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Abstract   

 

Directed energy deposition describes the process of deposition of molten metal in wire or powder 

form with a focused energy beam source in a layer-by-layer fashion to create a final part. The use of an 

arc as heat source and wire as feedstock material for directed energy deposition, also known as wire arc 

additive manufacturing, has become increasingly popular in recent years due to its high productivity, 

high versatility, availability, cost, and its ability to produce large and complex parts.  

However, due to the additive nature of the process and the high heat input involved, anisotropy 

is a recurring problem arising in printed parts, which leads to different tensile properties in the travel 

and build directions. Hence, the first section of this work looks into the mechanical properties and 

microstructures of a thin-walled AISI316LSi austenitic stainless-steel component fabricated by wire arc 

additive manufacturing using the micro-plasma arc welding process, which is a low heat input process. 

While properties were mainly uniform, the effect of anisotropy was found to have a significant influence 

on the modulus of elasticity, with values ranging from 79.5±6.8 GPa along the build direction to 

105.2±20.7 GPa in the travel direction. This difference was found to be due to the strong preferential 

orientation of grains during solidification along the direction corresponding to the build direction, which 

was also confirmed by electron back scatter diffraction. This was also confirmed by theoretical 

calculations. 

The second portion of the work deals with the investigation of the effect of vibratory weld 

conditioning on the grain size for titanium and stainless-steel layers using the current process. This was 

motivated by the need to break down the orientation of columnar grains witnessed and transform them 

into random equiaxed grains. Tests were conducted through the deposition of five layers for each 

material and the use of a shaker device and a signal generator, which was used to conduct tests based on 
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square waves with different amplitudes and frequency ranges. Results revealed that fine grains were 

achieved when close to the substate, while only frequency was found to have a significant effect on 

secondary dendrite arm spacing and grain size for stainless-steel and titanium, respectively.  

The final section of this work deals with correcting layer height deviations, which arise as a 

result of the heat accumulation of the wire arc additive manufacturing process. The performance of the 

automatic voltage control, which automatically adjusts the Z-position of the torch during deposition 

based on arc voltage measured, was initially investigated based on gain and correction speed. Results 

revealed very high correlations between Z-position and bead height, particularly for a gain of 1.0 

(R=0.96) and a max speed of 65 mm/min (0.995). This proved the high reliability of the automatic 

voltage control when maintaining the voltage measured with the desired voltage but still does not 

account for surface inconsistencies. Hence, layer height deviations were measured and corrected with 

an accuracy of 0.03 mm through the modification of the wire feed speed, obtained by determining the 

exact volume of material added during deposition for different wire feed speeds. Also, in this section, 

optimal bead overlay parameters were determined based on best fusion and flat surface, revealing to be 

15 % for substate welding and 25 % for subsequent layer deposition.  
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Chapter 1 

Introduction  
 

1.1 History of the Manufacturing Sector 
 

The history of the manufacturing sector can be traced back to the earliest civilizations, in a period 

characterized by artisan handicrafts and simple methods for the production of goods [1]. However, the 

significant breakthrough that was made in terms of manufacturing methods and initiated the 

technological advancements seen in the present time came with the Industrial Revolution, dating back 

to the 18th century. This was a period marked by rapid industrialization and the mechanization of the 

production process, replacing manual labor with machines powered by water and steam [2]. During the 

19th century, the manufacturing industry experienced further growth and transformation during the 

Second Industrial Revolution, as innovations such as the steam engine, the power loom, and the 

Bessemer process revolutionized the production of steel machinery [3]. This period also saw the ascent 

of mass production, through the use of assembly lines powered by electricity [4]. In the mid-20th century, 

further advancements occurred with the development of automation in the production sector through the 

use of robots, computers, and electronics [4]. The introduction of automation marked a significant shift 

towards efficient manufacturing and laid the foundation for the current trend towards Industry 4.0 and 

the Internet of Things.  

Today, the manufacturing industry continues to evolve and adapt to changing market demands, 

globalization, and technological innovations. The integration of new technologies such as additive 

manufacturing (AM), artificial intelligence, and the Internet of Things is leading to more efficient and 

sustainable production processes and is shaping the future of the industry.  
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1.2 Additive Manufacturing 
 
AM, also known as 3D printing, describes the process of building a part through the consolidation 

of material in a layer-by-layer fashion based on a computer drawing. AM can be traced back to the mid-

1980s, when the first patent for a rapid prototyping system was filed [5]. This was quickly followed with 

the invention of fused deposition modelling (FDM) and selective laser sintering (SLS), the latter using 

a laser as heat source to fuse small particles of ceramics, metals, or ceramics creating 3D objects.  

Over the past few decades, the field of AM has experienced significant advancements, as new 

materials, processes, and technologies have been developed and adopted such as the creation of the first 

3D-printed tissue in 1999 [5], which was a breakthrough in the medical field and paved the way for the 

creation of transplantable organs using 3D printing. 

In recent years, AM has gained a lot of attention for fabrication of commercial components for 

various industries and is increasingly becoming a popular choice among industries because of its various 

advantages versus conventional subtractive manufacturing methods such as machining. Along with its 

ability to handle a wide spectrum of materials from metals, polymers, and ceramics, AM offers the 

ability to produce complex shapes with novel functionality, along with unmatchable accuracy, 

repeatability and resolution which make it invaluable to the manufacturing sector [6]. Figure 1-1a and 

Figure 1-1b show some of the complex components that can be achieved by laser powder bed fusion. 

Employing AM also enable reduced manufacturing [7] , better buy-to-fly ratio, and reduced process 

time. Hence, AM parts can be found in many industries including aerospace [8] [9], marine [9], 

automotive [8], and medical [8]. A study on the forecasted market trends of the global aerospace AM 

market has shown that the aerospace industry will remain to be the major contributor to the AM market 

even following the impact caused by COVID-19 [10]. This is due to the large cost savings achieved 

when implementing AM for titanium alloys for aerospace components, due to their high strength-to-
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weight ratio and inherently high material cost especially when employing subtractive manufacturing 

technologies [6].  

 
Figure 1-1: Complex components fabricated by laser powder bed fusion [11] 

Among the several AM categories to produce metal components, directed energy deposition (DED) is 

one that uses a heat source to melt a powder or wire that is externally fed as filler metal. Wire arc additive 

manufacturing (WAAM) is a type of DED process that uses arc welding techniques for the production 

of 3D printed parts. WAAM typically involves a multi-axis welding robot that deposits material along 

the build direction from an external wire feeding device, both of which are controlled by the computer, 

as shown in Figure 1-2. Figure 1-3a and Figure 1-3b highlight large and complex parts fabricated by 

WAAM.  

 
Figure 1-2: Basic overview of the WAAM process [12] 
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Figure 1-3: Complex large components fabricated by WAAM  [11] 

1.3 Motivation 
 

The use of arc welding processes for the purpose of AM has garnered increasing attention in recent 

years, particularly due to its ability to produce large and complex components, high deposition rates and 

relatively low cost compared to other AM processes based on laser melting of powders. However, the 

high heat input combined with the heat accumulation associated with WAAM is a problem that affects 

the geometry of the final component, causing distortion in the desired part. Furthermore, the heat 

accumulation present in WAAM causes anisotropy within the finished part, with mechanical properties 

and microstructures significantly different in the travel direction compared to the build direction. This 

is particularly common for arc welding processes with high heat input such as gas metal arc welding. 

Hence, the use of a low heat input source for WAAM is worth investigating to analyze the effect of 

anisotropy in printed components. Significantly lower heat input can be applied using micro-plasma arc 

welding (MPAW), where electrode current is in the range of 30 A, resulting in more control of the 

applied heat, less spatter, and higher overall accurate bead geometry. Thus, this process was used for 

the purposes of this research work.  

a) b) 
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Despite the low heat input associated with the MPAW process, geometrical inaccuracies within the 

final generated part will still arise as a result of the heat accumulation. This is particularly due to 

deviations within the height of individual layers, which ultimately affect the final part. Thus, the need 

for the development of control strategies for the maintenance of a constant layer height is crucial for 

proper part generation, thereby greatly aiding in the commercialization of wire arc additive technologies 

in the manufacturing sector. While layer height can be predicted by modifying process parameters, small 

deviations in height can still exist due to the additive nature of the molten metal deposition process. That 

is why this research also focuses on the investigation of the automatic voltage control (AVC) 

performance for the MPAW process as well as looking into manually modifying specific parameters to 

have better control over part geometry.  

Furthermore, some previous work also focused on the concept of vibratory weld conditioning 

(VWC), where vibration is applied to the substrate throughout the welding process. This procedure was 

found to produce finer grain sizes, thereby providing an improvement in mechanical properties. This 

technique was previously investigated for some welding processes particularly for aluminum. The 

current research work also focuses on the effect of vibration for titanium and stainless-steel layers using 

MPAW. This was motivated by the need for a reduction in columnar grains and breaking them down 

into finer equiaxed grains, ultimately leading to a reduction in anisotropy associated with the WAAM 

process. 

1.4 Objectives 
 

The primary objective of this research is to investigate the effect of anisotropy in a 3D printed wall 

using the WAAM process with MPAW. The secondary objective is to evaluate parameters to correct 

deviations in layer geometry through suitable variation of the deposition parameters, as well as to obtain 
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the optimal overlap parameters for bead-on plate deposition of multiple layers. The final objective is to 

investigate the effect of VWC on titanium and stainless-steel layers by inducing various frequencies and 

amplitudes in the melt pool. These were achieved through the experiments highlighted below: 

1. The first objective was achieved through building a 130 mm high wall using the WAAM 

process based on MPAW and investigating microstructures and mechanical properties. 

2. The second objective was achieved with starts and stops induced during the deposition for 

the purpose of creating gaps within the layer as well as obtaining accurate data of volume 

of material added according to the wire feed speed (WFS).  

3. The third objective was achieved through investigation of the microstructures of different 

deposited layers to look for any potential refinement of grains corresponding to changes in 

amplitude and frequency. 
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Chapter 2 

Literature Review 

2.1 Plasma Arc Welding 
 

2.1.1 Principle of PAW  
 

Plasma is the state of matter that is formed through superheating a gas, to a temperature where 

electrons detach from the atoms, thus forming an ionized gas [13]. Plasma arc welding (PAW) is an arc 

welding process that uses a constricted plasma arc to heat, melt, and deposit a metal wire onto a metal 

base plate, as shown in Figure 2-1b [14]. The arc is established between the nozzle and the workpiece 

after the orifice or plasma gas is ionized due to the heating of the electrode by the current passing through 

it. The process is similar to gas tungsten arc welding (GTAW) in that both use a non-consumable 

tungsten electrode. The main difference lies in the placement of the electrode, where it is enclosed inside 

the nozzle in PAW (Figure 2-1b) while in GTAW, it partially sticks out (Figure 2-1a). The enclosure 

of the electrode within the nozzle gives the possibility of achieving very high-power per unit area due 

to the constraining action of the nozzle, which allows the arc temperature to reach 11,000ºC in PAW.  

Initiating the plasma arc requires the prior initiation of a pilot arc, which allows the orifice gas to be 

ionized and is obtained by supplying the electrode with a small current [14]. The ionization of the plasma 

gas generates the plasma arc transferred to the workpiece, which provides a low resistance path between 

the nozzle and the base metal plate. The transferred arc flowing through the nozzle and reaching the 

workpiece has a very high temperature and velocity due to the constriction provided by the orifice gas 

on the nozzle around the electrode.  
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Figure 2-1: Arc plasma difference between Tungsten Inert Gas (TIG) Welding (i.e., GTAW) and PAW [14] 

 Much higher velocities (300 to 2000 m/s) and heat inputs (109 to 1010 W/m2) are achieved in 

PAW compared to GTAW, which offers many advantages in terms of penetration depth, welding 

conditions, etc. [14]. Hence, PAW offers greater welding speeds, greater energy concentration, deeper 

penetration, and higher efficiency. Furthermore, the enclosure of the electrode inside the nozzle 

increases its service life since it prevents contamination with the atmosphere. The high depth achieved 

by the PAW process compared to the small width of the weld produced allows the reduction of residual 

stresses as well as the production of a narrower heat affected zone (HAZ). Although PAW offers many 

advantages over GTAW, the major problems associated with the PAW process is the complexity and 

higher cost of the equipment as well as the need to cool the torch using a flow of water, which limits the 

possibility of minimizing the size of the torch [14]. These problems prevent PAW from fully replacing 

the GTAW process.  
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2.1.2 Classification of PAW  
 

The PAW process generally falls under three categories in terms of modes of operation: melt-in, 

micro-plasma and keyhole modes. These modes of operation are achieved through the careful 

manipulation of the process parameters such as current, voltage, gas flowrate, and travel speed. This is 

typically done through the use of sensors and control systems that monitor the welding process and 

adjust the parameters as needed to maintain the optimal conditions for desired mode of operation.  

Melt-in Mode 

The melt-in mode is a mode of operation in PAW in which the plasma arc is used to melt the metal parts 

being welded, joining them together through the solidification of the molten metal in a weld. This type 

of mode is usually achieved for currents no more than 200 A [14]. Achieving high-quality welds in melt-

in mode requires the consistent setting of process parameters such as arc length, travel speed, and WFS. 

Additionally, the use of shielding gases, such as argon, prevent oxidation and other forms of 

contamination during the welding process, which can negatively impact the quality of the weld. During 

the melt-in mode, the electrode is less constricted compared to the keyhole mode and current ranges are 

lower, resulting in slightly wider beads with a melt pool that is comparable to that in GTAW [14].  

Micro-Plasma Mode 

The use of high current in PAW results in high thermal distortion and change in the microstructures. 

Thus, some applications requiring precision in welding employ the use of micro-versions of this process. 

When the current passing through the electrode generating the arc is lower than 30 A, the mode is 

referred to as micro-plasma [14]. As a result, the small and high energy dense plasma arc used in MPAW 

produces a narrow and precise weld bead with a consistent and uniform shape. Through proper process 

parameter optimization, the plasma arc allows for precise control over the weld location and penetration, 
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generating a bead with minimal deviations from the desired shape, thereby achieving high welding 

accuracy well-suited for high-precision welding applications. Furthermore, the high energy density of 

the arc reduces the HAZ, resulting in less thermal damage and produces a stronger, more durable weld, 

as well as increases fusion between the melting wire and the substrate.  

Keyhole Mode 

The welding of higher metal thicknesses (~2.5-6.4 mm) can also be possible by a mode of operation in 

PAW called keyhole, characterized by full penetration through the thickness of the sheet and high 

welding speeds [15]. Keyholing can obtained by using a stiff and more constricted arc through an 

increased setback of the electrode, as well as increasing the current to more than 200 A [14]. The 

“keyhole” obtained at the leading edge of the melt pool as a result of the very high energy dense plasma 

arc can be seen in Figure 2-2.  

 

Figure 2-2: Schematic of the keyholing process in PAW [14] 

2.1.3 PAW Process Parameters  

 

The quality of the final bead geometry highly depends on the selection and optimization of 

process parameters and are crucial for the quality of the weld, stable arc, and overall good mechanical 
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and microstructural properties. The manipulation of these parameters ultimately determines the mode 

of operation, which plays a key role in the final weld obtained, depending on the application.  

i. Wire Feed and Travel Speeds 

 

The WFS is the rate at which filler metal is fed into the welding arc. The filler wire is used to 

add material to the weld joint thereby filling the gap between the two components being welded and the 

amount of material deposited is determined by the WFS. The WFS is usually measured in millimeters 

per minute or inches per minute and is controlled by a motorized wire feeder. An increase in WFS leads 

to a larger weld width and height but may increase the risk of a lack of fusion between the melted wire 

and the base metal if the WFS is too high.  

 The torch speed (TS) is the rate at which the welding torch travels during welding along the joint. 

Similar to the WFS, the TS is measured in inches per minute or millimeters per minute. Variations within 

the TS lead to significant changes within the heat input thus greatly affecting the amount of melting and 

thereby having an impact on the penetration and fusion of the weld with the base plate. If the torch 

moves slowly, the heat being transferred to the weld bead at a certain location is high and therefore has 

high penetration. The high heat input also leads to an increase in width due to the high penetration but 

also due to the greater amount of material that is now being deposited as a result of the slow motion of 

the torch. Conversely, if the TS is high, the heat input would be low leading to less penetration and a 

potential lack of fusion of the weld with the base plate. The low melting associated with a high TS 

generates an increase in the bead height and a decrease in bead width. The change in bead height may 

not be easily predicted whether the TS is high or low. If the TS is low, the penetration is significant 

which decreases the bead height. However, the low TS also means that more material is being deposited, 

as previously mentioned, which leads to an increase in the bead height.  
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ii. Arc Voltage and Arc Current 

 

The PAW process is a constant current process, meaning the arc current remains constant during 

welding while the arc voltage varies. Arc voltage is directly proportional to the arc length and arc cone 

width [16]. As can be seen in Figure 2-3, as voltage increases, arc length increases and thereby 

increasing the arc cone width. Several studies have shown the arc length changes as a result of a change 

in current. The voltage also plays a role in the heat input transferred to the melt pool based on equation 

1. 

     𝐻𝐼 =
𝑉𝐼

𝑇𝑆
       (Eq. 1)  

where 𝐻𝐼 is the heat input, 𝑉 is the voltage, 𝐼 is the current, and 𝑇𝑆 is the torch speed.  

 

Figure 2-3: Variation of arc length and arc width with arc voltage [16] 

 

 The arc current is the welding variable that has the most effect on the weld penetration, as can 

be seen when comparing the modes of operation of PAW, which differ by the current ranges that are 

used for each. As the current increases, the weld penetration is greater, and the heat input transferred to 

the melt pool increases. Figure 2-4 shows different welds produced for three different current values 

and the most significant depth of fusion can be seen for a current of 1000 A. Furthermore, an increase 
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in welding current leads to wider weld beads on both the surface and root sides [14]. However, if the 

current is too low, then lack of penetration as well as undercutting at the weld toe results while a very 

high current leads to very flat surface beads [14].  

 

Figure 2-4: Change in weld penetration with increasing current values [16] 

iii. Plasma and Shielding Gas 

 

In PAW, the compositions and flowrates of plasma and shielding gases play a crucial role in the 

bead width, melted zone shape, and welding speed. The plasma gas must be composed of an inert gas 

to avoid rapid deterioration of the tungsten electrode and reaction of the molten metal with the 

atmosphere [17]. Pure argon is typically preferred as a result of its low ionization potential which ensures 

a dependable pilot arc and a reliable start of the arc [17]. However, the plasma gas may also be composed 

of a mixture of argon and hydrogen. The addition of hydrogen to the argon gas (typically 3-7%) reduces 

the surface tension of the molten pool as a result of ionized hydrogen molecules contacting the weld 

pool and increasing its temperature [18]. This leads to higher power density as well as wider beads and 

higher travel speeds as a result of arc voltage being higher in argon-hydrogen mixtures than in pure 

argon [18]. In addition, hydrogen also prevents porosity through the reduction of oxides formed when 

welding stainless steels and nickel alloys as a result of its fluxing effect [18]. When selecting the flowrate 
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of the plasma gas, it is important to remain within an acceptable range, avoiding too low values, which 

lead to electrode and incomplete penetration, and excessively high values, which lead to porosity and 

undercutting [18].  

The shielding gas, as its name suggests, protects the molten metal from the atmosphere but also may 

affect the arc and weld properties depending on its composition, albeit not to the same extent as the 

plasma gas. While argon-hydrogen may also be used as shielding gas, it is important to monitor the 

content of hydrogen embrittlement within the weld metal especially when using argon-hydrogen as both 

shielding and plasma gas. Table 2-1 shows that while adding hydrogen to both plasma and shielding 

gases results in hydrogen content in the produced weld, the effect is much pronounced when using 

argon-hydrogen as plasma gas. Hence, the use of hydrogen-argon mixture is limited to some applications 

and many resort to the typical use of pure argon for both plasma and shielding gas.  

Table 2-1: The hydrogen content of the weld metal produced with different combinations of welding and shielding gases [18] 

 Plasma Gas / Shielding Gas 

Plasma and Shielding 

Gases Compositions 

 

Ar/Ar-H5 Ar-H5/Ar Ar-H5/Ar-H5 Ar-H10/Ar 

Hydrogen Content in weld 

metal [ml/100g] 

<1 2.2 2.4 3.3 

 

iv. Polarity 

 

Polarity refers to the direction of the electrical current flow between the electrode and the 

workpiece. For any welding process, there are two types of polarities: direct current electrode negative 

(DCEN) and direct current electrode positive (DCEP). In DCEN, the electrode is connected to the 

negative terminal of the power supply while in DCEP, the electrode is connected to the positive terminal. 

Since electrons travel from the electrode tip to the base metal in DCEN, 2/3 of the arc heat is generated 
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at the base metal while the remaining heat is present at the electrode tip [19]. The concentration of heat 

at the base metal provides better fusion between the filler metal and base plate, making DCEN 

particularly suitable for arc welding processes employing non-consumable electrodes such as PAW and 

GTAW. This is particularly useful for melting thin materials especially when high penetration is not 

necessary. DCEP is typically used for GMAW, in which high WFSs and high penetration are required. 

However, DCEP can be used for PAW in only limited cases due to excessive heating of the electrode, 

and more commonly variable polarity may be applied to balance the heat between the electrode and 

workpiece. In the case of aluminum welding, the removal of surface oxides is an important step to 

achieve high quality welds and avoid weld defects such as inclusions and porosities. The much higher 

melting of aluminum oxides (2050 ºC) compared to aluminum alloys makes them particularly difficult 

to get rid of [20]. The wide use of variable polarity DCEP for cathodic cleaning of these oxides is mainly 

reported. Few have reported the use of DCEN for the cleaning of oxides, but it is known to be much less 

effective than DCEP. 

2.2 Wire Arc Additive Manufacturing  
 

WAAM is a DED process which uses an electric arc as a heat source to melt metallic wire 

feedstock for the purpose of fabricating or repairing components. Depending on the heat source, three 

main processes of arc based WAAM exist: Gas Metal Arc Welding (GMAW), GTAW, and PAW. 

Figure 2-5 shows an overview of a typical WAAM system. The computer interface allows the selection 

of process parameters and the programming of the experimental processes, while the controller is used 

for the control of the robot and the welding machine. The latter provides power to the welding torch 

connected to the robot, establishing the deposition of wire melted by the arc. The deposition process is 

monitored via a sensor, usually a camera which displays the image on the computer.  



16 
 

 

Figure 2-5: Overview of the WAAM system [21] 

 Compared to other AM processes, WAAM has many advantages, some of which are highlighted 

in Table 2-2 based on a comparison with laser powder bed fusion (LPBF). WAAM has much higher 

deposition rates than LPBF, very high material utilization, and is suitable for the manufacturing of large 

and complex components due to its ability to be implemented using large-scale robotic manipulators 

[22]. Hence, WAAM has a broad commercial application especially in the aerospace sector where 

titanium is widely used and where material utilization is highly important. WAAM also has low 

equipment cost since it is based on already existing welding technologies and utilizes wire feedstock 

which is much lower cost compared to powders. It also has a broad range of materials that are suitable 

to be used by the process.  
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Table 2-2: Comparison between laser-based powder additive manufacturing and WAAM [11] 

 Laser Based Powder 

Additive Manufacturing 

WAAM 

Deposition Rate 0.1-0.2 kg/h  4 kg/h  

Utilization Rate 10-60 %  90 %  

Manufacturing Cost High  Low 

Manufacturing Accuracy 0.05 mm 0.2 mm  

 

 However, the main issue in WAAM is the low manufacturing accuracy due to the instability of 

the process with high heat accumulated layer-by-layer being one of the important factors. This is because 

of the nature of WAAM incorporating an arc welding process as its main source of energy. Other factors 

include a more complex programming strategy, unstable weld pool dynamics due to bad parameters 

setup, and environmental influence such as gas contamination. Residual stress is therefore prominent in 

fabricated components and may lead to problems such as parts deformation, geometric tolerance loss, 

delamination of layers during the deposition process, and deterioration of fatigue performance and 

fracture resistance [21]. Figure 2-6 highlights the common defects encountered in parts fabricated by 

WAAM for different materials. In the case of steel, residual stress, deformation, and surface finish are 

the most common problems encountered and hence require post-process treatments for these to be 

alleviated, through annealing for example in the case of residual stress.  
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Figure 2-6: Common material defects in WAAM [6] 

 However, post-process heat treatments are time-consuming and hence several researchers have 

looked into optimizing the process parameters for low heat input while other methods such as 

geometrical fixing of layers through feedback control implementation were developed. Despite the 

disadvantage of WAAM in terms of accuracy, it is important to assess the logic behind the investment 

in such a technology. Figure 2-7 shows a comparison of different AM processes in terms of building 

rate and accuracy. It reveals that DED falls between LPBF and additive friction-stir manufacturing 

(AFSM) in terms of accuracy and building rate [23]. The building rate of LPBF falls between 0.05-0.2 

kg/hr while that of AFSM falls between 0.5-10 kg/hr. Despite AFSM reaching high building rates and 

avoiding defects such as porosity, cracks, and solidification shrinkage found in DED processes, it lacks 

the geometrical complexities and capabilities of the latter, proving to be its biggest limitation as shown 

in Figure 2-8 [23]. Hence, the use of DED processes such as WAAM for the purpose of 3D printing 

complex parts would be a wise choice while also maintaining a low heat input to avoid defects associated 

with fusion processes. The use of MPAW for WAAM would fit into that need and optimizing further 

the parameters for proper part requirements and heat input is also possible. Table 2-3 gives a brief 
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overview of some of the parameters that influence the bead quality. Some of the parameters were already 

discussed in section 2.1.3 for PAW.   

 

Figure 2-7: Comparison of accuracy and building rate for different fusion and friction-based AM technologies [23] 

 

 

Figure 2-8: Comparison between capabilities of friction-based AM technologies with fusion-based ones [23] 
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Table 2-3: Parameters affecting bead quality 

Parameters  Effect on Additive Part 
Heat Input Controlled by current, voltage, and travel speed. 

Low heat input results in a more uniform surface. 

Lower mechanical properties with high heat input. 
Current Large current leads to instability and overflow. 

Layer height decreases and width increases with 

increase in current. 
Voltage Increase in voltage causes decrease in layer height and 

increase in layer width. 
Wire feed and travel speeds Direct effect on layer width and height: 

Increase in wire feed speed causes more material 

deposition. 

Higher torch speed leads to less melting and hence, 

decrease in width and increase in height. 
Substrate temperature Preheating substrate makes deposition process 

smoother since high thermal difference is avoided. 

 

2.3 Austenitic Steel Microstructures and Effect of Anisotropy in 

WAAM  
 

Since WAAM is particularly useful for higher value components, a great deal of work focuses on 

stainless steel fabrication. Austenitic steels are versatile alloys that find applications in many industries 

such as marine, construction, and nuclear due to their high corrosion resistance, excellent low- and high-

temperature properties, high toughness, formability, and weldability [24]. One of the most studied 

grades of austenitic steels in WAAM are AISI 316L and AISI 316LSi. The structure of 316L fabricated 

using WAAM consists of coarse columnar grains oriented along the direction of heat extraction, aligned 

with the build direction [25]. Studies have shown that the presence of δ in austenitic stainless steel is 

useful to prevent hot cracking, reduce the segregation of the material during processing, as well as 

eliminate the formation of low melting point eutectic phases, as demonstrated in prior studies [25] [26]. 

Chen et al. [26] analyzed the microstructures of an austenitic stainless-steel wall produced by GMAW-

based WAAM which consisted of δ (vermicular and lath morphologies), γ, and σ intermetallic phases 

and showed that the formation of σ phases followed in subsequent layers at the γ/δ interfaces and was a 
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result of subsequent thermal cycles reaching the precipitation temperature of the σ-intermetallic. Wang 

et al. [27] carried out WAAM fabrication of AISI 316L stainless steel structures under two different arc 

modes while keeping the deposition rate constant to analyze the correlation between arc mode, 

microstructure, and mechanical properties, and optimizing arc mode offers some ability to tailor 

microstructure and optimize properties in WAAM when using GMAW.  

 One of the essential features in stainless microstructures is the secondary dendrite arm spacing 

(SDAS), which is greatly sensitive to heat input. It is often found that the SDAS at the top layer is larger 

than that of the bottom layer during WAAM, and this is due to the cooling rate [27]. The substrate acts 

as a heat sink, and hence the cooling rate is higher compared to the top layer. This results in finer 

solidification structure and smaller SDAS [27]. Typical stainless-steel microstructures of WAAM 

components can be seen in Figure 2-9 characterized by skeletal and lathy ferrite, revealing that the 

SDAS at the top layer is larger than that at the bottom layer. Other studies have also looked at the effect 

of heat input on WAAM of austenitic AISI 316L. Cunningham et al. [28] analyzed the effects of the 

interpass temperature and heat input process parameters on the WAAM of AISI 316LSi. The 

microstructures generally consisted of fine columnar dendrites with lath and vermicular morphologies, 

while the low interpass temperature and heat input wall specimen displayed the greatest volume of δ-

ferrite due to the high cooling rate. Furthermore, Rodrigues et al. [29] investigated the evolution of the 

microstructure of 316L walls fabricated by WAAM upon the application of different heat treatments 

and found that with an increase in heat treatment time, ferrite acted as nucleation site for σ-phase to 

slowly precipitate, with the latter slowly replacing the former. This is shown in Figure 2-10.  
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Figure 2-9: Optical micrographs of cross-sections of WAAM 316L components for a) bottom layer at location 1 b) bottom layer at 
location 2, c) top layer at location 1, and d) top layer at location 2 [27] 

 

 

Figure 2-10: Microstructures of a) sample b) as-built c) 400 C heat treated for 1 hour and d) 950 C for 2 hours [30] 
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 Anisotropy is an important phenomenon which can arise in WAAM, since directional 

solidification can strongly influence the crystal orientation of solidifying metal. Wang et al. [31] studied 

the microstructure and tensile properties of 316L stainless steel by manufacturing a thick-walled 

component using cold metal transfer. In the travel direction, the microstructure revealed periodically 

alternating regions, entitled remelting area and overlapping area. The remelting area presented large 

columnar grains perpendicular to the fusion boundary while the overlapping area revealed epitaxial 

growth of grains in the building direction. While this study analyzed the microstructural characteristics 

of 316L stainless steel of thick-walled components, Belotti et al. [25] analyzed the structure of the same 

type of component at different scales for the purpose of understanding the effect of spatial variations on 

the microstructure, which are identified in terms of fusion zone shape, granular structure, texture, and 

phases present. It was found that the structure of the component exhibited coarse and highly oriented 

grains as well as a dominant <100> texture in the building direction across the overlapping area between 

the fusion zones. This is a rather common observation in various AM techniques when producing metals 

with a cubic crystal structure, since the <100> direction represents the easy-growth direction of the 

crystal solidification, and this will promote grain growth along the direction oriented with the heat flow. 

Anisotropy was also reported for titanium alloys using AM such as in the study conducted by Wang et 

al. [32], which analyzes the anisotropic mechanical properties of a Ti-6Al-4V plate fabricated by 

electron beam melting. A decrease in yield and tensile strengths was reported along with an increase in 

the build height of the specimen, which is associated with the increasing α lath as a result of the different 

thermal histories [32]. Carroll et al. [33] also analyzed the anisotropy in a Ti-6Al-4V component 

fabricated by laser-based DED-AM. It was reported anisotropic elongation properties as a result of long 

and thin β grains growing along the build direction, making the ductility significantly higher along the 

build direction compared to the travel direction. A decrease in the yield and tensile strengths can be 
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observed along the build direction as a result of the increase of α laths [34]. The disruption of the 

solidification process may also be achieved by the application of ultrasonic vibration methods with 

frequencies ranging from 15 to 75 kHz, providing acoustic cavitation. The use of ultrasonic vibration 

allows greater control of the solidification process than VWC and provides a large and significantly high 

degree of grain refinement when ultrasonic amplitude is increased [35]. However, ultrasonic methods 

require the use of an ultrasonic generator and an ultrasonic transducer, both significantly more expensive 

than the equipment used by VWC. 

2.4 Arc Gap Monitoring 

2.4.1 Arc Seam Tracking 
 

 Arc seam tracking is a technique used in welding that heavily relies on different sensors to 

monitor the position of the arc in real-time relative to the arc seam. The purpose is to improve the quality 

of the weld through the future adaptation of control systems based on reliable seam tracking. Seam 

tracking techniques mainly fall under three major known categories: Through Seam Tracking (TST), 

Laser Vision Seam Tracking (LVST), and Vision-based Seam Tracking (VST). 

 TST is a type of 2-axis real-time monitoring system that requires the robot manipulator to weave 

the weld torch assembly across the weld joint, as shown in Figure 2-11, and to subsequently monitor 

the unregulated variable as function of torch position [36]. In the case of PAW, the unregulated variable 

is the arc voltage, which varies with arc length. In GMAW, when the torch is at the edge of the weave, 

welding current peaks leading to the TST to perform necessary corrections to the torch position. 

Feedback variables for TST in robotic GMAW have been investigated through monitoring with respect 

to the torch position, revealing that the average current is an effective feedback variable for seam 

tracking [36]. This would mean that the change in current is an effective monitoring value used to adjust 

the path of the torch ensuring proper weld position. 
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Figure 2-11: Display of the torch weave across the weld in through arc seam tracking [37] 

LVST involves the on-line projection of a laser beam hitting the seam and reflecting back to the 

sensor typically a camera, which provides the accurate location of the seam based on the distortion in 

the laser line. The principle of the laser line scanner is shown in Figure 2-12. This technique is mainly 

useful for material thicknesses of less than 1 mm, is immune to interference from ambient light, and the 

camera is free from weld spatter [38]. This method is particularly useful for adaptive control by using 

the data provided by the seam tracking for adjustments to voltage, WFS, and torch speed. As a result, it 

has been employed in AM for layer height correction purposes [39] [40].  

 

Figure 2-12: Principle of laser line scanner [39] 

VST employs the use of vision sensors and relies on image processing software to identify the 

seam. Applications of vision sensing for real-time seam tracking in GTAW have been developed [41] 

and monitoring techniques based on vision sensors have also been applied in WAAM and further 
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advanced. For example, deposition height in WAAM was controlled through the visual inspection of 

previous and current layers [42]. The information was gathered by a passive vision sensor and greatly 

increased corrective accuracy compared to simply monitoring the current layer. 

2.4.2 Arc Voltage Drop 
  

 When measuring the arc voltage, it is important to know at which location the sensor is taking 

the measurement from due to the different voltage drops that are present within the arc.  These voltage 

drops occur at the contact tip, the electrode extension, the anode fall, the arc column, and the cathode 

fall. These voltage drops are broken down in Figure 2-13. The most significant voltage drops occur 

mainly along the anode, the cathode, and the arc column and the accurate determination of the anode 

and cathode fall voltages has been researched for both non-consumable [43] and consumable electrode 

welding processes [44]. Typically, in constant current processes such as GTAW and PAW, the voltage 

drops associated with the anode, cathode, and arc column are independent of the current. Therefore, 

irrespective of the current chosen, it can be expected that the voltage drops will remain the same after 

they already have been determined. The electrical power being dissipated as heat as a result of the 

voltage drops can be calculated by the equation 𝑞 = 𝐼𝑉 where I is the current and V is the total voltage 

drop.  
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Figure 2-13: Voltage losses across the arc for PAW 

2.4.3 Automatic Voltage Control 

 

 AVC systems are typically used for constant current arc welding processes such as GTAW and 

PAW to control and maintain the arc length through adjustment of the arc voltage. Since arc length 

and arc voltage are directly proportional to each other, any adjustment to the latter will lead to an 

adjustment in the former. Figure 2-14 shows a block diagram of a traditional AVC system for GTAW. 

As the voltage command (Vref) is set, the difference between the actual voltage (voltage telemetry) Varc 

and Vref will be accounted for by the AVC through Karc, which adjusts arc length Larc though 

adjustment of Varc.  
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Figure 2-14: Traditional closed loop AVC for GTAW [45] 

Although traditional AVCs perform adequately in most circumstances, there are instances in which 

position control is not adequate. This is a result of the arc voltage-to-arc length gain Karc that varies 

with nominal of the arc current rather than remaining constant, which means that even if the AVC has 

a fixed voltage command, the arc length will vary with changes in arc current [46]. This makes 

traditional AVCs highly unreliable. Hence, different adjustments have been attempted to resolve this 

issue such as the development of an adaptive voltage controller [45] or the introduction of a filtered 

current-dependent voltage compensation, which allows the use of an adoption factor that accounts for 

the fluctuations in arc voltage [47]. The use of AVCs remain commonly used in GTAW and PAW 

processes as an easy alternative mode of control. 

2.5 Control Strategies for Height Control in WAAM  
 

During the deposition process, when the number of deposited layers increases, it is difficult to 

control the morphology and size of the deposited layer which will affect the geometrical accuracy of the 

part [48]. Heat accumulation is a concern in WAAM since thermal distortion and residual stresses affect 

the geometry and properties of the final component. As the part is formed, the heat accumulates thereby 

reducing the geometrical accuracy of the printed component. Control strategies must thus be 

implemented without resorting to open loop control which do not help in the elimination of layer 

geometry variations that result from changes in process parameters. Thus, the need for in-process 

feedback control in WAAM is crucial in obtaining a smooth and reliable production process. The 
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implementation of a real-time monitoring system is important for an efficient and break-through stability 

control of WAAM.  

 Several research works have been done on the development of a feedback system for increased 

process stability of several DED processes. Heralić et al. developed a controller based on optical 

measurements for control of the bead height and bead width in laser metal wire deposition [49]. The 

monitoring of the previous layer height and width is done through the projection of a laser line in front 

of the melt pool and through image processing algorithms. While closed loop control is usually most 

effective for improving the stability of a process, a feed-forward compensator that controls the wire feed 

speed was used to control the height.  

Several papers have proposed different approaches for controlling the height of the layer in WAAM, 

each employing different control inputs. The idea is to attempt to keep the nozzle to surface distance 

(NTSD) constant throughout each layer deposition. Control strategies developed for WAAM were a bit 

more recent with the work presented by Xiong and Zhang, in which they designed an adaptive control 

system of the deposited height using a passive vision sensor [50].  

Furthermore, more recent studies have focused on controlling the height based on new control inputs 

such as the current due to its major effect on the heat input. Ščetinec et al. implemented an in-process 

path replanning and online layer height control based on the arc current for a GMAW-WAAM process 

[51]. Deposition arc current was considered as control variable for layer height control. The authors 

were able to keep the NTSD constant through testing several controllers. Li et al. developed a self-

adaptive control system for wire arc additive manufacturing using double electrode micro plasma arc 

welding [52]. They were able to reduce the heat input successfully through the implementation of a 

bypass while controlling the bead geometry height, the latter done through the adjustment of the wire 

feed speed. Despite these research papers, more work is required in that area for improved accuracy.  
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2.6 Vibratory Weld Conditioning 
 

Due to the intense heat input associated with arc welding processes as well as the continuous 

heating and cooling cycles of WAAM during fabrication, the final part created will result in large 

temperature gradients between the layers close to the substrate and the top layers. The different thermal 

cycles cause thermal stress to the component, thereby resulting in residual stresses and plastic 

deformation that leads to distortion. These lead to fatigue damage, stress corrosion cracking, and fracture 

[53]. Much research has been focused on the elimination of residual stresses in arc welding by employing 

methods such as vibratory stress relief (VSR) [54], post-weld heat treatment [55], and ultrasonic impact 

treatment [56]. Specifically, considerable has been put into the application of vibration for an 

improvement in the process and properties of the final part. Figure 2-15 shows the different modes of 

vibration that can be applied on the process, which are the workpiece, the melt pool, power source, 

welding arc, and electrode [57]. These can be encompassed into two categories: physical vibration of 

the workpiece and pulsation of current of the power supply. The physical agitation of the workpiece and 

vibration of the melt pool are closely related to each other since one lead to the other. The pulsing action 

of the current leads to the oscillation of the arc droplet and the electrode. 

Recently, most of the research related to the use of vibration in arc welding has been focused on its 

application during the process due to the much greater increase in productivity achieved as well as the 

greater influence on the reduction of residual stresses and improvement in mechanical properties 

compared to post-weld vibration. This method is called VWC or vibratory assisted welding, which 

relieves stress in the welding components, where vibration would be applied to the substrate during the 

welding process [58]. The purpose of VWC lies in the elimination of residual stresses and improvement 

in the microstructure and mechanical properties through the refinement of grains [57]. Through the 

vibration of the workpiece during welding, the solidification process in the melt pool is affected and 
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hence, the grains are broken down and prevented from forming oriented large columns thus leading to 

nucleation sites for the formation of finer grains as well as a uniform distribution of grains.  

 

Figure 2-15: a) Vibration of workpiece b) weld pool oscillation c) vibration through pulsing of current d) welding arc oscillation e) 
electrode vibration [57] 

The reduction in residual stresses through employing VWC has been reported in many research papers. 

Xu et al. investigated the effect of VWC on the residual stresses and distortion in multipass girth-butt 

welded pipes and found a reduction in residual hoop stress at the outer surface by 30 % [53]. Other 

studies have reported on the change in mechanical properties as a result of VWC. Kalpana et al. 

investigated the effect of VWC on the tensile strength of welded joints and found an increase in tensile 

strength as a result of an increase in amplitude [59]. More recent work involved looking into the effect 

of harmonic vibration with a frequency just below the resonant range on the mechanical properties of 

aluminum alloy parts fabricated by GMAW [58]. Vibration was subjected at 50 Hz below the natural 

frequency of 83 Hz while investigating the microstructures and mechanical properties at different 

vibration forces (400, 750, and 1000 N). They reported a decrease in grain size as the vibration forces 

increased, as shown in Figure 2-16. The decrease in grain size is evident in the microstructures presented 

in Figure 2-17, especially when comparing the case of no vibration, which presents large coarse grains 

(Fig. 6d) to that of a 1000 N vibration force, which presents fine equiaxed grains in a more uniform 
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distribution. The changes seen in the microstructures lead to increases in yield and tensile strengths as 

well as a decrease in elongation. The investigation of refinement of grains was also performed using the 

application of ultrasonic vibration on the melt pool with the purpose of inducing acoustic cavitation and 

streaming effects thereby affecting the solidification process and grain growth. However, the use of 

ultrasound vibrations requires an ultrasound generator as a transducer, making it a more expensive 

approach than VWC.   

 

Figure 2-16: Variation of grain size with increasing vibration force [58] 
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Figure 2-17: Microstructures of the region near substrate for vibration forces of a) 400, b) 750, and c) 100 N. The case of no 
vibration is also shown in d [58] 
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Chapter 3 

Experimental Methods 
This chapter discusses the different materials, methods, and experiments that were used for each 

study. The equipment and setup are also highlighted in this section as well as the different process 

parameters and characterization methods. Each section in this chapter includes the methods used for 

each different chapter in the thesis. 

3.1 Anisotropy in Wire Arc Additive Wall 

3.1.1 Wall Fabrication 

 

The fabrication of thin-walled structures was performed using a Liburdi Automatic Welding 

System (LAWS) 1000 developed by Liburdi Automation. The system uses the MPAW process with a 

Liburdi LP50 Pulseweld power supply with a maximum current of 50A, a plasma torch, which creates 

an arc through the ionization of a shielding gas, an external wire feeder, and monitoring camera. The 

system is able to achieve heat inputs of 0.15-0.2 kJ/mm and the maximum torch speed possible without 

inducing lack of fusion and discontinuities and while maintaining this heat input is 180 mm/min. The 

welding setup and front camera view are shown in Figure a and b respectively. The wall was created by 

depositing 0.9 mm AISI 316LSi stainless steel wire fed at the leading edge, in a layer-by-layer manner 

linearly to produce a wall with dimensions of 150 mm × 130 mm × 4.5 mm, consisting of a total of 300 

layers as shown in Figure 3-1c. Each layer was created by a single continuous deposition track. Uni-

directional deposition was used throughout the entire build process. While this approach may result in 

higher fabrication times, it is ideal for improved control and stability of the process. The AVC feedback 

system was enabled throughout the fabrication process, which would aid in maintaining an optimal 

nozzle to surface distance. The nominal chemical composition of the wire material in wt% is 19Cr-12Ni-

2.5Mo-0.8Si-Fe for AISI316LSi alloy, where the Si is added to improve the wetting of the molten pool, 

and a maximum carbon content of 0.03 wt% is allowed based on the L designation. The cooling time 
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between each layer deposition was kept between 4 to 6 minutes such that the layer temperature was 

always below 107ºC before initiating the arc again. The cooling time increased from 4 to 6 minutes as 

heat input increased. The layer temperature was monitored using a temperature indicating crayon, which 

melts if the weld has a temperature greater than 107ºC. This interpass temperature was chosen based on 

taking the average of the low and high interpass temperatures in the work of Cunnigham et al. [28]. The 

base plate used is made of AISI 1020 cold rolled steel with dimensions of 200 mm × 50 mm × 10 mm. 

Shielding gas consisted of 99.999 % pure argon throughout the arc welding process, with a flow rate of 

19 L/min. Furthermore, different process parameters were used for the initial beads as compared to those 

for subsequent layers. For the first 2 to 3 beads, higher heat input was used to obtain more melting and 

thus wider beads through setting the voltage and current at 22 V and 25 A, respectively. The WFS was 

set at 250 mm/min while the TS was set at 50 mm/min, thus reinforcing the melting of the layer, and 

providing wider initial beads. For subsequent beads (4th and above), voltage was kept within the range 

of 19-20 V while the current was set within 21-23 A. The WFS was kept constant throughout the entire 

fabrication process while the TS was now set at 80 mm/min to reduce the heat being transferred to the 

melt pool. The process parameters can be found in Table 3-1. 

A range of welding parameters were tested before reaching the optimal parameters to achieve 

consistent bead shape and adequate weld quality based on visual inspection. Different TSs were initially 

tested, and it was found that a TS of 50 mm/min yielded too much melting while a value of 100 mm/min 

yielded little material deposition. A WFS of 250 mm/min was found to yield an optimal material 

deposition, avoiding any lack of fusion while also depositing a significant amount of material. The 

voltage is directly proportional to arc length, therefore as the voltage increases, the arc length increases. 

Hence, the voltage values were chosen according to the most optimal arc length. The optimal arc length 

was found to be 2.25 to 3 mm.   
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Table 3-1: Process parameters for wall creation 

Parameters Current 

(A) 

Voltage (V) Travel 

Speed 

(mm/min) 

Wire Feed 

Speed 

(mm/min) 

Shielding 

Gas  

Wire 

1st layer 25 22 50 250 Argon 

(99.999%) 

316LSi 

Next layers 21-23 19-20 80 250 (0.035’’) 

 

 

3.1.2 Microstructural Characterization 

 

To examine the overall microstructure of the thin-walled structure, cross sections in both the 

build and height direction were prepared. The cross section of the specimens is shown in Figure 3-2a. 

a) b) 

c) 

Feed 

wire 

Molten 

pool 

Welding 

head 

Wire 

feeder 

Welding 

area 

Travel Direction 

Build 

Direction 
75 mm 

Figure 3-1: a) LAWS 1000 experimental setup b) Monitoring camera view c) Final wall component 
fabricated by WAAM 



37 
 

In Figure 3-2b, the Y-axis and Z-axis are parallel to the travel and build directions, respectively. Samples 

M1 and M2 were prepared from the XZ plane, which correspond to the build direction, while samples 

M3 and M4 were prepared from the YZ plane, which correspond to the travel direction, all of which are 

highlighted in Figure 3-2b.  

 

Figure 3-2: Tensile coupon dimensions according to ASTM E8 “subsize” specimen specification b) Tensile and metallographic 
sample locations. The dimensions are in millimeters 

Samples M1 and M2 were taken from different locations along the travel direction (XZ plane) 

while samples M3 and M4 were taken from different locations along the build direction (XY plane). 

This was done to assess the changes in microstructures along each direction. Initially, tensile samples 

were cut. The cross section of samples was cut in close proximity of tensile specimen locations using a 

conventional bandsaw after the tensile samples were extracted. The specimens for metallography were 

prepared using conventional sandpaper grinding with 1 μm final stage diamond polishing. The samples 

were immersed in oxalic acid (10 g Oxalic, 100 mL H2O) and electro-etched at room temperature using 

an austenitic stainless-steel cathode at 6 V for 90 seconds. The microstructural observations were made 
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using a Zeiss AX10 optical microscope. Vibratory polishing was performed for three hours using 0.04 

µm colloidal silica suspension before subjecting the samples to electron backscatter diffraction (EBSD) 

analysis. EBSD was used to obtain grain orientation information of the sample microstructures on a 

TESCAN VEGA3 scanning electron microscope equipped with a Bruker EBSD detector with a step 

size of 0.5 µm. The EBSD sample used is highlighted in Figure 3-2b as E1.  

3.1.3 Mechanical Tests 

 

To study the mechanical properties of the thin-walled component, the three tensile coupons from 

the build and travel directions shown in Figure 3-2b were tested. Tensile coupons were cut using 

abrasive waterjet cutting with dimensions according to ASTM-E8 sub-sized specimen specification. 

Tensile tests were performed using a Tinius Olsen HK10T servo-mechanical tensile machine frame of 

10kN capacity with a crosshead speed of 1 mm/min at ambient temperature. The initial strain rate was 

therefore around 0.0005 s-1 similar to rates found in literature [60]. Mechanical properties were 

determined by taking the average of the three tensile samples in each direction. Furthermore, a digital 

image correlation (DIC) technique from Correlated Solutions was used to monitor strain, and VIC3D 

software was used to analyze the local strain in the transverse plane of the tensile coupons during 

uniaxial tensile loading using step size 29 and subset 7. Strains were obtained using the extensometer 

feature of DIC. Prior to starting the tensile test, the transverse planes of the tensile samples were spray 

painted with a white background followed by spray painting fine black speckles. The Vickers 

microhardness was tested across the shown surfaces of the four metallographic samples M1, M2, M3, 

and M4 with a 500 g load and loading time of 10 s. The indentation map covers the entire samples with 

a 250 µm × 200 µm step size. The average hardness values across 4-5 indentation lines covering the 

entirety of each sample were calculated to analyze the microhardness distributions. The mean hardness 

of the weld metal was then given by averaging the hardness of 290-300 points located across the 
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samples, depending on different bead width. The 95% confidence interval was also calculated for a 

statistical analysis purpose. 

3.2 Vibratory Weld Conditioning 
 

 The application of vibration on the workpiece was performed using a shaker device bolted into 

some aluminum 6061 mounting plate, which serves as support for the build area. Aluminum was chosen 

based on its lower stiffness compared to other materials. The setup is shown in Figure 3-3a and Figure 

3-3b. The aluminum plate used has a width of 15.5 cm and a thickness of 7.9 mm. The build area lies at 

the end of the plate 25 cm from the center onto which the aluminum plate is bolted, with the shaker 

underneath it, as shown in the Figure 3-3a. The setup (material and dimensions) was done such that the 

oscillations within the melt pool vibration would be maximized. The build area consists of a plate, 

mounted in the aluminum plate and onto which the wire would be deposited. Two different materials 

were investigated at different vibration parameters: titanium (Ti 5553) and stainless steel (316LSi). The 

travel direction of deposition is shown in Figure 3-3b. Titanium was studied on top of stainless steel due 

to it being a single phase BCC material and as a result, has a less complex microstructure than stainless 

steel, making it easier to observe changes in grain size. A signal generator was connected to the power 

supply and provided different square wave intensities based on frequency and vibration amplitude to the 

shaker device, allowing different vibration conditions to be applied. The TS for these tests was set at 60 

mm/min while the WFS was set at 300 mm/min. Cooling time between the deposition of a layer and the 

next was kept at 2-3 minutes, while pure argon gas was used as shielding gas. 
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Figure 3-3: Grain Refinement Setup showing a) front and b) top views 

3.2.1 Titanium Samples 
 

 To compare different frequency and amplitude conditions for vibration for titanium, 4-5 layers 

were deposited at different vibration conditions. Initial beads were assessed at an amplitude of 100 W 

and at an increasing frequency from 100 Hz to 600 Hz according to a linear ramp. Subsequent beads 

were assessed at a ramp for frequency from 50 to 100 Hz at amplitude powers of 4, 25, 100, and 155 W. 

Table 3-2 shows all process parameters for the beads created. Microstructures were taken by mounting 

cross sections of the welds across the X axis corresponding to the travel direction, as seen in Figure 3-

3b. The specimens were polished using conventional sandpaper grinding for a flat surface followed by 

9-, 6-, and 1-µm diamond polishing. Vibratory polishing was performed for three hours using 0.04 µm 

colloidal silica suspension. Samples were etched using Keller’s reagent. 

 

  

Shaker 

Aluminum Plate 

Camera 

Weld 

Head 
Build Area 

Build Area 

Travel  

Direction 

b) a) 

X 

Y 

Z 

X 

Y 



41 
 

Table 3-2: Process parameters used for titanium beads 

 

3.2.2 Steel Samples 

 

Similar to titanium samples, 4-5 layers were deposited, and microstructures were taken by 

mounting cross sections of the welds also across the X axis. Beads were assessed at increasing ramp 

frequencies from 50 to 100 Hz at amplitude powers of 24.9 and 99.5 W. Frequencies of 100-600 Hz 

were not investigated for steel after results for titanium samples showed the range of 50-100 Hz to be 

more ideal for grain refinement. Table 3-3 shows all process parameters for the beads created. Samples 

were polished according to the same procedure mentioned in section 3.1.2 for both regular and vibratory 

polishing. Samples were then etched using Marble’s reagent.    

Table 3-3: Parameters used for steel welds 

 

 

Parameters Frequency 

(Hz) 

Amplitude 

(W) 

Current 

(A) 

Voltage 

(V) 

Travel 

Speed 

(mm/min) 

Wire 

Feed 

Speed 

(mm/min) 

Shielding 

Gas 

Bead 1 600-100 100  

 

 

25 

 

 

 

22 

 

 

 

60 

 

 

 

300 

 

 

 

Argon 

Bead 2 50-100 4 

Bead 3 50-100 25 

Bead 4 50-100 100 

Bead 5 50-100 155 

Parameters Frequency 

(Hz) 

Amplitude 

(W)  

Current 

(A) 

Voltage 

(V) 

Travel 

Speed 

(mm/min) 

Wire 

Feed 

Speed 

(mm/min) 

Shielding 

Gas 

Bead 1 50-100 25  

25 

 

22 

 

60 

 

300 

 

Argon 
Bead 2 50-100 100 
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3.3 Dynamic Deposition Height Correction 
 

3.3.1 Height Deviation Correction 
 

 The determination of the amount of volume of material being added throughout the deposition 

process based on variations within the WFS is crucial for the design of a controller that maintains a 

constant layer height. This is because it provides an idea of the adjustment that the controller will have 

to achieve with respect to the WFS to fix any height deviations within the layers. To do that, different 

ranges of WFS were used with respect to the benchmark value set at 250 mm/min. Firstly, ten to twenty 

layers using a WFS of 250 mm/min were deposited onto a stainless-steel plate. As a follow up to the 

initial layers, three different values of WFS were then used based on a ±60% variation from 250 

mm/min. Hence, the beads now being deposited are divided into three parts based on three different 

WFS values, which are 100, 250, and 400 mm/min. In total, ten layers, each divided into three segments 

based on WFS parameters, were deposited on top of the initial ten to twenty layers. This procedure was 

initially attempted for WFS variations of ±10%, ±25%, ±40% but also for variations of TS.  

Cross sections were taken for every segment and were then polished and electro-etched in oxalic 

acid using an austenitic stainless-steel cathode at 6 V for 60 seconds for microstructural analysis. Height 

and width measurements were taken for each layer to calculate the corresponding volume of material 

added for a variation in the WFS. For each of the ten layers for a specific WFS, five different height and 

width measurements were used and averaged for best statistical accuracy. Vickers micro-hardness tests 

were also performed to determine any change in the hardness between the three segments due to WFS 

changes.  The volume of material added served as basis for manual fixing of height deviations. 
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Chapter 4 

Anisotropy in Wire Arc Additive Wall 
This chapter provides a detailed outline of the investigation of the effect of anisotropy in a 

printed wall using WAAM for the MPAW process. It particularly discusses its significance on the 

stiffness and the relationship between the stiffness and the orientation of grains along the build 

direction.  

4.1 Microstructural Characterization 
 

The microstructures produced by WAAM in the thin wall have an elongated secondary dendrite 

structure as shown in cross sections obtained from locations M1, M2, M3, and M4 as depicted in Figure 

4-1a, Figure 4-1b, Figure 4-1c, and Figure 4-1d, respectively. The microstructures of the WAAM 

316LSi wall consist of austenitic and a small fraction of interdendritic ferritic in well-aligned sub-grains 

that vertically orient forming large columnar cell structures along the build direction. No porosity was 

detected in any of the specimens, which is a common feature associated with the MPAW for stainless 

steel particularly when using shielding gas of the high purity used here. Hence, determining the amount 

of oxygen in the as-built sample was unnecessary. The presence of sigma phase was not expected 

considering no annealing or heat treatments were performed nor were the heat input and interpass 

temperature exceptionally high. Since the interpass temperature was kept low at 107 C, sigma phase was 

not expected. Recent studies have shown that sigma phase is only likely in this alloy if later heat 

treatment is applied, however it can be controlled by selecting higher heat treatment temperatures [61]. 

The microstructures show that the preferential alignment grains and their growth is along the building 

direction across the XZ plane. Along with the secondary dendrites structure, the optical micrographs 

also reveal the remelted zones (RZ) at the layer interfaces, as shown in Figure 4-1b. The solidification 

structure of the WAAM mainly consists of γ-austenite and δ-ferrite, the latter present in different 
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morphologies which vary with the heat flow direction. δ-ferrite is present in columnar (Figure 4-1a and 

Figure 4-1b) and vermicular (Figure 4-1c and Figure 4-1d) morphologies along the build and travel 

directions respectively.  

 

Figure 4-1: Optical micrographs highlighting the microstructures of samples a) M1 b) M2 c) M3 d) M4. b shows the layers of 
reheated zones (RZ) as well as the grain boundary (GB) 
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Figure 4-2: Austenitic crystal orientations maps of the a) XZ, b) XY, and c) YZ planes presented as inverse pole figures (IPF) and 
pole figures related to the austenite phase highlighting the preferential texture in the <100> direction corresponding to the build d 

 

The volume of δ-ferrite was calculated by taking six different micrographs at different locations 

and using the line point intersection method. The microstructure of sample M4 contains finer cells (with 

an average SDAS of 14.17 µm) and a higher fraction of δ-ferrite (20.8%) compared to sample M3, which 

has a ferrite concentration of 17.2% and an average SDAS of 20.58 µm. This is most likely due to small 

differences in the thermal gradient and the closer distance of M4 to the substrate, which sustain higher 

cooling rates. Also, analyzing another sample from the top view taken even closer to the substrate, the 

ferrite concentration was found to be about 25%. This may suggest that as the cooling rate increases, the 

amount of δ-ferrite increases due to the material being less susceptible to solidification cracking. This 

is confirmed through the investigation of a different wall produced and analyzing the ferrite content 

based on three different distances from the substrate at 4 different sections, shown in Figure 4-3. This 

suggestion was also presented in previous work where one research paper compared the ferrite 
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concentration of different walls with different heat input and interpass temperature [28]. The effect of 

cooling rate on ferrite content was also seen for Cold-Metal Transfer WAAM [62]. 

 

Figure 4-3: Ferrite concentration based on distance from substrate for 15 mm (section 1), 55 mm (section 2), 85 mm (section 3), 
and 115 mm (section 4) from starting point of deposition 

Grain structures produced by rapid solidification in the AM processes often acquire highly 

oriented structures, which are revealed using microscopy that distinguishes crystal orientation or texture 

[33] [63]. The orientation of these grains can be clearly revealed by EBSD analysis, and Figure 4-2a, 

Figure 4-2b, and Figure 4-2c show the γ-austenite crystal orientation map along the building, travel, 

and transverse directions. The preferred orientation occurs in the <100> direction along the building 

direction as highlighted by the vertical red columnar grains in the XZ direction as well as the pole 

figures, particularly confirmed by that of Figure 4-2b. As explained by Rappaz and Dantzig [64], this 

can be explained by the easy growth direction corresponding to the <100> direction for cubic crystal 

structures, which is also due to the maximum temperature gradient occurring in this direction, hence the 

presence of large columnar grains. Similar development of this cube texture has been observed in various 

other AM processes, including in stainless [65] and titanium alloys [32] [66].  
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4.2 Mechanical Tests 
 

The tensile properties of AISI 316LSi samples fabricated by WAAM were evaluated and stress 

strain curves were plotted as shown in Figure 4-4 while the properties data are expressed as mean ± 

95% confidence interval for the three samples, as summarized in Table 4-1.  The stress-strain behavior 

for both of the orientations measured involves a considerable degree of work hardening which is typical 

for AISI 316 alloy weld metals.  

 

Figure 4-4: Stress-strain curve of tensile samples in build (B1, B2, and B3) and travel directions (T1, T2, and T3) 

The statistical analyses revealed that the orientation of the specimens has a significant effect on 

the mechanical properties of the as-built wall. The samples extracted horizontally, which correspond to 

the direction of travel of the torch, have better overall mechanical properties than those in the build 

direction. Samples in the travel direction exhibit a yield stress and tensile strength of 326 MPa and 564 

MPa respectively, which are comparable to the values in the build direction (Table 4-1). Yield stresses 

were found to differ by 8 MPa while tensile strengths were found to differ by 38 MPa. Similar 
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differences and uniformity between the properties were also found in Cunningham’s work [28], which 

also used low currents based on the employed of low heat inputs of 0.26 kJ/mm and 0.47 kJ/mm, close 

to the heat input used in the present work, found to be 0.31-0.41 kJ/mm. These mechanical properties 

are comparable to those in the present work particularly for yield and tensile stresses, as shown in Table 

4-2. Low heat input may play an important role in lowering Young’s modulus values, which would 

explain the lower values of Young's modulus in Table 4-1. 

Table 4-1: Average mechanical properties of 316LSi in the build and travel directions 

 Young’s Modulus 

(GPa) 

Yield Stress 

(MPa) 

Tensile Strength 

(MPa) 

Elongation (%) 

Build Direction 79.5±6.8 318±23 526±10 32±7 

Travel Direction 105.2±20.7 326±35 564±12 30±1.5 

 

Table 4-2: Mechanical Properties obtained for low and high heat input and interpass temperature [28] 

  Young’s Modulus 

(GPa) 

Yield Stress 

(MPa) 

Tensile Strength 

(MPa) 

Low Heat Input – 

High Interpass 

Temperature 

Average 121.2±16.3 308.1±16.6 562.2±32.6 

Horizontal 130.1±19.1 313.8±14.8 549.4±34.5 

Vertical 112.2±7.7 302.4±19.2 572.9±32.5 

High Heat Input 

– Low Interpass 

Temperature 

Average 179.2±42.7 320.2±26.9 570.9±22.1 

Horizontal 192.0±50.6 330.7±34.4 582.2±21.4 

Vertical 166.5±38.9 309.8±17.08 559.6±19.5 

 

The specimens in the travel direction have an average elongation of 30% compared to 32% 

provided by the specimens in the build direction although much greater scatter in the elongation is 

observed for tests along the build direction. This indicates that on average, greater ductility is associated 

with the build direction, although there is an increase in scatter. However, it should be noted that at such 
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large strains, the total elongation may become more sensitive to potential imperfections or 

discontinuities, which explains the elongation scatter between individual samples. Hence, scatter seen 

within the elongation of samples is expected. The results align with studies that suggest that higher 

strength and lower elongation are present when more grain boundaries are encountered [28]. Based on 

the microstructures shown in Figure 4-1c and Figure 4-1d, the lack of directional grain growth and 

hence the random orientation of grains in the travel direction explains the higher number of grain 

boundaries, which results in higher strength and lower elongation. The slight spread in the elastic regions 

for specimens may be due to small differences in the gain structure and orientation. 

The anisotropic properties of 316LSi wall fabricated by WAAM and reflected through the 

difference in properties along the build and travel directions can be compared to the work performed by 

Cunnigham et al. [28], in which higher mechanical properties were observed along the travel direction 

compared to the build direction. Figure 4-4 also reveals a negligible increase in strength associated with 

samples along the travel direction, and this was concluded when comparing individual samples apart 

from each other further along the travel direction. Thus, sample B3 displays the highest ultimate strength 

(534 MPa) out of the build direction samples B1 and B2, both of which are behind B3 along the travel 

direction, while samples T1, T2, and T3 all have higher ultimate strengths than B3 and are further along 

the travel direction. Furthermore, looking at the stress strain curves of samples B1, B2, and B3, we can 

see that the ductility of B1 is higher than B2 followed by B3, indicating a decrease in the ductility along 

the travel direction. This may be associated with the difference in ferrite concentration in samples M1 

(17.2 %) and M2 (6.8 %), although this is not evident in the results presented. Overall, the samples in 

the build and travel direction were found to have very close yield strengths as well as similar elongations 

and tensile strengths, indicating the uniformity of the fabricated part associated with the low heat input 

of the MPAW process.  
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However, significant differences can be noted with respect to the Young’s moduli of the travel 

and build directions. Figure 4-4 shows that the elastic slope is lowest for B1, followed by B2, and B3, 

which are then followed by the other three samples, which are further along the travel direction. This 

suggests an increase in Young’s modulus along the travel direction, while the delta fraction decreases 

along the same direction. 

Furthermore, some additional tests were performed for an off-the-shelf 316L steel sheet 

undergoing hot rolling. Tensile specimens were taken both along the rolling and transverse directions 

and the ultimate tensile strengths were found to be 678 and 687 MPa respectively. These values are 

higher than those of the as-built steel, and this is as a result of the finer equiaxed grains obtained through 

recrystallization in the hot rolling process. However, while WAAM does present lower mechanical 

properties, it has much greater flexibility in terms of creating complex geometries, something that is not 

found when using sheet materials. In terms of moduli of elasticity, the steel sheet had an average of 37 

and 36 GPa along the rolling and transverse directions, which are significantly lower than those obtained 

by WAAM.   

To quantitively evaluate the stiffness anisotropy, the theoretical value for Young’s modulus in 

the <100> direction was also calculated based on the standard equations using the compliance 

coefficients of a single crystal below [67]: 

1

𝐸ℎ𝑘𝑙
= 𝑠11 − 2 [(𝑠11 − 𝑠12) −

1

2
𝑠44]

ℎ2𝑘2 + 𝑘2𝑙2 + ℎ2𝑙2

ℎ2 + 𝑘2 + 𝑙2
 

where s11, s12, and s44 are the elastic compliance constants given by the equations: 

𝑠11 =
𝑐11 + 𝑐12

(𝑐11 − 𝑐12)(𝑐11 + 2𝑐12)
= 0.0127

1

𝐺𝑃𝑎
 

𝑠12 = −
𝑐12

(𝑐11 − 𝑐12)(𝑐11 + 2𝑐12)
= −4.83 × 10−3

1

𝐺𝑃𝑎
 



51 
 

𝑠44 =
1

𝑐44
= 7.43 × 10−3

1

𝐺𝑃𝑎
 

The values for the elastic constants of austenite were obtained based on those extracted by 

Hutchinson et al. [68] using the calculated lattice constants obtained at 927ºC for iron where c11, c12, 

and c44 are 148.81, 91.63 and 134.55 GPa respectively. This leads to an E100 value of 78.74 GPa for the 

Young’s modulus along the <100> direction. This theoretical value calculated for the stiffness is quite 

similar to the measured Young’s modulus value along the build direction and confirms the anisotropic 

stiffness response of the material due to epitaxial growth of grains in the <100> crystals along the build 

direction.  

Furthermore, no significant difference in plastic deformation can be observed between the 

samples of the build and travel direction. Table 4-3 shows the ratio of yield strength to ultimate strength 

for individual samples in the build and travel directions as well as the average in both directions, 

revealing the almost identical value of the average ratio. Also, R-values based on the plastic region up 

to the ultimate tensile strength were also calculated for both build and travel directions in Table 4-4, 

revealing a greater deformation in width along the travel direction.  

Table 4-3: Yield strength to ultimate tensile strength ratio for samples in build and travel directions 

𝝈𝒚

𝑼𝑻𝑺
 

Sample 1 Sample 2 Sample 3 Average 

Build Direction 0.54 0.60 0.64 0.59 

Travel Direction 0.56 0.64 0.54 0.58 
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Table 4-4: R values for samples in build and travel directions 

R-Value Sample 1 Sample 2 Sample 3 Average 

Build Direction 0.42 0.50 0.31 0.41 

Travel Direction 0.86 0.73 0.32 0.64 

 

The microhardness maps were produced along 3 x 20 mm areas for samples M1, M2 and M4 as 

shown in Figure 4-5a, Figure 4-5b, and Figure 4-5c. These indicate that the hardness was overall quite 

uniform in each of the specimens, with an average of 183 ± 1.2, 188 ± 1.7, and 200 ± 1.3, HV 

respectively. These values are comparable to those of literature used through selective laser melting 

[63]. It can be seen however that there is an increase along the travel direction since M1, M2, and M4 

are successively along the travel direction. This aligns with the tensile results showing an increase in 

strength along the travel direction. There also seems to be a general decrease in the microhardness along 

the build direction, as shown by samples M1 and M2 in Figure 4-5a and Figure 4-5b. This trend can 

also be confirmed through the findings of Cunnigham et al. [28] which tested the effect of different heat 

inputs and cooling conditions as well as in the work of Chen et al. [26]. The effect of anisotropy may 

also influence the hardness values, due to the orientation of the indenter, as this has been found to occur 

in steel weld metals in prior work [69]. However, due to the complex stress distribution formed around 

a Vickers indenter, any hardness anisotropy will not be as clear as the observed differences in Young’s 

modulus.  
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Figure 4-5: Vickers Hardness Profiles versus direction distance from substrate for samples a) M1, b) M2, and c) M4 

 

4.3 Summary 
 

 This chapter investigated the capability of additively manufacturing a slender wall structure with 

nearly uniform properties and no porosity. Hence, although lower in deposition rates than other 

processes, such a type of process may be suitable for repair of metal parts, in which higher precision and 

low heat inputs are required. Cooling times to reach an interpass of 150 C were also found to be around 

one minute as a result of the low heat input, making it especially suitable for part repair applications 

where embrittled materials are used for example. The strength properties of the fabricated material 

exhibited nearly uniform yield strength properties of 318 to 326 MPa, and 526 to 564 MPa ultimate 

tensile strength values for the build and transverse directions respectively. Likewise, the hardness varied 

from 183 to 200 HV across different locations in the built plate. The uniformity in properties is desirable 

in part repair applications as well. However, the stiffness of the material exhibited fairly anisotropic 

properties ranging from 79.5±6.8 GPa along the build direction to 105.2±20.7 GPa in the travel 

a) Sample M1  b) Sample M2  c) Sample M4 

Build  

Direction 
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direction. This stiffness anisotropy was confirmed to be due to the strong preferred orientation of the 

<001> crystals during solidification along the build direction, which were observed by EBSD analysis 

and confirmed to have produce a lower stiffness value which correlated well with the observed 

measurement. 
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Chapter 5 

Vibratory Weld Conditioning 
This chapter investigates the effect of vibration of the workpiece during deposition on grain 

size by varying the frequency and the amplitude for stainless steel and titanium layers.  

5.1 Deposition of titanium with vibration  

 

Initially, titanium beads were deposited using a square waveform at an increasing frequency 

from 100 Hz to 600 Hz at a pulse amplitude of 100 W are shown in Figure 5-1. The microstructures 

revealed increased grain nucleation and finer grains in Figure 5-1d compared to Figure 5-1a, Figure 5-

1b, and Figure 5-1c. This occurred close to the 100 Hz range, which led to a focus on the investigation 

of frequency ranges from 50 to 100 Hz. Microstructures are revealed in Figure 5-2 obtained at a power 

amplitude from the signal generator of 4 W and show major breaking down of grains closest to the 

substrate. Increasing the amplitude to 100 W while maintaining frequency ranges of 50-100 Hz revealed 

no significant changes in terms of microstructures, as shown in Figure 5-3. The same can also be noticed 

when analyzing the samples at an amplitude of 155 W, as shown in Figure 5-4. The increased presence 

of grain nucleation closer to the substrate was noticed for all amplitudes when investigating the 

microstructures and the refinement of grains closest to the substrate can be confirmed by the 3D plots 

shown in Figure 5-5, which reveal a clear difference in grain size between distances of 400 and 3000 

µm from the substrate. The plots also served to confirm the low effect of amplitude on the grain size 

while frequency variations revealed significant difference in average grain size for both 400 and 3000 

µm distances from the substrate.  
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Figure 5-1: Titanium bead composed of five layers. Vibration was applied for frequencies ranging from 100 Hz to 600 Hz in a 
linear ramp at an amplitude of 100 W per pulse. The sections shown in a, b, c, and d highlight the sample bead in decreasing 

frequency from 600 Hz to 100 Hz 

 

 

Figure 5-2: Titanium bead composed of five layers. Vibration was applied for frequencies ranging from 50 Hz to 100 Hz in a linear 
ramp at an amplitude of 4 W per pulse 

 

a) b) 

c) d) 

Increased grain 

nucleation and 

finer grains 

Some grain nucleation 

Vibration starts 

600 Hz 

100 Hz 

a) b) 

c) d) 

Vibration starts. Fine grains 

Fine grains 

Nucleation site 

50 Hz 

100 Hz 
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Figure 5-3: Titanium bead composed of five layers. Vibration was applied for frequencies ranging from 50 Hz to 100 Hz in a linear 
ramp at an amplitude of 25 W per pulse 

 

 

Figure 5-4: Titanium bead composed of five layers. Vibration was applied for frequencies ranging from 50 Hz to 100 Hz in a linear 
ramp at an amplitude of 155 W per pulse 

50 Hz 

100 Hz 

6000 um 

6000 um 

6000 um 

6000 um 

a) b) 

c) d) 
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Figure 5-5: Average grain size for titanium layers with respect to distance from substrate and frequency range for amplitude of a) 
25 W b) 100 W and c) 155 W 

5.2 Stainless Steel Welds 

 

  When analyzing stainless microstructures, the determination of the SDAS was used to properly 

investigate any changes in the sub-grain sizes. Figure 5-6 and Figure 5-10 reveal the macro-graphs of 

the entire deposited material for amplitudes of 25 W and 100 W, respectively. At each amplitude, the 

top and bottom parts at sections 1, 2, and 3 are highlighted in Figure 5-6 and Figure 5-10 and 

micrographs were investigated. These micrographs are shown in Figure 5-7, Figure 5-8, and Figure 5-

9 for an amplitude of 25 W and in Figure 5-11, Figure 5-12, and Figure 5-13 for an amplitude of 100 

W. Comparing the different SDAS, it can be seen that as the frequency increases from 50 to 100 Hz, 

a) 

c) 

b) 
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there is no significant change in SDAS at the top layers irrespective of the amplitude chosen. However, 

the same cannot be said for the bottom layers, in which there is significant difference in SDAS with 

variation in frequency. This is the case when investigating the micrographs at both 25 W and 100 W 

amplitude. Comparing the SDAS at the bottom layers for both 25 W and 100 W, all seem to be around 

the same range of 12-18 µm. Despite the SDAS being slightly lower at 25 W (7-8 µm) than those at 100 

W (9-10 µm), the amplitude does not seem to have a significant impact on the disruption of the 

solidification mechanism. Similar to the case of titanium samples, the frequency has a considerable 

effect on SDAS size at the regions close to the substrate, which also reveal a greater presence of equiaxed 

grains compared to the top regions, which reveal more columnar grains. The change in SDAS is 

summarized in Figure 5-14. 

 

Figure 5-6: Stainless Steel Welds composed each of 5 layers for frequencies ranging from 50 to 100 Hz in a linear ramp 
increase at 25 W amplitude 

b) a) 

d) c) 

1000 um 1000 um 

1000 um 1000 um 

1 

2 3 
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Figure 5-7: Micrographs of a) top and b) bottom sections for taken from section 1 for 25 W amplitude 

 

Figure 5-8: Micrographs of a) top and b) bottom sections for taken from section 3 for 25 W amplitude 

 

Figure 5-9: Micrographs of a) top and b) bottom sections for taken from section 4 for 25 W amplitude 

SDAS: 7.64 ± 0.31 µm  SDAS: 14.14 ± 1.14 µm  

SDAS: 8.80 ± 0.44 µm  SDAS: 13.20 ± 0.43 µm  

SDAS: 8.45 ± 0.46 µm  SDAS: 16.28 ± 1.93 µm  

a) b) 

a) b) 

a) b) 

Ferrite 
Columnar 

Grains 
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Figure 5-10: Stainless steel welds composed each of 5 layers for frequencies ranging from 50 to 100 Hz in a linear ramp increase 
at 100 W amplitude 

 

Figure 5-11: Micrographs of a) top and b) bottom sections for taken from section 1 for 100 W amplitude 

 

Figure 5-12: Micrographs of a) top and b) bottom sections for taken from section 3 for 100 W amplitude 

a) b) 

c) d) 

SDAS: 10.27 ± 0.32 µm  SDAS: 12.82 ± 1.06 µm  a) b) 

a) b) SDAS: 9.67 ± 0.68 µm  SDAS: 17.43 ± 2.79 µm  

1000 um 1000 um 

1000 um 1000 um 

1 

3 2 
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Figure 5-13: Micrographs of a) top and b) bottom sections for taken from section 4 for 100 W amplitude 

 

 

Figure 5-14: Average SDAS at various frequencies and for 600 and 3500 µm from substrate 

While tensile samples were not machined and tested in this chapter, the yield strength can be estimated 

in the case of stainless-steel samples using the Hall-Petch equation, which predicts that the yield strength 

of a material can be increased with a decrease in grain size. The equation is as follows: 

𝜎𝑦 = 𝜎0 +
𝑘𝑦

√𝑑
  

Where 𝜎𝑦 is the yield strength, 𝜎0 is the original yield strength, 𝑘 is a constant unique to the material, 

and 𝑑 is the grain size. In the case of stainless steel, the grain size is replaced with the SDAS. The value 

b) a) SDAS: 10.18 ± 1.65 µm  SDAS: 9.48 ± 1.30 µm  

a) b) 
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of 𝑘 was obtained from literature for 316 stainless steels based on the strain rate mentioned in chapter 

3.1.3. The values of 𝜎0 were taken from the average yield strength values obtained in the build direction 

from Table 4-1. SDAS values were obtained from taking the averages of the yield strength values for 

the top and bottom sections at amplitudes of 25 and 100 W found in the table. The estimated yield 

strength values are displayed in Table 5-1. 

Table 5-1: Estimated yield strength values obtained by the Hall-Petch equation for the top and bottom sections at amplitudes 25 
and 100 W 

Location, 

Amplitude 

𝒌 (𝑴𝑷𝒂 ∙ 𝒎𝟎.𝟓) 𝝈𝟎 (𝑴𝑷𝒂) 𝑺𝑫𝑨𝑺 (𝝁𝒎) 𝝈𝒚 (𝑴𝑷𝒂) 

 

Top, 25 W 

 

 

 

326 

 

 

 

318 

  

           8.3 

 

428 

 

Bottom, 25 W 

 

14.5 

 

404 

 

Top, 100 W 

 

10 

 

421 

 

Bottom, 100 W 

 

13.2 

 

408 

 

5.3 Summary 

 

 This chapter investigated the effect of amplitude and frequency of vibrations, applied 

mechanically to the workpiece, on the melt pool during deposition for both titanium and stainless-steel 

samples. Results revealed that amplitude had no significant effect on the fragmentation of columnar 



64 
 

dendrites or grain size. This was the case for both stainless and titanium layers. However, frequency 

around the range of 50-100 Hz yielded fine grains around the substrate, and this was particularly evident 

by the analysis of the SDAS at the bottom regions for stainless-steel samples.  
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Chapter 6 

Dynamic Deposition Height Correction 
This chapter evaluates the performance of automatic voltage control for the MPAW process. 

This is evaluated by measuring how precisely the WFS can be adjusted to obtain a more uniform layer 

height. It also looks into the optimal overlap percentage for adjacent beads on a flat surface. 

6.1 Wire Feed Speed Variations and Volume Added 
 

 Prior to attempting layer height corrections, the amount of metal material being added to the 

substrate as a result of variations within the WFS were investigated. This knowledge provided an insight 

into the action that the controller must perform to achieve the desired deposition height. Hence, different 

WFS ranges were investigated to properly determine the amount of volume added onto the substrate. 

Figure 6-1 shows the final part generated based on WFS values of 100, 250, and 400 mm/min and 

respective cross sections were analyzed. These can be seen in Figure 6-2a, Figure 6-2b, and Figure 6-

2c which highlight the first ten layers from the top. For each of these layers, the width was obtained 

from one measurement while the height was obtained from taking the average of multiple measurements. 

 

Figure 6-1: Final component generated and divided into three segments based on WFS of 100, 250, and 400 mm/min 

100 mm/min 400 mm/min 250 mm/min 
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Figure 6-2: Cross sections showing the top ten layers for a WFS of a) 100 mm/min b) 250 mm/min and c) 400 mm/min 

 

Table 6-1: Height and Width Measurements for WFS of 100 mm/min 

Layers H1 

(µm) 

H2 

(µm) 

H3 

(µm) 

H4 

(µm) 

H5 

(µm) 

W1 

(µm) 

W2 

(µm) 

W3 

(µm) 

W4 

(µm) 

W5 

(µm) 

L1 804 922 1272 1300 1370 2587 3105 3371 3678 3370 

L2 224 140 154 119 231 3872 3869 3867 3870 3867 

L3 182 161 154 203 147 3863 3856 3876 3868 3869 

L4 145 140 119 168 231 3382 3890 3920 3883 3905 

L5 224 287 260 252 203 3911 3904 3896 3895 3904 

L6 175 161 161 210 140 3889 3889 3882 3882 3896 

L7 252 301 210 252 168 3885 3903 3910 3904 3917 

L8 189 189 182 154 210 3903 3917 3897 3919 3903 

L9 224 203 196 217 224 3891 3877 3884 3889 3875 

L10 175 238 210 196 154 3861 3847 3840 3855 3854 

 

 

 

 

 

 

 

1000 µm 1000 µm 1000 µm 

a) b) c) Layer Heights 

Layer Width 
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Table 6-2: Height and Width Measurements for WFS of 250 mm/min 

Layers H1 

(µm) 

H2 

(µm) 

H3 

(µm) 

H4 

(µm) 

H5 

(µm) 

W1 

(µm) 

W2 

(µm) 

W3 

(µm) 

W4 

(µm) 

W5 

(µm) 

L1 1489 1620 1450 1100 1554 2849 3276 3567 3696 3739 

L2 442 550 475 464 460 3751 3767 3766 3794 3806 

L3 356 399 442 442 356 3797 3818 3825 3845 3836 

L4 503 615 561 529 561 3847 3890 3901 3835 3876 

L5 367 529 604 604 540 3850 3852 3844 3870 3858 

L6 388 496 576 594 540 3858 3879 3901 3923 3870 

L7 626 460 356 281 489 3903 3913 3944 3925 3912 

L8 518 518 575 547 550 3925 3916 3928 3921 3934 

L9 460 417 345 345 575 3921 3916 3904 3934 3934 

L10 691 590 561 561 460 3876 3856 3816 3869 3826 

 

Table 6-3: Height and Width Measurements for WFS of 400 mm/min 

Layers H1 

(µm) 

H2 

(µm) 

H3 

(µm) 

H4 

(µm) 

H5 

(µm) 

W1 

(µm) 

W2 

(µm) 

W3 

(µm) 

W4 

(µm) 

W5 

(µm) 

L1 1496 1540 1122 1309 1209 3567 3883 4070 4228 4243 

L2 705 676 691 748 777 4199 4257 4272 4286 4228 

L3 791 878 748 633 676 4243 4257 4286 4300 4286 

L4 633 604 719 734 791 4272 4272 4272 4243 4214 

L5 777 820 777 576 849 4200 4300 4387 4358 4315 

L6 676 691 734 705 648 4286 4300 4344 4372 4329 

L7 748 806 777 763 820 4329 4344 4415 4401 4401 

L8 705 705 820 806 820 4373 4373 4430 4387 4373 

L9 777 748 604 763 763 4375 4376 4401 4320 4376 

L10 791 719 806 863 777 4289 4332 4259 4202 4315 

 

Table 6-4: Amount of Volume Added per layer 

Wire Feed Speed 

(mm/min) 

Average Layer 

Height (µm) 

Average Layer 

Width (µm) 

Cross sectional 

Area (mm2) 

Volume Added 

(mm3/min) 

100 194 3809 0.74 73.9 

250 496 3825 1.90 474 

400 743 4283 3.18 1273 
 

Also shown in Tables 6-1 to 6-4 are the different measurements of height and width that were 

taken for each layer at wire feed speeds of 100, 250, and 400 mm/min as shown in Table 6-1, Table 6-2, 

and Table 6-3 respectively. These measurements were obtained from different locations for each layer 

and taken from the cross sections. The amount of volume of material being deposited per minute can be 
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seen in Table 6-3 and was calculated by multiplying the average layer height, the average layer width, 

and the WFS with each other. Microstructures, as shown in Figure 6-3, revealed slight differences in 

terms of the SDAS size as well as the amount of ferrite, which was expected as a result of the difference 

in cooling rates. There is a clear refinement of the grain structure towards a more equiaxed and shorter 

grain morphology with higher travel speeds.  

 

Figure 6-3: Microstructures taken from the middle region of the top ten beads for a) 100 b) 250 and c) 400 mm/min 

 

SDAS = 10.88 ± 0.82 µm 

RZ 
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Figure 6-4: Hardness profiles for 100, 250, and 400 mm/min 

6.2 Manual Height Deviation Correction 
 

 Due to the nature of the additive process, which involves arc welding albeit at low heat inputs, 

geometrical deviations from the desired part will occur, resulting in layer surfaces that are not flat. These 

deviations, which are occurring at every layer lead to a significant decrease in part quality upon final 

completion as a result of the accumulation of all these deviations layer by layer. Prior to the 

implementation of an automatic controller, which will automatically assist in height deviation 

correction, the WFS was manually adjusted, based on the height gaps witnessed for an individual layer 

as well as the calculated volume added per layer corresponding to WFS of 100, 250, and 400 mm/min. 

Figure 6-5 shows height deviations that were present after the deposition of six layers. As can be seen 

in the figure, section “S2” of the bead has a height of 4.93 mm while the sections “S1” and “S3” have 

heights of 4.49 and 4.69 mm respectively. Hence, the next deposition run should yield a uniform height 

of 4.93 mm all throughout the bead. To do that, the WFS was modified accordingly in both sections 

“S1” and “S3” of the bead at the next run, while refraining from welding and depositing in section “S2” 

to maintain the same height of 4.93 mm. Table 6-5 shows the calculations that were performed to 
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determine the appropriate WFS for sections “S1” and “S3”. The required WFS was calculated by first 

obtaining the weld cross-sectional area difference between S1 and S2 as well as that between S2 and S3. 

Then, linear interpolation was performed based on the cross-sectional areas obtained in Section 6.1 for 

WFS of 100, 250, and 400 mm/min, as shown in Table 6-6. The WFS required for S1 and S3 were found 

to be 232 and 128.5 mm/min respectively, which were applied at the next run while avoiding welding 

in region S2. 

  

 

Figure 6-5: Height deviations after deposition of 6 layers. All dimensions are in mm. 

 

Table 6-5: Calculation of required WFS for sections S1 and S3 based on the cross-sectional area difference between S1 and S2 
as well as that of S2 and S3 

 Bead Height 

Difference with S2 

(mm) 

Cross-Sectional Area 

(Width*Height) 

(mm2) 

Required WFS 

(mm/min) 

S1 0.44 1.76 232 

S3 0.24 0.96 128.5 
 

 

Substrate 
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4 

4.93 

4 

4.69 

4 

S1 S3 S2 
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Table 6-6: Cross-sectional area of weld beads produced by 100, 250, and 400 mm/min 

WFS Cross-Sectional Area 

100 0.739 

250 1.90 

400 3.18 

 

 

Figure 6-6: Height deviation correction after manual WFS adjustment. All dimensions are in millimeters 

 

Following the deposition of metal in sections S1 and S3 based on the modified WFS, it was 

found that the heights of the welds were close to that of S2 with an error of no more than 0.03 mm, as 

can be seen in Figure 6-6. However, the start and stop locations of the weld produce some 

discontinuities, which is the main drawback behind the method used and hence, it is also important to 

modify the WFS all throughout the same run without any stops. This was also attempted by using the 

same method. However, it is less accurate since it requires assuming a volume of material for one section 

and trying to fix the other sections while also considering this new change in height. For example, 

looking at Figure 6-7, some layer height deviations exist after depositing more than 30 layers. For each 

Substrate 

4.93 4.92 4.90 

4.9 
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4.93 
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4 
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deposition run, cross sectional area differences were obtained by also considering the cross-sectional 

areas added to section S1’ for a WFS of 100 mm/min. Final heights for sections S1’, S2’, and S3’ can 

be seen in Figure 6-8 after attempting to fix after three passes. Despite calculations performed after three 

passes and accuracies between the second and third layer, final heights were not all equal, highlighting 

the difficulty to attempt fixes using the current method for direct deposition over the entire layer. 

 

Figure 6-7: Height deviations after deposition of more than 30 layers. All dimensions are in millimeters 
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Figure 6-8: Manual correction of deposition height after three passes. All dimensions are in millimeters 

 

6.3 Bead Overlaps 

 

Figure 6-9: Schematic of overlap definition 

 When depositing multiple single-weld beads for a single layer, the distance between these beads 

is important when creating solid parts, which causes an overlap between two beads as can be seen in 

Figure 6-9. If the distance is too large, the surface of the layer becomes too uneven and causes lack of 

fusion when depositing beads for the subsequent layer. If the distance is too small, the overlapping 

between the beads becomes too large and causes excess material build-up. The overlap percentage is 
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calculated by subtracting the distance by the width from 1 and multiply by 100, as shown in the following 

equation:  

𝑂𝑣𝑒𝑟𝑙𝑎𝑝 (%) = (1 −
𝑑

𝑤
) × 100    𝑤ℎ𝑒𝑟𝑒 𝑑 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑎𝑛𝑑 𝑤 𝑖𝑠 𝑡ℎ𝑒 𝑤𝑖𝑑𝑡ℎ 

Based on the following equation, different distances were obtained based on different overlap 

parameters chosen to determine an optimal distance between single-weld beads. Initially, a current of 

26 A was used for the first layer weld beads at overlapping percentages ranging from 0 to 75%, as shown 

in Figure 6-10. Beads were found to be too overlapped at 50, 60 and 75% while some improved 

wettability may be needed for beads overlapped at 10 and 20 %. Subsequently, a current of 35 A was 

also used for beads on plate at overlap percentages of 20, 50, 60, and 75 %, as shown in Figure 6-11. 

These did not have a flat surface as a result of the high heat input, which affected the first bead when 

depositing metal for the second bead. Similarly, beads at 50, 60, and 75% were significantly overlapped.  

 

Figure 6-10: Weld beads at a current of 26 A for overlap percentages of 0, 10, 20, 30, 40, 50, 60, and 75 % 
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Figure 6-11: Weld beads at a current of 35 A for overlap percentages of 20, 50, 60, and 75 % (bottom to top) 

Finally, the current was finally set at 30 A for bead on plate overlap testing. Overlap testing was 

performed through two stages. The first stage involves using a larger current to facilitate wetting 

between the filler metal and the substrate and hence, obtain the best overlap parameter based on good 

fusion and flat surface. The second stage involves adding subsequent layers using a reduced current 

value and obtaining an optimal overlap percentage based on the best fusion between the two beads. The 

steps can be summarized in Figure 6-12, which also shows the different overlap percentages that were 

chosen for the testing.  

15 mm 
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Figure 6-12: Overlap testing stages 

Table 6-7 summarizes all the parameters that were used for each weld at all the overlap percentages for 

both stage 1 and stage 2. As previously mentioned, for the bead on plate (first layer), the current was set 

at 30 A. However, for subsequent layers, the current was set at 24 A. For stage 2, an additional overlap 

percentage (25%) was added for testing after noticing that the ideal percentage would fall between 20 

and 30 %. Hence, for the first stage 1, it was determined that the ideal overlap percentage is 15%, as can 

be seen in Figure 6-13, while for the second stage, it was set at 25%, as can be seen in Figure 6-14. 

Macrostructures were also investigated to make sure that no lack of fusion existed, as shown in Figure 

6-15a and Figure 6-15b.  

 

 

 

Parame
ters 
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Table 6-7: Overlap percentages, initial bead width, and distance for both stages 1 and 2 (3rd bead) 

Stage 1 

Voltage = 21 V 

Current = 30 A 

Overlap (%) Initial Bead Width (mm) Bead Distance (mm) 

0 3.5 3.5 

5 3.1 2.94 

10 3 2.7 

15 3.2 2.72 

20 3 2.4 

30 3.07 2.15 

50 3.27 1.64 

Stage 2 

Voltage = 21 V 

Current = 24 V 

For bead on plate: 

- Voltage = 21 V 

- Current = 30 A 

- Overlap = 15% 

0 2.25 2.25 

5 2.43 2.31 

10 2.37 2.13 

15 2.37 2.01 

20 2.3 1.84 

25 2.36 1.65 

30 2.4 1.68 

50 2.6 1.3 

 

 

Figure 6-13: Stage 1 of overlap testing performed at percentages of 0, 5, 10, 15, 20, 30, and 50% for beads on plate overlaps 
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Figure 6-14: Stage 2 of overlap testing performed at percentages of 0, 5, 10, 15, 20, 30, and 50% for stacked beads 

 

 

Figure 6-15: Macrostructures of a) 1st layer beads overlapped at 15% and b) third layer beads overlapped at 25%. Also shown 
are their microstructures at c) 15% and d) 25% 

6.4 Automatic Voltage Control Performance 

6.4.1 System Overview 
 

The  AVC system used relies on the voltage measurement of the electrode tip when welding. As 

the voltage telemetry or actual voltage varies, the arc gap varies since these parameters are directly 

proportional to each other in arc welding. The overview of the system is shown as a block diagram in 

Figure 6-16. As welding is initiated, the welding head moves to a certain distance from the melt pool 
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according to the desired voltage (voltage command). This is adjusted through the AVC that attempts to 

correct and maintain the arc gap by keeping the actual voltage (voltage telemetry) as close as possible 

to the desired voltage. Since the voltage is proportional to the arc gap, the AVC measures and adjusts 

the voltage telemetry through the detection of the surface of the bead and hence through the arc gap. It 

is also worth noting that the current is always constant throughout deposition. In that case, since arc gap 

is linearly correlated to the arc voltage, small variations within the power also exist based on the relation 

of power with voltage and current (𝑃𝑜𝑤𝑒𝑟 = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 ∙ 𝐶𝑢𝑟𝑟𝑒𝑛𝑡). 

 

Figure 6-16: Block diagram representing AVC system 

There are several parameters that may be used to improve the performance of the AVC, two of 

which are the gain and the max speed. The gain is the multiplication factor used in the motor loop. In 

this case, it corresponds to the proportional gain 𝐾𝑝, and usually an increase of the gain amplifies the 

corrective action, which leads to a faster response of the AVC. However, in the case of the AVC used 

on the LAWS system, changes in the gain leads to some unknown and unpredictable outcomes due to it 

being a complex parameter. The max speed determines how fast the AVC will adjust the voltage based 

on the arc gap. Both the max speed and gain were the parameters that were modified to test the 

performance of the AVC. 

Two other parameters that were unused are the dead band and the distance per voltage ratio. The 

dead band corresponds to the voltage difference from the desired voltage at which the AVC will be 

activated. For example, for the performance testing of the AVC system, the dead band was set at 0.1 V 
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while the desired voltage was mainly set around 20.8 V. This would mean that should the actual voltage 

be between 20.7 and 20.9 V, then the AVC will be inactive and perform no corrective action.  

6.4.2 Controller Feedback Gain Testing 
  

Three different gains (0.8, 1.0, and 1.2) were used in the height feedback controller setting to 

deposit three welds. For each gain, the Z-position, measured bead height, and voltage (telemetry and 

command) were plotted versus time to analyze the change in Z-position with respect to the voltage. The 

bead height was measured from the layer surface to the plate using a caliper. However, due to the heat 

accumulation during the deposition, the plate underwent slight bending, leading to inaccurate 

measurements of layer height since the reference is the plate. This was accounted for when plotting the 

graphs. 

Comparing Figure 6-17, Figure 6-18, and Figure 6-19, voltage telemetry seems to be following 

voltage command closely for all gain settings while the gain of 1.0 seems to have the steepest initial 

slope. This slope gives an indication into how quickly the AVC is able to adjust the voltage telemetry 

with the command, which also explains the increase in Z-position. Average errors between the voltage 

command and voltage telemetry are 0.0569, 0.0641, and 0.0534 V for gains of 1.0, 0.8, and 1.2, 

respectively. When comparing the Z-position with the corrected bead height, it can be seen that the 

former follows the latter very closely through the investigation of matching peaks for both corrected 

bead height and Z-position, as shown by the dashed lines in Figure 6-17. These peaks and hence, large 

changes in the height of the layer surface during deposition also interpret some larger than average 

fluctuations in voltage telemetry, particularly at these same dashed lines. The close correlation between 

the Z-position and bead height can also be seen in Figure 6-20, Figure 6-21, and Figure 6-22, which 

highlight the linear regression between them as well as the 95% confidence interval. The R-values were 
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found to be 0.90, 0.96, and 0.87 for gains of 0.8, 1.0, and 1.2 respectively indicating that the bead height 

was found to correlate most for a gain of 1.0.  

 
Figure 6-17: Z-position, bead height (measured and corrected), and voltage vs time for gain of 0.8 

 
Figure 6-18: Z-position, bead height (measured and corrected), and voltage vs time for gain of 1.0 
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Figure 6-19: Z-position, bead height (measured and corrected), and voltage vs time for gain of 1.2 

 

 

Figure 6-20: Z-position vs corrected measured bead height, showing the line of best fit with a correlation coefficient of 
0.90 for a gain of 0.8 
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Figure 6-21: Z-position vs corrected measured bead height, showing the line of best fit with a correlation coefficient of 
0.96 for a gain of 1.0 

 

 

Figure 6-22: Z-position vs corrected measured bead height, showing the line of best fit with a correlation coefficient of 
0.87 for a gain of 1.2 
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6.4.3 Max Speed Testing 
 

Three different max speeds were chosen while maintaining a gain of 1.0 and similar to section 

6.3.2, Z-position, bead height and voltage were plotted versus time for max speeds of 50, 65, and 35 

mm/min. As expected, when comparing the voltage telemetry with the voltage command in Figure 6-

23, Figure 6-24, and Figure 6-25, it can be seen that voltage telemetry follows voltage command the 

most when the max speed is set 65 mm/min, the latter which yields the steepest initial slope (Figure 6-

25) followed by that at 50 mm/min and that at 35 mm/min. Average errors between voltage telemetry 

and voltage command are 0.1829, 0.0749, and 0.0534 V for max speeds of 50, 35, and 65 mm/min, 

respectively. The regression plots between the Z-position and the corrected bead height were also 

investigated in Figure 6-26, Figure 6-27, and Figure 6-28, revealing highest correlation for a max speed 

of 65 mm/min, followed by 50 mm/min, then 35 mm/min with R-values of 0.93, 0.95, and 0.995, 

respectively. This is explained by the faster response of the AVC when increasing the max speed, 

resulting in a much quicker correction of the Z-position when detecting different height deviations 

within the surface of the layer. 

Overall observations were expected and highlight the higher consistency of the max speed 

parameter compared to the gain, which revealed ideal results at a value of 1.0. While the AVC may be 

a reliable control method for arc seam tracking, its purpose mainly falls under stabilizing the arc gap 

according to the voltage command chosen and is not made for layer height corrections. Hence, there is 

a need to look into alternative means to develop feedback control of the layer height.  
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Figure 6-23: Z-position, bead height (measured and corrected), and voltage vs time for max speed of 35 mm/min 

 

Figure 6-24: Z-position, bead height (measured and corrected), and voltage vs time for max speed of 50 mm/min 
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Figure 6-25: Z-position, bead height (measured and corrected), and voltage vs time for max speed of 65 mm/min 

 

 
Figure 6-26: Z-position vs corrected measured bead height, showing the line of best fit with a correlation coefficient of 

0.93 for a max speed of 35 mm/min 
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Figure 6-27: Z-position vs corrected measured bead height, showing the line of best fit with a correlation coefficient of 

0.96 for a max speed of 50 mm/min 

 

 
Figure 6-28: Z-position vs corrected measured bead height, showing the line of best fit with a correlation coefficient of 

0.995 for a max speed of 65 mm/min 
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6.4.4 Response to Step Change 
 

Assessing the performance of the AVC when introduced with a sudden step change in height 

difference during deposition is an important criterion for reliability. Deposition was performed on a layer 

that had a sudden 1 mm drop in layer height. The voltage and Z-position were monitored versus time 

for gains of 1.0, 0.8, and 1.2, as shown in Figure 6-29. It was found that the Z-position was quick to be 

modified by the AVC for all gains in response to sudden spike in voltage telemetry as a result of the 1 

mm bump. This shows no particular difference in terms of AVC response to a step change irrespective 

of the gain chosen.  

 

Figure 6-29: Voltage and Z position responses to 1 mm step change during deposition for a) G=0.8, b) G=1.0, and c) G=1.2 

 

 

a) 

c) 
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6.5 Summary 

In summary, this chapter investigated the performance of the current AVC system as well as 

looking into obtaining accurate WFS ranges to properly correct layer height deviations. It also 

investigated optimal distances for bead overlap applications. In terms of investigating AVC 

performance, different gains and correction speeds were chosen to assess it. It was found that the voltage 

telemetry followed the voltage command closely for all parameters but had a faster response for a gain 

of 1.0 and max speed of 65 mm/min. Z-position closely followed bead height during deposition, 

particularly for these same parameters, which ultimately is the basis for maintaining arc voltage arc 

voltage. This shows the overall fast and reliable performance of the AVC when surface height deviations 

occur during deposition.  

When attempting to correct layer height deviations, the modification of the WFS accordingly 

based on the volume of material added for different WFS ranges was found to accurately correct 

deviations with an error of no more than 0.03 mm. 

Overlap parameters were found to be optimal at 15% for the initial layer and 25% for subsequent 

layers, which were determined based on best fusion and flat surface.  
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Chapter 7 

Conclusion and Future Works 
This chapter is a conclusion of all the work that has been presented in the thesis and highlights 

the key points in regard to the research done. It also looks into the future works that may be 

investigated based on the results of the current research.  

7.1 Conclusion 

 

 This work has demonstrated the use of MPAW for fabricating slender wall structures by WAAM, 

with nearly uniform strength and no porosity. Although MPAW offers lower deposition rates than other 

processes, the lack of defects and uniform properties make it suitable for repair of metal parts, in which 

higher precision and low heat inputs are required. This work was divided into three chapters.  

The first chapter investigated the effect of anisotropy for a 3D printed component using WAAM, in 

which cooling times to reach an interpass temperature of 150ºC were found to be around one minute as 

a result of the low heat input, making the process especially suitable for part repair applications where 

embrittled materials are used for example. The strength properties of the fabricated material exhibited 

nearly uniform yield strength properties of 318 to 326 MPa, and 526 to 564 MPa ultimate tensile strength 

values for the build and transverse directions respectively. Likewise, the hardness varied from 183 to 

200 HV across different locations in the built plate. The uniformity in properties is desirable in repair 

applications as well. However, the stiffness of the material exhibited fairly anisotropic properties 

ranging from 79.5±6.8 GPa along the build direction to 105.2±20.7 GPa in the travel direction. This 

stiffness anisotropy was confirmed to be due to the strong preferred orientation of the <001> crystals 

during solidification along the build direction, which were observed by EBSD analysis and 
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quantitatively confirmed to have produced a lower stiffness value which correlated well with the 

observed measurement.  

The presence of columnar grains in the WAAM process motivated the investigation of methods to 

eliminate these grains. Hence, the second chapter investigated the application of vibration during the 

deposition process and its effect on grain size for both stainless-steel and titanium samples. Different 

frequencies and amplitudes were investigated, and it was found that the vibration process initiated an 

increase in nucleation sites near the substrate, leading to a fragmentation of columnar grains during the 

solidification process and ultimately increasing the presence of equiaxed grains which are more refined. 

Amplitude was found to have no significant effect on the change in grain size near the substrate or near 

the top layer. This was not the case for different frequencies from 50 to 100 Hz, which were found to 

modify grain size around the substrate, particularly for stainless-steel.  

Finally, despite the lower heat input of the MPAW process, layer height deviations were still 

present following WAAM deposition. This led to the investigation of the sensitivity of the AVC 

controller through analyzing two parameters, the gain, and the correction speed, leading to the 

conclusion that while the AVC provides reliable voltage control according to the desired voltage based 

on close following of the Z-position with the bead height. The chapter also investigated the manual 

correction of layer deviations through the accurate determination of the volume of material added for 

WFS of 100, 250, and 400 mm/min. These were used as a basis to calculate the necessary WFS according 

to different height deviations, revealing highly accurate correction with an error of 0.03 mm. Also, this 

chapter investigated the optimal bead overlap parameters for bead-on-plate and subsequent layers based 

on flat surface and best fusion. Overlap parameters were found to be optimal at 15% for the initial layer 

and 25% for subsequent layers.   
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7.2 Future Works 

 

 The present work performed may be extended for future research and future works may 

include:  

• Building different more complex parts using the WAAM process by MPAW and investigating if 

the effect of anisotropy becomes more pronounced and if the mechanical properties become less 

uniform. Anisotropy would be expected to increase with more complex shapes.  

• Building an additional wall using the WAAM process and performing fatigue tests to evaluate 

the fatigue life of the part.  

• Utilizing the volumes of material added for WFS of 100, 250, and 400 mm/min as a basis when 

developing an improved control strategy to automatically correct layer height deviations.  

• Utilizing the overlap percentages obtained for bead-on-plate and subsequent layers for additive 

component requirements.  

• Performing additional tests for VWC in multi-layer MPAW using similar frequencies and 

amplitudes investigated and analyzing the mechanical properties and residual stresses induced, 

particularly comparing the difference in properties between top and bottom regions of the 

deposited material. Since equiaxed grains were noticed in the current work, properties are 

expected to improve as well.  
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Fig. 1-2 
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Figs. 2-1 and 2-2 
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Fig. 2-6 
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Figs. 2-7 and 2-8 
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Fig. 2-9 

 



104 
 

 

 



105 
 

Fig. 2-10 
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Figs. 2-16 and 2-17 
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Appendices 

Appendix A: Chapter 4 Data 

 

Stress Strain Curves of Individual Samples With 0.2 % Offset for Yield Strength 
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Stress strain curve of sample B3 

 

 

Stress strain curve of sample T1 
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Stress strain curve of sample T2 

 

 

Stress strain curve of sample T3 

 

 

 

0

100

200

300

400

500

600

700

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

St
re

ss
 (

M
P

a)

Strain

Sample 5 Stress

elastic

offset

0

100

200

300

400

500

600

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

St
re

ss
 (

M
P

a)

Strain

Sample 6 Stress

elastic

offset



121 
 

Mechanical properties of individual samples 

Sample B1 B2 B3 T1 T2 T3 

Modulus of 

Elasticity (GPa) 

71.30 81.54 85.64 106.7 126.9 82.10 

Yield Strength 

(MPa) 

290 318 340 302 341 282 

Ultimate Tensile 

Strength (MPa) 

534 514 530 558 579 554 

Elongation  0.416 0.338 0.261 0.304 0.319 0.287 
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Appendix B: Chapter 5 Data 

 

Stainless Steel Samples: MATLAB Code for SDAS Plots 

clc 

clear all 

 

Frequency=[55 70 82 95]; 

Distance=[3500 600]; 

 

%Amplitude 0.5 V 

SDAS_600_05=[14.14 15.02 13.20 16.28]; 

SDAS_3500_05=[7.64 10.90 8.80 8.45]; 

 

%Amplitude 1.0 V 

SDAS1=[10.27 12.82; 9.67 17.43; 10.18 9.48]; 

SDAS_600_1=[12.82 13.20 17.43 9.48]; 

SDAS_3500_1=[10.27 9.44 9.67 10.18]; 

 

figure(1) 

plot(Frequency, SDAS_600_05,'r-

','LineWidth',2,'Marker','o','MarkerSize',5,'MarkerFaceColor','k','MarkerEdgeColor','

k') 

hold on 

plot(Frequency, SDAS_3500_05,'b-

','LineWidth',2,'Marker','o','MarkerSize',5,'MarkerFaceColor','k','MarkerEdgeColor','

k') 

legend('600 um distance','3500 um distance','Position',[0.25 0.75 0.1 

0.2],'Orientation','vertical',FontSize=9,Box='off',TextColor='k') 

xlabel('Frequency (Hz)') 

ylabel('Average SDAS (um)') 

 

xlim([45 100]) 

 

figname = ['0.5 V Amplitude' '.jpg']; 

exportgraphics(figure(1),figname,'Resolution',600); 

 

figure(2) 

plot(Frequency, SDAS_600_1,'r-

','LineWidth',2,'Marker','o','MarkerSize',5,'MarkerFaceColor','k','MarkerEdgeColor','

k') 

hold on 
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plot(Frequency, SDAS_3500_1,'b-

','LineWidth',2,'Marker','o','MarkerSize',5,'MarkerFaceColor','k','MarkerEdgeColor','

k') 

legend('600 um distance','3500 um distance','Position',[0.25 0.75 0.1 

0.2],'Orientation','vertical',FontSize=9,Box='off',TextColor='k') 

xlabel('Frequency (Hz)') 

ylabel('Average SDAS (um)') 

 

xlim([45 100]) 

 

figname = ['1.0 V Amplitude' '.jpg']; 

exportgraphics(figure(2),figname,'Resolution',600); 

 

Titanium Samples: MATLAB Code for Average Grain Size Plots 

clc 

clear all 

 

%Distances from substrate considered: 400 and 3000 um 

 

Frequency=[50 63 75 88]; 

 

%Amplitude of 0.5 V 

Grain_400_05=[413 468 487 422]; 

Grain_3000_05=[614 749 637 735]; 

 

%Amplitude of 1.0 V 

Grain_400_1=[473 437 462 511]; 

Grain_3000_1=[830 730 875 860]; 

 

%Amplitude of 1.25 V 

Grain_400_125=[336 496 499 566]; 

Grain_3000_125=[644 733 784 558]; 

 

figure(1) 

plot(Frequency, Grain_400_05,'r-

','LineWidth',2,'Marker','o','MarkerSize',5,'MarkerFaceColor','k','MarkerEdgeColor','

k') 

hold on 

plot(Frequency, Grain_3000_05,'b-

','LineWidth',2,'Marker','o','MarkerSize',5,'MarkerFaceColor','k','MarkerEdgeColor','

k') 

legend('400 um distance','3000 um distance','Position',[0.7 0.7 0.1 

0.2],'Orientation','vertical',FontSize=9,Box='off',TextColor='k') 
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xlabel('Frequency (Hz)') 

ylabel('Average Grain Size (um)') 

ylim([300 950]) 

xlim([45 95]) 

 

figname = ['0.5 V Amplitude' '.jpg']; 

exportgraphics(figure(1),figname,'Resolution',600); 

 

figure(2) 

plot(Frequency, Grain_400_1,'r-

','LineWidth',2,'Marker','o','MarkerSize',5,'MarkerFaceColor','k','MarkerEdgeColor','

k') 

hold on 

plot(Frequency, Grain_3000_1,'b-

','LineWidth',2,'Marker','o','MarkerSize',5,'MarkerFaceColor','k','MarkerEdgeColor','

k') 

legend('400 um distance','3000 um distance','Position',[0.7 0.5 0.1 

0.2],'Orientation','vertical',FontSize=9,Box='off',TextColor='k') 

xlabel('Frequency (Hz)') 

ylabel('Average Grain Size (um)') 

ylim([300 950]) 

xlim([45 95]) 

 

figname = ['1.0 V Amplitude' '.jpg']; 

exportgraphics(figure(2),figname,'Resolution',600); 

 

figure(3) 

plot(Frequency, Grain_400_125,'r-

','LineWidth',2,'Marker','o','MarkerSize',5,'MarkerFaceColor','k','MarkerEdgeColor','

k') 

hold on 

plot(Frequency, Grain_3000_125,'b-

','LineWidth',2,'Marker','o','MarkerSize',5,'MarkerFaceColor','k','MarkerEdgeColor','

k') 

legend('400 um distance','3000 um distance','Position',[0.7 0.7 0.1 

0.2],'Orientation','vertical',FontSize=9,Box='off',TextColor='k') 

xlabel('Frequency (Hz)') 

ylabel('Average Grain Size (um)') 

ylim([300 950]) 

xlim([45 95]) 

 

figname = ['1.25 V Amplitude' '.jpg']; 

exportgraphics(figure(3),figname,'Resolution',600); 
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Appendix C: Chapter 6 Data 

 

Generic MATLAB Code for all AVC Parameter Plots 

close all 

clear all 

format short 

%Insert file name here (must be .xlsx) 

runnum='AVC Gain 1.2 Sp 50';    

filename = [runnum '.xlsx']; 

%Choose row at which data will start to load 

ndata = readmatrix(filename,'NumHeaderLines',42); 

 

Gain 1.0 

beadgain1length=227; 

timeg1 = ndata(:,3); 

v_commandg1 = ndata(:,12); 

v_telemetryg1 = ndata(:,14); 

z_positiong1 = ndata(:,62); 

 

%Measured Bead Heights for all gains and max speeds 

beadhg11=[4.62 4.82 4.72 4.80 4.92 4.96 4.80 4.94 4.76 4.71 5.05 4.78 4.65 4.82 4.74 

4.82 4.78 4.82 4.62 4.76 4.77 4.80 4.75]; %Gain 1.0 

beadhg12=[6.38 6.42 6.32 6.36 6.90 6.50 6.67 6.53 6.50 6.46 6.54 6.62 6.62 6.74 6.62 

6.57 6.70 6.56 6.50 6.52 6.54 6.68 6.34]; %Gain 1.2 

beadhg08=[5.96 5.56 5.78 5.94 6.04 6.06 6.12 6.10 6.05 6.06 6.20 6.28 6.1 6.14 5.95 

6.16 5.9 5.95 5.72 5.95 6.04 6.02 6.12]; %Gain 0.8 

beadhg35=[7.77 7.56 7.46 7.51 7.6 7.56 7.64 7.68 7.61 7.78 7.98 7.88 7.79 7.89 7.96 

8.04 7.97 7.74 7.76 7.79 7.60 7.68 7.80]; %MS=35 mm/min 

beadhg50=[7.28 6.94 7.24 7.06 7.16 7.28 7.40 7.38 7 7.22 7.65 7.45 7.30 7.50 7.68 

7.56 7.40 7.14 7.12 7.26 7.10 7.12 7]; %MS=50 mm/min 

beadhg65=[8.04 7.72 7.60 7.62 7.50 7.80 7.74 7.84 7.75 7.74 7.82 7.70 7.70 7.66 7.90 

7.70 7.70 7.88 7.60 7.58 7.62 7.80 7.40]; %MS=65 mm/min 

 

%Set Values of bead height according to parameter desired for testing 

beadhg1=beadhg11; 

 

min_z=min(z_positiong1); 

z_positiong1 = z_positiong1-min_z; 

g1length=[14.25 26.2 34.55 43.5 52 62.35 68.6 76.4 81.2 87.3 98 109 118 129 140 150 

159 169 179 190 199 207 217]; 

g1time=timeg1(1)+(g1length/(beadgain1length/(timeg1(end)-timeg1(1)))); 
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nofmeasurements=23; 

 

Index_1n=zeros(nofmeasurements,1); 

for i=1:nofmeasurements 

    for j=1:(length(timeg1)-1) 

        if (abs(g1time(i)-timeg1(j))) < 0.1 

            if ((abs(g1time(i)-timeg1(j))) > (abs(g1time(i)-timeg1(j+1)))) && 

((abs(g1time(i)-timeg1(j+1))) < 0.1) 

            Index_1n(i)=j+1; 

            continue 

            end 

        Index_1n(i)=j; 

        else 

            continue 

        end 

    end 

end 

 

Zmeasured=zeros(1,nofmeasurements); 

 

for i=1:1:nofmeasurements 

    Zmeasured(i)=z_positiong1(Index_1n(i)); 

end 

Plots 

MainFig1=tiledlayout('flow','TileSpacing','tight','Padding','tight'); 

set(gcf,'units','inches','position',[1,1,6,4]) 

 

nexttile([4 12]); 

set(gca,'FontSize',8,'color','w') 

ax1=gca; 

xax = ax1.XAxis; 

ax1.XColor = 'k'; 

set(xax,'TickDirection','out') 

ax1.LineWidth=0.3; 

xlabel('Time (s)','FontSize',10); 

 

yyaxis left 

plot(timeg1,v_commandg1,'Color',[0.5 0.5 0.5]) 

xlim([0 200]); 

ax1.YColor = 'r'; 

hold on 

plot(timeg1,v_telemetryg1,'r-') 

ylabel('Volatge Telemetry (V)','Color','r','FontSize',10); 
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ylim([18 24]); 

 

note1 = "Gain 1.0"; 

text(120,23.75,note1,"HorizontalAlignment","right","VerticalAlignment","bottom") 

 

yyaxis right 

 

g1fit = fit(timeg1,z_positiong1,'poly2'); 

plot(g1fit,timeg1,z_positiong1,'b-') 

 

hold on 

plot(g1time,beadhg1,'k-o',MarkerSize=3,MarkerFaceColor='k') 

hold on 

avgbhg1=mean(beadhg1); 

bhg1_error=beadhg1-avgbhg1; 

avgbhg1_line=yline(avgbhg1,'--',['Average Measured Height = ' [num2str(avgbhg1)] 

'mm'],'Fontsize',4.5,'Color',[0.5 0.5 0.5], 

'LineWidth',0.25,'LabelVerticalAlignment','top','LabelHorizontalAlignment','right'); 

avgbhg1_line.Annotation.LegendInformation.IconDisplayStyle = 'off'; 

hold on 

 

cor_bhg1=g1fit.p1.*g1time.*g1time+g1fit.p2.*g1time+g1fit.p3; 

cor_bhg1=avgbhg1+cor_bhg1; 

for i=1:nofmeasurements 

    cor_bhg1(i)=cor_bhg1(i)+bhg1_error(i); 

end 

 

plot(g1time,cor_bhg1,'b-o',MarkerSize=3,MarkerFaceColor='b') 

 

ylim ([0 14]) 

ax1.YColor = 'b'; 

ylabel('Z Position and Bead Height (mm)','Color','b','FontSize',10); 

 

xlabel('Time (s)','FontSize',10); 

legend({'Voltage Command','Voltage Telemetry','Z Position','Fit','Bead 

Height','Corrected Bead Height'},'Position',[0.75 0.25 0.1 

0.2],'Orientation','vertical',FontSize=6,Box='off',TextColor='k') 

 

figname = ['FigRun' num2str(runnum) '.jpg']; 

exportgraphics(MainFig1,figname,'Resolution',600); 

 

 

MainFig2=tiledlayout('flow','TileSpacing','tight','Padding','tight'); 

set(gcf,'units','inches','position',[1,1,6,4]) 

 

nexttile([4 12]); 
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set(gca,'FontSize',8,'color','w') 

ax1=gca; 

xax = ax1.XAxis; 

ax1.XColor = 'k'; 

set(xax,'TickDirection','out') 

ax1.LineWidth=0.3; 

xlabel('Time (s)','FontSize',10); 

 

regtab=[cor_bhg1' Zmeasured']; 

regtab=sortrows(regtab,1); 

 

scatter(regtab(:,1), regtab(:,2),'k','filled') 

 

[p,S] = polyfit(regtab(:,1),regtab(:,2),1); 

[y_fit,delta] = polyval(p,regtab(:,1),S); 

 

hold on 

plot(regtab(:,1),y_fit,'r') 

plot(regtab(:,1),y_fit+2*delta,'b--',regtab(:,1),y_fit-2*delta,'b--') 

note2 = "Gain 1.0; R = 0.96"; 

text(max(cor_bhg1),min(Zmeasured),note2,"HorizontalAlignment","right","VerticalAlign

ment","bottom") 

 

ax1.YColor = 'k'; 

ylabel('Z Position (mm)','Color','k','FontSize',10); 

xlabel('Corrected Measured Bead Height (mm)','FontSize',10); 

legend({'Data','Linear Fit','95% Prediction 

Interval'},'Location','northwest','Orientation','vertical',FontSize=6,Box='off',TextC

olor='k') 

 

figname = ['FigRun' num2str(runnum) 'Scatter.jpg']; 

exportgraphics(MainFig2,figname,'Resolution',600); 
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AVC Step Responses MATLAB Code 

clc 

clear all 

 

format short 

runnum1='AVC Gain 1.0 Sp 50'; 

runnum12='AVC Gain 1.2 Sp 50';  

runnum08='AVC Gain 0.8 Sp 50';      

filename1 = [runnum1 '.xlsx']; 

filename12 = [runnum12 '.xlsx']; 

filename08 = [runnum08 '.xlsx']; 

 

ndata1 = readmatrix(filename1,'NumHeaderLines',42); 

ndata12 = readmatrix(filename1,'NumHeaderLines',43); 

ndata08 = readmatrix(filename1,'NumHeaderLines',42); 

 

time_1 = ndata1(:,3); 

v_comm1 = ndata1(:,12); 

v_telem1 = ndata1(:,14); 

z_1 = ndata1(:,62); 

 

time_12 = ndata1(:,3); 

v_comm12 = ndata1(:,12); 

v_telem12 = ndata1(:,14); 

z_12 = ndata1(:,62); 

 

time_08 = ndata1(:,3); 

v_comm08 = ndata1(:,12); 

v_telem08 = ndata1(:,14); 

z_08 = ndata1(:,62); 

 

%Plot for G=1.0 

figure(1) 

 

yyaxis left 

plot(time_1, Z_1,'b') 

xlim([10 140]) 

ylim([0 2.5]) 

 

ax1=gca; 

ax1.YColor = 'b'; 

ylabel('Z Position (mm)','Color','b','FontSize',10); 

 

hold on 

yyaxis right 
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plot(time_1, V_telem1, 'r-'); 

 

ax2=gca; 

ax2.YColor = 'r'; 

ylabel('Voltage','Color','r','FontSize',10); 

 

xlabel('time (s)') 

yyaxis right 

plot (time_1, V_comm1,'k-') 

ylabel ('Voltage (V)') 

ylim ([19 23]) 

legend('Z Position', 'Voltage telemetry', 'Voltage command','Position',[0.7 0.7 0.2 

0.2],'Orientation','vertical',FontSize=6,Box='off',TextColor='k') 

 

figname = ['Step Response G=1.0','.jpg']; 

exportgraphics(figure(1),figname,'Resolution',600); 

 

%Plot for G=0.8 

figure(2) 

 

yyaxis left 

plot(time_08, Z_08,'b') 

xlim([10 140]) 

ylim([0 2.5]) 

ylabel('Z position (mm)') 

 

ax1=gca; 

ax1.YColor = 'b'; 

ylabel('Z Position (mm)','Color','b','FontSize',10); 

 

hold on 

yyaxis right 

 

plot(time_08, V_telem08, 'r-') 

xlabel('time (s)') 

 

ax2=gca; 

ax2.YColor = 'r'; 

ylabel('Voltage','Color','r','FontSize',10); 

 

yyaxis right 

plot (time_08, V_comm08,'k-') 

ylabel ('Voltage (V)') 

ylim ([19 23]) 

legend('Z Position', 'Voltage Telemetry', 'Voltage Command','Position',[0.7 0.7 0.2 

0.2],'Orientation','vertical',FontSize=6,Box='off',TextColor='k') 
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figname = ['Step Response G=0.8','.jpg']; 

exportgraphics(figure(2),figname,'Resolution',600); 

 

%Plot for G=1.2 

figure(3) 

 

yyaxis left 

plot(time_12, Z_12,'b') 

xlim([10 140]) 

ylim([0 2.5]) 

ylabel('Z position (mm)') 

 

ax1=gca; 

ax1.YColor = 'b'; 

ylabel('Z Position (mm)','Color','b','FontSize',10); 

 

hold on 

yyaxis right 

plot(time_12, V_telem12, 'r-') 

 

ax2=gca; 

ax2.YColor = 'r'; 

ylabel('Voltage','Color','r','FontSize',10); 

 

xlabel('time (s)') 

yyaxis right 

plot (time_12, V_comm12,'k-') 

ylabel ('Voltage (V)') 

ylim ([19 23]) 

legend('Z Position', 'Voltage Telemetry', 'Voltage Command','Position',[0.7 0.7 0.2 

0.2],'Orientation','vertical',FontSize=6,Box='off',TextColor='k') 

 

figname = ['Step Response G=1.2','.jpg']; 

exportgraphics(figure(3),figname,'Resolution',600); 

 


