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ABSTRACT 

Plasma arc welding (PAW) was implemented for additive manufacturing (AM) of Hastelloy 

X wire due to its potential to produce thin-wall structures for a high-temperature 

resistance of Hastelloy X. Single-layer beads were deposited to study and optimize the 

effects of eight process parameters (arc length, nozzle size, built-in and trailing shielding 

gas flow rate, wire feed rate, travel speed, current, and linear energy density). In the 

meantime, an additional trailing shielding mechanism was introduced to reduce surface 

oxidation while maintaining acceptable geometry for multiple-layer deposition. A 

multiple regression method was used to determine the influence of these parameters on 

the extent of oxidation, geometry, height and width of bead. The optimized parameters 

were then used for multiple-layer depositions where complete fusion without visible 

voids was achieved. However, some interface separations were found due to the minor 

surface oxidation between layers. Equiaxed-to-columnar grain structure was also 

observed along the deposition direction where molybdenum carbides were present. The 

final samples were further evaluated by hardness test. A superior isotropic hardness (HV 

218) was achieved on the multiple-layer sample when compared with wrought Hastelloy 

X (HV 179). Multiple-layer depositing techniques were satisfactorily developed in this 

study. The optimized PAW process was proven to prevent overheating during starting and 

ending portion of the deposition. Heat reduction for each successive layer was also 

determined to produce a wall structure.  
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1 
 

CHAPTER 1 INTRODUCTION 

The motivation and objectives of this research are discussed in Sections 1.1 and 1.2, 

respectively. Section 1.3 provides an overview of each following chapter. 

 

1.1 Motivation 

Additive manufacturing (AM) is a critical topic in manufacturing due to its ability to 

produce complex geometries that are impossible to fabricate with conventional 

subtractive manufacturing methods [1]–[5]. Also, AM typically has less material waste, an 

attractive feature in many industries with high-cost materials. Wire and arc additive 

manufacturing (WAAM) was developed based on traditional welding technologies, both 

of which are more cost-effective than other AM methods such as electron beam and laser 

beam [6]–[8]. The quality of WAAM has been proved in structural [7]–[9] and aerospace 

[10]–[14] applications where customized components were produced with unique 

properties. Plasma arc welding (PAW) has not been widely used for the WAAM process, 

but it is a potential candidate due to its high energy density and superior arc control [15]–

[17]. These advantages could potentially improve the current processes or result in new 

applications where other welding technologies are falling short. However, the process 

parameters of the PAW-based WAAM process and material properties of the resulting 

products must be thoroughly investigated so they can be adopted for real-world 

applications. 
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1.2 Objectives 

The major objective of this thesis was to establish process parameters for PAW-based 

WAAM and investigate how these parameters affect the properties of the Hastelloy X. 

Hastelloy X was chosen because it has been employed in many industries (power 

generation and aerospace) due to its high-temperature strength and fabricability. 

Implementing improvements to the customized WAAM printer was also required for this 

research. Finally, a wall structure was produced to demonstrate the capability of the 

PAW-based WAAM process with the established experimental setup and optimized 

printing parameters. 

 

1.3 Thesis Overview 

This thesis includes five chapters with an appendix of relevant experimental data. 

 

Chapter 1 Introduction – This chapter explains the motivation and objectives of this 

research with an overview of each chapter. 

 

Chapter 2 Literature Review – This chapter includes a review of AM technologies and 

applications. Potential materials for the metal AM process are presented as well. 

 

Chapter 3 Experimental Design and Procedure – Details of the experiments are 

presented in this chapter, including the design of preliminary trials, multiple regression 
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trials, and multiple layer trials. Equipment used for material preparation and property 

analysis methods are also discussed in this chapter. 

 

Chapter 4 Results and Discussion – The observations of preliminary trials are discussed 

in this chapter followed by the multiple regression analysis. Deposition parameters and 

results from the characterization of multiple layer samples are also presented. Hardness 

test and SEM/EDS analysis are discussed as well. 

 

Chapter 5 Conclusion and Future Works – The results are concluded in this chapter based 

on the data obtained from the experiment. Future works on the PAW-based WAAM 

process are proposed. 
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CHAPTER 2 LITERATURE REVIEW 

Chapter 2 presents the literature review of metal additive manufacturing.  Section 2.1 is 

a general overview of AM and in Section 2.2. Metal AM technologies are reviewed. The 

materials used in this study are reviewed in Section 2.3.  

 

2.1 Additive Manufacturing 

The AM process produces parts by adding material to the designated location either on a 

substrate or an existing part [1]–[3]. The AM technologies are capable of manufacturing 

a wide range of materials and complexities of shape, an advantage that distinguishes it 

from traditional subtractive manufacturing [2]–[4]. As shown in Figure 1, traditional 

subtractive manufacturing starts from a block of material or an exciting part where the 

designated geometry and shape are achieved by removing material. In general, 

subtractive manufacturing produces a large amount of material waste when compared to 

additive manufacturing.  AM adds materials to where the material is needed, typically in 

a layer by layer manner as shown in Figure 1 [2], [3], [5]. 

 



5 
 

 

The classification of the AM technologies is outlined in the ASTM 52900-15 standard [18]. 

As presented in Figure 2 where commonly used technologies are included in brackets 

[19]–[21]. These technologies are capable of processing different types of materials with 

some dedicated to one or few types; for instance, polymer, metallic, ceramic, and 

composite are the most commonly studied [2], [3], [18]. The material format for AM 

varies among wire, powder, liquid, and sheet [2], [3], [18]. 

 

The three metal-capable technologies are highlighted in Figure 2, which are powder bed 

fusion (PBF), directed energy deposition (DED), and sheet lamination (SL). The primary 

difference between PBF and DED is the material format; with PBF only powder can be 

used whereas, in DED, materials can come in powder, sheet or wire. The most mature AM 

technology within the PBF category is selective laser melting (SLM) while the laser 

Figure 1 Illustration of typical subtractive manufacturing and additive manufacturing [5]. 
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engineering net shaping (LENS) is frequently studied in the DED category. Details of these 

technologies are discussed in Section 2.2. Wire and arc manufacturing (WAAM) is one of 

the DED technologies that start to gain attention in recent years [6], [7], and it will be 

discussed with further details in Section 2.2.3. The last metal AM category is Sheet 

Lamination (SL) which only processes sheet materials hence has limited applications 

according to the latest reviews [21], [22], therefore, it is not reviewed for this research. 

Other AM categories are used for non-metal materials which will be excluded in this 

review as well. 

 

 

AM processes is currently used in a large number of productions for plastic parts while 

the use of metal AM is growing [23]. AM technology is advantageous for the reasons of  

reduced design time, less material waste, and lightweight [1]–[5], [9], [24]. Studies also 

Figure 2 Schematic diagram of additive manufacturing classification according to ASTM 

52900 [18] with some commonly examined technologies in brackets. 
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point out the potential for a more efficient supply chain and less environmental impact 

based on current applications in the aerospace and automotive industries [25], [26]. 

However, large capital investment and difficulty in predicting life-cycle costs on AM 

applications hinder its rapid growth [23], [25].  

 

Energy Input 

Energy input is one of the important parameters for AM regardless of material and 

process, however, energy input can be difficult to compare since all machines are 

controlled differently [7], [19], [27]–[31]. Therefore, several terms were introduced to 

describe the energy input level. Power density [27], [28], energy density [29], [32], and 

linear energy density [7], [30], [31] are the most common ones used in welding and metal 

AM fields. Power density can be calculated using voltage, current, and volume covered; 

and energy density is calculated from power and travel speed. When the thickness of 

deposition is constant for a process, the power density and energy density can be 

simplified as the input per unit area rather than actual volume [27], [32]. In the case of a 

linear deposition in one direction, linear energy density is introduced to represent the 

energy density per unit length which simplifies the term further [7], [30], [31], it is 

expressed as follows [7], [31]: 

𝑳𝒊𝒏𝒆𝒂𝒓 𝑬𝒏𝒆𝒓𝒈𝒚 𝑫𝒆𝒏𝒔𝒊𝒕𝒚 (𝑱) =
𝑽𝒐𝒍𝒕𝒂𝒈𝒆 (𝑮) ∗ 𝑪𝒖𝒓𝒓𝒆𝒏𝒕 (𝑯)

𝑻𝒓𝒂𝒗𝒆𝒍 𝑺𝒑𝒆𝒆𝒅 (𝑭)
 Eq. (1) 
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2.2 Metal AM Technologies and Applications 

PBF and DED processes are the two most common metal AM processes as mentioned 

before. Most AM research are focusing on either laser-based or electron beam-based 

methods, for instance, SLM and electron beam melting (EBM) [6], [23], [25]. However, the 

arc welding process within the DED category has gained increased attention for AM 

applications due to its low cost and promising quality [6], [33]. This section will focus on 

the common features of metal AM technology, while the key aspects of each category 

and applications are reviewed separately. 

 

In general, AM produced metal samples, independent of the technology used,  tend to 

have a mixture of equiaxed and columnar grain structure [34]–[37]. The equiaxed-to-

columnar grain transition is commonly seen along the built direction as shown in Figure 

3, yielding potentially different properties than that of wrought materials [34]. This 

transition is due to the different solidification rate and nucleation sites in the sample 

where less temperature gradient and prior grains lead to columnar grain structure 

growing in the built direction [34]–[38]. 
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This unique microstructure is the focus of several published research on the resulting 

material properties since the non-equiaxed grain leads to anisotropic property which is 

unfavoured in certain applications [34]–[38]. However, a study on the grain orientation 

conducted by Dehoff et al. [39] shows a possible benefit of this transition. In this study, 

the grains were artificially oriented using an EBM system by deflecting electron beam with 

perhaps a magnetic field to the designated location with different process parameters as 

shown in Figure 4. Columnar solidification grain growth was controlled at the designated 

location (the letters) and surrounded by misoriented grain growth. The inner area of each 

letter consists of both columnar and misoriented grains. This experiment shows the 

Figure 3 Illustration of typical equiaxed-to-columnar grain transition of AM produced 

metal samples [34]. 
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potential of AM technologies that customized microstructure and hence properties can 

be achieved. The fine crystal structures in the as-built state were found to have improved 

strength due to rapid solidification [6], [20], [40], [41]. 

 

 

Carbides, oxides, and other metal-rich precipitates are also commonly found in the 

samples from AM technologies due to the rapid thermal changes [6], [20], [40], [41], 

leading to improved hardness when compared with the wrought material [40], [41]. 

However, the precipitation at the grain boundary is also causing degradation of properties 

such as fatigue since carbides are known to initiate cracks [6], [20]. In general, the 

Figure 4 Crystallographic orientation map of the cross-section of an EBM built metal 

sample with grain oriented artificially. The board of the letters represents the columnar 

grains surrounded by misoriented grains, and the inner area of each letter is a mixture of 

columnar and misoriented grains [39]. 
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mechanical properties of AM samples are comparable with the wrought products but 

post-treatment is also required to achieve fatigue strength and other dynamic loading 

properties [6], [34]. Besides optimizing properties, post-treatment is also used to remove 

support materials and achieve other design requirements [20], [40]. 

 

2.2.1 Powder Bed Fusion (PBF) 

PBF technology uses powder materials only as suggested by its name. The powder 

material used for this technology is prepared on the building platform, i.e., bed, and a 

power source fuses the powder layer by layer [20], [40]–[45]. Unfused powder is removed 

and reclaimed after the process. In general, the reuse of the unfused powder is possible 

after filtering. 

 

The most common PBF technology is selective laser melting (SLM), a typical setup is 

shown in Figure 5 [40], [43], [45]. In the SLM process, a laser is guided through a set of 

galvo mirrors to fuse the powder. The powder is fed from the side of the building bed by 

a dispenser and is spread evenly on top of the bed or built parts before being fused. The 

amount of powder to distribute is determined by the layer thickness and controlled by 

descending the building bed after each layer. To prevent oxidation, the printing chamber 

is often filled with an inert gas (to be adopted for our current research). The controlled 

environment also protects the operator since the powder is a potential hazard to the 

respiratory system. Supporting structures are not required in PBF since the unfused 

powder will act as support for any overhang and bridging feature. After the process, the 
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unfused powder can be recycled for future printing by mixing it with new powder [40], 

[43], [45]. Ghods et al. [46] studied the reuse of Ti6-Al-4V powder for an electron beam 

PBF process and found that it is feasible without affecting the porosity volume and 

distribution. Mechanical properties of stainless steel produced by recycled powers were 

studied by Jacob et al. [47] with a conclusion of no significant changes when compared 

with the properties of virgin powder produced samples. However, the unfused powder 

has to be filtered to remove oversized and irregular particles before reuse. 

 

 

The latest research in regard to laser-based PBF has been focusing on expanding material 

selections. However, many researchers found a large level of uncertainty in the products 

from PBF, particularly concerning the repeatable and reliable microstructure and 

properties [48]. 

 

Figure 5 Schematic of selective laser melting (SLM) system [43]. 
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2.2.2 Powder-based Directed Energy Deposition (DED) 

The DED system consists of several components: an energy source, a material feeding 

system, and a motion component, as shown in Figure 6 [40]–[44], [49]. The metals used 

in DED can be either powder or wire with various selections, for example, Ti-6Al-4V, 

Inconel, and Hastelloy are commonly used [50]–[54]. Laser and electron beam are used 

as a power source similar to PBF, but electric arc can also be used for DED [55]–[59]. 

Powder-based DED is reviewed in this section and wire-based is discussed in the next 

section. 

 

In particular to powder-based DED process, inert gas is usually used to carry the powder 

material through the feeding system, and the flow can be regulated to control the feeding 

rate. Research showed that the powder feeding rate has a significant impact on the 

printing quality. Similar to SLM, different metal powders can be pre-mixed to achieve 

composite manufacturing [40]–[44]. However, if the DED systems are equipped with 

multiple feeding ports, different metal powders can be supplied to the weld pool and 

custom metal compositions can be achieved in-situ, allowing the print of functionally 

graded materials [45], [60]. The inert gas is used to transport the powder and also provide 

shielding to the powder, minimizing oxidation both before and during printing. Laser 

engineering net shaping (LENS) is one of the most known DED technology in using a laser 

as an energy source [20], [45]. Figure 6 illustrates the torch of a LENS machine with a four-

hopper feeding system. In this case, four different powder materials can be fed to the 

designated location from all sides. Machine with a single-hopper is also available with the 
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option of feeding coaxially or laterally in relation to the laser beam, and only one material 

can be fed in this case. 

 

 

In addition to manufacturing new components, repair procedure can be developed using 

the laser-based process by depositing and fusing the powder on the damaged area of the 

existing parts. A thin cladding of various compositions is also achievable with laser-based 

DED processes [41], [43], [49], [51].  

 

2.2.3 Wire and Arc Additive Manufacturing (WAAM) 

WAAM includes all the processes that use an arc as a heat source to form three-

dimensional components. However, it is typically combined with wire feed stock. The use 

Figure 6 Schematic of LENS machine with four-hopper feeding system [20]. 
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of welding technologies for WAAM applications ranges from metal inert gas (MIG) 

welding to gas tungsten arc welding (GTAW), and plasma arc welding (PAW) [56]–[59]. 

 

Gas Tungsten Arc Welding (GTAW) 

GTAW is also known as tungsten inert gas (TIG) welding. GTAW uses a non-consumable 

tungsten electrode to generate an electric arc between the electrode tip and the 

workpiece as shown in Figure 7 [17], [61]. 

 

 

DC or AC current is supplied to the electrode as an energy source. Inert gas is supplied as 

a shielding at the welding area to prevent oxidation and contamination during the process 

[17], [61]–[64]. A tilted torch is commonly used in applications for both manual and 

automated WAAM processes which allows the wire to be fed closer to the arc from the 

leading edge [62]–[64]. In most cases, wire is used as filler material with GTAW. However, 

Figure 7 Illustration of a torch arrangement of GTAW (TIG) process [61]. 
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Moreira et al. [63] demonstrated the use of powder material with the GTAW process with 

good adhesion between layers, expanding the applications of GTAW-based AM.  

 

Plasma Arc Welding (PAW) 

PAW is similar as GTAW, where electric current passes through a non-consumable 

tungsten electrode to generate an arc. The current in PAW is used to ionize the supplied 

gas to form a plasma with high energy density and velocity [15]–[17]. The PAW process 

can be further categorized as the transferred arc and non-transferred arc. The transferred 

arc is generated between the electrode and the workpiece, while the non-transferred arc 

is generated between the electrode and the nozzle as an anode torch [15]. Figure 8 is 

modified from Marcelochal [65] to illustrate the two categories of the PAW process. 

 

 

Figure 8 Illustration of PAW process torch arrangement. Modified from Marcelochal [65]. 
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In terms of gases, PAW requires an additional gas supply for forming plasma, which can 

be argon, helium or a mixture of argon, helium, and hydrogen. Unlike GTAW where the 

electrode is exposed out of the torch, PAW has the electrode positioned within the main 

body of the torch, making the standoff distance more flexible. 

 

The typical microstructure features of PAW produced metal component includes 

dendrites, carbides and matrix material. Figure 9 shows the NiCrBSi coating deposited by 

PAW process, where Ni-based dendrites can be observed with fine Cr-based carbides in 

the interdendritic regions [66]. A similar microstructure was observed with Cobalt-based 

alloy where Ti-based carbides exist with Cobalt dendrites [67]. In the Fe-3Ti-4C sample, 

Ti-based carbides distributed in the entire sample and no dendritic structure was reported 

[68]. 

 

Figure 9 (a) Ni-based dendrites in PAW produced NiCrBSi sample and (b) carbides observed 

in the interdendritic regions (arrows). B1-B3: Cr3C2, B4-B5: Cr7C3, B6-B8: CrB, B9-B12: 

Ni3B. [66] 
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Metal Inert Gas (MIG) 

MIG welding is also known as gas metal arc welding (GMAW); a typical MIG torch consists 

of a wire rod, wire feeder, and inert shielding gas as shown in Figure 10 [69], [70]. The 

wire rod in MIG process acts also as the electrode in GTAW, which carries electrical 

current to generate arc at the tip and form molten pool while being melted at the same 

time. 

 

 

Considering there is no non-consumable electrode in MIG welding, the torch is simpler 

than GTAW and PAW. Inert gas is also introduced in MIG for shielding purpose as in GTAW. 

 

Figure 10 Illustration of typical torch arrangement of MIG process [70]. 
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Starting Control, Ending Control, Wire Feeding Direction and Cooling Rate 

Proper bead starting control, ending control, and wire feeding direction are common 

challenges of WAAM. Bead starting and ending controls have been studied by many 

researchers to resolve substrate distortion and height variation issues when depositing 

multiple layers [7], [56]–[58]. Heat accumulation is another issue reported for WAAM 

process and becomes critical to the deposition process as excessive heat could lead to 

severe oxidation and other defects. Several strategies were developed to address these 

issues, including substrate cooling system to dissipate heat by the coolant under the 

substrate [56] and using hot-wire method to preheat wire filament by passing current to 

reduce heat input [58]. 

 

Feeding wire from the leading edge of travel direction is the most common practice in 

WAAM processes [71], [72]; however, Gokhale et al. [64] conducted a comparative study 

on three different wire feeding directions and other deposition profiles other than a 

straight line. According to the experiment results, feeding wire from the leading and the 

trailing edge shows an acceptable wall fabrication except more surface oxidation was 

found on the trailing edge configuration. The side feeding resulted in the sample leaning 

to the side and an undesirable geometry [64]. One of the drawbacks in leading/trailing 

edge feeding is the need to rotate the relative position of the nozzle and the wire feed 

when printing geometries other than a straight line, for example, circle and square. Extra 

motion on the deposition platform can be hard to coordinate, and the simple solution is 

to feed alternatively on the trialling edge and sides when travelling in different directions. 
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Cooling rate is also a critical factor influencing the microstructure and mechanical 

properties of WAAM produced metal parts where high cooling rate is associated with 

smaller grain size and better mechanical properties in general [6], [34]–[36]. Columnar 

structure was also found in WAAM produced material due to high and directional cooling 

rate [35]. However, rapid cooling rate is not always beneficial where distortion can occur 

due to the residual stress. Deposition sequence redesign, heat input control and post heat 

treatment were proposed to reduce or eliminate the residual stress [6], [34]. 

 

2.2.4 Process Comparison 

PBF vs Powder DED 

A larger amount of powder waste can be expected with PBF compared with DED. Also, a 

longer cleaning process is required due to an excessive amount of unfused powder in the 

chamber [40], [43], [45]. Another disadvantage of PBF compared with powder- or wire-

based DED is the limitations on repair work. It is possible to repair components with PBF 

as presented by Walachowicz et al. [73]; however, it is not practical to immerse a 

damaged part in a large amount of powder and to achieve a flat surface at the damaged 

location. The component size is also limited by the relatively small chamber size compared 

with DED systems. The last disadvantage of PBF is the fact that only one material can be 

distributed on the bed during a given PBF process, on the other hand, multiple materials 

can be deposited with powder DED process as discussed previously. Another difference is 

that the supporting material is needed to produce overhang or bridging structures in DED 
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[20] and the corresponding post-process is required for removing the support structure 

[40], [42]. Even if the 5-axis robot could produce the overhang and bridging features 

without extra supporting material [74], [75], it is more challenging for the programming 

and motion control [76]. 

 

WAAM vs PBF & Powder-based DED 

Some research in the last decade revealed various advantages of WAAM process when 

compared with DED and PBF processes [6], [7], [56]–[59]. The main incentive of using a 

welding-based technology is its lower cost since it is already developed with excellent 

feasibility globally [6], [7]. According to the calculation by Martina and Williams [8], the 

WAAM processes can be 7 % to 69 % cheaper than subtractive manufacturing methods 

and up to 50 times lower in cost than PBF processes. The deposition rate of WAAM and 

PBF processes was compared by Derekar [7]; WAAM was found to be able to deposit 16 

times the amount of material in a given time since WAAM is capable to form taller and 

wider beads than PBF. Oliveira et al. [6] and Martina and Williams [8]  also reported higher 

deposition rates of WAAM with added advantages of producing large components which 

are more difficult to achieve with PBF due to limited space. 

 

MIG vs GTAW vs PAW 

Since MIG uses the wire as an electrode, the arc is more difficult to control which results 

in low surface quality and extensive machining is typically needed [77], [78]. However, 
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MIG WAAM is widely used for manufacturing large parts with limited features that can be 

machined after printing [79]–[81]. 

 

Compared with MIG, GTAW and PAW allow for a better arc control which enables printing 

smaller parts and finer features. The main difference between GTAW and PAW is that 

PAW is capable to operate at a higher energy density even with a lower current setting 

due to straighter arc polarity as the arc is constricted by the nozzle (Figure 8) [15]–[17], 

[81]. This also means that the PAW is potentially able to manufacture even smaller 

structures with high demands on energy density. The thin-wall structure is one of the 

intended applications which is underexplored with WAAM processes. Printing thin-wall 

structure using WAAM is a long-term research goal in our research group. 

 

2.2.5 Applications of Metal AM Technologies 

The aerospace industry is one of the fields that AM technologies have been widely 

explored [5], [9], [82]. Lattice structure produced by Bellini et al. [83] shows the 

capabilities of AM technologies, with complex internal geometry as presented in Figure 

11 (a). The internal cavities in these structures are not always reachable by the tools 

during machining in a subtractive process especially when the spaces are smaller than the 

tool. This sandwich panel also can contain carbon fibre reinforced polymer (CFRP) as the 

faces with titanium lattice structure to reduce the weight and increase the stiffness. The 

bending stiffness of this composite structure is 86.2% higher than the pure titanium 

sample with the same mass [83]. 
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Figure 11 (b) and (c) show another example of the application of AM in the aerospace 

industry. The optimized aerospace bracket produced by Edwards et al. [9] was intended 

to minimize the weight of the part while maintaining the properties of the conventional 

design. This optimized structure can be very challenging to manufacture using the 

conventional subtractive manufacturing methods. 

 

Major manufacturers in the aerospace industry are also investing in additive 

manufacturing for current and future projects, including GE, Boeing, and Airbus [10]–[14]. 

Various products were manufactured using metal additive manufacturing processes, for 

instance, components of gas turbine engines as shown in Figure 12 [12]. Boeing is also 

working on various products, for example, air ducts for commercial aircraft like Boeing 

787 [14]. 

 

 

Figure 11 (a) Struss structure [83], (b) typical titanium aerospace bracket design [9], (c) 

optimized titanium aerospace bracket [9]. 
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2.3 Metal Materials for AM 

Powder and wire are the two common forms of metal material used in AM processes, and 

sheet metal has been studied with limited applications [2], [22], [84], [85]. PBF processes 

use exclusively the powder which offers more flexibility than the wire when designing 

new alloying compositions. On the other hand, using wire incurs lower manufacturing 

costs. In addition, the powder can be hazardous to the respiratory system of operators 

and environment [86], [87]. All of which promote the interest in this study on developing 

Figure 12 (a) Mixing nozzle for gas turbine exhaust produced by LENS, (b) compressor 

support case for gas turbine engine produced by EBM, (c) turbine blade with internal 

cooling channels produced by SLM, (d) turbine blades fabricated by SLM, (e) hollow 

static turbine blade cast using the mold and cores fabricated by three dimensional printing, 

(f) engine housing produced by SLM. From [12]. 
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a WAAM process. Particularly, Hastelloy X wire and stainless steel 304 substrate were 

used to investigate the PAW welding parameters.  

 

2.3.1 Hastelloy X Wire 

Hastelloy X is a nickel-chromium-based superalloy that consists of four main elements: 

nickel, chromium, iron, and molybdenum [88]. The nominal composition of Hastelloy X 

wire is presented in Table 1 based on the information from the manufacturer HAYNES 

International.  

 

Table 1 Nominal composition of Hastelloy X from HAYNES International [88]. 

Element Weight % Element Weight % 

Nickel 47 Balance Manganese 1max 

Chromium 22 Silicon 1max 

Iron 18 Boron 0.008 max 

Molybdenum 8 Niobium 0.5max 

Cobalt 1.5 Aluminum 0.5max 

Tungsten 0.6 Titanium 0.15max 

Carbon 0.1   

 

The wrought Hastelloy X alloy is commonly solution annealed at 1177°C with rapid cooling 

to room temperature. The same treatment is used on samples for the hardness test in 

this research. The maximum nominal hardness of Hastelloy X is reported to be Rockwell 

B 88 (HV 179) which will be used for comparison in this study [88]. The typical 
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microstructure of Hastelloy X consists of single-phase face-centered cubic (FCC) matrix 

with evenly distributed Mo-rich M6C and Cr-rich M23C carbide [89], [90]. In the cast 

Hastelloy X, however, annealing twins were found in the same matrix material as the 

wrought ones. Similar carbides were found in the cast Hastelloy X as well [91]. 

 

Hastelloy X alloy is a solid solution hardened superalloy with excellent high-temperature 

strength, oxidation resistance, and good fabricability [88], [92]. However, even though it 

has good fabricability, superalloys are still difficult to machine. Net-shape AM would be a 

desirable manufacturing process for this alloy as it has good weldability [88], [93], [94]. 

Traditionally, Hastelloy X is commonly used in a high-temperature environment, such as 

the combustion zone of gas turbine engines, furnaces, and the chemical process industry. 

In this study, the automated PAW process is selected since the constricted arc is capable 

of deeper fusion compare with the GTAW process [88]. 

 

The superior performance of Hastelloy X has attracted great interest in developing AM 

processes for this alloy [16], [54], [95]–[100]. However, producing Hastelloy X sample with 

WAAM is underexplored, especially for obtaining thin wall features, which have been 

defined as less than 3 mm thick for this research. Therefore, 1.2 mm thick Hastelloy X wire 

is selected with PAW-based WAAM process for this research. 
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2.3.2 Stainless-steel 304 substrate 

Stainless steel 304 was used as the substrate for AM applications due to its low cost, 

availability, and superior weldability [101]. It is also selected in previous research on the 

GTAW process which will be reviewed in Section 2.4. The nominal composition of 304, 

according to the ASTM A240 [101], is presented in Table 2. The hardness of 304 is rated 

at Rockwell B 92 (HV 198).  

 

Table 2 Nominal composition of Stainless-steel 304 [101]. 

Element Weight % Element Weight % 

Iron Balance Nitrogen 0.1 

Chromium 17.5 – 19.5 Carbon 0.07 

Nickel 8.0 – 10.5 Phosphorus 0.045 

Manganese 2.0 Sulfur 0.03 

Silicon 0.75   

 

2.4 Research Outcome of Previous Study 

Process parameters of GTAW were studied by Dinovitzer [102] with Hastelloy X wire, and 

wall structures were produced using the optimized parameters. The optimized process 

parameter for depositing 1.2 mm thick Hastelloy X wire is presented in Table 3. 
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Table 3 Optimized process parameters for GTAW from the previous study [102]. 

Current (A) Travel Speed (mm/min) Wire Feed Rate (mm/min) Argon Flow Rate (CFH) 

60 100 350 25 (11.8 L/min) 

 

 

According to the one-way ANOVA analysis conducted in this previous study, roughness 

decreases with current and increases with travel speed. Bead height was found to 

increase with wire feed rate while bead width decreases with travel speed. Argon flow 

rate shows no significant impact on the appearance of the bead. Considering the 

insignificant difference between GTAW and PAW, similar trends in these parameters are 

expected. 

 

In the same research [102], 20% of heat reduction was found necessary for the second 

layer and the reduction percentage decreases until layer 5 where no heat reduction was 

applied for subsequent layers. This finding was incorporated in this research as guidance, 

but the percentage of heat reduction would have to be adjusted since PAW provides 

higher energy density. Heat reduction was also applied in another study on GTAW with 

Stellite 6 corded wire conducted by Fard [103]. 

 

The wire alignment on the PAW system was also studied by Fard [103]. Molten material 

forms droplets attached to the corded wire tip was found to distort the wire and cause 

misalignment. In the case of Hastelloy X wire, the droplets were also observed, fluctuating 

within the plasma jet and leading to misaligned and discontinued deposition.  
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CHAPTER 3 EXPERIMENTAL DESIGN AND PROCEDURE 

This chapter describes the equipment used and the details of the experimental design. 

Section 3.1 illustrates both the plasma arc generator and printer. Details on single-layer, 

multiple regression analysis, and multiple-layer deposition are presented in Section 3.2, 

Section 3.3, and Section 3.4, respectively. Sample preparations and test procedures are 

presented in Section 3.5 to Section 3.7. 

 

3.1 Integration of PAW System 

The MIG-OMAT PlasmaJET 100 SPS plasma arc welding machine (MIG-OMAT, Burbach, 

Germany) was integrated into a customized Cartesian three-dimensional (3D) gantry for 

the research development. The full setup with legends is shown in Figure 13. 

 

The printer was built in-house and for this research work, the motion control is provided 

by Duet 2 Ethernet board (Duet3D Ltd, Peterborough, UK) which is a commonly used 

control board for custom 3D printers. A Duex 2 extension board (Duet3D Ltd, 

Peterborough, UK) was added to the controller to be able to control both the printer and 

the plasma machine (Figure 13). The printer consists of an aluminum extrusion frame, 

two-degree of freedom (X and Y) torch holder, and one degree of freedom (Z) printing 

platform where the printing bed is insulated from the platform and grounded to the 

plasma welder. The X and Y axis and the wire feeder are driven each by one stepper motor 

and the Z-axis is driven by two stepper motors synchronized by the control board. 
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Curtains are installed on the sides to shield the back panel, where the control boards are 

mounted, from the arc generated during operation. 

 

 

The printer is controlled by G-Code through the Duet 2 Ethernet control board. The G-

Code and any printer settings can be uploaded from a web control portal. The axes motors 

and wire feeding motor are controlled directly by the Duet 2 Ethernet board. The G-Codes 

for plasma machine control were converted and transmitted through the I2C ports on 

Duex 2 extension board to an Arduino Mega 2560 microcontroller. The Arduino Mega was 

used as an intermediate to control the programmable logic controller (PLC) of the plasma 

system through relays connected remote-control port of the plasma machine. The 

Arduino code used for relay controlling was modified from a slave receiver template 

Figure 13 Apparatus schematic diagram (center) with image of the printer (top left), plasma 

power supply and data collecting camera (bottom left). The shielding gas cylinders is to the 

right. 



31 
 

created by Nicholas Zambetti [104]. The welding current was controlled using a pulse with 

modulation (PWM) signal generated by the Duet 2 Ethernet control board using G-Code. 

This PWM signal was converted to a 0- 10 V voltage signal with a PWM voltage converter 

(Kuuleyn) which interfaced with the current control plug on the plasma machine. The 

voltage 0 V to 10 V corresponds to a current ranging from 0 A to 100 A as specified in the 

operation manual of the plasma machine. 

 

The plasma arc equipment displays live current and voltage data on a monitor. However, 

due to liability concerns by the plasma machine manufacturer, the current and voltage 

data could not be recorded externally. Alternatively, this data was captured from the 

panel display using a Pi Camera controlled by a Raspberry Pi 3 Model B (implemented 

with another graduate student Shahryar Shahryari Fard). Both voltage and current were 

captured every second from the start of the deposition. Data for each capture were 

recognized using Python code. OpenCV library was used to recognize the numbers every 

second. Data for each trial were saved to an Excel sheet for further processing. Zeros and 

non-numerical data were removed, and averages were calculated for each trial. 

 

Figure 14 (a, b) shows the setup of the plasma nozzle and wire feeding mechanism. 

According to the previous study conducted by Fard [103], the wire position can impact 

the result significantly and it was recommended to be verified and adjusted before each 

deposition.  
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Figure 14 (a) illustrates the initial arrangement before finalizing the optimized wire-nozzle 

location. The wire feed angle is denoted as A1 (25° for this research), wire-nozzle offset 

from the electrode as D1, and arc length as D2. Wire feed distance, D3, is defined as the 

horizontal distance between the electrode and the contacting point (red dot). According 

to Fard [103], a distance (D3) between 2 and 3 mm results in the best bead quality. This 

distance can be achieved by adjusting the wire feed angle A1 after setting the arc length 

D2 at the desired value. However, a constant straight bead was not achieved with the 

initial setup because the wire nozzle was set too far away from the electrode (D1 > 5 mm); 

the wire bent outwards from the nozzle (Figure 15 (a)) as a result of the curvature of the 

Figure 14 Illustration of torch and feeding mechanism arrangement, (a) side view with 

notations and (b) optimized wire-nozzle position. Arrow points to the wire feeding direction. 
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wire exiting the wire spool. Setting a low arc length (D2 < 3 mm) also prevented the 

optimization of the feeding angle A1 due to limited space. To address these issues a slot 

was opened up on the leading edge of the built-in shielding cap to allow the wire-nozzle 

to move closer to the electrode as shown in Figure 14 (b). In this arrangement, the 

distance D1 could be reduced to less than 1 mm. Reducing D1 further would result in 

melting of the wire-nozzle. Figure 15 (b) shows that with this setup the bent wire would 

not affect the optimized wire position. Figure 15 (b) also shows both built-in shielding and 

trailing shielding gases where metal foam (bronze) was used to achieve a laminate flow 

on top of the deposition area. Both built-in and trailing shielding gases can be set at 

different flow rates since gases are supplied through two different lines. 

 

 

3.2 Process Parameter Optimization of Single Layer Bead 

Severe oxidation and irregular beads were found when depositing a single bead using the 

optimized parameters from the previous GTAW study which was discussed in Section 2.4. 

Due to the higher energy density of PAW, the energy inputs had to be reduced, and arc 

Figure 15 (a) Bottom view of curved wire on initial arrangement and (b) bottom view 

optimized wire-nozzle location. 
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length, nozzle size, built-in shielding gas, and trailing shielding gas were investigated to 

eliminate severe oxidation. 

 

To reduce waste, multiple trials were performed on a single stainless-steel substrate with 

a minimum separation of 10 mm from center-to-center while allowing cooling between 

each trial. Another noticeable factor in the cooling stage is the substrate which is at room 

temperature before the deposition. As such, it experiences the highest cooling rate. Trials 

were visually evaluated based on bead geometry after a deposition where discontinued 

and rough beads were excluded from a detailed analysis. In total, 94 single layer beads 

(some were used for multiple regression analyses) were deposited with the goal to 

achieve a continuous oxidation-free bead. The process parameters that resulted in a 

continuous bead are presented in Table 4. Unfortunately, due to challenges to achieve a 

continuous bead, each process parameter could not be studied in isolation and multiple 

parameters had to be adjusted simultaneously. 
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Table 4 Process parameter of trials selected for arc length, nozzle size, and shielding gas 

flow rate effect study. Letter setting for trailing shield represents the opening status of 

ON/OFF flow valve, low = just open, Medium = half-open, and High = full open. 

Process 
Parameter 

# 
Arc 

Length 
(mm) 

Nozzle 
Size 

(mm) 

Built-in 
Shield 

(L/min) 

Trailing 
Shield 

(L/min) 

Wire feed 
Rate 

(mm/min) 

Travel 
Speed 

(mm/min) 

Current 
(A) 

Linear 
Energy 
Density 
(J/mm) 

Arc Length 

A1 2 1 12 0 180 90 12 158.9 

A2 10 1 7 0 298 85 20 - 

A3 3 1 10 0 341 105 20 262.1 

A4 6 1 10 0 413 110 22 276.0 

Nozzle 
Size 

N1 3 1 10 0 341 105 20 262.1 

N2 3 1.6 10 0 240 120 25 291.6 

N3 3 2.4 15 0 200 100 34 356.8 

Built-in 
Shield 

S1 8 1 16 0 380 95 25 - 

S2 8 1 14 0 380 95 25 - 

S3 8 1 12 0 380 95 25 - 

S4 8 1 10 0 380 95 25 - 

S5 8 1 8 0 380 95 25 - 

S6 8 1 6 0 380 95 25 - 

S7 3 1 12 0 341 105 20 291.6 

S8 3 1 8 0 341 105 20 278.1 

S9 3 1 5 0 341 105 20 280.3 

Trailing 
Shield 

T1 5 1 10 0 394 105 29 362.8 

T2 5 1 10 Low 394 105 29 361.2 

T3 5 1 10 Medium 394 105 29 362.4 

T4 5 1 10 High 394 105 29 365.7 

T5 3 1.6 7 7 345 115 35 370.8 

 

Table 4 only lists the trials that resulted in continuous single layer beads; these trials are 

numbered with a letter to denote the parameter studied. A represents arc length, N 

represents nozzle size, S represents shielding gas built into the torch and T represents the 

flow rate of the trailing shielding gas. Again, the arc length D2 (Figure 14 (a)) was defined 

as the distance between the plasma nozzle and substrate while the nozzle size is the 

diameter of the opening on the plasma nozzle. Wire feed rate is expressed as the speed 

the wire fed into the weld pool. Travel speed is defined as how fast the torch is moving 



36 
 

during deposition. Current represents the energy input that can be adjusted on the 

plasma machine. The linear energy density value for trial A2 and trial S1 to S6 were not 

calculated due to the current and voltage recognition camera was not installed at the time 

of the experiment. 

 

Shielding gases flow rate, wire feed rate and linear energy density resulted in a continuous 

bead at 2 mm arc length but did not produce a continuous bead at 3 mm, 6 mm, and 10 

mm arc length. As shown in Table 4, nozzle size was kept constant during the arc length 

study since it was expected to have no impact on oxidation, however, observation of the 

arc length trials illustrates that nozzle size could be a factor in oxidation, and this 

promoted further study on nozzle size. A similar issue exists during the study of the nozzle 

size as insufficient continue beads can be used for comparison when only the nozzle size 

was varied while keeping other parameters constant. For the built-in shielding gas study, 

trials S1 to S6 were deposited at 8 mm arc length which was conducted before the arc 

length study. Therefore, additional trials S7 to S9 were deposited at 3 mm arc length after 

the arc length study to verify the result. The trailing shielding study was conducted at 5 

mm arc length rather than 3 mm due to the interference issue discussed in Section 3.1.  

 

A 2 mm arc length was the minimum value that could be evaluated to avoid collision 

between the wire feeding mechanism and substrate. A 10 mm arc length was the 

maximum value possible to maintain a stable arc. Therefore, the median of this range is 

6 mm. However, collision between deposition and wire-nozzle was observed when 
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discontinuous beads exist at 2 mm arc length, suggesting that the remaining space was 

insufficient to adapt to the height increase caused by uneven deposition. Therefore, 3 

mm was set as the minimum arc length.  Ideally, all parameters should be constant except 

the arc length during the examination of its effects; however, it was impossible to obtain 

continuous beads under different arc lengths without changing other parameters as 

mentioned above. Therefore, after several trials for each arc length (A1 to A4), the varied 

parameters shown in Table 4 lead to continuous beads. When only considering the 

experiment with arc length, 3 mm of arc length is the ideal setting for multiple-layer 

deposition. However, this setting results in collision hazardous due to the nozzle size and 

current changes in subsequent experiments. Therefore, an arc length of 4 mm was used 

for multiple-layer deposition. More details with regard to the collision hazardous are 

presented in Section 4.1.4. 

 

Three different nozzle sizes were studied in this research as well, being 1 mm, 1.6 mm, 

and 2.4 mm.  Since a similar issue exists, where a continuous bead cannot be obtained on 

all trials with the same parameters, other than the nozzle size, the optimized setting 

under different nozzle sizes is provided in Table 4. Trial A3 in arc length study has been 

used for nozzle size study due to the optimized result among the deposited trials. 

Therefore, trial A3 was then named as trial N1 for the nozzle size study. 

 

Built-in shielding gas flow was studied in a range from 6 L/min to 16 L/min with constant 

and modified parameters. However, no substantial differences were found, and therefore 
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two configurations of auxiliary trailing shield devices were implemented and studied. 

Trials T1 to T4 were deposited where a muffler was attached to the aft of the torch travel 

direction with an ON/OFF flow valve connected. This configuration served to prove the 

concept of adding trailing shielding device to eliminate surface oxidation. It was assumed 

that the trailing shield can be kept constant; however, it was found that more quantitative 

flow control was needed based on the observation.  As such, a trailing shielding device 

was obtained from the plasma machine manufacturer and installed with a flowmeter 

rather than the ON/OFF flow valve, which led to the second configuration of trailing 

shielding device. Trial T5 was deposited with the second configuration as presented in 

Table 4 due to an optimized result. The low, medium and high flow rates presented in 

Table 4 correspond to open, half-open and full open of the ON/OFF flow valve in the first 

configuration. The flow rate for trials deposited with the second configuration was set 

with a quantitative value as presented in Table 4 under trial T5. 

 

3.3 Multiple Regression Analysis 

Multiple regression analysis was performed to explore the correlation between process 

parameters and bead quality and oxidation.  

 

The deposited beads were evaluated under four categories: the extent of oxidation, 

geometry consistency, height, and width. Trials were conducted with different settings, 

leading to a total of 68 single bead trials (D##) deposited for multiple regression analysis. 
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Collected data are included in Appendix A with corresponding process parameters. Table 

5 listed all variables with their notations and units used in this analysis. 

 

Table 5 Multiple regression variables with corresponding notation and unit. 

Category Variable Notation in Regression Model Unit 

Process 
Parameter 

Arc A mm 

Nozzle Size B mm 

Shielding Gas Flow Rate C L/min 

Trailing Shielding Gas Flow Rate D L/min 

Wire feed rate E mm/min 

Travel Speed F mm/min 

Voltage G V 

Current H A 

Power I W 

Linear Energy Density J J/mm 

Evaluation 
Aspect 

Extent of oxidation OX - 

Geometry GEO - 

Height HT mm 

Width WD mm 

 

Arc length, nozzle size, shielding gas flow rate, wire feed rate, travel speed, and power 

setting is the primary process parameters studied in other WAAM process according to 

many reviews [16], [71], [72], [105]. Therefore, all parameters will be included in this 

analysis and adjustments for future iterations will be applied according to process 

parameter optimization. 

 

Evaluation of Bead Quality 

The extent of oxidation and geometry was evaluated visually for all trials listed in 

Appendix A. Each trial was given a score ranging from 0 to 5 for the extent of oxidation 
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(see Table 6 for the evaluation criteria). For instance, the extent of oxidation is judged by 

the colour where shiny silver represents free of oxidation (score 5) and matte dark colour 

represents severe oxidation (score 0). The location, area and number of oxidations also 

affect the score. 

 

Table 6 Deposition extent of oxidation evaluation criteria. 

Extent of 
Oxidation 

Score 
Description Sample Bead 

5 

Silver deposition without 
oxidation, or silver 

deposition with dot-like 
oxidation within 1 mm from 
starting and ending locations 

 

4 
Silver deposition with dot-

like oxidations at less than 5 
locations  

3 

Silver deposition with dot-
like oxidations at more than 

5 locations, or silver with 
colour change at less than 3 

locations 

 

2 

Non-silver colour and/or 
silver deposition with dark 
oxidations for over half of 

the deposited length 
 

1 
Black or dark deposition 
with silver colour at less 

than 5 locations  

0 Black deposition 
 

 

The scoring scheme for geometry is similar to that representing oxidation but with 

different criteria. The geometry of bead is evaluated based on alignment, height and 



41 
 

width variation, and wetting angle (Figure 16). Ideally, wetting angle is measured from 

the bead cross-section surface. However, cutting multiple cross-sections for all trials was 

not practical. Therefore, the wetting angles were visually categorized into three groups 

with the preferred rating for the wetting angle to be as close as 90˚.  

 

 

When wetting angles are substantially smaller than 90°, it usually represents insufficient 

bonding between the substrate and the deposition which could lead to lack of bonding 

when depositing upper layers. On the other hand, when wetting angles are substantially 

larger than 90°, the deposition tends to have lower height to width ratio and thicker walls. 

As such the contact angle is an important aspect to consider when evaluating the overall 

geometry parameter. 

 

Figure 16 Wetting angle, melt through depth, height, and width. 
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Percentage of the bead length well aligned with the deposition direction is used to 

evaluate bead alignment. Height variation is the largest difference between the 5 height 

measurements on each trial. A large variation in the height of the bead negatively impacts 

the interlayer bonding, due to variation in standoff distance between torch and substrate, 

which could lead to unacceptable deposition quality. For a continuous deposit with a 

score of 2.5 or more further measurements were carried out using a profilometer and 

callipers. Experiment results showed that it was not possible in fact to deposit a successive 

layer onto beads that had geometries score of less than 2.5.  Similarly, five measurements 

were taken for both height and width on the bead and an average was obtained. Each 

measurement was evenly spaced from the start to the end point. A total of 68 beads were 

evaluated for further multiple regression analysis. Table 7 shows more details of the 

evaluation criteria. 
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Table 7 Deposition geometry evaluation criteria. 

Geometry 
Score 

Description Sample Bead 

5 

Deposit on and aligned for more 
than 90% of travel length, & 
surface height variation less 

than 0.3 mm, & no inadequate 
or excessive wetting angle 

 

4 

Deposit on and aligned for more 
than 80% of travel length, & 
surface height variation less 

than 0.5 mm, & no inadequate 
or excessive wetting angle 

 

3 

Deposit on and aligned for more 
than 70% of travel length, & 
surface height variation less 

than 1 mm, & no inadequate or 
excessive wetting angle 

 

2 

Deposit on and aligned for more 
than 40% of travel length, & 
surface height variation less 

than 1.5 mm 
 

1 

Deposit on and aligned for more 
than 20% of travel length, & 
surface height variation less 

than 2 mm 
 

0 

Deposit on and aligned for less 
than 20% of travel length, & 

surface height variation more 
than 2 mm 

 

 

 

After the evaluations, analysis for the extent of oxidation, geometry, height, and width 

were performed with multiple linear regression model which has the generical form as 

follows: 

𝒀𝑶𝑿,𝑮𝑬𝑶,𝑯𝑻,𝑾𝑫 =  𝒃𝟎 + 𝒃𝟏𝑨 + 𝒃𝟐𝑩 + 𝒃𝟑𝑫 + 𝒃𝟒𝑬 + 𝒃𝟓𝑱 Eq. (2) 

Where 𝒀𝑶𝑿,𝑮𝑬𝑶,𝑯𝑻,𝑾𝑫 demotes the four dependent variables, the extent of oxidation (OX), 

geometry (GEO), height (HT), and width (WD). The linear energy density (J) is commonly 
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used in the welding industry to represent the energy deposited per unit length which 

allows comparison between different welding methods as mentioned in Section 2.2 and 

Eq. (1). And without exception, it is added to this analysis. 

 

The linear regression expressions were obtained after many iterations. The p-values of 

each process parameter and R-squared were used to determine the characteristics of the 

models. The p-values are used to determine whether a process parameter is significant 

to the results or not, and variables with a p-value < 0.05 can be considered significant 

[106]–[110]. R-squared is used to evaluate the variability of the model, where a higher 

value means the dependent variable can be explained better by the independent 

variables. R-squared larger than 0.9 is commonly considered acceptable in various 

engineering research [106]–[108]. 

 

3.4 Multiple Layer Sample 

Multiple layered beads were deposited based on the single-layer deposition parameter 

optimization. Good beads were observed with a 3 mm arc length during the parameter 

optimization stage. However, a 3 mm arc length cannot provide a safe distance between 

the wire-nozzle and deposited bead. The accumulated heat during multiple layer 

deposition overheated the wire-nozzle at 3 mm arc length. Therefore, further 

optimization resulted in a modification to 4 mm arc length for multiple layer samples as 

summarized in Table 8. 
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Table 8 Optimized process parameter for multiple layer deposition. 

Arc 
Length 
(mm) 

Nozzle 
Size 

(mm) 

Built-in 
Shielding 

Gas 
(L/min) 

Trailing 
Shielding 

Gas 
(L/min) 

Wire 
Feed 
Rate 

(mm/min) 

Speed 
(mm/min) 

Current 
Setting 

(A) 

4 2.4 10 10 360 120 45 

 

 

Heat reduction was devised starting from the second layer while other parameters remain 

constant. According to the previous study on GTAW, heat reduction on each successive 

layer is necessary for GTAW process as discussed in Section 2.4. The corresponding 

current setting for each layer produced by PAW in this research is shown in Table 9. 

 

Table 9 Current setting for optimized multiple layer sample with percentage of heat 

reduction. 

Layer Current (A) 
Reduction 

(%) 

1 45 - 

2 33.8 25 

3 29.7 12 

4 28 6 

5 27.16 3 

6-10 27.16 0 

 

3.5 Sample Preparation and Post Treatment 

For hardness and SEM/EDS examination the beads were separated from the substrate 

using a bandsaw without cutting into the specimen, see guidelines in ASTM E3-11 

standard for further steps [111]. BUEHLER ISOMET 1000 cutter, as shown in Figure 17 (a), 

was used to cut cross-sections from selected trials with a cooling system that prevents 
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temperature rise during the cutting process. Afterward, samples were mounted with 

phenolic resin using the BUEHLER SimpliMet 2 mounting press (Figure 17 (b)) before 

further processing. Grinding and polishing were conducted using BUEHLER AutoMet 300 

grinder-polisher as shown in Figure 17 (c). Samples for SEM and EDS analysis were etched 

with Kalling’s II reagent once a mirror finish was achieved. 

 

Hardness test samples were heat-treated before mounting into the phenolic resin puck. 

The heat treatment was required to compare hardness results with the wrought Hastelloy 

X. CARBOLITE tube furnace as shown in Figure 17 (d) was used to heat the samples to 

1177 °C for an hour. Samples were quenched to room temperature in water after heat 

treatment. 

 

Figure 17 Equipment used for sample preparation. (a) BUEHLER ISOMET 1000 cutter, 

(b) BUEHLER SimpliMet 2 mounting press, (c) BUEHLER AutoMet 300 grinder-

polisher, (d) CARBOLITE tube furnace. 
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3.6 Hardness Test 

Two samples were prepared for the hardness test from the multiple-layer trial, one is the 

cross-sectional surface perpendicular to the deposition direction and the other was cut 

parallel to the deposition direction with a width of 20 mm as shown in Figure 18. 

 

A Matasuzawa Co. Hardness tester was used to measure the hardness under 300 g force 

in Vickers hardness scale. Measurements were taken at an even space of 560 μm in all 

three directions which yield 24 data points in directions B and C and 36 data points in 

direction A. The hardness results will be discussed and compared with the previous study 

in Section 4.4.  

 

 

Figure 18 Matasuzawa Hardness tester (left), three positions and directions of hardness 

test on multiple-layer sample W1-3 (middle) and W1-2 (right). 
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3.7 SEM and EDS Examination 

SEM and EDS analyses were conducted using the Tescan Vega II XMU-Scanning Electron 

Microscope with an INCA NES X-ray detector. Etched samples were mounted on a 

conductive plate and then examined in a vacuum chamber with 20kV of acceleration 

voltage. Each sample was grounded with a copper tape separately to the plate and an 

independent copper tape away from samples was used for EDS calibration. 

 

EDS analyses were conducted to verify the composition changes along the printing 

direction and compare the composition difference at multiple locations. Composition 

mapping was used to capture the composition distribution. All the SEM and EDS results 

are discussed in Section 4.5. 

 

Samples for both SEM and EDS analysis were prepared using optimized parameters (trial 

B1 for single-layer and W1 for multiple-layer). Trial W1 is designated as 4 samples for 

SEM/EDS analysis and hardness. 
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CHAPTER 4 RESULTS AND DISCUSSION 

The effect of single bead process parameters is discussed in Section 4.1. Section 4.2 

presents the multiple regression analysis of the single bead process parameters. Due to 

the difficulties in forming continued bead without surface oxidation, extensive work was 

focused on single layer bead deposition process parameters and oxidation control. After 

that, the multiple-layer deposition is presented in Section 4.3. The results from the 

hardness tests and SEM analysis are presented and compared with the previous study in 

Sections 4.4 and 4.5. 

 

4.1 Effect of Single Bead Process Parameters 

The effect of arc length, nozzle size, shielding gas on deposit quality and the result of 

multiple regression analysis are discussed in Section 4.1.1 to 4.1.4.  

 

4.1.1 Arc Length 

Figure 19 shows the effect of arc length for trials A1 to A4. Trial A3 is also named as trial 

N1 since it was used for the nozzle size study in the next section, details were previously 

discussed in Section 3.2. Bead A1 was deposited at an arc length of 2 mm and it is the 

narrowest bead with the smallest heat affected zone (HAZ). Oxidation can be found on 

the surface especially the lower portion of the bead near the substrate. A low wetting 

angle due to insufficient heat input was also observed on this bead which could result in 
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poor bonding. However, the higher current was not tested due to limited space between 

the torch and substrate as discussed in Section 3.2. 

 

 

Arc length of 10 mm (Trial A2) appears to be too high as Figure 19 shows that the entire 

bead is covered with severe oxidation in addition to a large HAZ. This was due to the 

increased current required to compensate for the arc length increase. The other process 

parameters had to be adjusted accordingly to achieve a continuous bead (Table 4). 

  

Figure 19 Trials (with HAZ outlined) deposited for arc length study with A1: 2mm, A2: 

10 mm, A3 (same bead as N1): 3 mm, and A4: 6 mm. 
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Beads A3 (arc length of 3 mm) and A4 (arc length of 6 mm) show less oxidation compared 

to trials A1 and A2. However, the extent of oxidation is still excessive since the majority 

of the bead surface is covered with discoloration. Bead A3 (arc length of 3 mm) shows a 

narrow bead, a smoother surface and straight edges, features facilitating multiple layer 

deposition. On the other hand, the curved edges and rough surface of bead A4 make 

multilayer deposition challenging. Therefore, 3 mm arc length was used for subsequent 

experiments. 

 

4.1.2 Nozzle Size 

To study the effect of nozzle size on the bead quality, a 3 mm arc length was used for all 

trials since it resulted in the best bead geometry and the least amount of oxidation in the 

previous experiment. It was hypothesized that a larger nozzle would fully cover the 1.2 

mm wire and therefore reduce the extent of oxidation. 

 

With a wire that has a diameter larger than the nozzle size, trial N1 (nozzle size of 1 mm) 

which is the same bead as the trial A3, has resulted in oxidation distributed evenly on the 

entire bead surface as shown in Figure 20. Similar extent of oxidation was found on bead 

N2 (nozzle size of 1.6 mm), and some spots are free of oxidation indicated by a shining 

silver colour. However, trial N2 has a rougher side surface than trial N1. For bead N3 

(nozzle size of 2.4 mm) with the nozzle being twice the wire diameter, there are more 

areas free of oxidation than in the previous two trials and narrower HAZ compared with 

trial N1(nozzle size of 1 mm). However, the irregular geometry and the scattered dark 
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oxidation make multiple-layer deposition difficult. It can be concluded here that the 

extent of oxidation can be reduced by fully covering the wire under the nozzle and a 2X 

larger nozzle can further reduce the extent of oxidation. Unfortunately, severe oxidation 

still exists in these trials, and it is deemed challenging to deposit subsequent layers with 

these settings. Therefore, additional shielding solution were designed after these 

experiments to further minimize oxidation. 

 

 

More trials were conducted using a 2.4 mm nozzle with minor changes in travel speed 

and wire feed rate to investigate the cause of irregular geometry on trials N3 (nozzle size 

of 2.4 mm). However, the surface quality varied without a clear trend. As such the results 

are not presented here.  

 

Figure 20 Trials deposited for nozzle size study with N1 (same bead as A3): 1 mm, N2: 

1.6 mm, and N3: 2.4 mm. 
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4.1.3 Shielding Gas 

Severe surface oxidation was observed in most of the trials described earlier. The 

formation of oxidation is inevitable at this stage although the extent of oxidation could 

be seen to be reduced by increasing the nozzle size. After experimenting with arc length 

and nozzle size, the focus was shifted toward the shielding gas flow rate. 

 

Trials S1 to S6 (built-in shielding gas flow rate set from 16 L/min to 6 L/min under an arc 

length of 8 mm) were deposited to verify if argon shielding gas has an impact. These 

samples were deposited before the arc length trials without the camera installed. 

Therefore, the earlier trials were deposited at an arc length of 8 mm rather than the 

optimized 3 mm. Figure 21 (a) shows no apparent difference between the trials. It was 

suspected that a large arc length may be unfavourable for delivering shielding gas to the 

welding pool with sufficient argon concentration. Therefore, later trials S7 to S9 (built-in 

shielding gas flow rate set at 12, 8, 5 L/min, and arc length 3 mm) were deposited at the 

optimized arc length of 3 mm. 

 

However, a similar trend was observed as shown in Figure 21 (b), bead surfaces were 

covered by dark grey oxidation. Bead S7 (built-in shielding gas flow rate 12 L/min) was 

deposited without feeding wire at the beginning due to a technical issue with the wire 

feeder, however, the remaining length was not affected. 
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Since the built-in shielding gas, which covers only the immediate area around the weld 

pool, was insufficient in reducing oxidation, it was suspected the oxidation formed during 

a solidification stage when the built-in shielding gas no longer covers the area. To test this 

hypothesis, an additional trailing shielding system was introduced to maintain a low 

oxygen environment during the cooling stage. A sintered pneumatic muffler was attached 

aft to the torch to prove the concept of adding trailing shielding gas. However, the 

constrained screws on the printing bed were preventing depositing at the optimized arc 

length as shown in Figure 22 (a). Therefore, an increased arc length of 5 mm was used for 

trials T1 to T4. And new screws with a lower head were installed for future trials as shown 

in Figure 22 (b). 

Figure 21 Trials deposited for built-in shielding gas study with S1: 16 L/min, S2: 14 L/min, 

S3: 12 L/min, S4: 10 L/min, S5: 8 L/min, S6: 6 L/min, S7: 12 L/min, S8: 8 L/min, and S9: 5 

L/min. 
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Trial T3 (medium flow rate, arc length 5 mm) in Figure 23 shows a silver colour on most 

of the surface area which suggests that the extent of oxidation can be reduced with an 

additional trailing shielding. However, dark spots still exist with misalignment and 

variation in bead width. 

 

Figure 23 Trials deposited with additional muffler for trailing shield with T1: no 

additional shielding, T2: low flow rate, T3: medium flow rate, and T4: high flow rate. 

Figure 22 (a) Interaction between trailing shielding system and constrain screw and (b) new 

screw with lower head.  
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Discontinued beads can be seen on trial T4 (high flow rate, arc length 5 mm), due to 

excessive shielding flow rate causing turbulence around the deposition and more 

oxidation. Another factor contributing to both irregular geometry and oxidation is the 

limited control of the muffler setup leading to flow rate changes quantitatively. The low, 

medium and high flow rates (Table 4) were corresponding to only the open, half-open, 

and full open of an ON/OFF flow valve. Since the muffler was installed for conceptual 

purpose, no further action was taken. A trailing shielding device as shown in Figure 24 (a) 

was obtained from the plasma machine manufacturer (MIG-O-MAT) and installed with a 

flowmeter for quantitative flow control. 

 

Figure 24 Trailing shielding device (a) and trial T5 (b) deposited with 1.6 mm nozzle at 3 

mm arc length. 
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All future trials were performed from this point on with the trailing shielding device where 

a substantial reduction of oxidation and straight beads were seen. Trial T5 (arc length of 

3 mm) was presented in Figure 24 (b) as an example of the optimized setting. It was 

deposited with a 1.6 mm nozzle, leading to less oxidation, smoother top surface, and 

better alignment, all are preferred characteristics for multiple layer deposition. However, 

the interaction between wire-nozzle and deposition was observed on some of the trials 

deposited with 3 mm arc length as discussed in Section 3.4 due to space limitations. 

Therefore, 4 mm arc length was investigated further for multiple-layer deposition as 

discussed in Section 3.4. 

 

4.1.4 Other Findings 

According to the result of single-layer beads, a 2.4 mm nozzle was selected for multiple-

layer deposition due to less oxidation, although it resulted in more severe geometry 

variation than that produced by using a 1.6 mm nozzle. This will be further discussed in 

this section. The impact of wire feed rate on bead height and the correlation between 

linear energy density and bead width are also presented. 

 

Geometry Variation 

Arc length for multiple-layer samples was set to 4 mm due to the potential interface 

between the wire nozzle and previously deposited bead. A 2.4 mm nozzle was also used 

as less oxidation was observed. Here we observe a deposit almost free of oxidation under 
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the condition of a 4 mm arc length and 2.4 mm diameter nozzle, as shown in Figure 25. 

Other parameters are presented in Table 8, which include built-in shielding gas flow rate 

(10 L/min), trailing shielding gas flow rate (10L/min), wire feed rate (360 mm/min), travel 

speed (120 mm/min), and current (45A). 

 

 

Larger geometry variation was observed in Figure 25 compared to the smooth surface 

produced in trial T5 (arc length of 3 mm and nozzle size of 1.6 mm) in Figure 24 (b). This 

geometry difference shows that current multiple-layer deposition parameters should be 

further optimized to achieve a smoother surface. However, in this study, free of oxidation 

is more favourable than a smoother surface for multiple-layer deposition purpose, 

especially for the first layer. The second layer, as shown in Figure 26, was deposited based 

on multiple-layer deposition parameters given in Table 8. It demonstrates that the 

geometry variation observed in Figure 25 has no impact on interlayer bonding and upper 

layer geometry. 

Figure 25 Trial W1 for multiple-layer deposition, showing first layer. 
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Wire Feed Rate and Bead Height 

When comparing trials D61 to D65 (arc length of 4 mm, nozzle size of 2.4 mm, with 

different wire feed rates), the impact of wire feed rate can be observed. The only changes 

to the variables were the wire feed rate while other parameters were kept the same for 

trials D61 to D65. Details of the parameter setting are presented in Table 10.  

 

Figure 26 Three layer trial W1 deposited for verification. Heat reduction implemented 

with multiple-layer deposition parameters presented in Table 8. 
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Table 10 Process parameter setting for impact analysis of wire feed rate and linear 

energy density. 

 Wire Feed Rate Linear Energy Density 

Trial # D61 D62 D63 D64 D65 D12 D13 D14 D46 

Arc Length 
(mm) 

4 3.0 

Nozzle Size 
(mm) 

2.4 1.6 

Built-in Shielding 
Gas 

(L/min) 
10 10.0 

Trailing Shielding 
Gas 

(L/min) 
10 7.0 

Wire Feed Rate 
(mm/min) 

375 180 437.5 500 343.75 270 

Travel Speed 
(mm/min) 

125 90 

Current Setting 
(A) 

45 29 30 32 35 

Linear Energy 
Density 
(J/mm) 

416.52 422.68 421.98 423.15 426.24 355.51 365.55 388.5 471.5 

Height 
(mm) 

1.31 1.4 1.51 1.88 1.4 1.7 1.6 1.5 1.4 

Width 
(mm) 

3.3 3.41 3.27 3.23 3.18 2.4 2.6 2.9 3.5 

Colour 
Score 

4.5 4 4 4 3.5 4 4 4.5 4 

Geometry 
Score 

4.5 4 3.5 3 3 2.5 2.5 3 4.5 

 

 

Figure 27 (a) was plotted using wire feed rate and bead height of trial D61 to D65 as X- 

and Y-axis, and the bead height is seen to increase with the wire feed rate. According to 

the p-value of wire feed rate (0.04), it can be considered a significant factor controlling 

the bead height. This conclusion is consistent with the previous study on GTAW process 

as discussed in Section 2.4. 
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Linear Energy Density and Bead Width 

The correlation between linear energy density (Eq. 1) and bead width can be concluded 

from trials D12 to D14 and D46. The process parameters, Table 10, are kept constant 

except for the current. The fitting line in Figure 27 (b) shows a positive correlation 

between bead width and linear energy density, hence, the bead width increases with 

linear energy density. Considering the linear energy density is calculated with power 

divided by travel speed, Eq. (1), the bead height decreases with higher travel speed if 

other parameters remain the same. This trend was also observed in the previous study 

on GTAW process [102]. 

 

Figure 27 Impact trend plot of (a) wire feed rate and (b) linear energy density with fitting 

line. Equation, R-squared, and p-value presented. 
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4.2 Multiple Regression Analysis of Parameters 

To predict the bead geometry, level of oxidation, height, and width, linear multiple 

regression method was used with the data tabulated in Appendix A. According to the 

optimization process discussed in Section 4.1, only the optimized values of arc length (3 

& 4 mm) and nozzle size (1.6 & 2.4 mm) were used. Since the built-in shielding gas did not 

show a significant impact, it was kept constant at 10 L/min for the trials included in the 

regression analysis. The process parameters and key quality measurement data of each 

trial are presented in Appendix A. Analysis limitations are discussed as well. 

 

4.2.1 Initial Test on Linear Model 

The linear multiple regression was conducted to correlate the extent of oxidation, bead 

geometry, height, and width with process parameters. R-squared and coefficients of each 

model are presented in Table 11. 
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Table 11 R-square and coefficient of the linear multiple regression regards to extent of 

oxidation, geometry, deposition height, and deposition width. 

 Extent of oxidation Geometry Height Width 

R^2 0.35 0.47 0.59 0.68 

 Coefficient p-value Coefficient p-value Coefficient p-value Coefficient p-value 

𝒃𝟎 2.016 3.0E-06 0.084 0.757 0.564 0.014 1.058 0.002 

B -0.040 0.918 -0.627 0.019 -0.136 0.302 -0.286 0.122 

D 0.159 0.011 -0.088 0.024 -0.031 0.163 0.059 0.085 

E 0.003 0.208 0.004 0.060 0.004 4.0E-04 -0.001 0.289 

J -0.003 0.347 0.007 0.002 -3.8E-05 0.977 0.006 0.006 

 

According to Table 11, the trailing shielding gas flow rate (D) is the only significant variable 

(in bold) for the extent of oxidation since it has a p-value less than 0.05. The relatively low 

R-squared also illustrates the weak correlation between the extent of oxidation and 

process parameters. The geometry model shows a similar result as the extent of oxidation, 

where the weak correlation between the geometry and process parameters can be seen 

from the low R-squared. Since the process parameters can only explain about half of the 

geometry variance in the data set, it can be assumed that the nozzle size (B), the trailing 

shielding gas flow rate (D), and the linear energy density (J) cannot be used for predicting 

bead geometry even if they are designated as significant variables in the model. 

 

Observing the models for height and width, most parameters are non-significant except 

wire feed rate (E) for height and linear energy density (J) for width. The positive influence 

of wire feed rate (E) on bead height is consistent with the findings in Section 4.1.4, 
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however, the variance is still lower than the preferred R-squared value (>0.9) for 

engineering applications. The model developed for the bead height has the same issue as 

the bead height model. When comparing the bead height and width with the linear 

regression models presented in Table 11 to that presented in Figure 27, similar significant 

terms can be observed but with different coefficient and p-value. This is due to the 

different data sets used (only 4 data points were used to develop the model in Figure 27 

while 68 data points were used in Table 11). 

 

Therefore, the four linear multiple regression models developed for the extent of 

oxidation, geometry, height, and width are deemed not feasible for prediction based on 

nozzle size (B), trailing shielding gas flow rate (D), wire feed rate (E), and linear energy 

density (J). 

 

4.2.2 Limitations of Current Multiple Regression Analysis 

There are several potential causes for the poor variability of the developed models, which 

are variations in printed sample geometries under similar parameters, and several 

uncontrolled variables. In addition, the evaluation of the geometry and oxidation scores 

were conducted, subjectively, based on visual observations of 147 trials (including the 

trials not used for multiple regression analysis). Implementing other measuring tools is 

necessary to eliminate human factors in order to achieve more precise prediction models 

in the future. For instance, image processing software could be used to evaluate the 

colour and geometry characteristics with quantitative data.  
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The welding environment of this research is partially controlled with shielding gases. 

However, as mentioned in Section 2.2.3, heat accumulation on the substrate/base can 

affect the deposition result significantly, but the welding pool temperature was not 

monitored during this experiment. Therefore, thermal monitoring could be implemented 

in the future. 

 

Consumable wear and tear should also be taken into consideration.  The electrode and 

nozzle would show a different degree of wear after a certain amount of ignition time 

under different currents and voltages. This can affect the actual arc length and nozzle size, 

leading to errors in the regression model. The sampling interval of current and voltage 

data may affect the averaged value when the display is fluctuating, which can lead again 

to uncertainty. All are considered in future studies, in addition to other models or analysis 

methods such as machine learning [112]–[114]. 

 

4.3 Multiple-layer Sample 

The parameters selected for multiple-layer deposition are arc length (4 mm), nozzle size 

(2.4 mm), built-in shielding gas flow rate (10 L/min), trailing shielding gas flow rate (10 

L/min), wire feed rate (360 mm/min), travel speed (120 mm/min), and current (45 A) as 

presented in Table 8. However, overheating was observed during the experiment when 

depositing higher layers which cause the remelt of previous layers and reduced height. It 
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tends to exist at the beginning, the end, and where there is a low spot of the bead such 

as that shown in Figure 28. 

 

 

The reduced height at the starting point was observed as shown; this could cause a lack 

of bonding between two layers at the first few millimetres and reduces the effective part 

length. The height reduction at the starting point is caused by the stabilization period of 

the arc as the plasma system requires a few seconds without torch movement to stabilize 

the arc. For single-layer beads, the arc was ignited at desired deposition current at the 

starting point of the bead following a 5-second waiting period to stabilize the arc. This 

starting strategy was implemented for multiple-layer deposition at the beginning of each 

pass. However, it yields a significant height reduction of the starting point, cumulatively, 

due to excessive heat generated by the arc stabilization period. 

 

The simplest solution for starting without overheating was to ignite the arc away from the 

starting point of the bead as shown in Figure 28. The offset distance for arc ignition was 

about 5 mm in the traverse direction. This starting technique resolved the height 

reduction issue at the starting point for several layers. However, the arc failed to ignite 

Figure 28 Sample with starting, ending, and discontinue bead issue. 
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when the plasma nozzle reaches 12 mm from the substrate. This is due to the distance 

between the nozzle and substrate exceeding the maximum allowable distance for the 

transferred arc PAW process to form a closed electrical loop as discussed in Section 2.2.3. 

Starting the arc at a lower position and raise to a designated height during stabilization 

was also proposed as a solution, however, it is still limited by the maximum distance 

during the transfer of plasma arc. A step conductive tool can be used in the future in order 

to overcome this difficulty.  

 

Heat reduction method was developed to compensate for the stabilization period while 

the torch remains stationary. The arc is ignited at 15 A instead of the designated current 

for deposition (45 A). This current setting is the minimum value required to maintain a 

stable arc with a 2.4 mm nozzle which will vary for other nozzle sizes. The sample 

deposited with this starting method is presented in Figure 29. 

 

 

Figure 29 Sample W1 deposited with inter-layer heat reduction, starting, and ending 

techniques. 
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The ending has a similar height reducing to the starting location. However, the cause for 

overheating at the ending is different as there is a lack of material beyond the ending 

point to conduct the heat, leading to heat accumulation at the ending point. Therefore, 

heat reduction is also implemented for ending, i.e., moving the nozzle away from the 

ending point rapidly to avoid overheating while slightly reducing the current setting. 

Figure 29 also shows the deposition with heat reduction for the ending. 

 

A low spot in a bead is usually formed when discontinuity exists on the previous layers. 

The low spot can be eliminated with parameter changes in most cases. In extreme 

conditions where discontinued beads exist, feeding additional wire can fill the gap. Based 

on experimentation, the wire feed rate should be increased no more than 2 times the 

original wire feed rate or the current can be increased to compensate for the cooling 

effect of the additional wire.  

 

As described in Section 2.4,  heat reduction (controlled via the current setting in this 

research) of successive layers was also necessary due to the heat accumulation from the 

previous layer.  The second layer is deposited with 25 % heat reduction and each layer 

after is reduced by 12.5%, half of the last reduction percentage, until layer 6. There is no 

more heat reduction required after layer 5, hence a steady-state has reached, and the 

current can be kept constant. Compared to the GTAW process studied before, the current 

required by the PAW process is significantly lower and less heat reduction is required after 

each layer [102]. 
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4.3.1 Sample Preparation and Microstructure Evaluation 

Trial W1 was cut into four pieces for various examinations (Figure 30). Sample W1-3 was 

examined on light microscopy to verify the bonding condition at the bottom and top with 

images presented in Figure 31. 

 

 

 

Figure 31 Light microscope image of sample W1-3. (a) Stainless steel substrate and first 

layer interface and (b) location between layer 9 and layer 10. 

Figure 30 Illustration of samples cut from trial W1. 
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The bottom portion of Figure 31 (a) is the stainless-steel substrate with horizontal 

textures (caused by sheet rolling) and the top portion is the first layer of deposition with 

vertical texture (solidification direction). There are no visible pores or voids at the 

interface, but some microscale voids are seen on both substrate and layer 1. Similarly, 

there are no large defects between layer 9 and layer 10 as shown in Figure 31 (b). More 

details of the bonding and microstructure will be discussed in Section 4.5. 

 

4.4 Hardness Test 

The hardness test results along all three directions are presented in Figure 32. The result 

for direction A is shown in Figure 32 (b) and the result for direction B and C were merged 

in Figure 33.  

 

Figure 32 (a) Illustration of three hardness test directions, (b) hardness result on direction 

A (W1-3). 
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The variation in each direction is relatively small (standard deviation, 𝜎, of each direction, 

A: 8.0, B: 4.9, C: 6.7) and the average hardness in directions A, B, and C are HV 218, HV 

209, and HV 208 respectively. The difference between the two vertical directions (B and 

C) is negligible. Since both tests on direction B and C were carried out on the same 

substrate but in different directions, the first few data points show an increasing trend 

due to the diffusion of Stainless steel (lower hardness) into Hastelloy X. The substrate 

shows a hardness similar to the nominal published value (HV 198) and the Hastelloy X 

prepared in this sample shows an even higher hardness than the nominal value (HV 179). 

 

 

It is noted that the average hardness in direction A is higher than that in the other two 

directions. This is due to the sampling position. While measuring for the vertical direction, 

it will pass various areas with different hardness resulting from different annealing 

conditions (each layer is being annealed during the subsequent deposition). One expects 

to see an increasing trend in hardness along the B and C direction as less annealing effect 

Figure 33 Hardness result on direction B (W1-3) and C (W1-2). 

100

120

140

160

180

200

220

240

0 5 10 15 20 25

H
ar

d
n

es
s 

H
V

Data Point (bottom to top)

Direction B Direction C



72 
 

is resulted in as the deposition nears its end. When eliminating the first seven data points 

from the calculation of B and C directions, the average hardness increases to HV 216 for 

direction B and HV 218 for direction C. These are close to the value from direction A. The 

slight difference between the directions is due to the different thermal histories. However, 

when compared to the nominal hardness of wrought Hastelloy X (HV 179), a higher 

hardness is observed, due to finer grain size and more dispersed carbide distribution [115]. 

 

4.5 SEM and EDS 

SEM and EDS analyses were conducted on both single-layer samples and multiple-layer 

samples. The microstructure of the single-layer sample B1 is shown in Figure 34. 
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From the overview of the B1 SEM image (Figure 34), one can see that there are no visible 

defects, and the interface between deposition and substrate is free of pores and fully 

Figure 34 SEM image of trial B1 with detail view of (a) an overall deposited Hastelloy 

X, (b) interface, (c) dendritic and interdendritic region, and (d) the location where the 

section examined is marked by a red line. 
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fused. When zooming into the interface further (Figure 34 (b)), micro-scaled pores can be 

observed which are mainly due to the pullout of precipitates. Some darker voids are 

observed; they were formed during deposition due to the movement of the molten pool. 

When the arc hits the center of the melting pool, molten materials tend to move outwards, 

and gases could be introduced to form voids at the center area as reported in other 

studies [116], [117]. When looking at the deposited Hastelloy X, Figure 34 (a), a dendritic 

microstructure is observed due to the rapid solidification process during AM. Figure 34 (c) 

shows further details on the dendritic structures, where the dark area represents the 

dendrites and the light grey area represents the interdendritic region with carbides 

(bright areas) distributed within. 

 

EDS was conducted at the interface of trial B1 to evaluate the compositional change. 

Figure 35 illustrates the elements that have a concentration difference between the 

substrate and deposited Hastelloy X, which is expected due to the different compositions 

of the two alloys. 
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Chromium, iron, manganese, molybdenum, nickel, oxygen and tungsten were selected 

for the elemental mapping. The weight percentage change is also plotted in Figure 36 to 

show the trend. 

 

Figure 35 EDS mapping of trial B1 interface area with selected elements. 
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Figure 36 Elemental weight percentage measured by EDS at the interfacial area of 

sample B1. 
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Some diffusion between the substrate and Hastelloy X can be observed in both Figure 35 

and Figure 36. According to the nominal composition of stainless-steel 304, there is no 

Mo nor W, yet both exist in the substrate although at a small weight percentage. This 

diffusion also influences the hardness change in the vertical direction. The composition 

became stable after 300 μm away from the interface which means there is no more 

diffusion beyond this point. The composition should remain constant above the first layer 

and consistent composition can be expected. 

 

The bright areas observed in the interdendritic regions were believed to be carbides 

according to the literature review of both PAW and Hastelloy X. Therefore, additional EDS 

examination was conducted within the bright area in the multiple-layer sample W1-4 to 

identify the composition. The composition and image are presented in Figure 37 with a 

comparison to the nearby area.  
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Comparing the composition between the bright area (precipitates in the matrix) and the 

nearby matrix material, the weight percentage of Mo increases notably. Based on the 

typical microstructural constituents in Hastelloy X [118], it can be identified as the 

molybdenum carbides (Mo6C). The size and distribution of Mo6C affect the material 

property significantly. Furthermore, according to Figure 34, the form of Mo6C is transiting 

from thinner plates in a coarser dendritic structure near the interface to an evenly 

distributed finer dendritic structure at the top. This is due to the difference in heat history, 

where the lower portion experiences more repeated heating and cooling (by subsequent 

passes) and results in a higher solidification rate, hence the dendritic structure tends to 

form near the top area. 

 

Figure 37 EDS analysis of bright area in sample W1-4 with comparison to nearby matrix. 
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SEM and EDS analysis was conducted for multiple layered samples as well. Figure 38 

illustrates the overview of sample W1-4 and five microstructure images, from bottom to 

top. The location of the cut was presented in Figure 30. 

 

 

There are no obvious voids or defects in general which means the layers are fully fused. 

The interface between the substrate and first layer is shown in Figure 38 (a), where a 

small number of voids exist at the interface and a few microfissures observed on the 

deposited first layer, a typical occurrence due to thermal stresses [119]. The previously 

identified molybdenum carbide is distributed over the first layer with a dendritic structure 

that is similar to the single-layer sample. When moving up to higher locations, the same 

Figure 38 Overview of sample W1-4 and microstructure images at five selected locations 

on sample W1-4. 



79 
 

structure remains but the size varies. However, porosity (circular ones as the irregular 

pores are resulted from pullout of carbides during polishing) increased rapidly after the 

first two layers until the middle of the sample is reached, about layer 5 as shown in Figure 

38 (b) and (c). Figure 38 (d) and (e) show a similar transition as the single-layer sample, in 

which the grains transit from coarse to finer dendritic structure, caused by the difference 

in the solidification rate. The difference in solidification rate is determined by its location, 

where the first few layers tend to cool faster when starting with a substrate (large heat 

sink) at room temperature. This higher cooling rate resulted in dendritic structures as 

discussed in Section 2.2.3. When depositing the higher layers, previous layers were able 

to dissipate the heat due to the temperature gradient. It is also noticed that the interface 

between layers is invisible but not physical separation, suggesting microstructure and 

residual stress changes between the layers. Note that each successive deposition anneals 

the previous layer, relieving stresses and homogenizing the microstructure. 

 

In all samples analyzed, the interfaces are very good, an indication of their potential in 

repair applications where the material is deposited on the component directly. There is 

limited tolerance for microcracks and voids in repair applications. More future works are 

needed in this direction.  
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CHAPTER 5 CONCLUSION AND FUTURE WORKS 

This research is conducted using a plasma arc welding technique to additive manufacture 

Hastelloy X with wire. Arc length, nozzle size, and shielding gases were optimized by 

depositing single layer beads. The impact of nozzle size, trailing shielding gas flow rate, 

wire feed rate, and linear energy density on the extent of oxidation, geometry, height, 

and width are investigated using regression models. A multiple-layered wall structure is 

deposited using the optimized parameters and subsequently, hardness and 

microstructure analysis is carried out. Techniques for multiple-layer wall deposition are 

also developed during the experiment. The detail of the results is discussed in this section 

with future works. 

 

5.1 Single-Layer Bead Deposition 

5.1.1 Parameter Optimization 

Trials were deposited to study the impact on oxidation of arc length, nozzle size, and 

shielding gas flow rates since severe surface oxidation was observed on the majority of 

the trials regardless of bead geometry. Deposition with different arc lengths illustrates 

that 3 mm to 6 mm was the preferred range due to the fact that: 

• Arc length below 3 mm leads to deposit beads irregular shapes and poor 

repeatability. Severe oxidation was observed with an arc length lower than 3 mm. 
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• Low arc length also has a higher risk of causing collision between the wire feeding 

mechanism and printing platform, especially during deposition with new 

parameter settings. 

• Arc length above 6 mm would yield a similar result as a low arc length setting 

where severe oxidation and a large HAZ zone can be expected due to higher 

energy density is required to compensate for the energy lost from the additional 

distance. 

It is also noticeable that arc length has no significant impact on the extent of oxidation in 

the range of 3 mm and 6 mm. 

 

The nozzle size impacts surface oxidation in that a large nozzle leads to reduced oxidation. 

However, oxidation could not be eliminated with larger nozzle sizes alone as built-in 

shielding gas in the nozzle was found to have no significant impact on the extent of 

oxidation. Therefore, an additional trailing shielding device was implemented, and it was 

proved to offer a significant improvement to surface oxidation. 

 

Bead height was found to increase with the wire feed rate. Higher linear energy density 

and current can produce a wider bead, however, travel speed impacts the bead width 

negatively. 
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5.1.2 Regression Analysis 

The linear multiple regression models were developed for the extent of oxidation, 

geometry, height, and width; however, they were not able to predict the corresponding 

feature confidently since the parameters can only explain a small portion of the variances. 

 

5.2 Multiple-Layer Deposition and Property Characterisation 

Many heat management strategies have been introduced in this research. A minimum 

current was found to be effective during the arc ignition period to reduce heat 

accumulation and an even deposition at the starting point can be achieved with this 

technique. Similar action is implemented for ending, where current is reduced in advance 

to avoid excessive heat at the end of the deposition. Heat reduction is also needed 

starting from the second layer with 25% reduction until the fifth layer with 3% reduction.  

 

Both light microscope and SEM images illustrate a void-free interface between layers. The 

lower portion near the substrate tends to have a columnar dendritic structure growing 

towards the upper direction. The dendritic structure was observed in the middle of 

multiple-layer samples before a transition to columnar dendritic structure near the top. 

EDS analysis illustrates that diffusion between Stainless steel and Hastelloy X took place 

near the interface. The second layer was not affected by diffusion. Molybdenum carbides 

were found in all samples with different distributions along the depositing direction. It 

tends to form a larger carbide in the middle (slower cooling rate and further repeated 

annealing) and small ones in both the bottom and top layers. Porosity also can be seen 
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due to trapped gas and pullout during polishing. In some instances, microfissures were 

seen near the substrate and Hastelloy X, a known occurrence due to thermal stresses. 

 

Hardness was measured in three directions with a value ranging from HV 216 to HV 218, 

slightly higher than the nominal value of HV 179 measured from wrought Hastelloy X 

material. 

 

5.3 Future Works 

• Since the plasma arc welding machine is demonstrated in this study to be capable 

of deposition at low current, thinner wall structures shall be studied for even 

smaller-scale structures. Thinner wire can be tested with a smaller nozzle. 

• The welding pool temperature can be monitored during the process for a more 

precise and consistent thermal history for all layers. 

• The correlation between the wire size and nozzle size can be further studied to 

guide the correct matching. Their combined impact on bead width shall be studied 

for predicting and producing a more complex structure, i.e., corner, and square 

box. 

• Introduce other tools to assist the evaluation of the extent of oxidation and 

geometry for better consistency and accuracy. An imaging process algorithm is 

one of the candidates for this purpose. 

• The multiple regression model requires further investigation in order to offer a 

better prediction of single-layer bead outcomes. 
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5.4 Contributions 

The influence of PAW-based AM process parameters was studied, and multiple-layer wall 

structure was produced as the conclusion of this research. Eight research outcomes are 

achieved which will provide guidance to future studies on the PAW-based AM process, 

especially for thin-wall structures. 

• The optimized arc length to produce sound deposition was determined for 

depositing metal with the PAW process, which has not been reported in other 

research.  

• An additional trailing shielding system was developed to eliminate surface 

oxidation during the cooling stage. This reduced extent of oxidation is beneficial 

for depositing multiple-layer structures with complete interlayer fusion and 

superior hardness property. 

• The extent of oxidation evaluation criteria was developed based on oxide colour 

and distribution in order to categorize the beads and find the ones preferred for 

multiple-layer deposition. Evaluation criteria for bead geometry was also 

developed for the same purpose based on alignment, height and width variation. 

These criteria were first reported in this research.  

• Bead deposition starting and ending control techniques were developed in this 

research which ensures that a near net shape multiple-layer part can be produced. 
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• The interlayer heat reduction technique was further developed for the PAW 

process for controlling both oxidation and geometry.  

• Surface oxidation control strategy was developed for multiple-layer deposition. 

This strategy incorporates the optimized parameters with additional shielding gas 

and interlayer heat reduction, ensuring the multiple-layer structure is produced 

without internal defects. 

• A multiple-layer wall was produced with optimized parameters determined in this 

research. The success of this printing technique creates a firm foundation for 

further research on producing thinner structures such as cylinders and squared 

boxes with PAW process. 

• This thin-wall structure was produced with equivalent hardness and defect-free 

microstructure as wrought Hastelloy X, confirming the potential of PAW for state-

of-art applications. 
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APPENDIX A - EXPERIMENT PARAMETERS AND COLLECTED DATA 

Trial 
# 

Parameter Setting Collected Data Calculated Data Results 

Arc 
Length 
(mm) 

Nozzle 
Size 

(mm) 

Built-in 
Shielding 

Gas 
(L/min) 

Trailing 
Shielding 

Gas 
(L/min) 

Wire 
Feed 
Rate 

(mm/min) 

Travel 
Speed 

(mm/min) 

Current 
Setting 

(A) 

Voltage 
(V) 

Averaged 
Current 

(A) 

Power 
(J/s) 

Linear 
Energy 
Density 
(J/mm) 

Height 
(mm) 

Width 
(mm) 

Colour 
Score 

Geometry 
Score 

D01 3 1.6 10 5 300 100 28 17.8 27.5 489.5 293.70 1.92 2.29 4 3.5 

D02 3 1.6 10 5 270 90 28 17.7 27.6 488.52 325.68 1.89 2.2 4.5 3.5 

D03 3 1.6 10 5 240 80 28 17.6 27.8 489.28 366.96 - - 4.5 2.5 

D04 3 1.6 10 0 300 100 28 17.9 27.7 495.83 297.50 1.76 2.3 3 3.5 

D05 3 1.6 10 0 285 95 28 17.2 27.6 474.72 299.82 - - 2.5 2 

D06 3 1.6 10 5 285 95 28 17.8 27.7 493.06 311.41 1.58 2.72 2.5 3.5 

D07 3 1.6 10 10 270 90 28 16.9 27.8 469.82 313.21 - - 2.5 2 

D08 3 1.6 10 0 270 90 28 17 27.6 469.2 312.80 1.31 2.79 2 4 

D09 3 1.6 10 10 300 100 30 18.7 29.6 553.52 332.11 - - 1.5 2.5 

D10 3 1.6 10 8 300 100 30 18.5 29.6 547.6 328.56 - - 2 2 

D11 3 1.6 10 10 300 100 29 18.5 28.8 532.8 319.68 - - 2 2 

D12 3 1.6 10 7 270 90 29 18.2 28.7 522.34 348.23 1.68 2.4 4 2.5 

D13 3 1.6 10 7 270 90 30 18.4 29.8 548.32 365.55 1.57 2.62 4 2.5 

D14 3 1.6 10 7 270 90 32 18.5 31.5 582.75 388.50 1.48 2.88 4.5 3 

D15 3 1.6 10 7 285 95 35 19 34.4 653.6 412.80 1.1 3.79 2 3.5 

D16 3 1.6 10 7 300 100 35 19.1 34.5 658.95 395.37 - - 2 2.5 

D17 3 1.6 10 7 180 90 30 18.2 29.3 533.26 355.51 0.84 3.37 1.5 3.5 

D18 3 1.6 10 7 200 100 27 17.9 26.7 477.93 286.76 1.15 2.74 1.5 3 

D19 3 1.6 10 7 200 100 23 17.1 22.8 389.88 233.93 - - 4.5 1.5 

D20 3 1.6 10 7 180 90 20 16.4 19.6 321.44 214.29 - - 4 1.5 
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D21 3 1.6 10 7 180 90 22 17.4 21.9 381.06 254.04 - - 4.5 1 

D22 3 2.4 10 0 200 100 30 17.6 29.8 524.48 314.69 - - 1 1.5 

D23 3 2.4 10 0 200 100 32 17.7 31.5 557.55 334.53 1.25 2.24 1 3 

D24 3 2.4 10 0 190 95 32 17.7 31.5 557.55 352.14 1.17 2.36 1 3 

D25 3 2.4 10 5 190 95 32 17.7 31.7 561.09 354.37 - - 2 2 

D26 3 2.4 10 5 180 90 32 17.8 31.6 562.48 374.99 - - 2 1.5 

D27 3 2.4 10 5 200 100 34 17.6 33.6 591.36 354.82 - - 3.5 2 

D28 3 2.4 10 10 200 100 33 17.6 32.7 575.52 345.31 - - 2 2.5 

D29 3 1.6 10 7 330 110 35 20.3 34.2 694.26 378.69 1.36 3.23 3 3.5 

D30 3 1.6 10 7 220 110 35 20.5 34.6 709.3 386.89 - - 2.5 2 

D31 3 1.6 10 7 240 120 35 20.4 34.6 705.84 352.92 0.96 3.34 2.5 4 

D32 3 1.6 10 7 240 120 33 20.1 32.5 653.25 326.63 1.02 3.24 2 4 

D33 3 1.6 10 7 260 130 30 19.3 29.8 575.14 265.45 - - 3.5 1.5 

D34 3 1.6 10 7 280 140 35 20.4 34.9 711.96 305.13 - - 2 2 

D35 3 1.6 10 7 280 140 33 20.2 32.8 662.56 283.95 - - 2.5 2 

D36 3 1.6 10 0 140 140 25 19.4 24.8 481.12 206.19 - - 0.5 2 

D37 3 1.6 10 0 210 140 25 19.4 24.6 477.24 204.53 0.91 2.04 0.5 3.5 

D38 3 1.6 10 7 210 140 25 19.2 24.7 474.24 203.25 - - 3 2 

D39 3 1.6 10 7 195 130 25 19.1 24.7 471.77 217.74 - - 3.5 2 

D40 3 1.6 10 7 173 115 25 19.2 24.6 472.32 246.43 - - 2 1.5 

D41 3 1.6 10 7 173 115 24 18.7 23.4 437.58 228.30 - - 3.5 1 

D42 3 1.6 10 7 180 120 20 18.4 19.9 366.16 183.08 - - 4 1.5 

D43 3 1.6 10 7 180 120 25 19 24.7 469.3 234.65 - - 4.5 2 

D44 3 1.6 10 7 180 120 23 18.9 22.6 427.14 213.57 - - 4 2 

D45 3 1.6 10 7 165 110 25 19.2 24.5 470.4 256.58 - - 4 2 

D46 3 1.6 10 7 270 90 35 20.5 34.5 707.25 471.50 1.35 3.46 4 4.5 

D47 3 1.6 10 10 375 125 35 21.6 34.9 753.84 361.84 1.33 3.18 2.5 4 

D48 3 2.4 10 10 360 120 45 19.8 44.3 877.14 438.57 1.42 3.31 2.5 2.5 

D49 3 2.4 10 10 375 125 43 19.7 42.5 837.25 401.88 - - 2.5 2 
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D50 3 2.4 10 10 375 125 45 19.7 44.2 870.74 417.96 1.42 3.08 2.5 2.5 

D51 4 2.4 10 10 375 125 43 20 42.5 850 408.00 1.59 2.79 4 4 

D52 4 2.4 10 10 375 125 40 19.4 39.4 764.36 366.89 - - 3.5 1.5 

D53 4 2.4 10 10 406 125 43 20.2 42.3 854.46 410.14 1.7 2.7 4 2.5 

D54 4 2.4 10 10 423 130 43 20.5 42.3 867.15 400.22 1.79 2.72 4 3.5 

D55 4 2.4 10 10 455 130 43 20.5 42.3 867.15 400.22 2 2.53 4.5 3 

D56 4 2.4 10 10 420 120 43 20.5 42.3 867.15 433.58 - - 4 2.5 

D57 4 2.4 10 10 360 120 40 19.7 39.7 782.09 391.05 - - 4.5 2.5 

D58 4 2.4 10 10 390 120 43 20.1 42.4 852.24 426.12 - - 4 2.5 

D59 4 2.4 10 10 480 120 45 20 44.2 884 442.00 1.98 3.2 4 3 

D60 4 2.4 10 10 390 130 45 20.3 44.7 907.41 418.80 - - 3.5 2 

D61 4 2.4 10 10 375 125 45 19.5 44.5 867.75 416.52 1.31 3.3 4.5 4.5 

D62 4 2.4 10 10 406 125 45 19.7 44.7 880.59 422.68 1.4 3.41 4 4 

D63 4 2.4 10 10 438 125 45 19.8 44.4 879.12 421.98 1.51 3.27 4 3.5 

D64 4 2.4 10 10 500 125 45 19.9 44.3 881.57 423.15 1.88 3.23 4 3 

D65 4 2.4 10 10 344 125 45 20 44.4 888 426.24 1.4 3.18 3.5 3 

D66 4 2.4 10 10 366 122 45 19.5 44.6 869.7 427.72 1.4 3.5 4.5 3.5 

D67 4 2.4 10 10 360 120 45 18.6 44.4 825.84 412.92 1.25 3.6 3.5 3.5 

D68 4 2.4 10 12 360 120 45 18.6 44.5 827.7 413.85 1.4 3.4 3.5 3.5 

B1 3 1.6 7 7 375 125 35 20.5 34.1 699.05 1.4 2.88 4.5 5 3 

W1 4 2.4 10 10 360 120 45 18.4 44.1 811.44 405.72 - - 4.5 4 

 


