜎𝐿𝑉          surface tension 

𝜌              density 

𝜉𝑚𝑎𝑥        maximum spreading factor 

𝜇              viscosity 

𝜃𝑒             equilibrium contact angle 

𝜑              viscous dissipation 

𝜔              argon plasma’s magnetic 

permeability 

 

Dimensionless number 

Pe             Peclet number 

𝑅𝑒             Reynolds number 

Ste             Stefan number 

𝑊𝑒           Weber number 

 

Subscripts 

p               particle 

s               substrate 

∞              plasma 
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3.2 Introduction 

An additive manufacturing (AM) is a rapidly growing field, where a process of layer-by-layer 

deposition attends the production of complex 3D shapes guided by a CAD model [1]. AM is highly 

valued in numerous industries due to its versatility, design flexibility, and ability to produce 

metallic products with various materials that can withstand harsh conditions such as abrasion and 

erosion [2]–[4]. Additionally, AM can lead to novel products that could not be fabricated by 

conventional subtractive processes and allow for a longer lifecycle for existing products through 

innovative repair methods [4]. Directed energy deposition (DED) is a category of an AM process 

predominantly used for deposition of high-performance material, such as nickel-based, titanium-

based alloys, composites and functionally graded materials, etc.[5]. DED uses a concentrated 

energy source (laser, electron beam, or plasma/electric arc) that is focused on the substrate, 

forming a small molten pool and simultaneously melting the feedstock material (either powder or 

wire) and depositing into the molten pool to build the product [5].  

DED-AM is a non-equilibrium process with rapid cooling rates. This process involves a variety of 

process parameters (such as heat source, powder feed rate, carrier and shielding gas flow, stan-off 

distance, and table travel speed), which are combined with multiple physical processes that 

determine deposition rate and quality, powder utilization, and bead geometry characteristics [6], 

[7]. These processing variables need to be optimized, and complex physical phenomena such as 

the interaction between heat source, powder flow, and melt pool need to be understood to 

manufacture the part free from defects [8]. The powder flow behaviour in the DED process is a 

crucial factor. It introduces complexity in the process and controls the deposition quality. Different 

interaction positions of the powder stream with molten pool [9], including powder flow 
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convergence effects on heat sources (such as lasers) [10] and powder distribution effects on the 

molten pool [11], significantly affect liquid pool morphology and, later in the solidification 

behaviour of the deposited material [12]. The powder flow behaviour, which includes particle 

velocity and trajectory, and powder stream distribution, has an important influence on the 

interaction of concentrated energy source, powder stream, and molten pool, which determines the 

particles catching ability in the melt pool (powder catching efficiency) and results in the geometric 

dimensions of the deposition system [13]. 

The increment in the velocity of the particles can decrease the powder catching efficiency, which 

results in the poor surface finish of the deposited layer. Also, too low particle velocity affects 

catching efficiency and surface quality since impinging particles must possess some momentum 

to break the surface tension of the molten pool [14]. The other factor determining the powder 

catching efficiency in the melt pool region is the flow information of individual particles’ 

trajectories. Analyzing trajectory information on powder particles makes it possible to calculate 

the number of powder particles that will bounce off the previously deposited layer/substrate and 

fall into the melt pool under the heat source region. Furthermore, the variation in particle velocity 

within the heat source often affects the resident time (time for the particles to travel from nozzle 

exits to the molten pool) of powder particles. The resident time governs the powder's thermal 

states, such as the degree of heating and melting of powder particles when they reach the substrate 

[15]. As a result, the different thermal phenomena (fully melted, partially melted or entirely solid) 

of the powder particles can significantly affect the deposition quality and microstructural and 

mechanical properties [16], [17] of the resulting material. The flow information of the particles 

(velocity and trajectory) is also essential to ensure the sufficient bonding of the deposits over the 
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substrate. The melt pool's dilution rate and the melt pool's fusion state at the centre and edges are 

based on the powder stream's flow information [18]. Thus, optimum particle velocity becomes a 

matter of great importance for given processing parameters and requires immediate attention. As 

a result, researchers have dedicated their attention to the flow behaviour of powder particles, such 

as particle trajectories and velocities and their variation under the heat source. In the following 

paragraph, a review of past work in this direction is presented. 

Researchers Schopphoven et al. [19] have experimentally characterized the powder-gas jet of 

Laser-DED and validated it with the numerical model. In their study, the quantification and 

position of the powder particles at different SOD were analyzed. Using the high-speed images of 

powder streams, they have confirmed the rectilinear motion and constant velocity of powder 

trajectories until they reach the substrate. In the same study, the laser beam-powder jet interaction 

and particle-substrate heat transfer phenomena were also investigated. Based on the simulated 

model, Liu et al.[20] investigated powder flow under the influence of nozzle exit geometry, powder 

morphology (particle size, shape, and density), and powder flow parameters (feed rate and carrier-

gas flow rate). In order to capture the particle velocity and particle distribution characteristics of 

the powder flow, a high-speed CCD camera was used. It was found that the surface quality of the 

clad can be improved through the adjustment of carrier gas flow rate, which will ensure 

homogeneous powder distribution. Also, a decrease in particle velocity is observed with the 

increase in density, and the speed of non-spherical particles is high. The particle velocity was also 

increased with the carrier gas flow rate but not with the powder feed rate. The influence of particle 

diameter and restitution coefficient on the dynamics of powder streams has also been studied by 

Hao et al.[21]. In addition to the dynamics behaviour, the thermal behaviour of the powder stream 
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is also modelled numerically in [22]. The deposition zone is predicted for a combination of laser 

and powder parameters. In addition, a study by Silva et al.[23] demonstrated with HSI that, as 

powder particles heated up in the laser beam, they reached their vaporization temperature and the 

associated recoil pressure altered their trajectory path. Likewise, the [24], [25] study has 

demonstrated that in the laser radiation field, powder particles experience intense acceleration due 

to laser evaporation and the force generated by recoil pressure generated by the vaporization of the 

particles. In the Laser-based DED system, the TiC powder flow-laser radiation interaction is 

studied by Gulyaev et al. [26] using the optical diagnostic system. A study has revealed that powder 

particles accelerate under the laser beam and that their trajectory is also substantially altered by 

laser radiation. The study [27]–[29] employed an in-situ high-speed X-ray imaging system to 

observe the interactions between powder flows and the laser and how the laser energy is absorbed 

into the substrate and molten pool, which ultimately influences the parameters of the clad layer. 

The microstructure properties of the molten pool geometry depend on the powder flow 

characteristics. It has been shown in the experimental and modelling study of Anandkumar et al. 

[17] that the particle injection velocity is the key factor for the variation in the microstructure of 

Al–12Si/SiC coatings prepared by the L-DED process. The particle injection velocity determines 

the interaction time between the laser beam and powder stream. As a result, the time it takes for 

particles to melt is different based on particle injection velocity. According to the same study, 

particle temperature increases with increments in trajectory and beam intensity. The L-DED 

process is based on the principle that a laser beam is incident on a substrate surface and forms a 

melt pool as a result. The powder is fed through a powder feeder and nozzle onto the melting pool 

as an additive material.  
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Unlike the L-DED process, the plasma arc-based DED process works by injecting powder into the 

plasma arc region, where it melts. As the molten powder particles impinge on the substrate, the 

individual particles spread, agglomerate with each other, and form a molten pool. As a 

result, a layer-by-layer 3D object is constructed. The final part's quality depends on various 

parameters such as powder material properties, impact conditions (particle trajectory and velocity) 

and substrate conditions (substrate material, temperature and thermal contact resistance between 

particles and substrate). A particle's impact dynamics are determined by the rate at which it melts 

under the plasma arc and spreads on the substrate, where it solidifies. When powder particles travel 

along their trajectory and velocity, it determines the time in which particles remain underneath the 

plasma arc zone, which results in the state of the particle impacting the substrate, which may be 

semi-melted or completely melted. The state of the particles at the point of impact is a deciding 

factor for the printed component's geometrical, microstructural, and mechanical properties. In 

addition to these properties, the bonding strength of the molten particles with the substrate or 

previously deposited layer is highly dependent on the particle's spreading and solidification 

dynamics during its impingement. It is essential to control the molten particle's cooling rate during 

solidification since it determines the final microstructure and material properties. Furthermore, 

achieving good flow characteristics of deposited molten particles will minimize the presence of 

voids, enabling dense and homogeneous artifacts. It is, therefore, crucial to control the 

solidification of the particles. It depends on the particles’ residence time in the plasma arc region, 

which is the particle's trajectory and velocity function.  Therefore, a deep understanding of powder 

flow behaviour under the plasma arc region is essential. Several research studies [30]–[32] in 

thermal spraying have been assessed to calculate the particles' velocities and their effect on the 

impact dynamics of the molten particles during impingement on the surface. The same modelling 
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methodology can be applied to plasma arc-based DED to estimate the variation in velocities and 

trajectories of particles and their spreading phenomena upon impact on the substrate under the 

effect of the plasma arc. The difference in the physics between thermal spraying and the plasma 

arc-based DED system is the particles' travelling distance and their delivery position into plasma, 

and the temperature and velocity of the centre gas flow with the plasma. The studies [30]–[32] in 

plasma spraying have mainly investigated the powder flow behaviour, such as impact velocity and 

trajectories that govern the dynamics of the individual melted particles and the solidification 

behaviour after they impinge on the substrate. The impact dynamics include the spreading, 

splashing, and rebounding of the melted powder particles responsible for the uniform and quality 

deposition. The surface roughness, geometry deviation, microstructure properties are also the 

function of impact dynamics of the powder particles. In addition, Xibao et al. [33] in the PTA 

surfacing have investigated plasma fluid velocity as the function of plasma arc current. It is 

determined in the study that as the powder stream enters the plasma region, the powder particles 

accelerate, which might change the particle’s thermal behaviour in the plasma arc region. 

Based on the literature review, it can be concluded that the powder flow behaviour with laser-

based DED systems and pertinent particles’ impact dynamics is studied in greater detail. To our 

knowledge, no peer-reviewed studies have been conducted to analyze powder particles trajectories 

and velocities during their transportation from the nozzle exit to the substrate and their effect 

(particles impact velocity) on the spreading phenomena in a plasma arc-based DED process. 

Hence, the present work is dedicated to plasma arc-based DED processes known as the plasma 

transferred arc additive manufacturing process (PTA-AM), which is aimed to (i) investigate the 

interaction of the plasma arc current with powder flow by studying the variation in key flow 
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behaviours of the powder particles such as particles trajectories and velocities under the influence 

of plasma arc current, and (ii) to study the parametric effect of impact velocities of the powder 

particles on its spreading and solidification during their impingement on the substrate. 

In this study, the single-particle theoretical trajectory model is also developed to validate the 

experimental results. The model developed by Pasandideh-Fard [30] has been implemented with 

necessary modifications for the parametric study of the spreading and solidification of molten 

particles. A high-speed imaging method is proposed to capture the dynamics of powder stream 

transporting from nozzle exit to the substrate under plasma arc current. The image processing 

approach is used to track the particles' trajectories and calculate their velocities. PTA is among the 

existing DED-AM techniques used for depositing high wear-resistant [34] and corrosion-resistant 

coatings [35] at faster deposition speeds [36]. The PTA is also employed for hardfacing 

applications in the industries such as marine, oil drilling, steel manufacturing, etc. [37].  In the 

recent work of Mercado Rojas et al. [38], it has been proved that the PTA-AM system can build 

Tungsten Carbide-based Metal Matrix Composites (MMC) parts appropriate for the mining, oil, 

and gas sectors. 

3.3 Experimental and optical setup 

Figure 3-1 depicts the schematic as well as the process principle of the PTA-AM system. As it 

could be observed, the feedstock material (metal powder) is carried into the concentrated plasma 

arc through a carrier gas, and the plasma arc provides the necessary energy to melt it. The shielding 

gas prevents the melting powder particles and the molten pool from oxidation, resulting in 

metallurgically pure deposits and high-quality products [39]. 
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Figure 3-1 Plasma transferred arc deposition system 

 

 

Figure 3-2 Experimental setup of PTA-AM system 

The primary equipment used in the DED process is an in-house PTA-AM system containing a 

Kennametal Starweld 400A PTA (Pittsburgh, USA) source, mounted with Kennametal Stellite 

Excalibur Torch [2]. The torch includes a high-performance nozzle (3.18 mm diameter) with two 

powder ports and a thoriated tungsten electrode that is sharpened to an angle of 20o. At the 

Excalibur torch, an arc of plasma melts the powder particles transported from the hopper to the 
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nozzle inlets by argon gas. In this process, the backlight illumination was provided by a 1.2-kW 

HMI PAR Arrisun 12 plus (New York, USA). 

The torch is preset at one position, and the worktable moves in 3D, directed by a CAD model. In 

the PTA-AM system, the powder streams injected from nozzle exits are recorded with a high-

speed camera (Phantom v711, Vision Research) equipped with an extended macro lens (AF-S 

Micro NIKKOR 105 mm f/2.8). This CMOS high-speed camera can record up to 68,000 frames 

per second. A sensor size of 1280 × 800 pixels is used, in which each pixel measures 20 µm × 20 

µm. The camera lens is fitted with a neutral density (ND) filter to suppress the plasma arc intensity 

and the melt pool brightness. A carefully chosen spatial resolution, exposure time and frame rate 

were used in this study in order to record the powder flow streams under the plasma arc without 

losing the relevant information and to capture image streams that are computationally practicable 

for implementing the image analysis algorithm. In this regard, the sampling frequency of 7500 

frames per second, with a 4µs exposure time, is decided, corresponding to an image resolution of 

1024 × 767 pixels. 

Figure 3-3 (a) shows the optical setup used in the experimental PTA-AM system. High-speed 

images were taken with a camera mounted on a tripod (Manfrotto, Italy) to examine powder 

streams. A backlight source is used to irradiate the powder particles. An ND-4 filter is placed in 

front of the macro lens to reduce the amount of plasma arc light entering it by 1/10,000. The 

camera's field of view has been positioned to a precise observation height by aligning the camera 

sensor perfectly with the substrate. Figure 3-3 (b) depicts that the camera is pointed at and aligns 

with the backlight illumination source. These are perpendicular to the powder port plane and the 
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travelling direction of the worktable. The depth of field is correctly adjusted to provide an in-

focused image of powder streams in a plane perpendicular to the camera position.  

 

 

Figure 3-3 Schematic of optical setup in PTA-AM system (a) Isometric view (b) Top view 
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Table 3-1 Chemical composition ranges for tungsten carbide and MMC [40] 

Product Hard Phase composition  

(wt. %) 

Matrix alloy composition 

(wt. %) 

 Phase W C  Phase Ni Cr B Si C Fe 

 %    %       

PlasmaDur 

51122 

60 93.8 

94.0 

6.0 

6.2 

 40 Bal. 9.5 

12.5 

2.0 

2.5 

3.3 

4.3 

0.3 

0.6 

2.0 

3.5 

The feedstock material used in the study is the pre-blended mixture of tungsten carbide (WC) and 

nickel-based alloys (MMC) obtained from OErlikon Metco [40], and the powder trade name is 

PlasmaDur 51122. This powder density ranges from 5.5 to 7.0 g/cm3 and has a +63 to –180 microns 

particle size distribution. A tungsten carbide possesses an angular shape, whereas an MMC has a 

spheroidal form. The chemical composition of the powder is represented in Table 3-1. The 

processing parameters used in the PTA-AM experiments are shown in Table 3-2. The experiments 

were performed with constant values except for the plasma arc current. 

Table 3-2 Processing parameter for experiments 

 

Processing Parameter Value 

Plasma arc current 

Powder flow rate 

Travel speed 

Stand-off distance (SOD) 

Powder gas 

Center gas 

Shield gas 

60 & 100 Amp 

27 gram /min 

600 mm / min 

7 mm 

1.5 slpm 

1.5 slpm 

12 slpm 
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3.4 Image processing methodology 

This section describes the 2D image processing program to detect the individual powder particles 

from the powder streams and determine their trajectories and velocities. The image processing has 

been done using image analysis software named Image Pro 10 (Media Cybernetics). The image 

processing technique involves importing high-speed images and calibrating them spatially, 

followed by three primary steps, as shown in Figure 3-4. The pre-processing step aims to augment 

the quality of the raw images obtained from the high-speed camera to improve the image analysis 

accuracy. The motion tracking steps focus on threshold selection for particles detection, particles 

segmentation for clusters particles and tracking of segmented particles. 

 

Figure 3-4 Flowchart of the proposed image processing technique 

The final step involves the data extraction from the image analysis software. The detailed 

procedures of the image processing technique are shown in Figure 3-5. The proposed method 

begins with recording a stream of high-speed images and importing them into the Image-Pro 10 
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software. The images obtained during the injection of powder particles from both the nozzles can 

be indicated as a stream of images denotes as  𝐼 = {𝐼1, 𝐼2, 𝐼3 … , 𝐼𝑛}, where  𝐼𝑛 is the nth image of  

1023 × 767 pixels resolution as shown in Figure 3-5 (a). 100 consecutive recorded images were 

used for the image analysis in this methodology. ∆𝑡 is the time interval between two successive 

high-speed images, which is the function of frame rate (fps) of the high-speed imaging (7500 fps). 

Calibration of the images has been performed using the center-to-center distance of 8 millimetres 

between the nozzles (Figure 3-5 (b)). The pixel dimensions were converted to millimetre 

measurements using the spatial calibration of the images. Based on the image resolution of 

1023 × 767 pixels, the pixel size was determined to be 20 µm × 20 µm, and the scaling factor 

was 0.01 mm/pixel. 
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Figure 3-5 Image processing steps: (a) Import image streams (b) Spatial calibration;  Pre-

processing steps : (c) 2D filter for image sharpening (d) Histogram equalization; Motion 

tracking: (e) Threshold selection for particle detection (f) Segmentation for clustered particle 

separation  (g) Tracking of particles trajectory  (h) Extracted particle trajectories 
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Images recorded with high speed in the experiment undergo noise introduced by various factors, 

such as background noise and non-uniform brightness values, which reduces the image's quality. 

Even with ND filters and backlight sources, the intensity of the plasma arc from the images can 

not be effectively suppressed. To detect the particles in the high intense plasma arc, less exposure 

is used to detect particles with sphere edges in the image. The minimum exposure values while 

high-speed imaging causes the optical vignetting effect (brightness falls off the images' corners) 

[41]. In addition, non-uniformity in the brightness of the images cause due to the Gaussian 

distribution of plasma arc.  

Three-dimensional flow through the nozzles cannot be ignored. The depth of field with a single 

camera can only detect particles within 500 µm whereas the nozzle can sprinkle particles up 3 mm 

along the periphery of the nozzle exit. This results in blurry powder particles which are outside the 

focal plane. Therefore, as shown in Figure 3-5 (c) and (d), the pre-processing is designed to bring 

out the images' details, eliminate noise from the images, and improve their features for further 

processing using a 2D filter for sharpening and histogram equalization. From Figure 3-5 (c) and 

(d) insets, we can see images after the 2D sharpen filter has been applied, and after the histogram 

equalization filters, we have uniform brightness and noiseless background. The image's contrast 

has been improved using histogram equalization to eliminate skewness caused by dark or light 

patches. It helps expand the histogram of the image into broader distribution. 

With the pre-processed images, the subsequent step in image processing is 2D motion tracking, 

which tracks the movement of objects that are detected in an image sequence as they change over 

time and space. The first step in motion tracking is to separate all the possible powder particles 

from the image (background). An image is segmented based on common attributes using the 
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threshold technique. It is used to identify the black powder particles from high-speed images. A 

threshold is applied to images with an assessment of the values obtained from the bimodal 

distribution (one prominent peak for the black particles and plateau for the background) of an 

automatic histogram to detect black particles. As shown in Figure 3-5 (e), the region of interest 

(ROI) (dotted line box) was segmented from the raw high-speed images, and unwanted portions 

were removed to reduce the processing time and complexity. In ROI, the detection of the black 

particles can be observed after selecting optimum threshold values based on the intensity 

concentration of the image histogram. The second step in motion tracking is the segmentation of 

the clustered particles. Figure 3-5 (f) shows the clustered powder particles at the entrance of the 

nozzle exit. The clustered particles are separated on the base of the watershed algorithm inbuild in 

image analysis software. The watershed option splits the objects using the watershed algorithm, 

which erodes the objects until they vanish and amplify them again, so they do not touch each other 

[42]. The detailed view in Figure 3-5 (f) shows the individual particles, especially at the position 

where the particles clustered at higher concentrations. Tracking the individual particles is the third 

step in motion tracking and identifying dynamic changes in translatory motion. This dynamic 

change is quantified through a temporary displacement of the particles from frame to frame. As 

shown in Figure 3-5 (g), the translational motion of detected particles is tracked through frames to 

compare their positions between consecutive pairs of frames. The trajectory of the particles is 

completed once they impact the substrate. To achieve the entire trajectories of the particles (from 

nozzle exit to substrate), the tracking of the particles continued for 100 consecutive frames. In the 

2D motion tracking of individual particles, it is assumed that particle trajectories were not 

interconnected, and no particles were mistracked with other particles. Once all the possible 

detected particle trajectories are tracked, data extraction is the final step in an image processing 
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methodology. Figure 3-5 (h) shows the variation in x and y coordinates (in pixels) of the particles 

with respect to space and time (∆𝑡). Further, this information was used to calculate the resultant 

velocities of the detected particles. 

3.5 Theoretical model 

3.5.1 Single powder particle trajectory model 

A powder particle is obliquely injected into the plasma arc while entering from the nozzle exit, as 

shown in Figure 3-6. As a result, the particle is subjected to the forces affecting its projectile 

motion in the plasma gas flow field. A single particle's conservation of momentum equations is 

obtained by equating the particle motion with drag and body forces. The velocity and trajectory of 

Nickel powder particles with respect to time can be calculated using the particle momentum 

equation [43][44].  

The proposed analytical trajectory model is based on the following assumptions: 

1. The plasma arc flow is a steady-state and fully developed regime for 

velocity distribution along with the arc radial distance. Particle initial 

velocity is constant, and it is normal to the nozzle exit plane.  

2. The Nickel powder particles are spherical, and the inter-particle collisions 

are ignored.  

3. The drag, gravitational and inertial force is considered to be significant 

contributors. 
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The equation of particle motion is reduced to include the effect of only drag force and body force 

with consideration of the given set of assumptions. The momentum equation for a single particle 

injected along the central nozzle axis and flowing into plasma arc, as shown in Figure 3-6 (b), can 

be expressed as  

 
�⃗�𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 = �⃗�𝑑𝑟𝑎𝑔 + �⃗�𝑏𝑜𝑑𝑦                  (1) 

 

Figure 3-6 (a) Schematic of single-particle trajectory in the plasma arc region, (b) Force balance 

on the molten droplet, (c) Molten droplet spreading upon impingement on a substrate. 
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The drag force on the particle in the plasma fluid can be expressed as the integral of plasma fluid 

forces acting on the powder particle. 

�⃗�𝑑𝑟𝑎𝑔 = −
1

2
𝜌∞𝐴𝑝𝐶𝑑 �⃗⃗⃗�𝑟|�⃗⃗⃗�𝑟|        (2) 

The drag coefficient (𝐶𝑑) in Eq. 2 is the function of particle Reynolds number (𝑅𝑒𝑝). For a Stokes 

flow (𝑅𝑒𝑝 <<1), as the frictional forces dominated on the particles in a viscous fluid, which implies 

that the stokes' drag force (3𝜋 𝜇 𝐷𝑝 �⃗⃗⃗�𝑟) can be considered in momentum balance equation for a 

particle, and the drag coefficient is defined, 

𝐶𝑑 =
24

𝑅𝑒𝑝
                     (3) 

The drag force coefficient for the particles of Reynold number is greater than 1, i.e., non-Stokes 

flow; the drag coefficient can be calculated as: 

𝐶𝑑 =
24

𝑅𝑒𝑝
(1 + 𝑎(𝑅𝑒𝑝))             (4) 

where a is the function of particle Reynolds number as determined in Proulx et al.[45]: 

𝑎 (𝑅𝑒𝑝) = 1            𝑅𝑒𝑝  < 0.2     

𝑎 (𝑅𝑒𝑝) = 1 +
3

16
 𝑅𝑒𝑝          

0.2 < 𝑅𝑒𝑝  < 2 

𝑎 (𝑅𝑒𝑝) = 1 + 0.116 𝑅𝑒𝑝
0.81 2 < 𝑅𝑒𝑝  < 20 
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𝑎 (𝑅𝑒𝑝) = 1 + 0.189 𝑅𝑒𝑝
0.632 𝑅𝑒𝑝 > 20 

Where, 𝑅𝑒𝑝 is the particle Reynolds number and is defined as follows 

𝑅𝑒𝑝 =
𝜌∞|�⃗⃗⃗�𝑟|𝐷𝑝

𝜇∞
             (5) 

The particle Reynolds number is estimated using particle diameter and the relative velocity (𝑈𝑟) 

between the particle and plasma arc, is given by  

|𝑈𝑟| =  √(𝑢𝑝 − 𝑢∞)
2

+ (𝑤𝑝 − 𝑤∞)
2

                 (6) 

The particle velocity components in axial and radial directions were considered for relative 

velocity due to the dominant effect of gravity and drag on a single particle in that direction. The 

plasma arc velocity has two components. The velocity in the z-direction dominates the x-direction, 

which is set to zero in this calculation. Additionally, the third component of particle velocity (in 

the y-direction) is not considered since there is no force applied in that direction. The falling of 

powder particles under the plasma arc region is due to the gravitational acceleration and density 

difference between the particle and surrounding plasma fluid. In the momentum balance of 

particles, the body force, which includes the gravitational effect and the buoyant force due to the 

density difference, is defined as follows: 

�⃗�𝑏𝑜𝑑𝑦 = (𝜌𝑝 − 𝜌∞)𝑉𝑝�⃗�                (7) 
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Using Eqs. 2 and 7 in Eq. 1 yield to the following axial momentum and radial momentum equations 

of particle motion[46]:  

    

  

𝑑𝑥

𝑑𝑡
= 𝑢𝑝           (10) 

𝑑𝑧

𝑑𝑡
= 𝑤𝑝         (11) 

The Eqs. 10 and 11 have been substituted in the momentum equation of particles to predict a 

particle's analytical trajectory coordinates with respect to time. The MATLAB software used a 4th 

order Runge-Kutta numerical method to solve the ordinary differential Eqs. 8 to 11. This approach 

describes the particle trajectory until it arrives inside the plasma arc; the moment particle penetrates 

the high-temperature plasma arc, we assume it instantly changes to the liquid phase due to thermal 

transfer to and from particles occurring through radiation, convection, and mass transfer [47]. We 

implement the molten droplet (melted powder particle) model as described in the next section. 

3.5.2 Spreading factor of a molten droplet 

When a molten droplet impinges on the substrate with sufficient impact velocity, it spreads at its 

maximum extent and simultaneously, it solidifies due to the heat exchange between the substrate 

𝑑𝑢𝑝

𝑑𝑡
=

−1
2 𝜌

∞
(𝑢𝑝 − 𝑢∞)|𝑈𝑟|𝐴𝑝𝐶𝑑

𝜌𝑝𝑉𝑝
           (8) 

𝑑𝑤𝑝

𝑑𝑡
=

−1
2 𝜌

∞
(𝑤𝑝 − 𝑤∞)|𝑈𝑟|𝐴𝑝𝐶𝑑 + (𝜌𝑝 − 𝜌

∞
)𝑉𝑝𝑔

𝜌𝑝𝑉𝑝
        (9) 
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and molten droplet. The molten droplet's spreading and solidification phenomena are influenced 

by its material properties, impact velocity, droplet volume, and wettability properties. In the PTA-

AM process, the impingement of streams of molten droplets on the substrate forms the material 

layer and repetition of this process layer by layer forms a 3D part. It can be seen that the impact 

behaviour of the molten droplets (spreading and solidification) onto the substrate characterizes the 

quality and geometrical properties of the final fabricated part. Therefore, examining the maximum 

spreading of a molten droplet on the substrate is crucial in the process. Energy consumption is 

applied to travelling drops before and after the impact [48], as shown in Figure 3-6 (c). 

The energy stored in the molten powder particle before impact = Kinetic energy (𝐾𝐸1) + Surface 

energy (SE1). 

𝐾𝐸1 =
𝜋

12
𝜌𝑝𝑉𝑖

2𝐷𝑝
3            (12) 

𝑆𝐸1 = 𝜋𝐷𝑝
2𝜎𝐿𝑉                  (13) 

The energy stored in the molten powder particles after impact when the particle diameter is at 

maximum extension = Kinetic energy (𝐾𝐸2) + Surface energy (SE2) + 𝑊1−2 . 

During the impingement of molten droplets on the substrate, the kinetic energy stored in it is 

transformed into the surface energy by increasing the surface area of the droplet at maximum 

spreading extension and loss of energy due to viscous dissipation of the molten droplet. Therefore, 

at this phase, the kinetic energy (𝐾𝐸2) of the droplet at the maximum spreading condition is 

considered as zero, and surface energy is determined by three interfacial forces, namely, solid-
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liquid interfacial energy (𝜎𝑆𝐿), liquid-vapor surface energy (𝜎𝐿𝑉), and solid-vapor surface energy 

(𝜎𝑆𝑉). The relationship between interfacial energies and contact angles can be determined by using 

Young's equation, since liquid and solid vapors are not readily available. The total surface energy 

(𝑆𝐸2) can be approximately considered as: 

𝑆𝐸2 =
𝜋

4
𝐷𝑚𝑎𝑥

2(𝜎𝑆𝐿 − 𝜎𝑆𝑉)                  

𝜎𝐿𝑉cos 𝜃𝑒 = 𝜎𝑆𝐿 − 𝜎𝑆𝑉  

𝑆𝐸2 =
𝜋

4
𝐷𝑚𝑎𝑥

2𝜎𝐿𝑉(1 – cos 𝜃𝑒)                 (14) 

The energy loss during the deformation of molten particles against the viscosity from phase 1 to 2 

is given by: 

𝑊1−2 = ∫ ∫ 𝜑 𝑑𝑉 𝑑𝑡 ≈  𝜑 𝑉𝑝𝑡𝑐 
 

𝑉𝑝

𝑡𝑐

0
                 (15) 

For the viscous dissipation, 𝜑 =  𝜇𝑝 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑢𝑥𝑖
)

𝜕𝑢𝑖

𝜕𝑥𝑗
≈  𝜇𝑝  

𝑈𝑐
2

𝑡𝑐
2            (16) 

The model also estimated the time required for the molten droplet to spread on the substrate at the 

maximum extension diameter by considering the cylindrical disk shape formation from the 

truncated droplet, as shown in Figure 3-7. The thickness of the droplet after the impingement, 

when the droplet is at maximum spreading diameter i.e., 𝐷′ =  𝐷𝑚𝑎𝑥 , can be determined using the 

conservation of molten droplet volume before and after the impact on the substrate. 
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ℎ =  
2 𝐷𝑝

3

3 𝐷𝑚𝑎𝑥
2                           (17) 

The conservation of momentum has been applied between the bottom of the truncated sphere shape 

particle and the spread particle. The truncated shape molten particle of diameter 𝐷𝑝 and impact 

velocity 𝑉𝑖 formed the cylindrical disk shape of diameter 𝐷′ and radial velocity 𝑉𝑟𝑎𝑑𝑖𝑎𝑙 as the 

molten liquid flows through the area of diameter 𝐷𝑡. This equated the given equation as follows: 

𝑉𝑟𝑎𝑑𝑖𝑎𝑙

𝑉𝑖
=  

3 𝐷𝑚𝑎𝑥
2

32 𝐷𝑝 𝐷′
       (18) 

 

Figure 3-7 Schematic of the formation of cylindrical disk shape of the molten droplet from a 

truncated sphere shape 

From the literature [50], it can be considered that the diameter  𝐷𝑡 ≈
𝐷′

2
 as 𝐷𝑡 varies from 0 to 𝐷′. 

The radial velocity (𝑉𝑟𝑎𝑑𝑖𝑎𝑙) can be calculated by integrating the rate of change of spreading 

diameter (𝐷′) with respect to the time taken for the molten droplet to spread on the substrate. This 

can be written in the form of a given equation as follows: 
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𝑑𝐷′

𝑑𝑡
= 2𝑉𝑟𝑎𝑑𝑖𝑎𝑙 =  

3 𝐷𝑚𝑎𝑥
2

16 𝐷𝑝𝐷′ 𝑉𝑖                       (19) 

As Eq. 19 integrated for a limit of diameter between 0 to 𝐷′ and time varies from 0 to t. The 

resulted equation can be written as follows [159]: 

𝐷𝑚𝑎𝑥

𝐷′
=  √

8

3
𝑡∗                                        (20) 

The total time required for the particle to spread at maximum diameter can be calculated using Eq. 

20, where dimensionless time (𝑡∗) =  
8

3
 at 𝐷𝑚𝑎𝑥 =  𝐷′. It can be obtained as  

𝑡𝑐 =  
8 𝐷𝑝

3 𝑉𝑖
                             (21) 

Eq. 16 - 21 can be used in Eq. 15 to determine the loss of energy due to the viscous dissipation of 

molten particles during impact. This can be expressed in the form of the following equation. 

𝑊1−2 =  
𝜋

3
𝜌𝑝𝑉𝑖

2𝐷𝑝𝐷𝑚𝑎𝑥
2 1

√𝑅𝑒
    (22) 

In order to apply the law of conservation of energy before and after particle impact, the equation 

becomes as follows: 

𝐾𝐸1 + 𝑆𝐸1 = 𝐾𝐸2 + 𝑆𝐸2 + 𝑊1−2       (23) 
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The maximum spreading of powder particles has been formulated using Eq. 12 to 22 in Eq. 23. 

The resulted equation for the maximum spreading can be written as 

𝜉𝑚𝑎𝑥 =  √
𝑊𝑒+12

3(1−cos 𝜃𝑒)+4
𝑊𝑒

√𝑅𝑒

        (24) 

The effect of inertial, viscous and surface tension forces on the maximum spreading factor (using 

dimensionless number Re =  
𝜌𝑝 𝐷𝑝 𝑉𝑖 

𝜇𝑝
 , We =  

𝜌𝑝 𝐷𝑝 𝑉𝑖
2

𝜎𝐿𝑉
) can be determined using Eq. 24. Moreover, 

the effect of solidification on the restriction of molten droplet spreading is also investigated by 

assuming that all kinetic energy stored in the solidified droplets has been lost after the droplet 

spreads. If the cylindrical disk shape solid layer of mean thickness h and diameter 𝐷′
 at the 

maximum spreading condition, then the loss of kinetic energy can be written as given below: 

∆𝐾𝐸 =  
𝜋

8
𝐷′2

ℎ𝜌𝑝𝑉𝑖
2       (25) 

In the Eq. 25, the 𝐷′ varies from 0 to 𝐷𝑚𝑎𝑥  during the droplet spreading, the average value is taken 

as 𝐷′ ≈
𝐷𝑚𝑎𝑥

2
 . The energy balance equation by including the term of loss of kinetic energy during 

solidification can be written as: 

𝐾𝐸1 + 𝑆𝐸1 = ∆𝐾𝐸 + 𝑆𝐸2 + 𝑊1−2       (26) 

By substituting Eq. 12 to 25 in Eq. 26, the maximum spreading factor expression formulated as 

follows: 
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𝜉𝑚𝑎𝑥 =  √
𝑊𝑒+12

3 

8
 𝑊𝑒 ℎ∗+ 3(1−cos 𝜃𝑒)+4

𝑊𝑒

√𝑅𝑒

        (27) 

The ℎ∗in Eq. 27 is the dimensionless solid layer thickness (ℎ∗ =
ℎ

𝐷𝑝
). It is the function of Stefan 

number (𝑆𝑡𝑒 =  
𝐶𝑝(𝑇𝑝−𝑇𝑠)

ℎ𝑓
), Peclet number (Pe = 

𝐶𝑝 𝑉𝑖 𝐷𝑝 𝜌𝑝       

𝑘𝑝
) and dimensionless time (t*=

𝑡𝑉𝑖

𝐷𝑝
). The 

equation for ℎ∗ can be written using the following simplified assumptions such as [52]: heat 

transfer is by 1D heat conduction; the substrate temperature is constant; thermal contact resistance 

at the molten droplet-substrate interface is negligible; Stefan number is small; and ℎ∗ increases 

with the dimensionless time (𝑡∗). The equation for the dimensionless solid layer thickness is: 

ℎ∗ = √2𝑡∗ 𝑆𝑡𝑒

𝑃𝑒
                   (28) 

The substitution of Eq. 28 and 𝑡∗ = 
8

3
 from Eq. 20 into the Eq. 27 gives the expression for maximum 

spreading factor of the solidifying molten droplet during impingement on the substrate is [48]: 

𝜉𝑚𝑎𝑥 =  
𝐷𝑚𝑎𝑥

𝐷𝑝
=  √

𝑊𝑒+12

𝑊𝑒√
3 𝑆𝑡𝑒 

4 𝑃𝑒
 + 3(1−cos 𝜃𝑒)+4

𝑊𝑒

√𝑅𝑒

        (29) 

In Eq. 29, the three terms in the denominator signify the effect of droplet solidification, surface 

tension, and viscous dissipation on the maximum spreading diameter of the molten droplet. 

We have presented the particle trajectory in two phases: the solid and liquid phases. In the result 

and discussion section, we first investigate the solid phase by analyzing the range of particle 
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trajectories and velocities under plasma arc current. Once we quantify the particle entrance 

velocities inside the plasma, we further analyze powder particle trajectory and velocity variations 

under 60 A and 100 A plasma arc currents; the image stream of the powder flow was processed in 

software to produce high-speed images. These results were later validated with theoretically 

determined ranges. A parametric study is also conducted using this flow behaviour of powder 

particles to determine the effect of impact velocities on the spreading and solidification of the 

molten droplet.  

3.6 Result and Discussion 

3.6.1 Theoretical investigation of particles trajectory and impact velocity 

Figure 3-8 shows the solution for Eq. 8 to 11, resulting in the variation of particle trajectories and 

molten particles' impact velocities under the influence of plasma arc velocity. The particle 

trajectory and impact velocity are represented as two y-axes based on the x-axis, which represents 

the x-coordinates of the particle trajectory. The inset of Figure 3-8 demonstrates that the plasma 

arc velocity is the function of plasma arc current and radial distance of plasma arc, which we 

determined using the following semi-empirical equation [33].  

𝑉∞(𝑟) =  
√30 𝜔𝐼

6𝜋𝑟∗√𝜌∞
√(1 −

12𝑟2

5𝑟∗
2

+
9𝑟4

5𝑟∗
4

−
2𝑟6

5𝑟∗
6)        (30) 

Input parameters for I, 𝑟∗, 𝜔 and r, can be used to determine the plasma's maximum axial velocity 

on the plasma arc axis and the velocity distribution along with the arc column radial distance. 

Figure 3-8 inset shows that plasma arc velocity at the center of the plasma arc reaches almost 100 

m/s and 61 m/s when the plasma arc current is 100 A and 60 A, respectively. Plasma fluid 
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accelerates the particles once they are introduced into the arc space by the carrier gas. Plasma 

currents of 60 and 100 A were used in the experiment to determine the effect of plasma arc velocity 

on the powder particle trajectory. Therefore, the plasma arc velocity range from 0 to 100 m/s has 

been selected to analyze the particle trajectory shift and impact velocity. The impact velocity is 

defined as the velocity at which the molten droplets is impacting the bed or solid substrate for 

solidification.  

 

Figure 3-8 Theoretical powder particle trajectories and impact velocities of molten droplets 

under the effect of plasma arc velocity. The inset figure shows the plasma arc velocity as the 

function of plasma arc current and dimensionless radial distance of plasma arc 
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In order to validate the theoretical analysis with experimental observations, the experimentally 

investigated particles' initial coordinates and velocities from image analysis have been used in Eqs. 

8 - 11 to determine the powder particles' theoretical trajectories and impact velocities of molten 

droplets. 

The highlighted region in Figure 3-8 denotes the plasma arc zone; the instant particle enters this 

zone; it not only gains momentum due to plasma arc velocity but also changes its phase from solid 

to liquid. The point of impact, where the plasma arc velocity is applied on the incoming powder 

particles, is 2 mm from the plasma arc axis. With the introduction of plasma arc velocity in the 

theoretical model, we have determined the particle velocities and trajectories, assuming that as the 

particle enters the plasma arc, it will travel under constant plasma arc velocity.   

It is evident from Figure 3-8 that, as the plasma arc velocity increases, the particle trajectory 

changes. i.e., the trajectory moves away from the plasma arc axis. Specifically, when plasma arc 

speeds reach 60 m/s and 100 m/s, there is a trajectory shift of 0.8 and 1 mm from the plasma arc 

axis position. The molten droplet’s impacting location on the substrate for plasma arc speeds of 30 

to 100 m/s is observed within the plasma arc region. In contrast, the molten droplets are 

overshooting the plasma arc region for plasma arc speeds between 0 and 20 m/s. The RHS y-axis 

in Figure 3-8 denotes the molten droplet impact velocity, which varies with respect to the plasma 

arc velocity. The molten droplets have an impact velocity of 1.2 to 5 m/s while approaching the 

substrate, which varies based on plasma arc velocity. 
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3.6.2 Particles trajectory and velocity variation for plasma current of 60 and 

100 A 

In Figure 3-9, based on image processing, the trajectories and velocity of powder particles with 

respect to space and time have been determined. It is compared to the theoretical model presented 

in Section 3.6.1 and the results demonstrated in Figure 3-8. As shown in Figure 3-9, six particles 

have been selected from the center of the nozzle exit. Using a mean value of these particles 

coordinates in the theoretical model, the theoretical trajectories and velocities have been validated 

with the experimentally determined particles trajectories and velocities. 

Plasma currents of 60 and 100 A were used to determine the effect of plasma arc velocity on 

particle motion dynamics. The semi-analytical equation with an empirical constant for plasma arc 

velocity as a function of current is presented in Eq. 30.  For 60 and 100 A, the trajectories of the 

exited particles from the nozzle and the impact velocities of six different particles. The shaded 

region labelled ‘theoretical region for trajectories’ and ‘ theoretical region for velocities’ are 

theoretical prediction ranges for varied plasma arc velocities with 60 and 100 A. It is worth 

mentioning that the plasma arc velocity has gaussian distribution; hence, a minimum to a 

maximum range of plasm arc velocity, for a given applied current, is considered to predict a 

theoretical range of trajectories and impact velocities. The bounding region for the theoretical 

prediction between these two velocities is shaded (empty symbols for minimum and maximum 

velocities) and labelled as ‘theoretical region.’ The experimental results obtained after the image 

analysis are within this theoretical domain, demonstrating good confidence in the proposed 

theoretical model. After comparing the 60 A and 100 A results, we can say that the trajectories 

overlap for higher current and lower currents particles are diverging more. 
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Figure 3-9 Tracking of six powder particle trajectories from the center of the nozzle under the 

plasma arc current of  (a) 60 A (c) 100 A, and the respective six particle velocities under the 

plasma arc current of (b) 60 A (d) 100 A. The highlighted region represents the theoretical range 

for particles trajectories and velocities. The filled symbol denotes experimentally calculated 

trajectories and velocities. The empty symbol signifies theoretically determined particle 

trajectories and velocities.  

Moreover, with the increase in current by 40%, the impact velocities have increased from 2.4 – 

3.6 m/s to 4.5 – 5.2 m/s. These powder particle impact positions and impact velocities significantly 

affect the final geometry of the melt pool zone [53], [54], and it is evident from this analysis that 
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based on the systems requirement, by tuning the current one can assure the diverging angle and 

the impact velocities of the particles from the centre of the nozzle.  

In Figure 3-9, we made an idealistic assumption of particle exit location, which was along the 

centre of the nozzle, but one can argue on the different exit positions; therefore, in Figure 3-10, we 

studied for three different nozzle exits, I –  corner of the nozzle farthest from plasma arc, II – the 

centre of the nozzle (similar to Figure 3-9 analysis) and III – closest nozzle corner to the plasma 

arc.  Since we are studying the entire nozzle section, we tagged eight more particles to the analysis 

performed for the only central region, i.e., Figure 3-9, analysis.  

As mentioned earlier, in Figure 3-10, the 14 powder particles were tracked using the image analysis 

method at three different exit positions of the nozzle. A maximum number of particles that can 

eject from the nozzle for 27 gm/min can be up to, but we are considering representative particles 

that are in focus for our analysis. This exercise evaluates the effect of plasma arc current on the 

powder particles with different initial locations from the plasma arc.  

Zone I is the farthest from the arc envelope; hence the effect of the arc and pertinent operating 

current is minimal on the particle trajectories (Figure 3-10 (a) and (c)) in turn, the velocities (Figure 

3-10 (b) and (d)) as depicted in all four figures. An increase in the current from 60 to 100 A has 

certainly reached the arc up to the particles which are ejecting from the farthest most edge of the 

nozzle, but the effect of this arc is marginal; one can make this comment by observing the Zone I 

trajectories with 100 A (Figure 3-10 (c)) where particles are travelling in the marginally non-linear 

path  - as compared to the 60A (Figure 3-10 (a)) case – in particular very close to the bed where 

the arc influences the particles' trajectories.  
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Figure 3-10 (a) Represents trajectories of Fourteen particles from the nozzle exit to substrate 

position under the plasma arc current of 60 A, (b) Velocities of 14 particles tracked from nozzle 

exit to substrate under 60 A, (c) Represents trajectories of Fourteen particles from the nozzle 

exit to substrate position under the plasma arc current of 100 A, (b) Velocities of 14 particles 

tracked from nozzle exit to substrate under 100 A 

The Zone II scenario is the same as Figure 3-9, where the particles leave from the centre of the 

nozzle and more than half of the trajectory length of particles under the arc envelope. This 

ultimately affects the particle trajectories and velocity. As explained earlier, with an increase in 

the current, the particle ejecting zone was narrowed down. In Zone III, as anticipated, we noticed 
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the maximum influence of arc on the particle trajectories and resultant velocities since the particles 

are travelling directing through the arc and staying for the most prolonged period within the arc 

zone. This makes sure that the particles have increased their kinetic energy and have the necessary 

time to go through the phase transformation. It is worth mentioning that we are focusing only on 

one nozzle; based on our analysis, it is safe to assume that other nozzle particles will also behave 

similarly within the remaining half of the plasma arc. 

In quantified terms, the impact velocity was increased due to increment in the current from the 

range of  1.8 - 2.6 m/s to 1.9 - 3 m/s, 3 - 3.6 m/s to 3- 5.5 m/s, 3.2 - 3.8 m/s to 6 m/s in Zone I, 

Zone II and Zone III, respectively. It can be concluded that as the plasma current increased by 40 

%, the range of the impact velocity increased by around 53%. Overall, it can be seen that individual 

particles' impact velocity gradually increases as the initial coordinate position relative to the 

plasma torch position decreases. In addition, it can also be determined from Figure 3-10 is that for 

the plasma current of 60 and 100 A, with all the operating parameters kept constant, the particle's 

impacting position shifts away from the plasma arc axis as the plasma current increases. As shown 

in Figure 3-9 and Figure 3-10, the results showed the differences in the particle’s motion path and 

the impact velocity of the molten droplet due to the plasma effect on powder particles. The position 

of powder particles trajectories and their resident time inside the high-temperature plasma arc 

determines particles' phase state before impact: fully or partially melted particles (molten droplet) 

[54], [55].  In addition, the impingement of the molten droplet on the substrate with particular 

impacting velocity determines their spreading and the solidification phenomena. These 

phenomena of molten droplets decide the microstructural properties and surface quality of the 3D 

parts [54]. The findings of particles trajectory and impact velocity from Figure 3-9 and Figure 3-
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10 can be used in the PTA-AM process to predict individual molten droplet spreading 

solidification behaviour which can be helpful to produce the part with high quality and with good 

microstructural properties. 

In previous sections, we attempted to analyze the experimental observation for particle trajectories 

starting from the nozzle to the bed while changing its phase. We also compared the simplified 

theoretical trajectories with the observed experimental results. However, the molten droplet impact 

and solidification of the molten pool are the critical phenomena that dictate the PTA-based AM 

process. Therefore, in the next section, we are elaborating briefly on the impact of the molten 

droplet and the solidification of the individual droplet. 

3.6.3 Parametric study: Effect of impact velocities on spreading and 

solidification of molten droplet 

Various research studies have been performed to investigate the metal droplet spreading 

phenomena, particularly for thermal spraying applications [56]–[58]. The metal droplet's spreading 

upon impact is governed by Reynolds (Re), Weber (We) number, and the bed's wettability or the 

surface on which the molten droplets are being impacted. It is to be noted that Re and We represent 

the thermophysical properties (density, viscosity, surface tension) and other process parameters 

(characteristic length and velocity) that affect the impact dynamics. For the simplification of 

spreading and solidification model,  only the impact dynamics of Nickel molten droplet has been 

studied. The Nickel’s physical and thermophysical properties at its melting point is considered and 

the impact of WC particles on the spreading and solidification of Nickel molten droplet is not 

considered in this model. 



118 

 

 

 

Figure 3-11 (a) Variation in 𝜉𝑚𝑎𝑥  with respect to We for different Re number, (b) Variation in 

𝜉𝑚𝑎𝑥  with respect to Re for different We number, (c) Variation in 𝜉𝑚𝑎𝑥 with respect to contact 

angle for different We and Re number, (d) Contour plot showing the relation between We, Re, 

and 𝜉𝑚𝑎𝑥 

Figure 3-11 (a) shows the effect of surface tension and inertia in the molten droplet, i.e., We on a 

maximum spreading factor (𝜉𝑚𝑎𝑥) of molten droplet for a different Re. Here, 𝜉𝑚𝑎𝑥 is maximum 

deformation in the droplet after impacting while it is transforming the inherent surface and kinetic 

energy to the spreading process. For a small We, the surface tension of a molten particle is strong 

enough over the impact forces to restrict the spreading. As the impact velocity or the We increases, 

the inertial forces of the droplets dominate the surface tension forces, which leads to a greater 
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maximum spreading. The proposed model does not account for the breakup of the droplet and the 

rebound criteria; hence both the cases cannot be witnessed predicted in this case. 

Figure 3-11 (a) inset shows the maximum spreading variation for a specific range of We with two 

Re; this case resembles the experimentally operating parameters. It is evident that as we increase 

the We, the droplets spreading is increasing monotonically. These results indicate that increasing 

the current increases the Re significantly, but the change in the maximum spreading is also 

significantly enhanced. Thus, we established the relationship between the operating current and 

the molten pool thickness since the higher the operating current higher the spreading and the 

smaller the splat thickness. 

A similar argument can be made in relationship with We, as demonstrated in Figure 3-11 (b). It 

shows the effect of Re on the maximum spreading ratio for a different We. It signifies the ratio of 

inertial and viscous forces, and it defines how fast the viscous forces can dissipate the inertia of 

the molten droplet. As the molten droplet impinges on the substrate, the axial momentum is 

transmuted into radial momentum; however, the viscous effect restricts the droplet's total 

momentum, which causes the decrement in the radial velocities and lateral spreading. After careful 

observation of the inset of Figure 3-11 (b), the role of We diminishes (𝜉𝑚𝑎𝑥 attains the plateau) for 

very low Re. For example, with We = 20.25 around Re = 1500, the effect of We is negligible. 

However, the Re for 100 A is 1395; hence one can argue that for higher current, the inertia and 

surface tension forces are negligible due to higher order of kinetic energy with the impacting 

droplet. As mentioned earlier, the proposed model fails to comment on the breakup and rebound 

of the droplet; hence at a certain operating current, the drop might either rebound or break up, 

which requires further investigation. The Re and We range of 106 – 1395 and 0.28 – 20.25, 
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respectively, as shown in the inset of Figure 3-11 (a) and (b), were determined using the 

experimentally analyzed impact velocity range of 2 - 6 m/s and particles diameter range of 63 – 

150 microns available from powder manufacturers. The 𝜉𝑚𝑎𝑥 variation for the above-mentioned 

range of Re and We number has shown that the molten droplet could spread from 1.5 to 2.1 times 

their initial diameter after impacting the substrate or previously deposited layer. 

The surface energy of the bed or molten pool is an important parameter that defines the maximum 

spreading. Figure 3-11 (c) depicts the effect of equilibrium contact angle (𝜃𝑒– which  is the 

representation of the surface energy of a given surface) on the maximum spreading of a molten 

droplet over the substrate. For a smaller contact angle (𝜃𝑒< 90o), the capillary force accelerates the 

spreading speed of the droplet-substrate contact line, resulting in maximum spreading of the 

impinged molten droplets. As the contact angle increases (𝜃𝑒> 90o), the same capillary force tends 

to decelerate the spreading speed of the contact line [59]. In addition, the 𝜃𝑒 is closely correlated 

with the molten droplet's surface tension and changed along with the molten droplet-substrate 

interface. With the increment in 𝜃𝑒, the peripheral interfacial forces squeeze the molten particle 

upward, as a result of the area of molten droplet-substrate decreases slowly. Figure 3-11 (c) 

confirms that as the 𝜃𝑒 increases, the 𝜉𝑚𝑎𝑥 gradually decreases [60]. However, for values of 𝜃𝑒 > 

120o, the dependency of 𝜉𝑚𝑎𝑥  on 𝜃𝑒  is negligible. These findings indicate that for the 𝜃𝑒 < 120o  

substrate wettability properties (𝜃𝑒) play a considerable role in changing the molten droplet’s 

spreading diameter. On the other hand, as the 𝜃𝑒 > 120o , substrate wettability plays a very minor 

role in spreading droplet variation irrespective of increment in plasma current from 60 to 100 A ( 

in the form of We and Re).  
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Figure 3-11 (d) summarizes all three figures – Figure 3-11 (a)-(c) by presenting the proportional 

relationship between Re, We, and 𝜉𝑚𝑎𝑥 with phase plot for given surface energy or contact angle 

[61]. This sensitivity analysis represents the variation in 𝜉𝑚𝑎𝑥 with respect to We and Re. The 

contour plot shows the two regimes, which explains the dominating region of either We or Re for 

the maximum spreading factor. It can be delineated that as We and Re increase, the 𝜉𝑚𝑎𝑥 increases. 

This phase plot can be utilized as a guideline for the PTA-AM process by transforming the axes 

from Re to the operating plasma current or any other parameter that can relate to the inertia and 

viscous forces within the droplet. 

In addition to the thermophysical parameters, the parametric study also briefly studied the 

solidification of the molten droplets. The magnitude of term 𝛼 =  𝑊𝑒√
3 𝑆𝑡𝑒 

4 𝑃𝑒
  in Eq. 29 predicts the 

effect of solidification on the droplet spread. As the 𝛼 is the function of Stefan (Ste) and Peclet 

(Pe) number, the individual impact of Ste and Pe on droplet spreading during the impingement is 

illustrated in Figure 3-12 (a) and (b), respectively. The solidification effect can be observed in the 

variation of Ste. The Ste signifies the importance of sensible heat to latent heat. A greater value of 

heat capacity or higher temperature gradient between molten droplet and substrate or a lower value 

of heat of fusion of droplet material accelerates the solidification process. With the Ste increment, 

the time required to solidify the molten droplet spread decreases. In this situation, the solidification 

process is so rapid that molten droplets have no time to spread to the maximum extent, which 

restricts them from spreading. This Ste influence can be observed from the results in Figure 3-12 

(a), where the 𝜉𝑚𝑎𝑥 decreases as the Ste increases from 0 to 100. 
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Figure 3-12 (a) Variation of ξmax with respect to Ste for different Pe, (b) Variation of ξmax with 

respect to Pe for different Ste, (c) Variation of ξmax with respect to α for different We and Re, 

(d) Contour plot showing the interrelation among the Pe, Ste and ξmax. 

The Pe is a dimensionless number describing the ratio of heat transferred by motion of fluid to 

heat transferred by conduction.  The Pe interrelates the spreading dynamics and solidification. As 

the Pe increases, the molten droplets spreading rate dominates the heat conduction and 

solidification, resulting in a negligible impact of the solidification on the final spreading shape 

[62]. With the increment in the impact velocity, which is the governing factor in the Pe, the 

spreading dynamics are controlled by the droplets' radial momentum and less impacted by the 
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solidification. As depicted in Figure 3-12 (b), the maximum spreading increases with Pe's 

increment for a given Ste, We and Re.  It is determined that as the Pe increases from 0 to 100, the 

𝜉𝑚𝑎𝑥  varies from the minimum range of 0.5 – 1.2 to the maximum range of 1.2 - 1.7. It can be 

clearly stated that the kinetic energy loss due to the solidification of the molten droplet during 

impingement is minimum to restrict the spreading. In Eq.29, the 𝛼 term compared to the other two 

terms in the denominator determines whether solidification affects the spreading of the molten 

droplet. Figure 3-12 (c) depicts the parametric effect of the solidification term 𝛼  on the 𝜉𝑚𝑎𝑥 for 

a different We and Re. For 𝛼 < 30, a significant decrement in the spreading factor due to the 

solidification is observed. As the values of 𝛼 increased above 30, the droplet spreading factor is 

almost constant irrespective of increment in Ste or decrement in Pe (in the form of 𝛼). With this 

inference, it can be depicted that the temperature gradient between droplet and substrate or heat 

transferred by fluid motion has an insignificant effect on the spreading of the droplet as the 

solidification term 𝛼 increased above the 30 for a given operating parameter in the PTA-AM 

process. Moreover, Figure 3-12 (d) displays the proportional relationship between Ste, Pe and  

𝜉𝑚𝑎𝑥 , revealing the region for molten droplets spreading with solidification effect dominated by 

either Ste or Pe.  This phase plot can be employed as a guideline for the PTA-AM process by 

transforming the axes from Ste and Pe to the operating parameters that relate the temperature 

gradient between molten droplet and substrate and the inertial forces acting on the droplet.   

As we compare the results for maximum spreading factor from Figure 3-11 and Figure 3-12, it is 

shown that using Eq. 24, the  𝜉𝑚𝑎𝑥 is in the range of 1.5 to 3.2 without considering the effect of 

solidification. On the contrary, using Eq. 29 by considering the impact of solidification, the 𝜉𝑚𝑎𝑥 
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is in the range of 0.2 to 2.2. It can be clearly stated that the solidification of molten droplets during 

impingement restricts the spreading of particles on the substrate.   

3.7 Conclusion 

Using high-speed imaging in the PTA-AM process and image processing technique to reveal the 

substantial influence of plasma arc current on the powder flow behaviour, including the following 

key finding: 

1. The theoretical trajectory model discussed in this paper estimates the variation in particle 

trajectories and their impact velocities under the influence of plasma arc current, the 

function of plasma arc velocity. It is revealed that theoretically, as the plasma arc velocity 

increases, particularly from 60 to 100 m/s, the trajectories shift from 0.8 mm to 1 mm from 

the arc axis, respectively. The corresponding impact velocities are 3.25 to 5 m/s. Under the 

plasma current in the PTA-AM system, experimental results fall within the theoretically 

determined range of the trajectories and impact velocities. We measured the trajectory and 

velocity of midstream particles selected at the nozzle exit. As the plasma current increases 

by 40 percent (60 to 100 A), the particle’s impacting position shifts from 4.5 to 5 mm to 4 

to 4.5 mm with respect to the arc axis. The impact velocity range of particles also changes 

from 2.4 -3.6 m/s to 4.5 - 5.2 m/s. 

2. This study also investigates the effect of plasma arcs on the powder stream ejecting from 

the nozzle. The powder stream away from the arc region conforms to a linear trajectory 

and minimal impact velocity. On the other hand, the part of the powder stream, which 

travels directly under the arc region, shows a significant deviation from the particle’s 
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trajectories and higher impact velocities. A 40 % increase in plasma current shifted the 

particle impact location on the substrate from 3 to 5.5 mm to 2.5 to 4.5 mm. There was also 

a significant variation in impact velocity range from 1.7 - 3.9 m/s to 2.1 - 6 m/s. 

3. The impact behaviour of the molten powder particles is studied under the parametric effect 

based on Pasandideh-Fard et al.[48] analytical model. This study demonstrated the impact 

of 6 main governing parameters such as We, Re, 𝜃𝑒, Ste, Pe and 𝛼 on the maximum 

spreading of molten particles. The molten droplet’s impact velocity (We or Re) strongly 

affects the droplets’ spreading dynamics and solidification behaviour. The molten droplets 

could spread from 1.5 to 2.1 times their initial diameter after impacting the substrate for 

the experimentally determined range of impact velocities.  

4. For contact angle  (𝜃𝑒) > 120o , the degree of dependency of maximum spreading on 𝜃𝑒 

becomes negligible, which shows the less wettability effect on the droplet spreading 

phenomena. The effect of solidification on particle spreading was found to be insignificant 

for 𝛼 > 30. For a 𝛼 < 30, there is strong confinement in the particles spreading due to the 

solidification effect.  

In the PTA-AM process, the results indicate that the plasma current regulates the flow 

characteristics of powders, which is responsible for spreading and solidifying individual powder 

particles. This study can predict the spreading of the individual particles upon impacting the 

substrate, which can be further extended to predict the possible geometry dimensions of the molten 

pool zone and the bead geometry for a given processing parameter. 
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4 Conclusion and Future work 

4.1 Summary 

In this research, the PTA-AM process parameter’s influence on the bead quality is investigated 

using in-situ image processing methodology. The dependency of bead quality on the PTA-AM’s 

process parameters is signified using analysis of variance (ANOVA) and statistical t-test. 

Furthermore, powder flow behaviour under the plasma arc region is investigated. Based on this 

assessment, a parametric study has been conducted to predict the spreading and solidification 

dynamics during molten particles’ impingement on the substrate.   

Chapter 2 discusses the effects of PTA-AM-based process parameters such as stand-off distance 

(SOD), powder flow (powder particle count) and plasma arc current on the bead quality and its 

geometry variation. The bulleted summary of each this chapter is as follows:  

• It is inspected that the stable deposition of the bead depends on the SOD value. The 

variation in SOD value shifts the merging point of the powder flow streams under the 

plasma arc region, which could be responsible for the deviation in bead deposition. Present 

observation depicted that at the SOD of 7 mm, the powder streams from two separate 

nozzles correctly merged at the interaction point in the plasma arc region. At the SOD of 

9.44 mm, two powder streams formed the saddle-shaped powder distribution under the 

plasma arc region, significantly impacting the quality of bead deposition. The validation of 

these results has been done with the work of Rojas et al [56], where the optimized SOD is 

determined as 7 mm, which prints the stable bead with minimum deviation.  
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• As it is investigated that powder flow distribution influences the stability of the bead, this 

study examined the uniformity of the powder stream distribution for different sample 

experiments conducted at a constant powder flow rate. The results showed that the powder 

stream distribution is uniform for all the sample experiments operated under the 60 A and 

100 A, and it defines that the PTA-AM system is less susceptible to external disturbances.  

• Using image analysis on in-situ high-speed images, this study extracted the information of 

total powder particle count and the bead height. The degree of dependency of bead height 

variation on total powder particle count is determined using the linear regression model. 

The ANOVA and statistical t-test have confirmed the significance of the correlation 

between total particle count and bead height variation. 

• This study also examined the effect of plasma arc current on the bead geometry (height and 

width). It is determined that as the plasma arc current increased by 40% (60A to 100 A), 

the mean bead width is increased by 85%, and the mean bead height is decreased by 24%. 

It is also noticed that bead width is more stable with minimum deviation for the plasma 

current of 60 A as compared to 100 A. 

In Chapter 3, we investigated the powder flow behaviour, one of the critical parameters in the 

PTA-AM process that governs the quality of bead deposition, which eventually decides the quality 

of the 3D printed part. The bulleted summary of each this chapter is as follows:  

• This study determined the deviations in particles trajectories and velocities due to variation 

in the plasma arc since these in-flight particle dynamics are responsible for their phase 

transformation during travelling in the plasma arc region. The phase of particles (fully or 

partially melted) and their metallurgical bond with the molten pool decide the geometrical 
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and dimensional properties of the build. Also, it is studied that the surface finish and 

geometry of the bead layer fluctuate due to the impact dynamics of the molten droplets, 

which depend not only on the plasma arc current but also on the particle location at the 

nozzle exit.  

• Based on the data of powder motion dynamics, this work conducted a parametric study, 

where the maximum spreading of a molten droplet and its degree of reduction under the 

solidification effect is predicted. It has been concluded that molten droplets could flatten 

at least 1.5 to 2.1 times their original diameter of molten drop.  

• The parametric effect of equilibrium contact angle on the maximum spreading of the 

droplet has evaluated that for the 𝜃𝑒 < 120o, the substrate wettability properties (𝜃𝑒) play a 

considerable role in changing the molten droplet’s spreading diameter. However, as the 

𝜃𝑒 > 120o, it showed that substrate wettability has a minor impact on spreading phenomena 

irrespective of plasma current variation. 

• At last, this study has provided the critical solidification value (𝛼), which decides whether 

the solidification effect arrests the molten droplet from spreading.  

4.2 Future work 

The main objective of this research work was to develop in-situ image processing techniques for 

determining the correlations between PTA-AM’s processing parameters and bead quality and its 

geometry. With this agenda, as mentioned in Chapters 2 and 3, the in-situ image processing 

methodologies have been developed, which successfully delivered the objectives. This work can 

be further extended for the in-process optimization of processing parameters and to improve the 

bead quality. The following points are suggested for future work. 
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• The bead quality deviation is critical, and it would be efficient to detect such an error in 

real-time so that the process parameter can be adjusted to compensate for an error and 

improve the bead quality in-process. For this purpose, a closed-loop feedback control 

system can be developed based on sensors, which detects the deviation from the in-situ 

images and improve it by adjusting the processing parameters in real-time.   

• As worktable travel speed varies, the amount of material deposited per unit length also 

varies, changing the bead geometry dramatically. In future work, the dependency of the 

bead geometry on worktable speed can be developed using the proposed in-situ image 

processing technique.  

• This study uses the 2D image streams for powder particle measurements. Since the powder 

flow distribution is 3D, future work could develop a powder flow analytical model based 

on 2D images to measure powder utilization efficiency in the molten pool. 

• The plasma arc velocity is Gaussian distributed with arc radial distance; however, this 

study uses the effect of the max-min range of arc velocity on particle motion dynamics. In 

future work, the Gaussian distribution of powder flow can be included in the particle 

trajectory model for the precise measurement of individual particles’ trajectories and 

velocities. 

• The parametric study of molten droplet spreading, and solidification can be further 

validated experimentally by analyzing the high-speed images of droplet impact dynamics. 

With this information, the analytical model can be developed to predict the quality and 

geometry of the final part.   
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