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A STUDY OF REDUCED ACTIVATION FERRITIC MARTENSITIC METAL CORE WIRE 

FOR WIRE ARC ADDITIVE MANUFACTURING 

by 

ALEX REICHENBACH 

(Under the Direction of Bishal Silwal) 

ABSTRACT 

This study seeks to determine the technical feasibility of fabricating reduced activation ferritic 

martensitic (RAFM) steel parts using a wire arc additive manufacturing (WAAM) process. The 

WAAM process manufactures a part by depositing layers of metal onto a substrate to build a 

large scale near net shape part. RAFM alloy steels are next-generation steels designed to resist 

radiation effects in the radiation intense working environments, such as nuclear reactors. To 

achieve this, process development and testing to create the WAAM production process with the 

custom RAFM filler wire were carried out. Several welding waveform modes were tested, and it 

was determined that Pulse waveform mode offers an acceptable weld parameter to fabricate 

custom made RAFM metal cored wire successfully. The first test walls were hardness tested, and 

metallography was conducted to categorize the microstructure present in the steel. Continued 

analysis was performed on samples with controlled interpass temperatures. The microstructure 

present is typical martensitic lath, and the presence of delta ferrite is inevitable. The settings 

were further tested with the addition of shielding gas experimentation to determine if the porosity 

visible in the initial prints could be removed. The shielding gas results did aid in the porosity 

control but introduced other issues that arose. With a reduction in amperage input from the initial 

settings and the addition of wait times allowing the equipment to cool, large scale prints were 



successfully fabricated. The mechanical properties of the deposited material were tested, such as 

impact toughness, macro, and microhardness. These tests resulted in an average impact 

absorption energy of 6.25J and an average hardness across two-layer deposition interpass test 

samples of 423.74HV.  

INDEX WORDS: Thesis, Additive manufacturing, Arc welding, Robotics, WAAM, RAFM, 

Georgia Southern University.  
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CHAPTER 1: INTRODUCTION 

1.1 Background 

WAAM, wire arc additive manufacturing, is a metal additive manufacturing solution 

rapidly gaining popularity due to its low cost, rapid production time, and ability to be scaled 

easily. The use of such technology is far-reaching, and when combed with other specific types of 

production, such as high-cost materials, the overall production costs can be lowered. For 

example, a custom alloy metal is used for the feedstock, decreasing the raw material cost. The 

GMAW, Gas Metal Arc Welding, also known as metal inert gas welding, is a ubiquitous welding 

process and the one selected for this WAAM study. The production process is designed to 3D 

print parts near-final geometry, which reduces material waste. The RAFM, reduced activation 

ferritic martensitic steel, is being developed as a next-generation material for nuclear fusion 

reactor applications. Irradiation effects on metals, such as a loss in fracture toughness, void 

swelling, embrittlement, irradiation creep, and stress relaxation, are all adverse effects. They can 

be accounted for; decreasing or eliminating them is desired (Chopra, O.K. & Rao, A.S. 2011). 

RAFM alloys are strong martensite formers, the hardest and subsequently most brittle phase of 

steel alloys. RAFM alloys are designed to resist these adverse effects, as well as the ability to 

maintain their strength in high heat working conditions, commonly associated with these 

radiation intense environments. Further emphasis on removing active elements from the material 

composition is to decrease the residual radiation in the metals to lower the waste level and 

decrease recycling time. The low barriers to entry of WAAM and added cost-saving benefits of 

the process are helping to provide for more access to new generation metallurgical technologies 

when in use with other specialized materials. 
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1.2 Motivation: 

The study assesses the possibility of combining a manufacturing process and next-

generation high alloy steels to produce a net shape part. The alloy steel is a custom specification 

based on the early development of next-generation steels for nuclear fusion reactor applications. 

Still, it has not been used in this way due to the cost and commercial availability. Most RAFM-

related studies have been carried out using samples from a small number of cast production runs. 

The combination of RAFM steels and fusion welding has had minimal research done, and 

WAAM production capabilities have not been studied. 

1.3 Objectives: 

The main goal of this research is to study the technical feasibility of fabricating RAFM 

steel parts using the WAAM process. To achieve the goal, the Thesis has the following 

objectives (1) Develop a WAAM process used to produce RAFM steel sample parts. (1.1) Test 

the power source waveform control technology to dissect further and improve the deposition 

process. (2) Examine the effects of heat cycling and interpass temperature on grain formation 

and reformation. Specifically, the martensite formation, to determine the grain structure and 

tempering effects that can be observed after the deposition process. (4) Test various mechanical 

properties of the produced material samples. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Overview 

The literature review contains the background information relevant to the wire-arc 

Additive Manufacturing process employed, the high alloy steel used, and its applications, along 

with arc welding processes that have been developed for this application and testing criteria to 

examine the material's mechanical properties. 

2.2 WAAM 

WAAM or Wire Arc Additive Manufacturing is a subcategory of Directed Energy 

Deposition, which can generally be grouped under the umbrella of 3D printing. WAAM typically 

uses a welding power source to produce an electric arc intended to melt a feed wire stock, 

making relatively cost-effective near-final geometry metallic parts. Compared to other additive 

manufacturing processes, WAAM can achieve a moderately high deposition rate, unlike 

powdered bed fusion. The size and complexity of part production can vary greatly and are 

primarily based on equipment capabilities but are generally considered mid to large scale and 

low to medium geometric complexity. The low cost of welding wire relative to metal powders is 

a further cost-saving benefit for operation costs and startup cost savings. These lower barriers to 

entry and other non-tangible benefits of AM and DED have made it more accessible to 

manufacturers and significantly increased use and active research with the technology. (ASTM, 

2015) 

WAAM relies on an automated welding process such as gas metal arc welding, 

GMAW/MIG, or gas tungsten arc welding, GTAW/TIG. These are the two most used welding 
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processes because of their low cost, off-the-shelf, equipment options available that a WAAM 

system can efficiently be designed with, as opposed to other arc welding processes (Williams, et 

al. 2016). MCAW, or Metal Core Arc Welding, is a variation of MIG arc welding whereby the 

standard solid metal wire is replaced with a powdered metal core wire; however, the 

fundamentals of the process otherwise remain the same. MIG is a consumable electrode process 

allowing the apparatus to be more compact when compared to TIG, which has a separate 

electrode and deposition material source. This simplicity is beneficial outside of cost because the 

more compact welding torch can simplify robot programming and aid in complex geometry 

production. 

 
Figure 1: Basic WAAM component diagram (Xia, et al. 2020) 

 

The fusion-based arc welding process, as it applies to WAAM, is performed in a way that 

weld beads are stacked successively on top of each other to build a near-net part. A near net part 

will require finish machining to satisfy some, or all, of the original dimensional specifications 

(Tiago A. Rodrigues 2019). Although this machining is subtractive, the amount necessitated to 

complete the part is far less than a fully machined subtractive manufacturing process would 

require.  While a large amount of information about arc welding is known, its application to 
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additive manufacturing presents further challenges to consider. Tool path optimizing is a crucial 

step to the success of a print. Some studies have shown the effectiveness of actively cooling the 

part during the manufacturing process. This can help minimize residual stress and control of 

microstructure, which is being reformed by the continuous directional heat applied throughout 

multiple deposition layers (Leandro, et al. 2020). 

2.3 RAFM Steels 

 Reduced Activation Ferritic Martensitic (RAFM) steels are a type of high alloy steel 

designed to be used in radiation intense environments, such as a nuclear fusion reactor. RAFM 

steels have different names depending on where it is being developed; however, the differences 

extend further than the surface. In the EU, higher chromium and lower tungsten composition are 

referred to as Eurofer (or Eurofer97), selected to improve corrosion resistance and decrease 

neutron adsorption. Designations found in other countries: Chinese CLAM: Chinese Low 

Activation Martensitic steel, Indian INRAM: Indian Reduced Activation Ferritic Martensitic 

steel, Korea ARAA: Advanced Reduced Activation Alloy, are all similar in alloying 

composition. As well as Russia, RUSFER: Russian Reduced Activation Material is known to be 

under development. The United States has been developing RAFM steels with higher strength 

and improved radiation resistance with applicable temperatures up to 600–650C, much of this 

development taking place at Oakridge National Lab (Tavassoli, et al. 2014) 

 

In early Eurofer testing and experimentation, the impurity control level was not as precise 

as desired but can still be considered Low-Level Waste 100 years after service. With better 

impurity control measures, such as dedicated production lines, the material can theoretically be 
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improved to Hands-on Level Domain, which requires simple burial and not underground 

encapsulation for recycling (Seidle, et al. 2002). 

Table 1: Alloying Elements in various RAFM compositions, undesirable elements measured in 

ppm, major elements measured in weight percent (Tavassoli, et al. 2014) 

 
 

RAFM steels are necessary to improve nuclear reactors; many otherwise unique issues 

present themselves when materials are exposed to such radiation intense environments. One of 

those is irradiation embrittlement, where a material DBTT, Ductile to Brittle Transition 

Temperature, is lowered because of the radiation exposure. Another is irradiation swelling, 

where the material increases in size, sometimes to the point of necessary consideration in part 

design and production to prevent damage. In previous generation steels such as austenitic 

stainless, such as Type 316L, high doses of radiation-induced swelling as much as 5% were 

experienced, along with other adverse mechanical property effects (Tavassoli, et al. 1993). 

 

Early on, the study of reduced activation steels became significant when it was 

determined that ‘no-activation’ steels would be impossible. Through testing and nuclear 

calculations, the elimination or replacement of Mo, Nb, Ni, Cu, and N would be advantageous. 
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These elements were substituted with Tungsten and Vanadium for Molybdenum and Tantalum 

for Niobium (Klueh and Bloom 1985). Different Chromoly compositions were also considered, 

but disadvantages were found with higher Cr content. With Cr 12%, eliminating δ-ferrite became 

difficult without a subsequent increase in carbon or manganese for austenite stabilization. The δ-

ferrite may be ideal because of its lower toughness and the manganese increasing radiation 

embrittlement (Gelles, et al. 1990). The lower Cr steels, around 2.25% Cr, had increased carbide 

precipitation making them more prone to irradiation hardening at elevated temperatures, 

significantly weakening them (Hamilton and Gelles 1987) (Basuki and Aktaa 2010). 

 

The largest precipitates in 9Cr ODS are M23C6-type carbides, precipitating along the 

austenitic grains; they consist of Fe, C, Cr, Mo, and V; these carbides are very important in the 

heat-resistant steels for the initial microstructural stability by pinning the movement of grain 

boundaries and inhibiting the recrystallization. However, it is frequently revealed that M23C6 

carbides exhibit a high coarsening rate during long-term creep and aging at high temperatures 

(Zheng et al. 2020). In CLAM samples, ellipsoid-shape and spherical-shape MX carbonitrides 

are seen in untreated states. This fine spherical-shape MX carbonitrides could be the mechanism 

improving the mechanical properties of CLAM steel, especially creep strength (Wang, Xu, and 

Song 2019). It was further tested that during aging, at an elevated temperature of 550 °C, the 

phases continued to precipitate larger, and a new Laves phase was introduced after a 

considerable aging time when examining the long-term effects of high temperatures found in 

fusion reactors. 

 



17 

Figure 2: CLAM Precipitates in optical microscope, (a) 0h, (b) 10,000h, (c) 20,000h (W. Wang, 

Xu, and Song 2019) 

2.4 Wire Selection 

There are three types of welding wires: solid, flux-cored, and metal-cored; because 

RAFM alloy steels are not commercially available, having welding wire made with it presented a 

unique challenge. Without a sizeable initial investment, a custom alloy solid wire is not possible 

to have produced as it would require a substantial quantity. Additional challenges would also 

need to be overcome in solid wire production, such as the potential contamination introduced 

during the casting and hot rolling production process before the wire-specific production steps 

have begun. The main interest factor behind powdered metal-cored wire is cost. Standard vs. 

powdered metal core wire is still relatively expensive; when comparing the cost of solid ER70S 

weld wire to a metal-cored ER70C version, the price is two times more costly to purchase, $4 per 

pound vs. 8$ per pound respectively. At the same time, both options are still readily available. 

Even with the unit cost being higher, the ability to purchase small-sized production batches, in 

the order of a few thousand dollars, means the overall cost is greatly reduced. Compared to 

spending hundreds of thousands of dollars for a full production run of a custom alloy to be rolled 

into solid wire, this scenario is more cost beneficial for many instances, such as this research 

study.   
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 Cored welding wire is produced with a rolling and drawing process; while some details 

are kept secret, the generic process has been used for a long time, originally designed to make 

flux core welding wire. Metal strips with about 15mm in width and thickness of about 1mm, size 

varying depending on the desired final wire diameter, are the first material needed in the wire 

production process, which themselves were produced via some combination of continuous 

casting and hot or cold rolling prior, as seen in Figure 2. The first step begins by forming the 

metal strip into a “U” shape, proceeded by the desired powders being deposited into the U slot. 

After which the closing procedure takes place, this may vary based on the manufacturer and the 

desired seam type; the two primary methods of closing the wire are seamed and seamless. 

Seamed is a folded or mated edge of both open sides, typically with an overlap. Seamless is 

generally performed with an in-line laser to weld the sides together. Once this is complete 

additional rolling and drawing processes are used to achieve the final desired wire diameter, and 

some form of heat treatment to relieve any coldworking stress and surface treatment to preserve 

the wire may be applied.  

 
Figure 3: Metal core wire production method, adapted from (Bellini, Vezzue, Scappin. 2018) 
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There are some secondary benefits as to why metal core wire may be selected in other 

instances when not required. The ease of customizability allows researchers to test and tailor 

specific chemistries to their needs, enabling minor and iterative improvements to be made 

through the development process. Additionally, the deposition rate and efficiency of powdered 

metal core wires are increased to that of solid core wires in certain conditions. It was found when 

comparing ER70 based .045” dia. wires: solid (ER70S6), basic flux-cored (E70T5CJH4), rutile 

flux-cored (E71T1MH4), metal-cored (E70C6MH4), and low fume metal-cored (E70C6MH4). 

The highest deposition efficiency rates were achieved with the metal-cored wire, also suggesting 

that the low fume variant would further benefit the welder’s safety (Gheonea, et al. 2018). 

2.5 Arc Welding Selection 

The WAAM process does not always require highly specific weld parameters, but the wire 

alloy used and geometric properties desired are the leading factors in process execution choices. 

The simplicity of the selected welding process is a significant advantage to WAAM; one of the 

more common choices for the arc welding process is MIG welding. It provides a great range of 

capabilities with modern inverter-based machines, including different variations of MIG welding 

like metal-core arc welding or MCAW. They also offer more simple control methods for 

welding, such as synergistic modes where most of the parameters are auto calculated for the user 

based on a select few inputs. Different power delivery modes allow even finer adjustments to the 

arc welding process, such as frequency tuning. 

There are three primary metal transfer modes in MIG/MCAW arc welding: Dip transfer 

(short circuit), Globular transfer, and Spray transfer (axial spray). Dip transfer is when the wire 

feeds faster than it can arc, so the wire dips into the weld pool, creating a short circuit to form the 
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arc. Dip transfer is a relatively low energy process and can be defined by its small weld pool and 

lack of penetration depth, which is commonly used in manual MIG welding. The globular 

transfer is a middle power transfer mode where large balls, or globs, of molten metal are formed 

at the tip of the wire. A short circuit is not experienced during the transfer, as gravity overcoming 

the surface tension of the glob creates the transfer mechanism. This method creates an excess of 

spatter due to the turbulence and subsequent causes a decrease in the deposition rate of the metal, 

which is a major drawback of this transfer mode. Spray transfer is when the wire melts quickly 

into the arc and is carried to the weld pool by gravity and the arc at a very high rate; this high-

energy, high heat process is characterized by its deep penetration and high deposition rate. 

Figure 4: GMAW transfer modes: (a) globular, (b) spray, and (c) pulse (Praveen, Yarlagadda, 

Kang. 2005) 

Further variations of these standard welding modes have also been developed, such as 

STT, surface tension transfer, or pulsed spray transfer. STT is a pulsed current waveform that 

uses the low current and surface tension to force the droplets to the weld pool; this is a lower 

heat process and is preferable for welding thinner materials. (Akers, R. Anderson, P. Barrett, M. 

2015) Pulse spray combines dip and sprays transfer modes by pulsing amperage and voltage to 
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switch back and forth between the two at high frequency; this enables better penetration than dip 

transfer and lower overall energy/heat input than spray transfer alone. And the further potential 

benefit of allowing welding out of standard torch positions more easily. This study observed that 

Power Mode’s longer, flatter region after peak, signifying droplet release, improves current 

control over CV. The drops current during a short in STT lowers the heat input into the weld 

compared to CV. Lower heat input, as observed in STT is desired for WAAM applications 

because the task of rapidly depositing weld beads on top of one another causes massive heat 

buildup; alleviating this in any way possible is beneficial (Akers, Anderson, Barrett. 2015). 

 

 
Figure 5: Lincoln PowerwaveTM observer data, comparing STT, Power Mode, and Constant 

Voltage Waveform (Akers, Anderson, Barrett. 2015) 

 

Modern inverter-based welding power sources offer other benefits to weld process 

development; they commonly allow the user to examine the waveform of the welding process to 

tune further and diagnose the output. With the real-time data provided, a more insightful 
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approach can be taken to the weld’s performance, and active monitoring of the welding process 

can translate to improved product quality. 

Pulse current can provide additional benefits to WAAM processes. Including reduced 

heat input, reduced spatter and fume generation, and energy savings. The lower heat input of 

current oscillation allows for a decrease in the size of the HAZ in traditional welding scenarios; 

this may provide benefits in reducing the warpage and directional heating/cooling effect during 

the manufacturing process. The spatter reduction is derived from the observed ability of pulsed 

current to lower the amperage threshold of the metal spray transfer method; without the high 

pulsed current globular transfer would be occurring (Da, Vora, Patel, Bogum. 2021). The 

turbulence created in the weld pool of globular transfer also causes an increased amount of 

spatter, thereby decreasing the deposition efficiency, making it much less ideal for WAAM 

where the deposition rate is a critical factor in the efficiency of the process. 

The creation of different transfer modes in GMAW is primarily driven by the current 

used in the process. This transition can be graphed to show the relationship between the molten 

droplet diameter and the current input. This transition is essential to note, as the function of pulse 

current mode is to exceed the globular transfer range and create a hybrid increased spray transfer 

droplet size while reducing the heat input overall by decreasing the current after the transfer of 

the droplet.   
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Figure 6: Current vs. Drop Diameter (Wang, Huang, Zhang. 2004) 

2.6 Interpass temp 

In standard arc welding, multipass welds are sometimes necessary. These multipass 

welds present unique challenges with controlling the microstructure of the weld and the substrate 

because of the repeated heat cycling. Each additional pass of the weld may cause discontinuities 

in the fusion zone and increase the size or decrease the strength of the heat affect zone. During 

the WAAM process, welds are continually being deposited on top of one another to build the 

designed part. This translates to a constant, often multidirectional, heat cycling process applied to 

already deposited material as the region is built up layer by layer. It will be important to know 

how the interpass temperature is related to the phase structure after the manufacturing process is 

completed.  
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With highly martensitic steels such as P92 Martensitic Heat Resistant Steel, controlling 

interpass temperature is very important to forming a uniform microstructure. According to 

Moravec, et al. (2016), to keep the fusion zone above the martensite start temperature, a preheat 

of 250⁰C and an interpass temperature of 300⁰C were selected. The experimental interpass 

temperature recorded was between 270-295⁰C. This controlled temperature range resulted in a 

uniform hardness profile across the weld and up each layer of the multipass weld. In grade 91 

steel, with a makeup of 9Cr-1Mo-V; studying HAZ’s after multipass weld and how toughness 

was altered a preheat of 150⁰C and 250⁰C and an interpass of 200⁰C and 300⁰C was used in 

conjunction with post weld heat treat (Silwal, et al. 2013). These temperatures were referenced 

for the studies experiemental procedures.  

2.7 Metallography 

Optical microscopes are one of the simplest and easiest ways to examine the crystalline 

structure of a material. Studying the material's morphology is an essential step to understanding 

the mechanical testing results. By identifying the phases present visually, a prediction of the 

mechanical properties can be formed; with RAFM, high levels of martensite should be observed, 

which indicates that a higher hardness will be measured. The size of the grains may also show 

the effect of heating and cooling cycles during the manufacturing process and the hardness 

measurements. 

The comparison of welded and cast production RAFM steels is important to know. There 

will likely be major differences in the microstructure due to the localized cooling rates and 

processes. An 'as produced' vs. tempered RAFM sample, seen here in Figure 7, shows the dark 
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regions, indicating martensite and white regions, residual ferrite. The residual ferrite in the 

tempered micrograph is unexpected because a fully martensitic structure would be expected in 

the normalizing treatment but can be seen as large white grains. Oxygen Dispersion Strengthened 

EUROFER: 8.92wt% Cr, 0.99wt% W, 0.15wt% Ta, 0.09wt% C. 

Figure 7: Optical Micrographs of (a) as produced and (b) tempered ODS EUROFER Steel (Fu, et 

al. 2020) 

2.8 Mechanical Testing 

General hardness testing, performed on the Rockwell scale, is not the most descriptive 

hardness testing available because it tests a relatively large area. To get more detailed 

information about the material’s morphology, micro or nano hardness can be performed. 

Microhardness is beneficial because it can be mathematically correlated to the tensile strength of 

the material, and select grains can be tested to determine the hardness of specific phases, as well 

as help to differentiate between forms of the same phase like fresh vs. reformed martensite. As 

stated in Peng, et al. (2015), the microhardness of RAFM steels was measured as radiation 
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dosage was increased to establish the trend where the irradiation temperature would have a more 

significant effect on the hardening than the radiation itself. 

Based on Chen, et al. (2016), impact toughness was measured based primarily on the effect 

of increasing the Tantalum content in the RAFM steel composition. The addition of Ta was 

correlated to a sharp increase in the impact toughness, from 171 J to 323 J, when Ta was 

increased from 0 to 0.027wt%. This phenomenon was explained by the density of undissolved 

carbides increases leading to smaller prior austenite grain size. However, tensile strength was not 

found to differ with the change in Ta significantly. With only a small increase at the highest test 

temperature of 800⁰C, which is attributed to an increased coarsening rate of M23C6 carbides, 

leading to a higher density of MX, improving the dislocation strengthening by pinning the 

dislocations and slowing the recovery process. 

When comparing as-wrought Grade 91 steel, additively manufactured, and aged AM at 

700⁰C for 1 hour, the DBTT of the as deposited and aged AM samples are ~30% and 100% 

higher, respectively than the wrought Grade 91 sample. This increase indicates higher fracture 

toughness of the additively manufactured samples. When comparing the yield strength, it 

decreases after aging at 650⁰C after 100hr, due to the annealing of the martensitic phases and 

general coarsening of the microstructure. However, yield strength does not decrease further, even 

when annealing up to 1000hr’s (El-Atwani, et al. 2021). 

Measuring impact toughness of CLF-1 steels, corresponding to the heat input during the 

welding process, the lowest impact energy recorded directly correlates to the formation of delta 
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ferrite in the grain structure. Above 2.5% volume fraction of delta ferrite formation, which 

occurred at high heat input, failed with the lowest impact energy, as seen in Figure 8 (Wu et al. 

2020). This study also examined how pre and post weld heat treatments would affect the 

hardness of the material. While welded metal hardness remained high throughout all tests, multi-

cycle post-weld heat treat processes saw the most significant reduction in hardness. The Carbon 

atoms in the martensite gradually precipitated during the heat treatment causing the hardness 

reduction; when compared to the preheat-only test, the effect of preheating is minimal. 

 

 
Figure 8: Heat input vs Charpy toughness and delta ferrite volume fraction (S. Wu et al. 2020a) 
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CHAPTER 3: RESEARCH METHODOLOGY 

3.1 Methodology Overview  

 The methodology of this study is broken down into eight sections comprising equipment 

and software used to perform the manufacturing process, the WAAM process and how it applies 

to this study, the material science completed, and the mechanical testing conducted.  

 

3.2 Equipment Employment and Usage  

 For the WAAM setup, a customized system was designed using off-the-shelf parts to 

function as the additive manufacturing machinery. This system is comprised of a robotic 

manipulator, welding power source, and automation kit to combine the power source and robot. 

The Robotic hardware consisted of a Kuka KR6 R900-Sixx robot arm with a KRC4 controller; 

this six-axis manipulator has a mechanical reach of about 1m from the mounting plate, which 

provides a large build area for producing parts. The arc welder used was a Lincoln Powerwave 

R450 with an autodrive wire feeder. The external wire feeder is attached to the table so cabling 

can run across the robot arm to the fixture. The standard .045” rollers in the wire feeder were 

removed in favor of ones designed explicitly for metalcore welding wire. The welder was 

adapted to the Kuka robot’s mount plate using a Tregaskiss CA3 Tough Gun robotic MIG 

welding kit; this provided the welding wire cabling, gun/neck, and gun holding mount to the 

robot, as well as compatible welding consumables.  
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Figure 9: Welding cell used as experimental WAAM setup 

  

 The robot's programming was primarily done by hand, comprising simple loop 

statements and input coordinates as weld points. By creating data points in the workspace and 

adding weld statements between them, a single bead program can be built in minutes, which was 

very beneficial for the testing phase. This also allowed rapid programming and ease of code 

alteration to test a multitude of welding parameters. The offline programming software Octopuz 

was used for more intricate and precise paths. This software turned standard G code tool paths 

for 3D printing into KRL code for the robot. The programming control of the welder is 

incorporated into the controller and code with the use of Kuka's ArcTech Basic and ArcTech 

Advanced plugin packages. Welding code differs from standard movement code by replacing 

standard movement statements with arc prefixed commands. The weld type and data are assigned 

as variables across the program. The user must input the action points and robot movement type 
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between the arc on and off commands to perform a weld. Multiple types of movement 

commands are available, allowing free range of movement.  

 

 

Figure 10: Virtual Welding cell in Octopuz to model code execution 

 

3.3 Arc Welding Deposition  

 The Lincoln Electric power source has a wide range of methods and modes available; 

selecting wire type, size, and MIG or MCAW welding process eliminates many improper 

choices and provides a recommended baseline for the control parameters of the possible 

selections. Initial parameter testing was performed with single bead welds, which allowed a fast-

cooling time and analysis of the weld. The primary weld modes were Power Mode®, Constant 

Voltage, and Pulse Mode®. Power Mode® is a given input wattage by the user, Constant voltage 

is a traditional MIG mode where the voltage is constant, and Pulse Mode® pulses the amperage 

and voltage based on a user input maximum amperage. Rapid Arc® was also tested as a variation 
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of pulse mode with a more tuned waveform by Lincoln Electric. Since it was believed some form 

of pulse current would provide the best metal transfer, based on the literature review, multiple 

tests with different pulse variations were performed. These were also used to determine the effect 

trim and ultimate arc would have on the deposition. The test welds were categorized by the 

physical dimensions of the deposited material, uniformity, the level of spatter observed, heat 

buildup, and frequency of welder error during the process. These were also considered but not 

driving factors. After single bead welds were analyzed, two bead welds were deposited as single 

layers in the same form the wall prints would be for production. Each test weld bead is 100mm 

long, and double beaded tests were 3mm wide. 

 

 For the full-scale deposition prints, 200mm in length, with a 3mm center-to-center bead 

distance, was used. Based on measurements from the initial testing, the layer height increment 

was set at 2.5mm. This was subsequently lowered to 2.25mm on later prints when a better 

average height was determined. Wire sickout was set at 10mm. Pulse DCEP welding current was 

used. The other specific settings, Trim and Ultimate Arc, were not changed from their standard 

midpoints. The only setting adjusted was the work point, which drives the WFS and adjusts 

current and voltage automatically as dependent variables. 

  

 The orientation and direction of deposition layer by layer is an important design decision 

in preparation for additive manufacturing (Lin, et al. 2019). A two-weld bead design is ideal 

because it creates enough material width for various mechanical tests; while also adding support 

to the structure, because single bead walls can be challenging to keep maintain in height as build 

layers increase. The support is necessary to decrease distortion from the high thermal input; to 
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further minimize heat warpage, the direction of each deposition layer is reversed. The overall 

rectangular shape of the print profile is formed in a U shape that is deposited in the opposite 

orientation of every layer. Each odd-numbered layer is deposited A-B-C-D, and each even-

numbered layer is reversed, depositing B-A-D-C. 

 

 
Figure 11: Robotic Tool Path for double bead wall 

 

Once the deposition is completed, the manufactured part can be cut from the plate. The 

substrates used for the manufacturing process were ½” thick 1018 steel plates, 1ft2 in size, 

clamped to the table for welding, and remained clamped until the part had sufficiently cooled. 

Proper clamping and cooling were imperative to minimize warpage in print and to keep the piece 

in a consistent ‘as produced’ state for the analysis, the thickness of the plate also aided in the 

minimization of warpage. 

 

3.4 Waveform Study 

 A waveform study of the different modes was conducted to compare various parameter 

control methods allowed by the welder. The welding modes tested were Power Mode®, Pulse 

Mode®, Constant Voltage, and Rapid Arc®. The waveform graphs are generated by Lincolns 

Power Wave Manager software that directly interfaces with the welder through ethernet. It 

allows the complete setup of the welder, such as calibration tests, operational control of the 

welder, settings, and mode adjustments, which in our case are input by the Kuka controller. 
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Power Wave Manager also allows recording and showing real-time data access via the Weldview 

and Observer functionality. The observer function is a low-frequency monitoring process that 

will record significant events, such as welder errors, wire jams, and arc failures, but does not 

provide detailed data, only sampling at a rate equaling about 4Hz. However, it does offer a 

relative average amperage and voltage, the constant wire feed speed, and true energy or input 

energy for the weld. The Weldview traces are manually set to record the amperage and voltage 

between arc-on and arc-off commands, extending to a full weld or deposition layer. The data is 

captured at a high sampling frequency of 1200Hz. 

Figure 12: Lincoln Powerwave observer data. Arc ignition peak, 300 work point weld for 

~17sec, decreased to 250 work point for the remaining ~17sec 
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Figure 13: Lincoln Weldview trace graph. With a macro view of pulse mode on the left, and 

constant voltage mode the right 

3.5 Shielding Gas Study 

Shielding gas in MIG welding can vary in some instances depending on process and 

material; the most common is C25, or 75% Ar mixed with 25% CO2; some applications call for 

the use of other mixtures that may include Helium or Oxygen. The tested mixtures were C25, 

Pure 100% Argon, 2-3% nitrogen/98% Argon, and 90% Helium/7.5% Argon/2.5% CO2. These 

are more commonly used gasses and were readily available to use. C25 being the most common 

was initially selected to be used as the shielding gas. However, early testing showed a large 

amount of spatter produced from the weld, which is less preferable as it decreases deposition 

efficiency. To combat the prevalence of spatter, other shielding gasses were tested. The CO2 in 

C25 is considered an active gas in arc welding, to decrease the presence of active gasses may 

make the arc reaction more stable. Trimix composed of 90% Helium/7.5% Argon/2.5% CO2 was 

selected due to its availability as a commonly used TIG welding gas. Still, it possesses other 

benefits, such as higher ionization energy that may affect the process. 
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The use of 100% Argon is generally only used in TIG welding and is also readily 

available; pure Argon is completely inert and therefore shouldn’t interact with the weld. This 

potential was of specific interest to the potential process improvements. In addition to pure 

Argon, low percentages of nitrogen were mixed into otherwise pure argon shielding gas in 

previous studies. This addition resulted in improved surface finish, appearance, and smoothness, 

which would benefit the final matching and processing of the net shape parts would be subject 

before our testing and real-world use, so for that reason, it was also selected to test (Silwal, 

Nycz, and Noakes 2018). 

3.6 Interpass temp 

The temperature of the interpass weld samples was measured at the center of the 

deposition path. The micro-epsilon CTLM3H2SF300-C3 infrared temperature sensor was used 

to measure the heat of the part. It has an optical resolution of 300:1, an emissivity of 0.8, and is 

limited to reading between 200⁰C and 1500⁰C. The upper limit creates a plateau in the graph as 

the arc passes through its measurement point. This is not of concern since the cooling curve of 

600⁰C to 200⁰C is within this range and the primary examination window. Determining the rate 

at which the part cools between 600⁰C to 200⁰C is important for the interpass temperature and 

the interpass temperature and cooling curves. 

Four testing welds were performed for interpass analysis, a single layer pretest, a ‘run 

time delayed’ two-layer sample, a ‘double delay’ two-layer sample, and a temperature-dependent 

two-layer sample. Each weld performed was performed to the same size and speed as the large-

scale tests, with no other changes. The single-layer baseline test was a weld performed ABCD 
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along the established path with no second layer. The ‘run time’ test was performed as 

programmed with no wait states in the robot movement, the delay between arcs is from the 

movement time between the fits layer’s endpoint D and the second layer start point B, which 

equates to 20 seconds. The ‘double delay’ test was performed with an extra delay between points 

D and B, doubling the initial time to 40S. The third test was not time-based; instead, it was 

temperature dependent. Once the previously deposited layer reached 300⁰C, the program was 

resumed, and the arc was struck again for the second deposition layer to begin. 

3.7 RAFM wire 

The RAFM metal-cored wire alloy specifications were designed by following multiple 

literature review sources and the functional capabilities of the wire producer, Polymet USA. The 

chemistry selection was heavily influenced by Tungsten and Tantalum alloy components tested 

at varying levels (Laha et al. 2013). The alloy elements' weight percent of the wire was tested 

after its production to confirm the composition was within the acceptable ranges. 

Table 2: RAFM wire alloying composition in experimental wire 

RAFM Alloying Material Composition, by weight % 

Cr 8.84 W 1.2 C 0.10 

Mn 0.40 Ta 0.06 Ti 0.012 

V 0.02 Cu 0.028 S 0.012 

Al 0.017 Mo 0.014 P 0.011 

Co 0.006 Ni 0.02 Co 0.006 

Si 0.042 B <0.001 Nb <0.001 
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3.8 Material Science Processing 

Each microstructure sample was cut in a vertical orientation from the manufactured wall 

with a liquid cooled abrasive saw to prepare. These samples are pressed into a thermoplastic 

puck for sanding and polishing purposes. That process requires the sample to be ~20mm across 

or less to fit into the mold. The larger prints were also cut horizontally into smaller sections so 

they could be molded. The pucks with the surrounded sample are then sanded and polished. The 

sanding process is a wet process throughout and begins with a rough 80 grit to ensure the sample 

is flat and then successively moves to finer grits; 120, 240, 400, 800, and 1200 grit are used. 

After which point, the sample is cleaned and dried; the polishing process can begin. The sample 

is then polished to remove any remaining scratches. The polishing process uses alumina silicate 

to lubricate the pad and aid with polishing. After which, the sample is rinsed and air-dried. 

For the etching process, several options exist; using the ASTM E407-07(2015) standard, 

one of the recommended stainless steel and chromium alloyed steel etchants is oxalic acid in 

conjunction with an electrolytic process. The added benefit of the electrolytic process was 

appealing because initial attempts to etch the samples with 4% Nital solution were unsuccessful. 

Based on formula 13 of the ASTM standard, a 10% oxalic acid solution was used in conjunction 

with an electrolytic process. A power supply was used to supply a constant 8 volts, higher than 

the recommended 6V, with the cathode placed in the solution and the anode placed in contact 

with the face of the submerged sample. The reaction was immediately noticeable; however, the 

timeframe was longer than expected, the recommended being below 60 seconds when the 

process took 5 to 6 minutes to achieve a strong etch in this instance (Eftink, et al. 2021). After 

the raw etching was completed, the samples were rinsed and placed into an ultrasonic cleaner for 
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2.5 mins each to clean and remove any remaining debris. After which, the samples were rinsed 

with isopropyl alcohol to remove any moisture from the surface and prevent oxidation. Once the 

preparation was complete optical microscope pictures were taken, and further testing could 

begin. The variation in layers can be seen clearly after the etching process. 

3.9 Mechanical Testing 

Hardness testing of materials is a very common mechanical test; HRC hardness and HV 

microhardness were performed on various deposited samples. The HRC hardness was used to 

establish a baseline of the deposited metal’s general hardness. This can help to indicate if the 

expected phases are present but do not tell the whole story. HRC hardness indentions were 

performed to try and determine if there was any recrystallization happening on the earlier 

deposition layers relative to the freshest layers. Microhardness was conducted across the height 

of the deposited material to map any changes in hardness throughout the layers. If a significant 

hardness variation was observed in any location across the sample, that would indicate some 

form of recrystallization or tempering has occurred during the deposition process. 

The strongest point of interest with hardness testing is to determine the presence of grain 

reformation. As the part is heated and cycled on each deposition pass, it is unknown what the 

resulting grain sizes will be and how the phases will be affected. The older martensite may 

become tempered to a lower hardness when compared to the freshly deposited layers. There is 

also a further possibility that some of the martensite is being reformed into austenite or δ-ferrite. 
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Figure 14: Microhardness test pattern along height of sample 

 

 Impact Toughness testing was designed according to ASTMA370; a total of eight sub-

size Charpy impact V-notch specimens (5×5×25mm) were prepared. The cuts were sectioned 

horizontally along with the deposited layers; no vertical test specimens were cut. The tests were 

then conducted at six temperatures to try to determine where the materials DBTT may be 

present. The Ductile to Brittle Transition Temperature is the point at which the material’s ability 

to absorb impact energy is greatly reduced due to temperature, causing the failure mode to 

transition from ductile to brittle; this is valuable information to know for the possible use case 

recommendations of the material. The testing temperatures selected are 0, 25, 50, 100, 150, and 

200 degrees Celsius because high hardness steels can fail in a brittle manner even at 

temperatures above 0⁰C.   
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CHAPTER 4: RESULTS 

4.1 WAAM attempts 

First welding trials began with near no baseline. The travel speed was 14mm/s, and the 

wire feed speed was set to 375 in/min. Most of the weld modes used were synergic, meaning 

with the set wire feed speed called the “work point,” the power is automatically adjusted to 

match. The pulsed current measured minimum amperage of 120A and a peak amperage of 375A; 

the wire feed speed and peak amperage pulse were directly correlated with the work point. Pulse 

current was the initial testing priority for its decrease in overall heat input and increase in peak 

amperage, lower heat assists in mitigating warpage. Higher peak amperage should be changing 

the metal transfer method to spray transfer. Two beads of each weld type and setting parameter 

were deposited, with the pulse mode modifiers R5-R7 only a single pass. 

Table 3: Weld bead naming correlation to shielding gas 

R = 25/75 CO2/Ar 

A = 100% Ar 

T = Tri-mix He/CO2/Ar 

N = 2.1%-N2/AR 
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Figure 15: R1 - R7 Weld Mode Trials 

Table 4: R1 - R7 Weld mode parameters 

Weld # R1 R2 R3 R4 R5 R6 R7 

Bead type Single Single Single Single Single Single Single 

Speed (mm/s) 14 14 14 14 14 14 14 

Mode 
power 

mode 

Constant 

Voltage 

Rapid 

arc 
Pules Pulse Pulse Pulse 

Power level 3.5kW 18V 

WFS (in/m) 225 400 430 375 375 375 375 

Trim - - 1 1 1.25 0.75 1 

Ultimate Arc - - 0 0 0 0 -5

Wire Stick out 

(mm) 
10 10 10 10 10 10 10 

bead width avg 

(mm) 
5.00 5.64 8.28 7.67 10.77 6.08 7.60 

bead height avg 

(mm) 
3.20 5.04 5.62 3.04 2.91 4.37 3.69 

Gas flow rate 

(L/m) 
17 17 17 17 17 17 17 

Notes 
non 

synergistic 
- - - 

longer 

arc 

shorter 

arc 

lower 

frequency 
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Figure 16: R8 – R11 Weld Mode Trials 

Table 5: R8 – R11 Weld mode parameters 

Weld # R8 R9 R10 R11 

Bead type Single Single Double Double 

Speed (mm/s) 8.32 8.32 14 14 

Mode Pulse Pulse Pulse Constant Voltage 

Power level - - - 18V 

WFS (in/m) 375 375 375 400 

Trim 1 1 1 - 

Ultimate Arc 0 0 0 - 

Wire Stick out (mm) 10 10 10 10 

bead width avg (mm) 7.07 5.12 11.96 9.05 

bead height avg (mm) 2.99 4.76 3.62 4.65 

Gas flow rate (L/m) 17 17 17 17 
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Figure 17: A1 – T3 Weld Mode Trials 

 

Table 6: R1 - R7 Weld mode parameters 

Weld # A1 T1 T2 T3 

Bead type Single Single Single Single 

Speed (mm/s) 14 14 14 14 

Mode Pulse Pulse Pulse Pulse 

Power level - - - - 

WFS (in/m) 225 300 225 375 

Trim 1 1 1 1 

Ultimate Arc 0 0 0 0 

Wire Stick out (mm) 10 10 10 10 

bead width avg (mm) 4.73 5.57 4.45 6.25 

bead height avg (mm) 2.70 2.86 2.81 3.61 

Gas flow rate (L/m) 17 18 18 18 
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Figure 18: T1 – N4 Weld Mode Trials 

Table 7: T5 – N4 Weld mode parameters 

Weld # T5 T6 T7 T8 N2 N3 N4 

Bead type Double Double Double Double Double Double Double 

Speed 

(mm/s) 
14 14 14 14 14 14 14 

Mode Pulse Pulse Pulse Pulse Pulse Pulse Pulse 

Power level - - - - - - - 

WFS (in/m) 300 225 225 225 225 225 300 

Trim 1 1 1 1 1 1 1 

Ultimate 

Arc 
0 0 0 0 0 0 0 

Wire Stick 

out (mm) 
10 6 6 10 10 10 10 

bead width 

avg (mm) 
9.95 8.48 9.82 9.30 6.65 8.41 8.99 

bead height 

avg (mm) 
3.51 2.95 2.46 2.71 4.18 3.34 4.74 

Gas flow 

rate (L/m) 
18 18 18 18 11.54 11.54 11.54 

Notes - - 
5mm bead 

separation 

4mm bead 

separation 
- 

4mm bead 

separation 

4mm bead 

separation 
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4.2 Waveform Study 

The waveforms of the previous tests were all graphed and recorded with the power wave 

manager trace function; this high frequency sampled data allows for the current analysis. One of 

the main focuses is arc stability; the observed consistency of the pulse mode welds was greater 

than that of the constant voltage and power mode welds. Arc instability was a concern due to the 

frequency of wire burn errors during initial testing; it was believed these issues might amplify as 

the deposition layers increased and surface uniformity decreased. 

Figure 19: R1 voltage and amperage wave form 

Figure 20: R2 voltage and amperage wave form 

Figure 21: R3 voltage and amperage wave form 

Figure 22: R10 voltage and amperage wave form 
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Figure 23: A1 voltage and amperage wave form 

Figure 24: T1 voltage and amperage wave form 

Figure 25: N3 voltage and amperage wave form 

Figure 26: R11 voltage and amperage wave form in micro scale 

Figure 27: R11 voltage and amperage wave form in a macro scale, showing arc start 
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4.3 Arc Welding Deposition 

The initial large-scale prints reached 4.5 layers and 12.25 layers in height. The endpoints 

were the arc failures during the deposition process, not the programmed endpoints. Heat buildup 

in the part and primarily in the air-cooled torch became a continual issue with the deposition 

continuity, which necessitated taking the longest breaks in-between layer prints possible. This 

necessity initiated the interpass temperature study to determine if the intermittent cooling time 

had a noticeable effect on the phase structure as it was a further step of the directional heat 

cycling. 

Figure 28: Double Bead wall test, 375WP, excess heat buildup, end geometry failure 
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Figure 29: Double Bead wall test, 375WP cleaned and cut to be used for impact testing 

Figure 30: double bead deposition wall, 300WP, 115mm peak height, 56-layer 
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Deposition losses can be seen in the amount of spatter surrounding the wall and the drips 

on the edges from where the heat buildup caused drops of metal to fall off the ends of the wall. 

This was the best possible result as other scenarios suffered far worse geometric instability and 

the largest print that was successfully conducted. This sample was waterjet in preparation for 

destructive testing as a tensile test; however, it was found to have too much porosity and would 

most likely fail prematurely due to the overwhelming presence of these possible stress 

concentrations. The significant presence of porosities found in the wall print was a driving factor 

in exploring the use of other shielding gasses to decrease their prevalence in future prints. 

Ideally, the deposited material would be completely solid and free of any voids that may affect 

its mechanical properties.  

Figure 31: 56 layer double bead wall, waterjet into wishbone tensile coupons 

In Figure 31, the presence of porosity can be observed on most of the sides of the tensile 

coupon cross-sections. These samples were cut from the wall in Figure 30. Due to this 
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abundance of priority, no tensile test was conducted as they would have introduced stress 

concentrations into the trials, which would have provided data not indicative of the true strength 

of the material, and thus no sound conclusions could have been drawn from the findings. 

     The Figures in Appendix A, show the code written by hand for the mid to large-scale wall 

prints. This code worked as a loop to increment a standard height increase onto the rectangular 

shape wall pattern, pictured in Figure 9. The code declares local position variables as the 

incremented positions and has a Z height offset variable for changing the deposition layer height. 

Each for loop is two opposite direction deposition layers with arc commands, and Z height 

increases after each deposition pass. The first command group acts as a trace to the welded 

points and allows for rapid updating of the locations. The initial points set as XP1, 2, 3, and 4 are 

then copied to the newposition1, 2, 3, and 4 variables so the latter can be overwritten without 

changing the former points globally. The loop runs three times, or six layers, after which it 

moves to a service position where the torch can be cleaned of spatter. 

4.4 Interpass Temperature Tests 

When the interpass temperature test began when the print tests showed an increased arc 

failure rate, the problem was identified to be heat buildup in the torch, which is air-cooled, to 

combat this, wait times in-between welds were introduced. The effect on the grain structure was 

essential to understand as any recrystallization will affect the mechanical properties. 
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Figure 32: Baseline Single Layer Two Bead Microstructure 

Figure 33: Baseline Single Layer Two Bead Temperature vs. Time Graph 
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Figure 34: 20 Second Pause Top Layer Two Bead Wall 

Figure 35: 20 Second Pause Bottom Layer Two Bead Wall 
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Figure 36: 20 Second Pause Two Bead Temperature vs. Time Graph 

Figure 37: 40 Second Pause Bottom Layer Two Bead Wall 
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Figure 38: 40 Second Pause Top Layer Two Bead Wall 

Figure 39: 40 Second Pause Two Bead Temperature vs. Time Graph 
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Figure 40: 300⁰C Bottom Pause Top Layer Two Bead Wall 

Figure 41: 300⁰C Temp Pause Top Layer Two Bead Wall 
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Figure 42: 300⁰C Temp Pause Two Bead Temperature vs. Time Graph 

The dual peaks in the graphs are formed by the forward and return path of the welder 

performing a two-bead wall. The temperature was measured from the middle of the print length. 

The peaks are also plateaued at 1500⁰C when the arc is passing across the measuring point 

exceeding the capabilities of the sensor; this does not affect the data because the critical 

information is below 500⁰C as the deposited material is cooling in-between layers. In Sam, et al. 

(2014), when examining multipass RAFM welds, the δ-ferrite present in weld metal deposited on 

the previous pass transforms to austenite during the weld's thermal cycle; this brings down the 

overall δ-ferrite content in multipass welded parts. We are looking for the formation of the delta 

ferrite amongst the primarily martensitic structure to determine if tempering is occurring during 

the deposition and subsequent cooling process. 
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4.5 Morphology Identification 

 Examining the microstructure compared to other “as received” or “as cast” samples, from 

literature, regarding RAMF alloys gives an indication of how well this production method 

produced the alloy we desired. 

 

 
Figure 43: Lathe Martensite formation, and prior austenite grain boundaries 

  

The microstructure mainly consists of lathe martensite, which is expected from low 

carbon, high hardness steel. There may also be the presence of carbides; some of these carbides 

may be Tungsten carbides. This observation is interesting because the carbon present may have 

aided their formation in the C25 shielding gas, which can help to explain the relatively high 

Prior Austenite 
Grain Boundaries 

Lathe 
Martensite 
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amount of spatter during the deposition process. There was very little delta ferrite observed, only 

one instance clearly stuck out in the microscope images shown in Figure 45, but prior austenite 

grains can be seen in most of the images. 

 

 

Figure 44: Microstructure of CFL-1 welded joint (S. Wu et al. 2020b) 

 
Figure 45: Delta Ferrite formation 
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4.6 Hardness Testing Analysis  

 Initial Rockwell hardness testing was performed on the 4.5-layer height sample. Five 

tests were administered across the surface, at locations shown in Figure 46, for deposition layer 

in the sample. The HRC standard used to calibrate was labeled 51.78 and measured at 49.1; the 

test results are adjusted accordingly, averaging just shy of 40HRC with minimal deviation from 

the median. This was surprising because some form of tempering gradient was expected. 

However, with the base first and last layers nearly the same hardness, there is no reason to 

believe the sample has experienced uneven cooling that can affect the microstructure. 

Table 8: Rockwell hardness results for 20S multilayer test 

Location 1 2 3 4 5 AVG 

HRC (calibrated) 40.7 38.2 40.7 40.2 40.1 39.98 

 

 
Figure 46: 4.5 Layer Height Wall HRC testing 

   

 Further Rockwell hardness testing was conducted on samples deposited after process 

impartments were made. A sample originally cut for tensile testing was used to perform the 

secondary hardness testing, these samples were sectioned along the height of the deposited wall. 

Hardness tests were marked every 1/8th inch, to examine the differences in the deposited layers; 

this test was conducted on the front and back sides of the section. An additional hardness test 
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was conducted on one side of an unused tensile specimen vertically sectioned from the 56-layer 

wall deposition. The data can be seen in the Tables located in the Appendix. These test results do 

not show a continual trend, such as increased hardness with height, that could be correlated with 

a continual relaxation or reformation of grains during the process. The graphs do show how 

much the material varies in hardness across the deposition layers, which may indicate that the 

direction of each deposition layer plays a direct role in the grain size of that material. The 

sizeable initial drop-off in hardness on the tensile bar was due to a large inclusion.   

 

 
Figure 47: Charpy sample bar HRC hardness testing 

  

Figure 48: Tensile sample bar HRC hardness testing 
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Figure 49: Tensile bar HRC hardness test 

  

 Microhardness test results of interpass samples were measured in Hardness Vickers. The 

testing parameters and calculations are shown in Table 9, and the hardness results for each 

interpass sample tested are shown in the Appendix. 

 

Table 9: Microhardness testing parameters and calculations 

Hardness Vickers Testing Dwell time= 5s 

HV = 0.189*(F/d^2) Force applied = 100gf 

F = force applied d = mean of edge widths 

 

 
Figure 50: Hardness along the height of interpass samples 
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The microhardness results are consistent across the height of the specimens; as seen in 

Figure 50, the possibility of a hardness differential between deposited layers with different 

interpass temperatures does not seem to be the case. This means any changes in the material's 

microstructure are minimal and unlikely to affect the mechanical properties in this trial. The low 

initial hardness displayed on the graph is due to the first measurement point being the interface 

of the 1018 base metal below the deposited RAFM material being measured.  

4.7 Impact Toughness 

The impact testing specimens were cut from a 375WP double bead wall that measured 

12.25 layers high. The print was faced and decked in a CNC mill to ensure flatness, after which 

the sample was placed in wire EDM to cut specimen sizes. For the final tolerancing, each sample 

was face ground for uniformity. 

Figure 51: Double Bead wall test, 375WP CNC milled flat 
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Figure 52: Charpy test sample sectioning 

Deep porosities are shown on the surface from a lack of refusion between deposition 

layers at the edges; some porosities are visibly deeper in the sides and can be seen in the section 

cut. Once the cutting and grinding were complete, these surface porosities were not of concern. 

The internal and concealed ones could affect the impact toughness measurements. Still, since 

that is the as produced quality of the material with current process development, that is how it 

would fail in a service application as well. The notch cut into the specimen for testing purposes 

should create a more significant stress concentration than any porosity present. No failure was 

recorded at a different location where the notch was cut. 

Table 10: Charpy test results performed at Oakridge National Lab, tested to ASTM A370 
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Figure 53: Charpy impact test results 

 

 An abnormality experienced in test six, at 100 °C, absorbed much higher energy than 

every other test specimen. The average calibrated absorption energy across all temperatures was 

6.2625 J. The calibration is calculated based on the area percentage of the impacted bar, as 

shown in the 5th column of Table 10. The calculation is as follows, where W1 = Width including 

a notch, W2 = Width not including notch: 

Bar Formula = 
Dial energy (J)

Area Percentage 
              Area Percentage = 

((W1−0.039)∗W4)

((0.197−0.039)∗0.197)
∗ 100 

 

Figure 54: Charpy impact sample 1, 22⁰C 
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Figure 55: Charpy impact sample 3, 0⁰C 

Figure 56: Charpy impact sample 6, 100⁰C 

Figure 57: Charpy impact sample 8, 200⁰C 
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When comparing the impact toughness of WAAM RAFM samples to welded CLF-1 

steels, the average impact toughness was closest to the two lowest impact energy tests recorded, 

at 3.3J and 4.3J, respectively. These both had a high heat input and, therefore, large delta ferrite 

formation, above 2.5% (Wu et al. 2020). The welding process examined in that study was 

electron beam and has a much higher power density than arc welding. The similar impact energy 

absorption indicated a strong presence of delta ferrite in the RAFM deposition samples. When 

comparing the failure characteristics of Figure 55 at 0⁰C vs. Figure 56 at 100⁰C, the ductility of 

the failure may be increasing. While the data does not continue to confirm this observation, as 

the absorption energy has only increased on the 100⁰C test, the failure cross-section shows the 

presence of a limited amount of necking around the edges of the specimen. 
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CHAPTER 5: CONCLUSIONS 

5.1 Conclusions of present work: 

The capability to use WAAM to manufacture RAFM parts is reasonably developed. 

While the experimental samples would likely be unable to serve as a service part correctly, the 

real possibility of producing a part in this capacity has been established. The process 

development’s introduction of interpass temperature monitoring was unexpected; however, the 

testing showing that even cooling to below 300 ⁰C caused no significant difference in the grain 

reformation was very beneficial to the eventual success of larger-scale deposition tests. The 

metallographic testing showed the majority of martensitic morphology and the presence of delta 

ferrite. When comparing the composition of the deposited material to that of cast samples, the 

morphology looks as expected, which helps to confirm the fusion of the powdered components 

in the wire to create the RAFM chemistry. The hardness data, averaging all interpass samples, is 

423.74HV for the deposited material; this confirms the high presence of martensite formation 

occurring and provides insight into the lack of reformation in grains during the constant heat 

cycling of the material deposition layer by layer. We anticipated some form of tempering might 

occur by nature of the process, but it was unclear to what degree it would have an effect; at the 

current time, we can consider this effect negligible. The average resistance of 6.25J from the 

impact testing indicates a very brittle failure, which, compared to previous studies, was 

anticipated, and correlated to a more significant delta ferrite volume percent. 
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5.2 Recommendations for future work:  

 Further work on shielding gas selection would benefit the WAAM process with RAFM 

wire. The presence of porosities and inclusions in the welds was too high to be considered 

satisfactory; this lack of porosity control diminishes the possibility of feasibly producing parts 

for use at the current time. While different gasses were tested in the study, and 100% argon was 

found to have the potential to solve this issue, the print tests with 100% Argon were unsuccessful 

due to excessive heat buildup of the deposited material leading to geometric instability. Different 

process parameters or other shielding gas mixes with Argon may further the process towards 

total viability by eliminating the observed porosities. Further mechanical testing, such as the 

planned tensile tests, would be incredibly beneficial to determine the strengths of the deposited 

material fully, and radiation resistance testing would be of great interest to see how the process 

affects the material's ability to resist its effects compared to cast/machined parts. 

 

An analysis of possible heat treatment procedures to further affect the microstructure may 

also be necessary. While no significant difference in the deposited layers was found, uniformity 

of the microstructure cannot be guaranteed in an as-deposited sample. Other studies conducted 

used heat treatments to increase the ductility of the welded RAFM steels; additionally, lowering 

the hardness would also aid in machinability for finishing the part.   
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APPENDIX 

KUKA KRL CODE TO PRINT MULTILAYER WALL, VARIABLE DECLARATION AND 

POINT TRACE SECTION  
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KUKA KRL CODE TO PRINT MULTILAYER WALL, FOR LOOP SECTION 
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MICROHARDNESS TEST RESULTS FOR INTERPASS TEMPERATURE TESTS 

Base Sample 20S Sample 40S Sample 300⁰C Sample 

Hardness 

(HV) 

Distance 

(mm) 

Hardness 

(HV) 

Distance 

(mm) 

Hardness 

(HV) 

Distance 

(mm) 

Hardness 

(HV) 

Distance 

(mm) 

208.6 0 197.7 0 289.4 0 185.4 0 

404.4 0.15 415.5 0.12 430.7 0.13 396.5 0.13 

405.9 0.3 415.5 0.25 441.3 0.27 415.5 0.26 

446.7 0.42 408.2 0.37 413.1 0.45 413.1 0.38 

438.6 0.54 392 0.5 455 0.58 418 0.5 

444 0.74 430.7 0.62 420.5 0.71 398.8 0.63 

449.4 0.86 418 0.74 401.2 0.89 435.9 0.76 

418 0.96 423 0.86 444 1.02 423 0.88 

428.1 1.1 433.3 0.98 401.2 1.14 436.7 1.01 

428.1 1.27 385.3 1.1 428.1 1.35 423 1.13 

438.6 1.35 420.5 1.22 418 1.48 408.2 1.26 

418 1.43 418 1.34 428.1 1.65 403.5 1.38 

443.3 1.55 425.5 1.47 405.9 1.87 420.5 1.5 

441 1.73 425.5 1.6 394.3 2 420.5 1.63 

433.3 1.81 449.4 1.71 425.5 2.12 438.6 1.76 

418 1.92 405.9 1.84 433.3 2.25 449.4 1.88 

428.1 2.06 418 1.97 433.3 2.38 441.3 2 

425.1 2.28 438.6 2.09 478.4 2.62 475.4 2.13 

428.1 2.23 405.9 2.79 435.4 2.26 

425.5 2.45 420.5 2.39 

433.3 2.52 423 2.5 

403.7 2.63 392.2 2.63 

410.7 2.75 441.3 2.76 

396.5 2.9 405.9 2.88 
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CHARPY IMPACT SAMPLE MATERIAL HRC HARDNESS TEST DATA 

Charpy Sample Height (in) Side 1 hardness (HRC) Side 2 hardness (HRC) 

0 13.5 13.5 

0.125 42.25 43.5 

0.25 40.5 35.5 

0.375 35 35 

0.5 42.5 43 

0.625 37.5 32.5 

0.75 32.5 43.75 

0.875 39 30.5 

1 41.5 42.5 

1.125 39.75 41 
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TENSILE SAMPLE, HRC HARDNESS TEST DATA 

Tensile Sample Height (in) Hardness (HRC) 

0 42.5 

0.125 37.5 

0.25 23.5 

0.375 44.5 

0.5 33 

0.625 37.75 

0.75 38.5 

0.875 44.25 

1 32 

1.125 43 

1.25 44 

1.375 43.5 

1.5 36 

1.625 40.5 

1.75 44.5 

1.875 34 

2 36 

2.125 41.5 

2.25 44.5 

2.375 34 

2.5 33 

2.625 43.5 

2.75 37.75 

2.875 32 

3 33 

3.125 40.5 

3.25 45.5 

3.375 35.5 

3.5 38.5 

3.625 42 
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