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Abstract 

 

While additive manufacturing is comprised of metal and polymer fabrication, 

current additively manufactured polymer-based products are much further from being put 

into industrial applications.  Metal-based additive manufacturing is comprised into wire- 

and powder-based processes.  While the powder processes have the advantage of fine 

detailed resolution, they are limited by the production rate it takes to produce these fine 

details.  Wire processes have much higher deposition rates, while at the same time having 

lower start-up, production, and consumable costs.  Due to these reasons, a wire-based 

system was chosen for this research.  A Fronius Cold Metal Transfer (CMT) welder has 

been modified to a CNC 3-Axis gantry system for the purposes of a Wire + Arc Additive 

Manufacturing (WAAM) system.  

One of the biggest issues currently with additive manufacturing is the lack of 

control over the process.  Issues such as scale error, thermal management, and variable 

control plague the technology.  Many work-arounds have been developed to increase 

productivity, repeatability, and reliability (such as scaling, pausing, or trail-and-error); 

however, no real-time process control has been implemented successively on a broad basis.  

This research attempts to close the gap on control over the WAAM process via multiple 

control schemes.  The three biggest issues noted in literature are issues with scale error, 

thermal management, and process variable control.  Closed-loop feedback control systems 

have been developed, analyzed, and quantified to address these specific issues.  
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The control schemes have been successfully evaluated and have indeed improved 

the WAAM process.  Mechanical properties such as ultimate tensile strength, yield 

strength, and hardness have been characterized at multiple temperatures and via different 

welding control lines.  Support material such as wiring diagrams, operating manuals, and 

operational machine codes have also been developed for replication of this research and to 

further the research started here.  Using the results found in this research, future users can 

easily produce quality additive metal parts quickly, efficiently, and easily thanks to the 

controls developed to aid in the ease of using WAAM . 

The use of all the control schemes in conjunction with each other is highly 

recommended for all future users for all occasions.  This not only benefits the user and the 

óprintedô part, but also the machine.  In additive manufacturing the need for optimal 

mechanical properties is not always necessary.  Often a simple working prototype for proof 

of concept is all that is necessary.  In this case the fastest method, without compromising 

the machine, is best.  If material strength is to be optimized, maintaining a low temperature 

set point, without sacrificing time, is recommended for both materials (steel, stainless).  

Isotropic tendencies were found in steel, and near-isotropic properties were found in 

stainless with the combined control schemes.  
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I. Introduction  

 

Commercial metal additive manufacturing machines currently provide users fair to 

high resolution and the ability to produce complex geometries which traditional 

manufacturing techniques simply cannot produce.  These machines are slow, limited in 

scalability, and expensive.  Auburn Universityôs Wire 3D machine offers a highly modular, 

open frame design that utilizes the Wire + Arc Additive Manufacturing (WAAM) 

technique.  The WAAM process utilizes a modified welder to melt feed wire layer by layer 

to produce metal óprints.ô 

To date, most researchers have studied the WAAM process utilizing modified Gas 

Metal Arc Welders (GMAW).  Short Circuit Transfer and Cold Metal Transfer (CMT) are 

the two main techniques used for the GMAW WAAM technique.  Previous research at 

Auburn University focused on applying the Short Circuit Transfer process to WAAM, 

while this research focuses on CMT-WAAM.  

The lack of control over the process has been identified by researchers as a 

prevalent root issue for decades.  Nearly all researchers have added rudimentary techniques 

to monitor one or two in-process parameters; however, none have successfully 

implemented an actual closed-loop feed-back control loop for the many parameters in the 

process.  The use of CMT-GMAW has been acknowledged to provide greater control over 

the voltage/current/wire feed relationship; however, many more process variables play a 
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significant role during the óprintingô process.  This research attempts to close the gap on 

the control issue prevalent in the field. 
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II. Literature Review 

 

Metal Additive Manufacturing  

Manufacturing systems used for the additive manufacturing of metals can be 

generalized into three broad categories: powder bed systems, powder feed systems and 

wire feed systems [1].  Each system comes with its own drawbacks and advantages, while 

the end-user must decide what meets the needs. 

ñA powder bed is created by raking powder across the work area.  The energy 

source (electron beam or laser beam) is programmed to deliver energy to the surface of the 

bed melting or sintering the powder into the desired shape.  Additional powder is raked 

across the work area, and the process is repeated to create a solid three-dimensional 

component.  The advantages of this system include its ability to produce high resolution 

features, internal passages, and maintain dimensional controlò [1].  Powder bed systems 

are not without their drawbacks; they are costly to purchase and operate.  This is partly 

because currently ñall the powder bed systems are manufactured by companies located 

outside the United Statesò [1].  For example, ñARCAM , a Swedish company, 

manufactures the only powder bed electron beam system, the ARCAM A2ò [1].  

Additionally, since the entire machine is filled with material, powder bed systems often 

waste a large amount of un-sintered powder.  Even if the excess powder is reclaimed, there 

is still a portion that is partially sintered that cannot be reused.  Additionally, powder bed 
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systems have low material deposition rates due to the repeated process of dispersing 

powder over the bed and ensuring it is flat and level for the next layer.  Figure 1 shows a 

generalized illustration of a powder bed system. 

 

Powder feed systems work on a similar concept to powder bed systems.  ñThe build 

volumes of these systems are generally larger (e.g., >1.2 m3 for the Optomec LENS 850-R 

unit).  Further, the powder feed systems lend themselves more readily to build volume scale 

up than do the powder bed units.  In these systems, powders are conveyed through a nozzle 

onto the build surface.  A laser is used to melt a monolayer or more of the powder into the 

shape desired.  This process is repeated to create a solid three-dimensional component.  

There are two dominate types of systems in the market.  1. The work piece remains 

stationary, and deposition head moves.  2. The deposition head remains stationary, and the 

Figure 1: Typical Powder Bed System Setup [1] 
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work piece is moved.  The advantages of this type of system include its larger build volume 

and its ability to be used to refurbish worn or damaged componentsò [1].  While powder 

fed systems seem superior to powder bed, they still have relatively low deposition rates 

and are incapable of producing fine internal passages and features quite like powder bed 

systems can due to the excess powder acting as a support structure.  Figure 2 shows a 

generalized illustration of a powder feed system. 

Wire feed systems use wire feed stock to deposit and build subsequent layers. ñThe 

feed stock is wire, and the energy source for these units can include electron beam, laser 

beam, and plasma arc.  Initially, a single bead of material is deposited and upon subsequent 

passes is built upon to develop a three-dimensional structure.  In general, wire feed systems 

are well suited for high deposition rate processing and have large build volumes; however, 

Figure 2: Typical Powder Fed System Setup [1] 
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the fabricated product usually requires more extensive machining than the powder bed or 

powder fed systems doò [1].  ñAnother advantage of wire fed machines is the economic 

use of material.  Wire feed systems only deposit object material, without any waste and 

have low raw material costs when compared to powders. This makes wire fed machines 

ideal for near net shape manufacturing of large structural objects with low material waste.  

Additionally, wire feed systems do not require complex powder distribution hardware and 

are easily integrated into a gantry style CNC machineò [2].  Figure 3 shows a generalized 

illustration of a wire feed system; however, in the illustration an electron beam as energy 

source is being used. 

Wire and Arc Additive Manufacturing  

"The wire fed additive manufacturing process can be further classified into multiple 

types dependent upon the wire melting method.  The two types of wire fed additive 

manufacturing systems use a repurposed and modified Tungsten Inert Gas (TIG/GTAW)  

or Metal Inert Gas (MIG/GMAW) welding power source [3].  The GTAW process uses an 

energy source (laser, electron beam, or electricity) to melt a fed wire in an inert gas 

environment.  The GMAW process uses a consumable wire electrode that is melted by 

electricity and deposited in an inert gas environment. 

Figure 3: Typical Wire Feed System Setup (E-Beam Energy Source Process) [1]  
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Both the GMAW deposition process and the GTAW deposition process have 

advantages.  The GMAW process results in an easier control because it requires less 

moving components than the GTAW process.  The GTAW process requires movement of 

an electrode and the deposited metal wire in coordination.  The GMAW process only has 

one moving component because the deposited metal wire is the electrode.  Additionally, 

the GMAW process does not require orientation of the deposited metal wire.  The GTAW 

process requires appropriate orientation of the wire as well as the arc source which results 

in complicated toolpath generation.  The GTAW process, however, is less prone to electric 

arc wandering and a better surface finish is consequently easier to achieve [3]ò [2]. 

GMAW  Deposition Processes 

ñWhenever possible, GMAW is the process of choice: the wire is the consumable 

electrode, and its coaxiality with the welding torch results in easier tool pathò [3].  GMAW 

welding has multiple methods of deposition based on the controls available.  Metal transfer 

is accomplished by feed wire being melted and deposited on a substrate.  These methods 

of deposition include Short Circuit Transfer, Globular Transfer, Spray Arc Transfer, and 

Cold Metal Transfer (CMT) [4, 5]. 

ñShort Circuit Transfer is the traditional GMAW process as illustrated in Figure 4.  

During the Short Circuit Transfer process, the welding wire contacts the base metal 

between 90-200 times per second.  While Short Circuit Transfer is not capable of as high 

deposition rates as Spray Arc Transfer, it does have several advantages.  Short Circuit 

Transfer requires relatively low voltages and consequently lower heat is put into the welded 

object.  A potentially negative consequence of this behavior is a lack of complete weld 

fusion when attempting to weld thick metals [4].  However, the additive manufacturing 
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process requires less heat input than a traditional weld which requires full heating and 

penetration of two pieces of base metal.  In the additive manufacturing process, only 

enough energy to penetrate the relatively thin previously deposited layer is required.  This 

makes the Short Circuit Transfer mechanism capable of high deposition rates. 

An intermittent mode of transfer between Short Circuit Transfer and Spray Arc 

Transfer is Globular Transfer.  Shown in Figure 5, Globular Transfer occurs when globs 

of hot metal accumulate on the feed wire electrode and are discharged onto the base metal.  

Instead of a small amount of metal being deposited during a brief Short Circuit, a large 

amount of metal accumulates on the electrode before it is deposited.  Globular Transfer is 

not a preferred mode because it creates large amounts of spatter, a large weld, and a poor 

weld appearance [4].  This makes it a poor choice for application in additive manufacturing. 

Figure 4: GMAW Short Circuit Transfer [4] 
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As shown in Figure 6, Spray Arc Transfer occurs when a stream of tiny drops 

flow from the feed wire electrode to the base metal.  Spray Arc Transfer has the 

advantage of a high deposition rate and good weld penetration.  However, Spray Arc 

Transfer does require higher power input to the weld and consequently adds more heat to 

the deposit [4].  This behavior makes Spray Arc Transfer not conducive to the ideally low 

thermal input additive manufacturing process. 

The final GMAW welding technique is Cold Metal Transfer (CMT) as illustrated 

in Figure 7.  Developed by the Austrian company Fronius, CMT is a relatively novel 

welding technique which involves a controlled dip transfer.  During the CMT process, wire 

electrode is fed towards the base metal [3]ò [2].  ñIt uses a peak current lower than the 

Figure 6: GMAW Spray Arc Transfer [4] 

Figure 5: GMAW Globular Transfer [4] 



10 

 

transition current to prevent accidental detachment and takes advantage of the downward 

momentum of the oscillating droplet to enhance the detachment.  When the droplet moves 

toward the weld pool, the current is switched to peak level and the combination of increased 

electromagnetic detaching force and downward momentum ensures detachment.  Hence, 

the metal transfer process becomes controllable and robust against variations in welding 

parametersò [6].  However, this process requires proprietary and relatively expensive 

equipment (as compared to other GMAW processes) [2]. 

Previous research conducted at Auburn University, focused on the Short Circuit 

Transfer and its application to Additive Manufacturing; while this research will  primarily 

focus only on Cold Metal Transfers its application in Additive Manufacturing.  

Wire and Arc Additive Manufacturing using Short Circuit Transfer GMAW  

Short Circuit transfer GMAW welding has been applied to additive manufacturing 

in several research attempts; including researchers at Cranfield University, UK, University 

of Nottingham, UK, University of Minho, Portugal, and Southern Methodist University, 

Dallas, Texas [7].  Wire and arc additive manufacturing was first recorded in a patent by 

Baker in 1925, entitled Method of Making Decorative Articles.  The patent presented a 

technique of creating objects using a metal electrode and electricity to deposit material in 

layers to form an object.  The patent included drawings of two objects and a close-up of 

Figure 7: GMAW Cold Metal Transfer [5] 
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built up layers as shown in Figure 8.  Baker identified that the current was related to the 

speed of the moving electrode and the thickness of the layer. Baker focused on creating 

decorative objects that did not have any mechanical value.  The process was manually 

actuated for movement of the welding tip [2, 8]. 

Additional research in the field is evidenced by the filing of several patents. In 

1925, Eschholz deposited single layers of metal to form ornamental letters.  Eschholz 

determined that the important process parameters were substrate material, arc current, 

travel speed, bead width, bead height, and penetration depth [2, 9].   

Shockey in 1932 used a novel wire and arc deposition method in his patent for 

Machine for Reclaiming Worn Brake Drums.  In the patent, one-layer tall weld beads were 

deposited on worn brake drums, so they could be reserviced.  After depositing the material, 

the brake drum was post-machined to size.  The deposition process was mechanized, 

instead of manually operated, and was a major improvement in this patented method.  As 

Figure 8: Bakerôs Patent [8] 
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a result, Shockey noted the impact of travel speed and electrical current on the geometry 

of the deposited bead.  Shockeyôs technique was determined to not be economically viable 

due to the fact that the process was more costly than the cost of a new brake rotor [2, 10]. 

In 1933, Noble filed a patent for an economical method of enlarging shaft 

diameters. Noble proposed near net shape manufacturing technique of placing a collar on 

a shaft and welding it in place, instead of machining a large diameter shaft down in steps 

with great material waste [2, 11]. 

In 1943, Carpenter and Kerr made a significant development by patenting an 

invention that utilized the relatively new, high deposition rate Submerged Arc Welding 

(SAW) process to deposit alloys with a significant percentage of chromium (24-27%) and 

nickel (19-22%).  Their goal was to manufacture large shafts with increased strength when 

compared to traditionally manufactured objects.  It was determined that the substrate must 

be preheated to permit a high rate of metal deposition.  Preheating seemed to allow a greater 

feed rate [2, 12]. 

The use of the SAW process was more refined in a 1962 patent, by White, in which 

rollers were used to press the previously deposited layer.  White observed large variance 

in the process which prevented its application in the food processing industry.  The pressure 

roller improved the surface of the layer creating a more repeatable process.  For future 

work, White proposed that pre-heating the roller improved the deposit quality and 

recommended a post process of gradual cooling for internal stress relief [2, 13].   

Ujiie filed patents in 1967 and 1970, where large thick-walled pressure vessels were 

created.  In addition to the SAW process, Ujiie used an inert shielding gas and multiple 

welding nozzles.  To achieve a high deposition rate, three simultaneous parallel wire 
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electrodes were used.  This created a larger weld pool than previous researchers.  However, 

the larger weld pool, when compared to the single wire electrode objects using a smaller 

weld pool, had degraded grain structure and voids.  Ujiie hypothesized that the pressure 

vesselôs more desirable mechanical properties resulted from the tempering effects of 

subsequent layer deposition [2, 14]. 

Brandi and Luckow filed a patent, in 1974, featuring fabrication of large shafts and 

rotors for turbines and electric generator applications requiring high strength and 

durability.  They compared the near net shape process to the traditional forging process and 

concluded that the novel method had near isotropic mechanical properties.  They 

additionally determined that the welding power and temperature of the substrate, and 

subsequent layers, were interrelated factors that could be controlled [2, 15]. 

ñThe SAW additive manufacturing process continued to be developed and studied 

with multiple welding heads and steel alloys.  Significant improvements in mechanical 

properties were observed with comparing deposited parts to forged and rolled objects.  

Prior to the Chernobyl disaster in 1986, German researchers at the large steelmaker 

Thyssen-Hutte AG were focused on applying near net shape additive manufacturing 

techniques to produce nuclear boilers or pressure vessels.  After 1986, the rapid SAW 

additive manufacturing research powered by a high market demand for nuclear energy was 

refocused on production of pressure vessels for the chemical industry or heavy turbine 

shafts.  However, funding for these industries was not sufficient for the previous research 

rateò and the research was ended [2, 16]. 

In 1990, Achesonôs patent, titled Automatic Welding Apparatus for Weld Build-up 

and Method of Achieving Weld Build-up, included a nozzle for a shielding gas that moved 
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with the feed wire in a process like Gas Metal Arc Welding (GMAW), also known as Metal 

Inert Gas (MIG) welding.  Acheson focused on the mechanical design of a shielding gas 

nozzle in relation to additive manufacturing but did not provide any testing or evaluation 

of his invention.  However, this patent marked the beginning of the current trend of focused 

research of the GMAW based wire and arc additive manufacturing process [2, 17]. 

With the advancement of Computer Numerical Control (CNC), wire and arc 

additive manufacturing process has been increasingly researched and developed with focus 

on the GMAW process.  Recognizing the potential of this, Rolls-Royce internally 

investigated the application of this technique to the aerospace industry in the early 1990s.  

The focus of the research was on lowering cost by producing near net shape high 

performance alloys with low waste [2, 16, 18]. 

At the University of Nottingham in 1992, UK, Dickens et al. conducted a 

preliminary study of additive manufacturing using GMAW based methods.  A 

commercially available welding robot was used allowing the researchers noted 

improvement due to robotic control and automation, consistent material properties, rapid 

manufacturing times, and material efficiency.  The team used mild steel welding wire based 

on Fe-C (0.08%) ï Si (0.9%) Mn (1.5%).  As shown in Figure 9 and 10 the authors achieved 

production of a square box and a truncated pyramid [2, 18]. 
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Dickens et al. emphasized the importance of geometry of the produced weld bead 

and conducted numerous trials of singular weld beads with varying parameters.  The 

authors observed that the geometry of the weld bead was dependent upon several factors 

such as: voltage, wire feed rate, wire stick out distance from the nozzle, wire diameter, and 

welding velocity.  They observed their effect on: arc voltage, arc current, layer width, and 

layer height.  The general observed trends are presented in Table 1.  It was observed that 

the shape of the weld bead could be modified from a wide and flat bead to a narrow bead 

when producing vertical walls by varying the velocity of the welder [2, 18]. 

Dickens et al. also conducted a brief, post process mechanical and microstructural 

evaluation of the square box wall sections.  Hardness tests showed an increase in hardness 

from the base of the wall to the top of the wall.  They hypothesized that this was the result 

of tempering of the lower layers due to heating during deposit of subsequent layers, as did 

Figure 10: Truncated Hollow Pyramid using GMAW Process [18] 

Figure 9: Box Produced using GMAW Process [18] 
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Ujiie.  Tensile tests were conducted parallel and orthogonally to the layers.  There was very 

little difference in ultimate tensile strength in the two directions; however, a statistical 

study was not performed [2, 14, 18]. 

 

ñWhen examining the microstructure, the wall was largely equiaxed ferrite and 

perlite with a grain size of approximately 60µm.  It was observed that the structure was 

much less equiaxed and more columnar in the top layers of the wall that were not subjected 

to reheating during the additive manufacturing process. As subsequent layers are deposited, 

the previous layers are repetitiously reheated and consequently tempered during the 

process.  The researchers recommended heat treating the object to ensure a uniform 

microstructure, but they did not test this hypothesis.  Additionally, there were no voids or 

cavities in the material when a sample was polished and observed under a microscope.  The 

part was concluded to have good mechanical properties. 

Dickens et al. concluded that to further develop the GMAW based additive 

manufacturing technique there must be significant software development.  Additionally, a 

sensing feed-back loop between the welder and the robot controller was identified as 

necessary to improve the consistency of the process and create surface finishes similar in 

quality to cast objects.  The authors recommended that the sensing feed-back loop provide 

Table 1: Interactions observed by Dickens et al. [18] 



17 

 

the wire offset distance to the controller.  The controller would then maintain the wire offset 

distance to a constant valueò [2, 18]. 

ñFurther research at the University of Nottingham of the GMAW additive 

manufacturing technique was published by Spencer et al. in 1997.  The team used a 

commercially available three axis GMAW welder with a Siemens controller to build layers 

on a platform that could tilt and rotate.  The platform was manually moved before the 

additive manufacturing operation.  This allowed orientation of the part at different angles 

to the welder so geometries could be made without supportsò [2, 19]. 

ñThree test parts, a hollow box, a vertical wall, and a horizontal slab, were studied 

and are shown in Figure 11.  The geometries consisted of 82 layers totaling 100 mm high.  

The test parts were made from a copper coated mild steel wire that was 1 mm in diameter.  

The parts were manufactured on a 12mm thick mild steel build plate.  The layer width of 

the resulting weld bead was 3.5mm.  It was found that layer widths between 3 and 6 mm 

were possible.  Attempting to build walls of thicknesses greater than 6mm resulted in 

excessive heat input and poor bead profile due to insufficient cooling of built up heatò [2, 

19].   
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ñSpencer et al. attempted to manufacture thicker walls by placing multiple beads 

beside each other. However, there was incomplete penetration of the substrate and 

neighboring bead.  Attempts to angle the welding torch to deposit multiple adjacent beads 

were unsuccessful due to an unpredictable bead profile.  The dye penetrant test shown in 

Figure 12 demonstrated the lack of fusion when attempting to deposit adjacent beads.  

Instead of attempting to deposit the beads directly next to each other, the authors deposited 

beads at a pitch approximately double the width of the weld bead crest.  As illustrated in 

Figure 13, material was then deposited in the root channel formed by the two beads 

separated by the pitch distance.  According to tensile tests, the researchers concluded that 

this method of adjacent layer deposition created excellent (at/near manufacturerôs specs) 

mechanical properties.  The tensile test standard used was not recordedò [2].  

Figure 11: Geometries studied by Spencer et al [19] 
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Spencer et al. also implemented temperature control loop to ensure the previous 

layer had adequately cooled before depositing the next layer.  The operators set a maximum 

allowable temperature at which welding was to be performed, and an if-else loop prevented 

welding until the part reached an acceptable temperature read as by an infra-red sensor.  

After implementing temperature control, the authors achieved an improved surface finish 

at the cost of more than double the build time [19].  

When examining the microstructure of a cut, polished, and chemically etched 

sample, Spencer et al. observed that the upper surface had a martensitic structure due to 

rapid cooling; however, the recrystallization and slower cooling of the lower layers resulted 

Figure 13: Voids in adjacent beads as shown in dye penetrant test by Spencer et al. [19] 

Figure 12: Procedure for depositing adjacent layers by Spencer et al. [19] 
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in a finer ferrite/pearlite grain structure.  Aside from the top layer, Spencer et al. achieved 

uniform grain structure and fusion between layers throughout the created sample [2, 19]. 

Additionally, Spencer et al. conducted stress tests on the finished parts to determine 

residual stresses and compared the results to the layer temperatures.  The residual stress 

measurements were performed using the center hole method [20].  A three-strain gauge 

rosette was used to measure the change in stress when the material was removed by drilling 

a whole through the sample. The results varied greatly between the different geometries 

and the sample size was small so there was no significant conclusion [19]. 

The work of Dickens et al. and Spencer et al. did not include Computer Aided 

Manufacturing (CAM) integration [21].  The researchers coded the machine by hand and 

only created rather simple objects.  Ribeiro et al. at Canfield University in 1994 developed 

a process for transferring a CAD drawing to the GMAW technology based additive 

manufacturing equipment.  Their proprietary, unpublished software package translated a 

CAD file created with AutoCAD into movements interpreted by the software controlling 

the industrial robotic arm welder.  The weld parameters were kept at predefined constants 

and were controlled by the internal circuitry of the welding robot.  Ribeiro et al. 

successfully produced a circular metal vase out of mild steel with this process as shown in 

Figure 14 [2, 22, 23]. 
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Although his main goal was to perform a software process evaluation, Ribeiro et 

al. recorded various conclusions from the experiment unrelated to the software.  The 

authors identified that the splined geometry of the vase created a varying distance between 

the arcing wire and the previous layer while being deposited.  Additionally, it was observed 

that the quality declined with time which was likely due to latent heat buildup as well as 

scale error due to the layering process.  Finally, Ribeiro, et al recommended weighing the 

substrate plate before óprintingô an object to calculate how much material was deposited 

during the process [2, 22, 24]. 

ñTo illustrate the software capabilities and evaluate the geometric accuracy, an 

additional hollow object was created with refined software by Ribeiro, et al in 1996 and is 

shown in Figure 15.  The authors concluded that bead geometry (layer height and width) 

was of utmost importance and must be properly estimated for the slicing parameters to 

function correctly.  Additionally, during the build process, the distance between the arcing 

wire and the previous layer was variable and required manual adjustment during the 

Figure 14: First successful integration of CAD and welder controls [22] 



22 

 

process.  The inward taper of the component was considered to be the cause of this issue 

and closed-loop control was recommended as the solution [25, 26]ò [2].   

To increase control of the GMAW welding process, Ribeiro et al. developed a 

mathematical model to determine the appropriate parameters to input into the previously 

developed unpublished software.  The input welding parameters were layer width, layer 

height, welding current, and welding voltage.  To evaluate the feasibility of creating a 

óscheduleô for additive manufacturing, Ribeiro et al. created cylindrical test pieces ten 

layers high.  The machine travel speed was varied between 500 and 2500 mm/min, and the 

welding current was varied between 120 and 160 Amps [2, 21].  The robotic welding arm 

utilized by the authors used a synergic algorithm to control the pulsing of the power source 

and the wire feed speed.  The synergic algorithm was a control scheme internal to the 

welder that varied the welding power based upon the wire feed rate.   The robotic welding 

Figure 15: Complex geometry produced by Ribeiro et al. [26] 
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arm used a Short Circuit GMAW process with a synergic algorithm and the internal 

controls were not studied.  Therefore, the wire feed speed was not considered [2, 21, 27]. 

Ribeiro et al. performed their experiments with 1.0 mm diameter Inconel 718 wire 

and used argon shielding gas.  During the experiments, the layer width varied between 3.8 

and 10 mm and the layer height varied between 0.44 and 1.24 mm.  The authors observed 

a relationship between welding speed and layer width as shown in Figure 16 [2, 21]. 

ñTo develop the parameter input algorithm for the slicing software, Ribeiro et al. 

used empirical results as inputs for a regression analysis to determine the relationship 

between four measurable coefficients of welding speed, welding current, layer height, and 

layer width.  The created mathematical model was incorporated into the software, so the 

user could input a desired layer height, and the computer would automatically set the 

welding speed and current.  To evaluate the software, three test objects of desired layer 

width were manufactured.  The greatest observed absolute layer width error was 0.4mm 

Figure 16: Relationship between layer width and travel speed by Ribeiro et al. [21] 
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with an expected layer width of 8.0 mm.  The authors considered this layer width error to 

be relatively small [21]ò [2]. 

While Ribeiro et al. were successful in creating an appropriately sized geometry, 

their preliminary study failed to consider many parameters (e.g. wire feed speed, weld 

characteristics, wire offset, wire diameter) identified as important factors by other 

researchers [16].  Additionally, the authors did not study the influence of the internal 

controls of the welder.  Finally, the model was purely based upon empirical data for Inconel 

718 deposited by the studied welder and was not applied to other materials and setups. 

ñIn 1998, Kovacevic et al. at Southern Methodist University used a high-speed 

vision system to study the formation of droplet parameters and resulting weld penetration 

of GMAW based additive manufacturing.  Additionally, the researchers performed a finite 

element analysis to simulate the cooling characteristics of the process.  The end goal of the 

research was to create a sensing system that could improve the process consistency; 

however, the research was not completed [28]. 

Kovacevic et al. used a 24 Volt GMAW welder with ER70S-6 mild steel wire.  A 

shielding gas of 95% Argon and 5% CO2 was used and the machine traveled at a constant 

speed of 6.4 mm/sec.  The researchers proposed controlling the metal transfer process by 

turning the electrical current to the welder on and off based upon the size of the metal 

droplet formed at the end of the electrode.  To observe the metal transfer process, a high 

speed digital camera capable of 800 frames per second with a resolution of 128X128 pixels 

was used [28].  Kovacevic et al. determined that the deposited metal bead size and 

penetration could be controlled by the pulsing electrical current.  Therefore, this strategy 

could be used for increased control and consistency during the deposition process [28]ò[2]. 
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In 1999, Kmecko et al. continued to research the GMAW based additive 

manufacturing technique at Southern Methodist University by applying real time image 

processing to the system to reduce weld spatter.  The developed system measured the 

voltage and current used by the welder and featured an infrared pyrometer and a light 

sensor.  While the system was capable of real time image capture, no demonstration of 

successful closed-loop control was presented.  Kmecko et al. were convinced that the 

closed-loop control was necessary to improve the process and reducing welding spatter [2, 

29]. 

In 2002, Zhang et al. at the University of Kentucky published an improved GMAW 

based additive manufacturing process utilizing a more sophisticated CAD model slicing 

strategy.  The team developed unpublished software that could vary the infill method and 

vary the layer height throughout different regions of the model.  Additionally, the authorôs 

software can vary the start point of each deposited layer. 

Zhang, et al used two different steel-based wires of E70S-6 and SS308 to evaluate 

the novel CAD model slicing software.  For both materials, the wire was fed at a speed of 

160 in/min and the machine travel speed was 0.2 in/sec.  The welding voltage was 25 Volts 

for both materials and the welding current was 125 Amps for the E70S-6 wire and 110 

Amps for the SS308 wire.  The shielding gas was an argon and CO2 mix; with 25% CO2 

for the E70S-6 wire and 5% CO2 for the SS308 wire. 
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To study the softwareôs varying start point capability, Zhang et al. created 

cylindrical parts with and without varying start points.  As shown in Figure 17, the scale 

error from buildup at the start point of the deposited layer path is significant.  Figure 18 

presents a cylindrical part with a varied layer start point.  As a result, the effects of the scale 

error are mitigated [2, 30]. 

The software was also capable of lead-in and lead-out speed control of a deposited 

line.  The researchers observed buildup of the layer at the start of the path and a decreased 

amount of material at the end of the path.  To counteract this, the authors increased the 

machine travel speed at the beginning of the path and slowed the machine travel speed at 

Figure 18: Tube shaped part with varied layer start point by Zhang et al. [30] 

Figure 17: Tube shaped part with the same layer start point by Zhang et al. [30] 
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the end of the path while the wire feed speed was kept constant as shown in Figure 19.  

Additionally, a second pass was added to the end region of the path to further level the 

deposited layer [2, 30]. 

To evaluate this linking strategy, Zhang et al. deposited a sample wall section with 

and without lead control.  As shown in Figure 20, the wall is not level with buildup at the 

start point of the path and lacking material at the end of the path. Figure 21 presents a wall 

section with lead control.  As a result, the wall section is much more even [30]. 

 

Figure 19: Speed control for the start and stop of the path by Zhang et al. [30] 

Figure 20: Wall section without start and end-point control by Zhang et al. [30] 
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While successful in implementing effective slicing software with linking parameter 

control, Zhang et al. identified future work was still necessary to manage the heat input to 

the deposited part [2, 30]. 

In 2004, Song et al. published a technique combining GMAW additive 

manufacturing coupled with a subtractive manufacturing milling machine [31].  The 

authors proposed a machining post process after each layer was deposited.  As shown in 

Figure 22, the research was performed on a 3-axis CNC machine with an added laser 

welding unit and two arc welding guns.  Additionally, the build plate was heated to 200°C 

with a built-in heater.  The researchers hypothesized that preheating the build plate would 

reduce thermal stress build up during deposition but did nothing to validate the hypothesis. 

Song et al. confirmed that several factors greatly influenced the process.  These factors 

were layer height, layer width, welding speed, welding voltage, welding current, and 

distance between adjacent layers [2, 32]. 

Figure 21: Wall section with start and end-point control by Zhang et al. [30] 
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To evaluate the welding/milling process, the authors constructed test parts with a 

constant welding voltage of 19 volts and a constant welding current of 120 amps with a 

welding speed of 1.2 m/min.  The material used in the experiments was mild steel wire 0.9 

mm in diameter.  During the process, the authors deposited layers and machined the 

surfaces as shown in Figure 23.  The object had a layer height of 0.8 mm, a layer width of 

4 mm, and a surface roughness of Ra=150 µm.  After machining, the object had a wall 

thickness of 1 mm and a surface roughness of Ra=2 µm.  The layers shown in Figure  are 

uneven from poor control of the process [2, 32]. 

 

 

 

Figure 22: Integrated welding and milling machine created by Song et al. [32] 

Figure 23: Thin-walled part before and after machining by Song et al. [32] 
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Song et al. examined the microstructure of a sample; as shown in Figure 24, the 

sample had large grains in the upper region of the wall (region a) and fine grains in the 

lower region of the wall (region b).  This is consistent with the observations of Ribeiro et 

al. [32]. 

In addition to a thin wall, Song et al. manufactured a rectangular object as shown 

in Figure 25.  The object had a layer height of 0.8 mm and a deposited layer offset of 2.8 

mm.  The solid test object was measured to have a dimensional accuracy of ±0.5 mm before 

machining.  When examining the microstructure, the solid part had similar results as the 

thin wall part with a microstructure that was finer at the base due to the reheating effects 

[2, 32]. 

Figure 24: (A) Upper Region of the Wall; (B) Lower Region of the Wall [32] 
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Song et al. also performed a tensile test parallel to the layers of the deposited 

material and observed that the object had a tensile strength of 620 MPa which was 

compared to the deposited wire material which had a tensile strength of 550 MPa; however, 

Song et al. did not perform a tensile test normal to the direction of deposited layers of 

material [2, 32].   

In a continuation, Song et al. published an additional paper in which the authors 

optimized their welding and milling technique using statistical methods.  The authors chose 

to optimize four parameters which were the voltage, wire feed speed, wire stick out and 

shielding gas composition.  The welding voltage was varied between 14 and 26 volts.  The 

wire feed speed was varied between 3 and 8 m/min.  The wire offset was varied between 6 

and 8 mm.  The shielding gas was composed of CO2 and argon with the amount of CO2 

varying from 30 to 10%.  The weld spatter and deposited layer width were chosen as the 

two main results of the welding parameters [2, 33].  To quantify the weld spatter, a óspatter 

indexô was created; which was the ratio of the mass of the spatter divided by the mass of 

the welded wire.  The mass of the spatter was determined by collecting and measuring the 

spatter beads after completing the bead.  The mass of feed wire was determined based upon 

the feed wire speed an assuming no slip [2, 33]. 

Figure 25: Solid part before and after machining by Song et al. [32] 
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Performing an analysis of variance (ANOVA), Song et al. determined that the 

welding voltage, wire feed speed, and wire offset have a high impact on the spatter 

formation; however, the shielding had a negligible effect on spatter formation.  When 

examining deposited layer width, the welding voltage and wire feed speed had significant 

impact; however, the wire offset and shielding gas composition have a small impact on the 

deposited layer width [2, 33]. 

From these results, the authors concluded it was best to use the least expensive 

shielding gas with a CO2 composition of 30%.  Additionally, the wire offset only had a 

small impact on layer width, so the wire offset was reduced to the minimum of 6 mm to 

reduce spatter.  In addition to studying the factorsô effects on weld spatter and deposited 

width, Song et al. studied the distance between layers (bead offset), the direction of layer 

deposition, and alternating the direction of layer deposition.  The direction of layer 

deposition options studied are shown in Figure 26.  To measure the studied factors, tensile 

tests and hardness tests were performed to see which build strategy performed the best [2, 

33]. 
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Performing an ANOVA indicated that the deposition parameters have a negligible 

effect on the surface hardness; however, the team did not examine the surface hardness 

along the height of the object.  The researchers concluded that the orientation of the 

deposited layer determines the tensile strength and alternating the deposition direction 

between layers increased the tensile strength.  The authors proposed that the method of 

alternating deposition direction was stronger due to voids being filled in the subsequent 

layer and increased the surface quality and density of the layer [2, 33]. 

In 2007, Clark et al. with Rolls-Royce researched the feasibility of GMAW based 

additive manufacturing of a nickel-based polycrystalline super alloy, Inconel Alloy 718, 

for aerospace engine applications.  The researchers used a synergetic GMAW power source 

with argon shielding gas.  The welder was set to 35 volts, the wire sickout was 20 mm, the 

travel speed was 10 mm/s, and the wire feed speed was 10 mm/s.  The deposited layers had 

a nominal width of 12.8 mm and nominal height of 1.7 mm [2, 34]. 

Figure 26: Build Strategies for Solid Layers [33] 
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ñClark et al. performed multiple deposition geometries and examined the polished 

and etched samples with a scanning electron microscope for microstructural analysis and 

x-ray for chemical analysis.  The first deposition trial was construction of a thin wall of 

multiple layers.  The second deposition trial was construction of two adjacent beads of a 

single layer.  The final deposition trial was construction of two adjacent beads for multiple 

layers.  When performing the trials, the authors waited until the previous layer had cooled 

to 80ϊC before deposited the subsequent layer.  This was to prevent latent heat buildup in 

the deposited object and created approximately a 10-minute cooling duration between 

welds.  The resulted in lengthy build times because each deposited layer required over 10 

minutes. 

When examining the microstructure, Clark et al. concluded that the results were 

highly dependent upon the deposition factors.  The authors concluded that controlling the 

cooling rate was necessary for a uniform part and the prevention of crack formation.  

Additionally, the authors recommend further study of the GMAW additive manufacturing 

process to further qualify the mechanical properties of the process for aerospace 

applications [34]ò [2]. 

In 2013, Anzalone et al. at Michigan Technological University developed a low 

cost (less than $2000) open-source metal óprinterô that used the GMAW based additive 

manufacturing process.  The machine used open-source controls and is shown in Figure 

27.  The machine utilized a three-axis delta-style robot that was designed for Fused 

Deposition Modeling (FDM) plastic extrusion 3-D printing without any feed-back.  The 

authors used readily available open-sourced Cura software created for Fused Deposition 

Modeling (FDM) additive manufacturing.  The system used a shielding gas composed of 
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75% Argon and 25% CO2 at a rate of 20 CFH.  The distance between the build surface and 

the welding tip was 6 mm.  The wire used was 0.024 in. diameter ER70S-6 wire [35]. As 

a proof of concept, the sprocket shown in Figure 28 was created by the authors.  The object 

had a layer height of 1.75mm and was created with a wire feed rate of 3.5 cm/s [2, 35].   

 

   

Figure 27: Low-Cost Open-Source GMAW Printer by Anzalone et al. [35] 
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 Additionally, Anzalone et al. examined the microstructure of a polished and etched 

sample.  Like previous researchers, Anzalone et al. concluded that the microstructure was 

finer at lower region layers when compared to upper regions.  Once again, this was due to 

reheating of the subsequent layers during the deposition process.  The researchers 

concluded their results proved that this was a feasible process for the economical 

production of metal parts [2, 35]. 

 ñResearchers at Michigan Technological University also created a voltage and 

current monitor for use with the GMAW based additive manufacturing process.  This low-

cost, open-source monitor was used to measure and record the welderôs current and voltage.  

An Arduino Uno microcontroller was used to record the information measured by the 

monitor.  The researchers concluded that the voltage and current monitor would be useful 

for further evaluation of the GMAW based additive manufacturing process [36]ò [2].  

 Recent research performed at Auburn University in 2015, sought to produce a low-

cost metal additive machine, using off-the-shelf components, and to measure parameters 

and validate their importance as a way to validate the machineôs capabilities [2].  These 

components included a standard Miller welder, Mach3 CNC control software, gantry style 

Figure 28: Sprocket manufactured by Anzalone et al. [35] 
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80/20 framing, Probotix CNC motor controller and stepper motors, along with standard 

linear rails and ball screws.  Figure 29 shows the finished machined Gaddes produced at 

Auburn University. 

 Gaddesô first study was a geometry evaluation.  Test prints were created to evaluate 

infill strategies (zigzag patterns vs. parallel patterns), step-over, ability to ñbridgeò parts, 

overhangs, layer heights, as well as post processing.   

For infill strategies tested, Gaddes found that making a parallel infill part or a spiral 

shape where the material was swept across the geometry produced a better result than 

having an infill with bordering ñshells.ò  Figure 30 shows two parts produce by Gaddes 

with and without ñshellsò [2]. 

Figure 29: WAAM Machined Produced at Auburn University [2] 
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The machineôs ability to perform more complicated geometries was also tested. 

Figure 31 & 32 show parts that were produced to test these capabilities [2]. 

 

 

Figure 30: Solid Infill vs. Infill with Shells [2] 

Figure 31: Outward and Inward Facing Geometry Test [2] 

Figure 32: Bridge Geometry Test [2] 
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Gaddes concluded that having the layer height helix along the parts vertical axis 

produced the best results due to the start and end of each layer being slightly different 

thickness than the steady-state layer height.  He noted that randomizing start points did 

help but the error was still existent due to starting and ending build-up [2]. 

ñAs a demonstration of a useful part, two stainless steel printed nozzles are shown 

in Figure 33.  The part on the right was turned on a lathe. The surface finish after turning 

was excellent and no voids were observed. Before turning, the large diameter of the part 

was 1.770 in. with a wall thickness of 0.172 in.  After turning, the part was 1.667 in. 

diameter with a wall thickness of 0.087 inò [2]. 

 Gaddes next studied the effect of varying feed wire diameters on the voltage and 

current required by the machine to produce the same geometries.  Figures 34 and 35 show 

the results of his study [2].  The varying wire diameters had no effect on the power input 

required by the machine even for the different materials.  This was because the process 

being used was Constant Current/Constant Voltage (CC/CV) GMAW Short Circuit 

Transfer (off-the-shelf unit). 

Figure 33: Stainless Steel Nozzle as Printed and Post Processed [2] 
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The next study performed by Gaddes was a comparison of layer strength vs. 

material strength by comparing tensile tests at different deposition orientations.  By 

producing prints and machining dog bones parallel and perpendicular to the deposition 

Figure 34: Wire Diameter Study Voltage Results [2] 

Figure 35: Wire Diameter Study Current Results [2] 
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direction, tensile tests could be performed to compare partsô properties in orthonormal 

planes.  Figure 36 shows the results of part of this study [2].  The material was orthotropic 

in behavior, but also to be noted is the repeatability issues between walls in the vertical 

specimens.  Figure 37 shows the same studyôs results for stainless steel material [2].  The 

repeatability greatly improved here, although the desired strength decreased while the 

orthotropic behavior persisted.  

 

Figure 37: Stainless Steel (ER308) Tensile Test Results [2] 

Figure 36: Steel (ER70S-6) Tensile Test Results [2] 
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The cause behind these issues (orthotropic, repeatability, low strength) was 

believed to be primarily due to lack of control over the GMAW transfer process (being 

CC/CV) which created porosity in the prints. Figure 38 shows voids between layers that 

were experienced.  Gaddes noted that post process heat treatment did improve the 

microstructural voids. Figure 39 shows the microstructural results of a Steel Specimen 

before and after a heat treatment cycle [2]. 

 

Figure 39: (Left) Microstructure of Steel (ER70S-6) Sample before Heat Treatment 

(Right) Microstructure of Steel (ER70S-6) Sample after Heat Treatment [2] 

Figure 38: Voids Found between Layers in Steel (ER70S-6) Parts [2]  
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A few of Gaddesô listed suggestions for future work to ñprovide greater control of 

the processò were as follows: 

Å ñA cold-water tip cooled GMAW gun would assist in the deposition of 

aluminum and copper.  

Å A pulsed GMAW gun would assist in controlling the heat buildup in the deposit.  

Å A Cold Metal Transfer GMAW process would result in greater control of the 

weld beadò [2]. 

Wire and Arc Additive Manufacturing using Cold Metal Transfer GMAW  

 One of the common themes from the researchers utilizing Short Circuit Transfer 

GMAW for additive purposes, is the lack of control in the process.  Changing over to a 

Cold Metal Transfer GMAW (CMT-GMAW, CMT) process was suggested to provide 

better control by several authors. 

 Hasselberg completed a metallurgical and structural characterization feasibility 

study of nickel base superalloy Inconel 718TM welded via CMT in 2009.  ñAccording to 

the parameter optimization study it was noted that the key attribute of the CMT-GMAW 

process is its electronically controlled short circuit droplet detachment method, which is 

dictated by the weld synergic line. The synergic line is a linear mathematical relationship, 

proprietary to Fronius International LLC, which incorporates voltage and amperage 

process controls into the wire feed speed.ò  Hasselberg also noted his samples ñshowed 

little evidence of the porosity that is commonly inherent when using a conventional 

GMAW process. Macro and micro-analysis of the CMT-GMAW weldments exhibited a 

columnar grain microstructure similar to those obtained with conventional GTAW with the 
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exception of a reduced substrate consumption, Heat Affected Zone (HAZ), and lessò 

distorted welds [37]. Some of the material properties discovered with the samples were that 

tensile strength and hardness characteristics proved to be like that of traditional processes; 

however, Hasselberg noted there was a 200% increase of Reduction in Area (RA) at not 

only room temperatures, but also at elevated temperature (1100oF).  ñIt was concluded that 

CMT-GMAW provides the following benefits: excellent weld quality on wrought Inconel 

718Ê; comparable metallographic structure to those commonly seen in fusion welded 

deposits; increased deposition rates when compared to GTAW; a reduction in overall 

thermal input by achieving almost current-free metal transfer; virtually spatter-free metal 

transfer by controlling the short circuiting; comparable material hardness to GTAW 

weldments; and analogous tensile strength with increased RA when compared to GTAWò 

[37]. 

 Researchers at Cranfield University conducted a process model study of additive 

layer manufacturing using CMT with TI-6AL-4V.  The researchers noted that the CMT 

process provided better results due to the ñextremely controlled dip transfer mode 

regime of the CMT assures that no free flight droplet is transferred during the arcing period.  

Thus, the repulsion of filler metal caused by the acting momentum of external 

electromagnetic ñpinchò forces, or issuing cathode jets, on incorporated droplets is 

prevented.  Moreover, the metal transfer to the molten pool occurs by the surface tension 

mechanism at low current levels, where a back-drawing force assists the liquid bridge 

fractureò [38].   The group also conducted a small study on the effect of different shielding 

gasses on the grain structure of the óprints.ô  Figure 40 shows the results of varying the 

amount of helium in the shielding gas. The researchers believe the reasons behind the grain 
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refinement when using higher He contents is due to: ñ1) higher T gradients promote 

intensive force convection and mass transport, breaking primary columnar grains near the 

S/L interface or promoting a globular structure by spherical growth; 2) fine solid nuclei 

will work as ñseedsò or nucleation sites within the liquid and therefore decrease the energy 

barrier for heterogeneous nucleation; 3) the CMT dip transfer mechanism induces a stirring 

effect reducing energy barrier for homogeneous nucleation; 4) augment of the cooling rate 

due to the larger specific weld bead contact areasò [38]. 

 The researchers controlled three parameters to develop an empirically predictive 

model.  ñThe controllable variables included the solid wire diameter, wire feed speed 

(WFS) and WFS/travel speed (TS) ratios. Ti-6Al-4V 0.9 and 1.2mm wire diameters were 

used and the WFS settings for each individual wire ranged from 2 to 12m/min, in a unit 

basis.  The WFS/TS ratios were 15, 20 and 25.  It should be noted that the WFS/TS ratio 

was selected as an independent factor, rather than TS, guaranteeing good welding 

conditions and high-quality deposits all over the design space.  Data was fed into a least 

squares regression analysis software and the main effects and interactions between 

controllable variables and responses were estimated.  Several responses were selected and 

Figure 40: Grain Size Comparison Varying Shielding Gas Composition of Helium and 

Argon Mix A) 30% He B) 50% He C) 70% He [38] 
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measured, although only the effective wall width and the deposition efficiency are reported 

here.  The effective wall width is defined in the present context as the target wall width 

dimension, after undergoing the post processing machining stage.  On the other hand, the 

deposition efficiency estimates the ratio between the effective volume of metal utilized to 

net shape the component over the total delivered metal volume.  A typical first order 3D 

response surface output, namely the effective wall width, is represented in Figure 41 as a 

function of the wire diameter and the WFS, for constant WFS/TS of 20.  It can be seen that 

larger effective wall widths are achieved with thicker wires for constant WFS and WFS/TS 

ratioò [38]. 

 Researchers at the Indian Institute of Technology conducted a weld bead modeling 

and process optimization study of WAAM using the CMT process.  Their goal was to 

understand the weld bead formation and the interface between overlapping bead, to 

produce alternative injection molds via the CMT-GMAW WAAM process. Figure 42 

shows the process from conceptual design, to óas printed,ô to post processed. 

Figure 41: Predicted First Order 3D Response Surface Model for the Effective Wall 

Width Response as a function of the Wire Diameter and WFS, for a Constant WFS/TS 

Ratio of 20 [38] 
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The group, like many others, utilized a synergic process ñin which the process parameters 

are grouped based on their interdependence and their relationships stored; when one 

parameter in any group is changed the other parameters are automatically modified to 

maintain a stable arc.  For instance, filler wire speed increases monotonously with the 

welding current. In this closely controlled deposition process, only the following 

parameters influence the beads: 

i. Filler wire diameter (d). 

ii.  Filler wire speed (vw). 

iii.  Welding torch speed (vt) and 

iv. The distance between consecutive beads called step over increment (p).ò [39] 

 They also noted that many have already produced welding process models; 

however, ñmost of these models study single bead formation and hence do not explain the 

behavior of the overlapping material in multi-bead depositionò [39].  By assuming the weld 

bead to be a parabolic geometry, the group developed a predictive model to optimize the 

Figure 42: A) CAD Model of Part and Injection Molds B) Near-Net Shape Molds C) 

Finished Molds [39] 
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partsô geometry.  The smoother the surfaces were the less time and effort went into post 

processing.  Figure 43 shows where the group made multiple samples at various parameter 

combinations (vw, vt, and p) to study the effect on the surfaces.  The group concluded 

ñminimum rate of heat input, wider heat distribution, higher resolution and optimum yield 

are the most desired criteria in weld-deposition.  Minimum possible wire speed, maximum 

possible torch speed and a step over increment of two-thirds of the beadôs width are thus 

recommendedò [39]. 

 The group also developed an equation to measure the yield (ɖ) of a óprintô to 

quantify the ratio of material remaining in the object after post processing to the material 

originally deposited. Equation 1 shows the groupôs predictive yield model, while Figure 44 

shows their results from experimentation [39]. 

– 
  ᶻ  

  ὼ ρππϷ  [39] 

 

Equation 1  

 

Figure 43: Depositions Made at Different Combinations of Process Parameters [39] 
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 Cranfield University researcher, Ding, performed a thermo-mechanical analysis of 

the WAAM process and its effect on larger parts.  They recognized that the high heat input 

leads to distortion and residual stresses.  They also noted that while many others have 

produced Finite Element (FE) models to predict this behavior, the model size is usually 

small due to computational limitations and the time it takes to produce the actual parts to 

compare the model to.  ñUnlike the conventional transient method which uses a time 

increment scheme to model the moving welding torch, the steady state method attaches an 

Eulerian reference frame to the welding torch and the material óflowsô through the mesh.  

Therefore, the problem can be solved for a single time step saving a large amount of 

computational time. Moreover, the model using the Eulerian frame does not need to use a 

high-density mesh uniformly along the weld line, saving additional computational time.  

While the steady state solution of the thermal problem is relatively trivial, application to 

the mechanical problem is more difficultò [40].   

Figure 44: Predicted vs. Measured Yield using Equation 1 [39] 
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The researcher added thermocouples and used a strain scanner along the part to get 

empirical data; while for the FE model they used ABAQUS software.  The walls were 

deposited along the center of the base plates with a width of 5mm and a height of 2mm.  

CMT-GMAW was used as the heat source with a wire diameter of 1.2mm and torch speed 

of 8.33 mm/s. This equated to a heat input of 269.5 J/mm, assuming a 90% efficiency.  A 

water-cooled plate was used to cool the parts faster as well as a 400 second wait time 

between layers.  The trail included 5 specimens of one, two, three, four, and 20 layers.  

Figure 45 shows the results of the transient and steady-state model and how close they are 

to the empirical data for temperature.  Figure 46 shows the results of the transient and 

steady-state model and how close they are to the empirical data for stress in the y-direction 

for three layers.  The group concluded that with their steady-state model there was a total 

time saving of 80.21% in simulating the thermo-mechanical model versus the transient 

method.  The group also concluded that both FE models can accurately predict the heating 

and cooling cycles during the WAAM process.  The stress across the deposit is very 

uniform with very little influence of the preceding layers on the following layers according 

to the numerical model.  Lastly the researchers stated that a ñsignificant stress redistribution 

is observed after unclamping.   The stress at the top of the deposited wall has a much lower 

value than at the interface due to the bending distortion of the sample.ò Figure 47 shows 

the stress distribution along the z-direction before and after clamping [40]. 
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Figure 45: Temperature Verification of Transient and Steady-State Models [40]  

Figure 46: Stress Verification of Transient and Steady-State Models [40] 

Figure 47: Stress along the Z-Direction Before and After Clamping [40] 
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A collaborative study of researchers from Cranfield, Northeastern, and Beihang 

University studied the use of WAAM with Aluminum alloys using the CMT-GMAW 

process.  The group makes a distinction between different types of CMT-GMAW with one 

variant being ñwhere conventional spray is mixed with the dip transfer mode and this is 

referred to as CMT pulsed (CMT-P).  A further development is the advanced variant of 

both these processes (CMT-ADV and CMT-PADV).  This variant allows for polarity 

reversal and therefore AC operationò [41]. 

ñER2319 aluminum alloy wire [walls were created] by the WAAM fabrication 

system which is shown in Figure 48.  2219-T851 aluminum plates were used as substrates. 

A Fronius CMT Advanced 4000 R was employed as the power source, which was 

connected to the ABB robot IRB2400.  Pure argon (99.99%) was used as the shielding gas 

with a constant flow rate of 25 L/min.  The contact tip to work distance (CTWD) was kept 

constant at 15mm.  Walls dimensions were 500mm long and 200mm high and were built 

by the CMT process using variable wire feed speed (WFS) and deposition travel speed 

(TS)ò [41].  Figure 49 shows the results of a porosity study performed by the group using 

CMT-PADV and CMT-P processes.  The CMT-PADV process produced much better 

results.  The group also noted that they naturally aged the specimens for 30 days prior to 

tests.  ñThe experimentally evaluated vertical and horizontal tensile properties of WAAM 

deposited 2319 aluminum alloy and wrought 2219 alloy are presented in Table 1. The 

vertical (V) direction refers to samples taken across the build layers whilst the horizontal 

(H) direction refers to those taken along the layers. Yield strength (YS), ultimate tensile 

strength (UTS) and elongation of the WAAM alloy are evenly distributed in the whole as-

deposited wall. Average YS and UTS are 110 MPa and 260 MPa respectively. Although 
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the strength values are lower than those of the T851-tempered alloy, they are 50% higher 

than those of the O-tempered alloy. Meanwhile, the excellent 17% plastic elongation is 

higher than the T-tempered alloyò [41].  The group concluded that with additional 

processing (such as cold working, aging, or solution treatment) the WAAM produced parts 

would induce grain refinement as well as increased hardness.  In doing so, the strength of 

the material would approach those of the T851-tempered alloy even more. 

  

 

Figure 48: CMT-WAAM Experimental System [41] 
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In 2014, Posch, noted the use of the WAAM process by a different name, 

ñMicroGussTM,ò where in the early 1990s the company ANDRITZ HYDRO produced 

Pelton runners by adding forged runner tips (high stress concentration area) to cast sub-

structures, instead of trying to cast a more complex and weaker/inferior product.  Posch 

Figure 49: Porosity of WAAM 2319 deposited by A) CMT-PADV process, 

WFS=6m/min, TS=0.6m/min, Heat Input (HI)=112.2 J/mm, B) CMT-P process, 

WFS=6m/min, TS=0.8m/min, HI=189.1 J/mm [41] 

Table 2: Tensile Properties of Deposited 2319 Alloy and Wrought 2219 Alloy [41]   
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introduced the idea to apply CMT-GMAW for the process due to its precise dip transfer 

method.  He discusses the óCMT Pinningô ability where tiny parts of filler wire can be 

welded to a substrate, depending on power and forces at hand, different pin structures can 

be created such as ball, cone, or a flat shape.  Figure 50 shows how this ability can be 

utilized to create small features [42].  

Posch, who works for Fronius, states ñminimum achievable thickness thereby 

depends mainly on the diameter of the filler metal which is used ï and the standard wire 

diameter for the CMT process in general is 1.2mm.  In this combination, minimum wall 

thicknesses of around 4-5 mm can be realized, depending on the wetting characteristics 

during the metal transfer from the wire tip to the weld pool.  Broader cross sections can be 

realized by torch weaving during welding and/or putting a certain number of welds side by 

side ï up to establishing complete overlays. Best results can be achieved when the electric 

Figure 50: Application of the Pinning Ability [42] 
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arc is in a vertical position.  If inclined three-dimensional planes [must] be made, only a 

limited sideward offset of the actual welding torch position to the previous one can be done.  

If the base is fixed, planes with a decline up to 15% from the vertical can be established.  

But if the base is mounted on a commercial turntable very complex 3D planes can be 

produced ï nevertheless the programming effort for the robot and turntable movement 

increases rapidly.  A realistic deposition rate for a single layer pile up by CMT/MAM using 

stainless steel is around 1.5 ï 2 kg/h metal.  The thicker the cross section, the higher the 

deposition rate can be ï up to approximately 5 kg/h as it is for CMT joining and CMT 

cladding.  For very thick cross sections also a CMT Twin process (2 wires) could be taken 

into account ï then the process could go to its theoretical limit of about 10 kg/h as it is for 

real cladding applicationsò [42].  These parameter limitations are invaluable to know 

beforehand in the research community looking to use CMT-GMAW as a process for 

WAAM.   Posch later noted that the microstructure was comparable to traditional GMAW 

weld metals: ñAn austenite/ŭ-ferrite microstructure was revealed with a ŭ-ferrite content of 

30FN.  The ŭ-ferrite grains showed a preferred crystallographic orientation in [001] 

direction, whereas the austenite grains were bloc wise, randomly oriented. No indication 

for porosity and lack of fusion could be observed by the metallographic investigations.  The 

mechanical properties were [comparable] to the values given in the filler metal data sheetò 

[43]. 
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Researchers at the University of Wollongong sought out to develop a model for a 

multi bead geometry using the CMT process.  The group approached the problem similarly 

to the Indian Institute of Technology researchers; however, the group looked at modeling 

the single bead as not only a parabolic model but also as cosine and arc model.  Figure 51 

shows the groupôs results of model geometry vs. actual weld bead cross-sectional area as 

percent error (for a single bead).  The group also states that based on their calculations a 

step-over distance of 2/3 the wire diameter is not optimal (while typically researchers agree 

it is) as it would create ñan unstable overlapping process.ò  The group then discusses that 

0.738 times the wire diameter (0.738*w) is the ñcritical distanceò calculated for their 

mathematical model.  The group then shows the results of the two step-overs, with 2/3*w 

producing better results than their calculated 0.738*w [44]. 

Pinto, from Tecnico Lisboa, sought to study the effects of varying current and travel 

speed on ñdeposition rate, deposition efficiency, build-up average width, final useful area, 

hardness and, finally, the surface textureò in the final results of a Nickel alloy.  The 

Figure 51: Error for Predicted and Actual Area of Weld Bead Cross Section [44] 
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researcherôs results are presented in Table 3 below.  One peculiar note is that the research 

found the deposition efficiency to be directly proportional up to 110 amps and inversely 

proportional afterwards.  The study never mentioned any thought on this phenomenon [45]. 

Table 3: Directly Proportional (X) and Inversely Proportional (1/X) Responses to Current 

and Travel Speed [45] 

Response: Current Effect: Travel Speed: 

Deposition Rate X 1/X  

Deposition Efficiency X up to 110 Amps 1/X 

Poor Fusion Effect 1/X X 

Width X 1/X 

Area X 1/X 

Average Hardness Insignificant Insignificant 

 

Williams et al.  found for CMT ñthe travel speed (TS) has the largest effect on 

deposits quality.  Figure 52 shows that, for a given wire feed speed/TS ratio of 30 (keeping 

the WFS/TS ratio constant ensures that both the amount of material per unit of length and 

the heat input are kept constant), the lowest TS of 0.2 m/min resulted in the best deposit; 

the quality progressively deteriorated for increasing TS, and finally, deposits were 

unacceptable for a TS of 0.5 m/minò [3]. 



59 

 

Recently a group from The Welding Institute (TWI), performed a small case study 

on the CMT processôs capability at performing angular parts, particularly in aluminum 

alloy 5183 components.  Figure 53 shows some of the samples the group could achieve as 

well as the torchôs orientation in relation to the sample.  The group concluded that for bead 

height and width between 1-3mm and 1-5mm respectively, the technique was ñcapable of 

producing good quality deposits free of porosity, showing good inter-layer fusion, and with 

an impressive regularity when performed even at an angle as shown in Figure 53ò [46]. 

 

Figure 52: Varying Travel Speed with a Constant WFS/TS Ratio of 30 m/min [3] 

Figure 53: Range of Orientations Achievable by the CMT Process [46] 
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Process Control  

 Dickens et al. concluded that to further develop the GMAW based additive 

manufacturing technique, a feed-back loop to provide the wire offset distance to the 

controller was necessary.  The controller would then maintain the wire offset distance to a 

constant [18]. 

Spencer et al. implemented a temperature control loop to ensure adequate cooling 

between layers.  A temperature set-point in an if-else type loop prevented welding until the 

part reached an acceptable temperature read by an infra-red sensor.  The group noted the 

recrystallization and slower cooling of the lower layers resulted in a finer ferrite/pearlite 

grain structure, as well as an improved surface finish [19]. 

In 1992, Xie discussed the synergic control system to control the current, thus 

allowing prediction of wire melting rate. ñIn the synergic control system, the current pulse 

parameters are automatically generated by an electronic control unit or a computer system 

for a given wire feed rate, based on predetermined parametric relationships.  The 

parametric relationships relate the four pulse parameters to wire feed rate for a stable 

welding operation.  A square waveform of current is normally desired since with this wave-

form the amplitude of the current can be exactly controlled.  To obtain a stable pulsed 

current welding process there are three essential criteria that must be satisfied: 

1. Burn-off Criterion: The wire feed rate must be matched by the burn-off rate of 

the wire to keep a constant arc length. 

2. Metal Transfer Criterion: The metal must be transferred in a spray mode and 

controlled by the current pulse. 
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3. Arc Stability Criterion: The welding arc must be stable during the background 

current durationò [47]. 

Xie also breaks down the quality control process for welding into three groups with 

five fundamental functions: Prior, During, and Post Welding. In the Prior to Welding 

category, he states that (I) a proper analysis of product design and weld procedure must be 

carried out; (II) the correct implementation of the weld procedure and optimization of the 

welding process must be performed.  This would correlate to the proper input parameters 

for the process for the óprintedô part, being selected based on the part.  For example, a 

hollow part should have different parameters than a solid part.  In the During Weld 

category, he states (III) proper manipulation of the weld arc must be controlled; (IV) real-

time closed-loop control must be utilized.  Most importantly, in the After-Weld category, 

he states (V) diagnosis of quality issues.  This means that the process should be adaptively 

learning from mistakes and have continuous improvement [47].  

Xie then states that feed-back control for welding ñcan be classified into two main 

groups: geometrical and technological feed-back control.  The geometrical feed-back 

control automatically adjusts the position of the welding arc relative to the joint path. 

Without this technique, the robot moves the welding torch in a predetermined trajectory 

regardless where the joint is located.  Using this technique, the robot trajectory is 

consistently adjusted to the joint path.  Another advantage of this technique is that the 

demand on the geometrical accuracy of the workpiece and on the repeatability of the 

fixture is reduced.  The technological feed-back control automatically adjusts the welding 

parameters in response to the variations in the welding processò [47].  The advantage to 
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this technique, is that weld quality parameters can be maintained; such as: arc length, 

proper gas flow, etc.  

Ribeiro et al. noted, much like Dickens et al., that during the build process, the 

wire offset distance was variable and required manual adjustment during the process.  

The part geometry was considered to be the cause of their issue and closed-loop control 

was recommended as the solution [25, 26].  To increase control of the GMAW welding 

process, Ribeiro et al. developed a mathematical model for layer width.  The input 

parameters were layer height, welding current, and welding voltage.  Wire feed speed 

was not considered as it was an internal parameter to the welder.  The group noted a max 

layer width (output of model) error of 5% utilizing their method; however, many 

important parameters noted by other researchers were ignored [21]. 

In 1997, Carvalho, applied multiple control schemes to the welding process to try 

and improve the system.  One method of control that was utilized was a touch sensing 

scheme in which the welding head would approach the part, sense the joint to be welded, 

and set its offset distance accordingly.  The author did so by measuring the resistance on 

the voltage leads until the value read zero (when the wire touched the surface).  Voltage 

control was also implemented, as well as a combination of the control schemes.  One 

suggestion made by Carvalho was that ñcontrol of deposition rate by adjusting wire feed 

speed and/or travel speed could be introduced if sensor(s) for measuring gap and bead 

geometry were availableò [48].  While this study held much promise from a control 

standpoint, much of this is internally controllable via a synergic process or Froniusô CMT 

process.  The touch sensing scheme to maintain offset distance was an approach to solve 
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the issue both Dickens and Ribeiro noted; however, the author did not implement it in a 

way to maintain the offset distance throughout the weld process.  

In 1998, Kovacevic et al. used a high-speed vision system to study the formation 

of droplet parameters and weld penetration of GMAW based additive manufacturing.  

The goal of the research was to create a sensing system that could improve the process 

consistency; however, the research was not completed [28].  The researchers proposed 

controlling the metal transfer process by turning the current to the welder on and off 

(pulsing, similarly to the CMT-GMAW process).  The group determined that the 

deposited bead size and penetration could be controlled by the pulsing; therefore, this 

strategy could be used for increased control [28].   

In 1999, Kmecko et al. applied real time image processing to the system to reduce 

weld spatter.  The system measured the voltage and current used by the welder and 

featured an infrared pyrometer and a light sensor.  The system was capable of real time 

image capture; however, no reference of successful closed-loop control was presented.  

Kmecko et al. were convinced that the closed-loop control was necessary to improve the 

process [2, 29]. 

In 2012, Almeida, went into detail parameterizing the WAAM process and 

discussed controls, yet did nothing in actual implementation of control into the process.  

Some of the suggestions for future work did however include the need for the 

development of process control using algorithms developed for the specific process 

(GMAW, GTAW, etc.), as well as the need for a method to control residual stresses and 

distortion  [16]. 
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When examining the microstructure, Clark et al. concluded that the results were 

highly dependent upon the deposition factors.  The authors concluded that controlling the 

cooling rate was necessary for a uniform part and the prevention of crack formation [34]. 

One common reoccurring theme in literature is the lack of process control in the 

WAAM process.  While the introduction of CMT-GMAW has improved this with better 

control over the current/voltage/wire feed relationship, there is still a lack of control in 

the óDuring Weldô group, as Xie categorized. 

Fronius CMT Welding 

The Fronius CMT welding process utilizes a synergic line with presets for various 

materials, wire diameters, and gas compositions.  Previous research studied many 

parameters that factors in the system, however with the Fronius CMT controls many of 

these factors are closed-loop controlled and/or set by the material selection and wire 

diameter.  Figure 54 is a flow chart showing that once an operator selects a material and 

the appropriate wire diameter based on the feed rollers in use, many parameters are set 

based on these choices.  
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Following the flow chart from Figure 54, the feed rollers used are for set diameter 

of wire.  This sets the wire diameter choice for the weld process.  The gas flow rate is based 

off of the wire diameter according to Equation 2 below [49].  The welderôs digital gas 

sensor regulates, monitors, and reports back specific gas flow data to the proprietary 

closed-loop controls.  The filler material is chosen by the operator based on their needs or 

requirements.  The filler material manufacturer specs the material the filler should be used 

with (build plate material).  Fronius specs what process (CMT, CMT Pulsed, CMT 

Advanced, etc.) should be used for the filler material chosen.  The material properties 

choose what operating range the material should be maintained at (melt temp, 

Figure 54: Flow Chart for Various Parameters Based on Material Choice and Diameter 
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recrystallization temp, etc.).  The material properties also determine what gas composition 

should be used; whether it be a fully inert environment or have active gases.   The wire 

manufacturer specs how thick of a plate should be used for the specific material and 

diameter combination chosen as well as a suggested wire feed speed.  The wire diameter, 

gas composition, and de facto material chosen, set the synergic line for the Fronius welder.  

Based on Froniusô proprietary synergic line process parameterizations and controls, the 

operating frequency is set.  The wire feed speed and the synergic line maintain the operating 

current and voltage in the process via Froniusô proprietary closed-loop feedback control 

schemes.  The operator chooses a material (based on whatever criteria for the part they 

wish to produce) and a wire diameter (based on the feed rollers available) and many 

parameters are in effect set or at least set to within a good operating range.  

Ὃὥί Ὂὰέύ ὙὥὸὩ  ὡὭὶὩ ὈὭὥάὩὸὩὶ ὼ ρπ ὸέ ρς [49] Equation 2 

Weld Temperature 

A partôs mechanical properties are highly reliant upon the temperatures the part is 

exposed to and the duration of those temperatures in the WAAM process, much like with 

many other processes in manufacturing.  The temperatures of interest in the WAAM 

process can be broken into three groups: before, during, and post weld.  Prior to producing 

a part via WAAM, one must determine if a pre-heat is appropriate for the end purpose, 

geometry, and material.  If a partôs mechanical properties are not of interest (prototype), 

then temperatures do not matter as much pre-weld.  Preheating can be beneficial when used 

appropriately; however, one risks wasting time and the integrity of the part without proper 

use.  ñThere are four primary reasons to utilize preheat: it slows the cooling rate in the weld 

metal and base metal, producing a more ductile metallurgical structure with greater 
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resistance to cracking; the slower cooling rate provides an opportunity for hydrogen that 

may be present to diffuse out harmlessly, reducing the potential for cracking; it reduces the 

shrinkage stresses in the weld and adjacent base metal, which is especially important in 

highly restrained joints; and it raises some steels above the temperature at which brittle 

fracture would occur in fabrication.  Additionally, preheat can be used to help ensure 

specific mechanical properties, such as weld metal notch toughness.ò [50].  Typically for 

welding applications a preheat is more necessary for thicker sections, as more mass 

requires more heat input to reach a desired temperature.  For the WAAM process, the build 

plates tend to be thinner and a preheat is generally not as necessary.  For low carbon steels 

(ER70s-6) a preheat is not required for build plates ñless than 1 inch thickò [50].  For other 

materials, a preheat is generally treated to the same manor; however, it is noted that if the 

presence of cracking occurs or if hydrogen in the weld is not given enough time to 

sufficiently diffuse out, a preheat is recommended.  

During the WAAM process the previous layers produced get reheated by the 

current layer being deposited.  The temperature of the óprintô before the next layer is 

deposited atop it, is known as the interpass temperature.  The temperatures of the weld 

process will greatly affect the mechanical properties of the produced part.  Higher 

temperatures typically give a finer grain structure and higher toughness.  According to 

Funderburk, from Lincoln Electric, this trend may be reversed above temperatures of 500°F 

(260°C) for steel [50].  According to the American Welding Society, interpass temperature 

should not exceed 550°F (290°C) for steel.  Adding a maximum interpass temperature 

control over the process would be ideal to maintain desired mechanical properties.  When 

recording temperature to maintain a maximum interpass temperature, Funderburk 
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recommends measuring 1 inch from the weld.  For maintaining the minimum interpass 

temperature throughout the part the American Welding Society states to record temperature 

ñfor a distance at least equal to the thickness [of the part]ò but not more than 3 inches [50, 

51].  ñAlthough there is some debate as to where the interpass temperature should be 

measured, most experts agree that it must be maintained for some reasonable distance away 

from the welded joint.  Since this decision may greatly influence the fabrication cost, a 

reasonable and practical location must be determined.  One foot away from the joint is 

probably excessive, while a tenth of an inch, or on the weld itself, is probably excessively 

conservativeò [50].  Within 3 inches of the weld pool seems to be considered reasonable 

by all accords.  Gaddes recorded temperature of a base plate roughly one inch away and 

noted a steady state temperature of ~500°F after a given amount of time.  This falls in line 

with Funderburkôs peak strength temperature curve.  ñThe objectives of controlling the 

interpass temperature are 

(1) to minimize the risk of hydrogen cracking for carbon, carbon-manganese, and 

ferritic alloy steels, in which the minimum interpass temperature is specified to be 

the same as the minimum preheating temperature 

(2) to prevent deterioration of mechanical properties for carbon, carbon-

manganese, and ferritic alloy steels, in which the maximum interpass temperature 

is specified 

(3) to minimize the risk of solidification or liquation cracking for austenitic 

stainless steel, nickel and nickel alloys, and aluminum and aluminum alloys, in 

which the maximum interpass temperature is specified 

(4) to maintain good wetting of the molten pool onto the base metal for copper 
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and copper alloys, in which the minimum interpass temperature is specified to be 

the same as the minimum preheating temperatureò [52] 

For the WAAM application, a minimum interpass temperature to prevent hydrogen 

cracking (objectives 1 and 4) is not much of an issue.  A maximum interpass temperature 

to prevent mechanical property deterioration and solidification cracking (objectives 2 and 

3) are the main concern for WAAM purposes.  Figure 55 below shows the results of a study 

of the effects of interpass maximum temperature on the tensile strength of a steel weld.  At 

above ~250°C the tensile strength begins to dramatically decreases.  This is closely in 

agreeance with Funderburkôs recommendation of 260ÁC.  Kobe Steel also states that 

ñmaximum interpass temperatures of 150°C for austenitic stainless steel and nickel-base 

alloys, and 70°C for aluminum alloys are generally required to prevent hot cracksò [52].  

This is in agreeance with the NORSOK (óNorsk Sokkels Konkuranseposisjonô - Norwegian 

shelf Competition Position) Standard on óWelding and Inspection of Piping;ô which also 

states that stainless steels shall not exceed a maximum interpass temperature of 150°C [53]. 
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After a part is produced via WAAM, the next step is to determine the proper post 

treatment for the part.  Post weld heat treatment (PWHT) is typically prescribed to improve 

mechanical properties.  ñIn general, when PWHT is required, the goal is to increase the 

resistance to brittle fracture and relaxing residual stresses.  Other desired results from 

PWHT may include hardness reduction, and material strength enhancementsò [50].  PWHT 

is used to minimize hydrogen cracking.  For this to occur, one of the following must be 

present: ña sensitive microstructure, a sufficient level of hydrogen, or a high level of stress 

(e.g., because of highly constrained connections).  In structural steels, hydrogen 

embrittlement occurs at temperatures close to the ambient temperature.  Therefore, it is 

possible to avoid cracking in a susceptible microstructure by diffusing hydrogen from the 

welded area before it cools.  After welding has been completed, the steel must not be 

allowed to cool to room temperature; instead, it should be immediately heated from the 

Figure 55: Effect of Interpass Temperature on Tensile Strength for Steel Weld [52] 
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interpass temperature to the post heat temperature and held at this temperature for some 

minimum amount of time.  Although various code and service requirements can dictate a 

variety of temperatures and hold times, 450°F (230°C) is a common post heating 

temperature to be maintained for 1 hour per inch (25 mm) of thickness.  The need for post 

heating assumes a potential hydrogen cracking problem exists due to a sensitive base metal 

microstructure, high levels of hydrogen, and/or high stresses, and is not necessary for most 

applicationsò [50].  For the WAAM process, stress relieving PWHT are probably more 

useful if hydrogen induced cracking is not an issue.  For carbon steels, stress relief PWHT 

are ñtypically held at 1100-1250°F (600-675°F) for 1 hour per inch (25 mm) of thickness.  

For stress relieving PWHT the part must be allowed to sufficiently cool to room 

temperature to have the residual stresses to be relieved.  Some of the issues that can occur 

due to PWHT are stress relief cracking, where the part fractures during the process, and a 

loss of material strength due to exceeding tempering temperatures.  Typically for filler 

metals [(those typically used in the WAAM process)] the material strength decreases after 

a PWHTò [50]. 

Wire Offset Distance 

Dickens and Ribeiro et al. noted, that during the process, the wire offset distance 

varied and required manual adjustment during the process.  This is due to scale error as 

well as other issues.  The part geometry was considered to be the cause of their issue and 

closed-loop control was recommended as the solution [25, 26].  For the CMT welder being 

used in this research Fronius recommends a wire offset distance of 14 mm (0.551 inches) 

be maintained [54].  Having the machine maintain this distance between layers as the part 
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is built vertically is thought to be a key aspect to control in the WAAM process by multiple 

researchers. 

Evaluation Techniques for CMT -GMAW  Additive Manufacturing  

The American Society for Testing and Materials (ASTM) has published the 

Standard Guide for Evaluating Mechanical Properties of Metal Materials Made via 

Additive Manufacturing Process in 2014.  The standard outlines applicable procedures for 

measuring deformation and fatigue properties.  When measuring deformation and fatigue 

properties, the specimenôs properties are to be measured using conventional processes for 

measurement as traditionally manufactured materials [55]. 

When results are reported, ASTM requires the above guidelines be followed; 

however, additional information about construction procedure for the additive 

manufactured part must be reported.  The information reported must include location and 

orientation of the part within the build volume.  This is due to the typical orthotropic 

behavior of additively manufactured specimen [55]. 

Previous researchers of GMAW based Additive Manufacturing have used tensile 

tests machined from manufactured wall sections to measure strength.  Multiple researchers 

measured the surface hardness.  The microstructure of a polished and etched sample was 

examined via multiple technologies.  Each researcher additionally visually assessed the 

quality an appearance of the each óprintedô piece. 

Summary of Research Opportunities 

While the WAAM  process has been considered since 1925, there are many 

opportunities for process improvement.  Nearly every researcher noted the lack of, or little 

control during the WAAM process for both Short Circuit and CMT-GMAW processes.  
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While the CMT process has been noted to give the operators/researchers better control over 

the voltage/current/wire feed relationship, a closed-loop control process has yet to be fully 

implemented.  Many researchers have added a sensor or two and monitored variables, and 

a few have even added these sensors to a loop; however, none have fully implemented 

multiple control sensors that constantly monitor the process with the capability to 

stop/modify the WAAM óprintô process either in a geometrical or technological feedback 

loop.  The main reoccurring areas noted for the need of control in the WAAM process by 

the researchers are process temperature, wire offset distance, and the voltage/current/speed 

relationship (with gas control included in this relationship noted by a couple of 

researchers).  
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III. Scope and Objectives 

 

The comprehensive literature review indicates a lack of control in the Wire Arc Additive 

Manufacturing (WAAM) Process amongst experimentalists.  The need for control is 

reported from various researchers.  While the introduction of a synergic weld line algorithm 

and Cold Metal Transfer-Gas Metal Arc Welding (CMT-GMAW) have been noted to 

improve the process with better control over the current/voltage/wire feed relationship and 

heat input, there is still a lack of control throughout the process.  Specific areas noted in 

the literature that were suggested to be key areas to control are the voltage/current/wire 

feed speed relationship, process temperature, and the wire offset distance.  The control of 

these specified areas will be incorporated within the scope of this dissertation. 

I. Specific primary objectives for the dissertation include:  

- Adapt existing 3 axis WAAM printer previously operating using short-circuit 

transfer components, with the new Cold Metal Transfer (CMT) components.  

- Document the printerôs adaptation (drawings, bill of materials, wiring diagrams, 

etc.).  

- Demonstrate the ability to create standard geometric shapes (cylinder, wall, hollow 

structure, etc.)  

- Establish a statistical design of experiments (DOE) with different factor levels 

under observations, such as travel speed, wire feed speed, material, etc. 
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- Study and compare the tensile strength of specimen made with different materials 

to that of the machine in its previous configuration.  Specimen will be made parallel 

and perpendicular to the direction of deposition.  

- Study and compare the hardness of specimen made with different materials to that 

of the machine in its previous configuration.  Specimen will be made parallel and 

perpendicular to the direction of deposition. 

- Study the macrostructure and microstructure of specimen made with different 

materials to that of the machine in its previous configuration.  Specimen will be 

made parallel and perpendicular to the direction of deposition. 

- Investigate the development of a closed-loop process control method for 

maintaining wire offset distance throughout the process, as noted in the literature 

review to be a significant aspect to control. 

- Investigate the development of a closed-loop process control method for 

maintaining the voltage/current/wire feed speed relationship throughout the process 

per given parameters (material, wire diameter, etc.), as noted in the literature review 

to be a significant aspect to control. 

- Investigate the development of a closed-loop process control method for 

maintaining process temperatures based on deposition materials, as noted in the 

literature review to be a significant aspect to control. 

- Evaluate control schemes and verify their significance.  

II.  Specific secondary objectives for the dissertation include: 

- Investigate the use of a wire mesh raft to aid in removability of óprintedô parts from 

their build plates.  
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- Develop an operatorôs manual for subsequent Auburn University researchers.  

- Develop easy to óprintô files/programs to create traditional standard test specimen 

for subsequent Auburn University researchers. 

- Investigate the development of a g-code post (machine specific m-codes, g-codes, 

etc.) for the machine to produce future óprintsô more readily. 
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IV. Design and Construction of Equipment 

 

Previous research conducted by Gaddes at Auburn University on WAAM involved 

construction of a purpose built, 3-axis, gantry-style CNC machine. A build volume of 18ò 

x 18ò x 18ò was specified to meet the requirement of evaluating the construction of large 

objects while providing room for future expansion. ñCartesian style machine was chosen 

with a build plate that traversed horizontally (y) and not vertically (z)ò [2]. Gaddes chose 

to integrate a commercially available and reliable Miller model 190 welder via a custom-

built wire feeder head attached to the x-axis carriage. A Fronius CMT 4000 Advanced 

welder was specified for advancing the research and integrated into the printer for this 

study. A complete overview of the equipment and retrofitting procedure is included in the 

following section.   

Previous Machine Design 

Auburn Universityôs WAAM printer was previously configured for research 

utilizing an off the shelf welder.  This machine is used as a base for the current research.  

Figure 56 shows the printer in its previous configuration.  The frame of the machine is 

constructed from 80/20 aluminum extrusions that allow for easy modification.  The build 

plate travels on two linear guide rails via four ball bearing carriages in the y-axis and is 

driven by a single ball screw and ball nut.  The z-axis moves along four linear rails and 

carriages and is driven by two ball screws connected by an L-series belt and timing pulley.  
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The welding torch is carried upon the x-axis and is driven by a single ball screw between 

two linear rails and carriages.  The custom ball screws are 16 mm in diameter and the linear 

rails are 20 mm wide.  Repeatability studies performed by the previous researchers show 

that the machine is accurate to ±0.0005 in. 

The axes are driven by stepper motors.  The stepper motors used are NEMA 23 

with 1.8°/200 steps per Rev. and have 420 oz-in. of holding torque.  The stepper motors 

are connected to the ball screws by an elastomer coupler to minimize possible binding. 

The build plate assembly (Figure 57) consists of multiple layers to provide thermal 

and electrical isolation. The first layer is a piece of machined aluminum plate that connects 

to the carriages and the ball screw nut.  Next is a 1 in. thick ceramic fiber electrical and 

thermal insulation board called Duraboard 3000.  In addition to being an electrical 

insulator, this ceramic board has a maximum operating temperature of 3000°F and a very 

low thermal conductivity of 0.8 at 1000°F.  The thermal insulation is important to protect 

Figure 56: Previous Version of WAAM Printer [2] 
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the mechanism beneath from the heat generated during the WAAM  process.  The electrical 

insulation is important to protect the operator and the machines electronics.  Above the 

ceramic insulator is an 18 x 18 x 0.5 in. steel plate which is bolted to the aluminum plate 

with counter-bored ceramic inserts to maintain isolation.  The steel plate features threaded 

holes (1/2-13 UNC) in a 4-inch spacing pattern to allow attachment of build plates.   

The machine is controlled by the inexpensive CNC control software Mach3 as 

shown in Figure 58.  The software runs on a dedicated computer and accepts standard G-

codes and M-codes; it also has its own post for most CAM packages.  The Mach3 software 

is configured to control the three axes.  Originally, the wire feed mechanism was 

configured as a variable speed spindle, and later changed to be driven by a stepper motor 

with a direct drive feed gear.  Now the Fronius VR 7000 CMT Wire Feeder is utilized.  

Mach3 communicates with the machine via a standard parallel port breakout board.  The 

breakout board distributes signals to stepper motor drivers to control the motors as 

described later in the Robot ï Welder Integration section.  

 

Figure 57: WAAM Printer Bed/Plate [2] 
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CMT Weld  System 

The equipment listed below encompasses the Fronius weld system as shown in 

Figure 59 [56].  

- Fronius CMT Advanced 4000 MV R Power Source 

- Fronius VR 7000 CMT Wire Feeder 

- Robacta 5000 Welding Torch  

- Robacta Drive CMT W 

- FK 4000 Cooling unit  

- Wire Buffer 

- RCU 5000i 

- Shielding Gases 

  

Figure 58: Mach3 CNC Software  
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Fronius CMT Advanced 4000 MV R Power Source 

The Fronius CMT Advanced 4000 MV R Welder shown in Figure 60 below was 

used to produce specimens via CMT-GMAW process [49].  The accuracy of the machine 

with respect to displayed values is noted at a max of +/- 8 % of the load for voltage, and a 

max of +/- 10 % of the load for current.  Table 4 shows the specs for the welder.  The power 

source transforms energy into the appropriate form for use in the welding process.  The 

digital process control ensures quality and repeatable welding results [57].   

Figure 59: Fronius Weld System [56] 
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Table 4: Fronius CMT Advance 4000 MV R Power Source Specs [57] 

 

 

 

 

 

 

 

  

 

 

Fronius VR 7000 CMT Wire Feeder 

The VR 7000 (Figure 61) was created specifically for the CMT welding process.  

The feeder can utilize large spool sizes as well as drums for higher production jobs.  Being 

as that the feeder is designed for CMT it can operate with a push/pull process torch or a 

normal push only torch [49].  The wire feeder unit uses a 4-roller drive for feeding the filler 

Welding Current Range MIG 3-400 A 

Welding Voltage Range MIG 14.2-34.0 V 

Max Welding Voltage 
 

n/a 

Open Circuit Voltage 
 

90 V 

Duty Cycle (77oF) 
 

85% @ 400 A 

 
100% @ 380 A 

Duty Cycle (104oF) 
 

40% @ 400 A 

 
60% @ 350 A 

 
100% @ 290 A 

Figure 60: Fronius CMT Advanced 4000 MV R Power Source [49] 
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metal from the wire feeder to the torch.  The two profiles for the feed rollers are U-Groove 

and H-Groove.  The U-Groove profile is a semicircular shape and is good for most 

materials, but specifically for steel and stainless wire.  These rollers have four points of 

contact and are to be set to a tension of ~ 2.5 ï 3 on the tensioner.  The H-Groove profile 

is a trapezoidal geometry that creates a hexagon when used in conjunction with another 

roller.  This profile is best for aluminum and CuSi. These rollers have two points of contact 

and the tension is to be set at ~ 1.5 ï 2 on the tensioner [Fronius].  

Robacta 5000 Welding Torch and Drive CMT W  

 The Robacta 5000 is a ñwater-cooledò drive/torch unit for the CMT welding 

system.  The term ñwater-cooledò is misleading as it utilizes proprietary coolant from 

Fronius.  This unit is designed to be mounted to a CNC control unit and not be used 

manually.  The unit does have the capability to feed and retract wire as well as test gas 

Figure 61: Fronius VR 7000 CMT Wire Feeder [49] 
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flow.  The torch uses either a conical or counter bored tip.  The conical tips allow the filler 

wire to be guided to the center of the tip for welding purposes.  The counter bore tips allow 

the wire liner to be directly in the tip and have no need for guidance.  This allows softer 

materials to not be deformed by the tip [54].  Figure 62 shows the Robacta Drive with the 

Robacta Torch attached. 

FK 4000 Cooling unit  

 The FK 4000 cooling unit is the standard cooling unit for most of Froniusô MIG 

and TIG packages.  It has an internal reservoir and a closed-loop system that flows to the 

Robacta Drive for cooling purposes.  The unit is fuse protected for over-voltage damage 

[49].   

Wire Buffer 

 The wire buffer provides tension in the wire when the drive motors switch from 

push to pull operation during the CMT process.  This prevents binding in the system and 

Figure 62: Fronius Robacta 5000 Drive/Torch [54] 
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insures the torchôs dynamic functions are not hindered.  The unit is to be mounted no more 

than 1.6 m from the Robacta Drive [49].  Figure 63 shows the wire buffer. 

RCU 5000i 

 The RCU 5000i is a universal remote unit for the Fronius welder.  It is required for 

the CMT process and allows the operator to choose between the different operating modes 

(CMT, Pulse, or Standard).  The unit also allows the user to adjust and set the weld 

parameters prior to and during the welding process [49].  Figure 64 shows the RCU 5000i 

unit. 

 

 

Figure 63: Fronius Wire Buffer [49] 
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Shielding Gases 

 Shielding gases for the welding process provide a stable environment for the weld 

pool.  Gases are acquired through Airgas.  Depending on the specific material being 

welded, a different composition of gases it to be selected to produce quality specimens.  

The Fronius welder controls the flow rate based on the diameter of the wire. Fronius states 

that the flow rate in cubic feet per hour (CFH) of gas flow for the weld process should be 

21 ï 25.2 times the diameter of the wire (or 10 ï 12 liters per minute) [49]. 

Robot ï Welder Integration  

The equipment and instruments listed below were used together to create the CMT 

based WAAM printer and interface the welder into the existing setup.  The equipment 

listed includes the gantry-based CNC, the welder, upgrades to the machine, software and 

hardware, and machine I/O logic interface.  

- Auburn Universityôs WAAM Printer 

Figure 64: Fronius RCU 5000i [49] 
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- Fronius Weld System (outlined in previous section)  

- Fronius RCU 5000i 

- Fronius ROB 5000 

- Fronius Xplorer Software 

- Sealevel RS-485 ModBus RTU Interface (SeaI/O-410M-OEM)  

- RS-485 PCI Express Card 

- Probotix 3-Axis Monster Mill Stepper Motor Driver Kit 

- Mach3 CNC Control Software 

- LocalNet RS-232 PC Connection Cable 

- Passive Splitter 

- LocalNet Cables 

- Mean Well 12 Volt DIN Rail Power Supply 

- Dell Optiplex 755 PC (Windows XP)  

Integrating the Fronius CMT welder into Auburn Universityôs WAAM machine 

was accomplished via the ROB 5000 Discrete I/O interfaced to Mach3 with the RS-485 

Modbus protocol.  The ROB 5000 features interface signals that are individually wired for 

connection to the robot automation controller to provide communication between the 

welding system and the robot controller.  Figure 65 (left) below shows the Sealevel RS-

485 Modbus RTU interface.  It utilizes 16 I/O ports to communicate between the welderôs 

ROB 5000 controller and Mach3.  Figure 65 (right) shows the I/O setup on the SeaI/O-

410M-OEM Modbus. 
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The Fronius LocalNet interface, connects the welder as a slave to the controller, in our 

case Mach3 CNC software.  Digital input signals to the welder (output signals from 

Mach3), are accomplished and actuated using machine codes (m-codes) that were created 

in Mach3 to activate/deactivate the various output signals to the welder and activate hi/lo 

status.  These outputs were designated to ports & pins in Mach3 to control the various 

signals available.  Table 5 shows the setup coming from Mach3 to the ROB 5000 with the 

designated m-codes assigned.  In Mach3 m-codes above 100 are designated for user 

functions, therefore m-codes begin with M1XX.  The second number in the designation 

indicates what output pin the function is on the Modbus board.  The third number in the 

designation indicates the relay status as high/low (1/0, I/O).  Appendix II I details the 

specifics of each m-code. 

 

Figure 65: Sealevel RS-485 Modbus RTU (left), Sealevel RS-485 I/O (right). 
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                 Table 5: Machine Codes used to Operate the Welder 

M-Code Function 

M111/M110 Welding Start/Welding Stop 

M121 Quick Stop  

M120 Robot Ready (Active Low) 

M131/M130 Gas Test Start/Stop 

M141 Touch Sensing 

M151/M150 Wire Retract Start/Stop 

M161 Source Error Reset 

M171 Blow Through 

M181/M180 Wire Feed Start/Stop 

 

The robot ready signal, M120, indicates that the robot is communicating, 

functioning and ready to weld.  This is one of two signals required for any sort of operation 

of the welding system. The signal is active low and therefore unless disabled using the 

quick stop command, M121, Mach3 will send a high signal to Output 2 signaling the robot 

is ready. The source error reset signal, M161, is designed to clear any error state the welder 

is in. For proper use, this signal should be toggled on and then off again, therefore the 

signal does not have a corresponding M160 command to deactivate the signal. The M161 

command activates the signal, pauses, and deactivates the signal without additional 

operator action. The welding start signal, M111, will start the welding process, beginning 

with pre-welding (gas pre-flow, hot start) and then automatically move to the welding 

process. When this signal goes low, M110, the post welding process (crater fill, and gas 

post-flow) will start automatically. The gas test signal, M131 is used to purge gas. It can 

be used as a gas pre-flow or post-flow as necessary. Wire inching and wire retract, M181 

and M151 respectively, is used to move the wire forward or backward. The blow through 

signal, M171, actuates a compressed gas purge blow through to clean the welding nozzle 
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to remove any spatter that may have accumulated. Like the source error reset signal, this 

signal is actuated for 5 seconds and then automatically turned off [Fronius].  

The ROB 5000 allows for the selection of welding modes via the robot interface 

using a combination of three signals, X2:6, X8:1, X8:2. This allows for the selection 

between standard program, pulsed arc program, job mode, parameter selection internal, 

manual, CC/CV, TIG, or CMT/special process. For our application, parameter selection 

internal was hardwired by wiring X2:6 High, X8:1 High, and X8:2 Low. This allowed 

process selection using the RCU 5000i. Welding jobs can be called in a similar way, with 

several bits joined together to form a binary number between 0-99. The set of bits used 

tells the welder what weld schedule to use. This feature was deemed unnecessary for our 

application and not used [49].  

Digital input signals (output from the welder) to the robot controller are read via 

the assigned ports & pins designated in Mach3.  The inputs from the ROB 5000 to Mach3 

are arc stable, power source ready, and process active; and are connected to pins 1,2, and 

4 respectively.  Arc stable is a signal sent from the ROB 5000 ñonce an arc has been started 

and that arc is within acceptable parameters as determined by the welding power source.ò  

Arc stable functions as the touch sensing input signal, with the input going high once 

contact has been made between the electrode and the base. The power source ready signal 

is sent from the ROB 5000 ñwhen the power source has established successful 

communication and there are no errors that will interfere with the function of the welder.ò  

The process active signal is sent from the ROB 5000 ñonce the welding process has started 

(after a ñwelding startò signal) beginning with the gas pre-flow if set by the welder (note 

this signal will not go high if the gas is controlled by the robot instead)ò [49].  
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The ROB 5000 features analog outputs for welding voltage, welding current, wire 

drive current, wire feed speed, and arc length via a 0 ï 10V signal. These outputs are used 

for displaying and documenting the process parameters and monitoring the weld. The 

decision was made to forgo using these signals and to instead use the Fronius Xplorer 

software for monitoring and logging of all weld data. The welder interfaces with the 

computer, RCU 5000i handheld controller, and ROB 5000 via the LocalNet.  Figure 66 

shows the complete layout of the interface.  
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Instruments  

The following equipment was used in this research to prepare or test specimens and 

create any custom fixtures or tooling required. The material testing equipment used to 

obtain the material properties of the final specimens is included in this section. Software 

used for design and post processing of data is also listed.  

- Cincinnati Arrow VMC-750 CNC Mill  

- Bridgeport Series I 2 HP Vertical Milling Machine  

- Southbend 450 Lathe  

- Do All 2013-V Vertical Band Saw  

- Wellsaw 1118 Horizontal Band Saw 

- Wilton Belt Sander  

- Model HR-150 Rockwell Hardness Tester  

- MTS Q-Test 100 Tensile Tester 

- Keyence VHX 1000 E 3D Microscope 

- Dassault Systems Solidworks Modeling Software  

- Autodesk HSMWorks CAM Software  

- Mathworks MatLab 2016b 

- Microsoft Excel 2016 

- Microsoft Word 2016 

- Minitab 17 Statistical Analysis Software  

- Slic3r Slicing Software 

- MTS/661.20H-03 Tensile Tester 

- Mitutoyo 6ò Dial Calipers 505-675 
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- Omega Universal Temperature Process Controller CN245 

The Cincinnati CNC milling machine shown in Figure 67 was used to machine the 

tensile samples from each sample as well as prepare fixtures, jigs, and components for/of 

the machine.  G-code was generated on a separate PC and then loaded via USB stick onto 

the CNC machine.  

 

The Bridgeport milling machine shown in Figure 68 below was used to create 

machine components as well as prepare fixtures/jigs.  

Figure 68: Bridgeport Series I 2 HP Vertical Milling Machine 

Figure 67: Cincinnati CNC 
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The Southbend 450 lathe, Figure 69 below, was used to create machine components 

as well as prepare fixtures/jigs/specimen.  

The vertical band saw seen in Figure 70 (left) was used to rough cut machine 

components and fixtures/jigs. The horizontal band saw seen in Figure 70 (right) was used 

to separate the specimens from the build plates, as well as rough cut machine components 

and fixtures/jigs. 

Figure 69: Southbend 450 Lathe. 
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The belt sander, shown in Figure 71, was used to for various purposes including the 

removal of burrs from specimens generated during the machining process.  The belt sander 

was also used for initial sanding of the samples after coming out of the mill. 

 

Figure 70: Do All 2013-V Vertical Band Saw (L) Wellsaw 1118 Horizontal Band Saw (R) 

  

Figure 71: Wilton Belt Sander. 
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Figure 72 shows the HR-150A Rockwell hardness tester used to test the samples. 

The appropriate tip was placed in the tester for a Rockwell B test.  The screw handle was 

turned to raise the sample to be tested into the testing tip.  The lever on the side is then 

pulled which applies the load required for the test.  Once the load has been fully applied 

another lever is pulled which removes the initial force and the resulting hardness value is 

shown on the dial on the front of the machine.  Accuracy and repeatability of the tester is 

+/- 2 Rockwell. 

 

Figure 72: Model HR-150 Rockwell Hardness Tester  



98 

 

The MTS Q-Test 100 tensile testing machine used can be seen in Figure 73. The 

tensile testing machine moves at a constant displacement rate and records the forces applied 

to the load cell.  The jaws used for the tensile testing of the metal samples were of the screw 

clamping type.  A screw collar is tightened which clamps down on the piece.  The jaws are 

designed so that as the pulling force increases the clamping force does as well. 

A Keyence VHX 1000 E 3D microscope, shown in Figure 74, was used in the study 

of weld specimen microstructure.  It is a two-stage microscope with the first stage having 

a magnification range of 100x to 1000x and the second stage magnification range of 500x 

to 5000x.  The resolution of this microscope is +/- 0.05 microns and a repeatability of +/- 

0.5 microns. 

Figure 73: MTS Q-Test 100 
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An MTS Landmark Servohydraulic load frame Model 370.10, shown in Figure 75, 

was used for tensile testing.  The tensile testing machine moves at a constant displacement 

rate and records the forces applied to the load cell.  Featuring a high-resolution force 

transducer with a range of 100 kN (22 kip), the MTS Landmark provides highly accurate 

force measurements with a maximum error in tension of 0.05 % of the load.  The jaws used 

for the tensile testing of the metal samples are hydraulically actuated grips.  When 

combined with precision alignment fixtures the machine delivers tightly controlled and 

constant zero specimen loading [58, 59]. 

Figure 74: Keyence VHX 1000 E 3D microscope 
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Mitutoyo dial calipers, as shown in Figure 76, were used to measure specimen 

before and after tensile testing.  They have an accuracy of +/- 0.001 inches. 

Omegaôs universal temperature process controller (Model CN245) was used to 

monitor temperatures during the WAAM process and send signals to the Modbus for 

control purposes.  The unit has RS485 capabilities for future communication possibilities.  

Figure 75: MTS Landmark Servo Hydraulic Load Frame 

Figure 76: Mitutoyo 6ò Dial Calipers Model Number 505-675 
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The unit has a wide range of voltage inputs, so it is adaptable to future modifications to the 

system.  Its accuracy is +/- 0.5oC or 0.2% of the reading.  The unit is also capable of using 

many different temperature inputs.  Currently a K-type thermocouple is used; however, for 

future purposes it is capable of utilizing: K, J, S, or R-thermocouples; Pt100, Pt500, Pt1000, 

or Ni100 RTDs; PTC 1K, NTC 10L, or NTC 2252ɋ thermistors. For output, the unit has 

two resistive relays and a DC 12V pulse.  As shown in Figure 77 the unit has simple 

operator inputs for easy programming by future users/researchers [60]. 

 

 

 

Figure 77: Omega Universal Temperature Process Controller CN245 
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Materials 

The materials chosen for this experiment are listed below in Tables 6 and 7 

documenting the material properties.    

ER308L [61]:  

- Stainless steel consumable 

- Westward 0.045ò diameter 30lb spool  

- Balanced chromium and nickel levels provide enough ferrite in the weld for high 

resistance to hot cracking  

- Dual classification ensures the maximum carbon content is 0.03%  

- 0.03% carbon content increases resistance to intergranular corrosion 

Table 6: ER308L filler material properties 

ER308/308L Wire Properties and Chemistry  

Tensile Strength (As Deposited) 87,000 psi 

Yield Strength (As Deposited) 57,000 psi 

Shielding Gas (% Ar / % CO2) 98% / 2% 

% C % Cr % Ni % Mo % Mn 

0.08 

Max 
19.5-22 9.0-11.0 

0.75 

Max 
1.0-2.5 

% Si % P % S % Cu   

0.3-0.65 
0.03 

Max 

0.03 

Max 

0.75 

Max 
  

 

ER70S-6 [62]: 

- Mild steel consumable 

- National Standard 0.045ò diameter NS-115 Copperfree [63] 

- High levels of manganese and silicon deoxidizers tolerate medium to heavy mill 

scale surfaces  

- More puddle fluidity due to higher silicon content (lower surface tension) 
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- Excellent wetting action 

Table 7: ER70S-6 filler material properties [National Standard] 

ER70S-6 Wire Properties and Chemistry 

Tensile Strength (As Deposited) 70,000 psi 

Yield Strength (As Deposited) 58,000 psi 

Shielding Gas (% Ar / % CO2) 90% / 10% 

% C % Mn % S % Si % P 

0.09 1.52 0.011 0.91 0.012 

% Cu % Cr % Ni % Mo % V 

0.07 0.06 0.06 0.01 0.01 
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V. Methodology and Statistical Design of Experiments 

 

The methodology for the design and testing of CMT-GMAW WAAM specimen 

and control evaluation based on mechanical testing and microstructural examination is 

proposed in the following sections.   

Tensile Strength Evaluation  

Tensile test specimens are to be created using ER70S-6 and ER308L filler wire at 

0.045 inches.  To determine the validity of the data collected from the machine for 

experimentation, a repeatability study is required.  As with the research performed 

previously on Auburnôs WAAM machine, four walls are to be produced per material and 

dog bones are to be machined out of the walls parallel and perpendicular to the deposited 

layers (2 walls per direction).  Six samples are to be produced per wall, giving a total of 24 

tensile samples per material to study.  The tensile test specimens are to be created according 

to the ASTM E8 standard which dictates a specimen with a gauge length of 1.000 ± 0.003 

inches, a neck width of 0.250 ± 0.005 inches, and a thickness of 0.250 ± 0.005 inches, 

as shown in Figure 78 [55].  After machining, the samples will be sanded and polished 

using the following schedule: 80-grit, followed by 120, 180, 240, 320, 400, 500, 600, 800, 

1000, 1200, then polished with Motherôs MAG and Aluminum Metal Polish.  Prior to 

pulling the specimens, the precise dimensions of the tensile test bars are to be verified and 

recorded using Mitutoyo calipers.  The pull rate for the tensile test is to be 0.15 ipm.  
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Appropriate t-tests (paired or unpaired) are to be performed to compare the results 

of each wall to itself (outer samples to the inner sample or the top layer samples to the 

bottom), as well as to compare each wall to each other (wall one to wall two).  For each t-

test performed the null hypothesis will be that the mean difference between samples tested 

is equal to zero; while the alternative hypothesis is that they are not equal to zero.  A 

confidence of 95% is to be used, giving an alpha of 0.05.  If the p-values produced are 

above 0.05 the tests have failed to reject the null hypothesis.  This means that the samples 

in that test are statistically equal with 95% confidence.  If the results of the study show that 

two identical walls are statistically the same, then further research shall commence.  

Otherwise, if the study shows that two identically produced walls are not statistically the 

same in tension then things must be adjusted to get useable data for research.  This was not 

Figure 78: ASTM E8 Subsize Tensile Testing Standard [55] 
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performed in past research and the results of past research show inconsistent tensile data 

that possibly could have been prevented had this not been overlooked.   

For the repeatability study, the synergic line from Fronius is to be selected 

accordingly to the material.  For ER70S-6, per Froniusô recommendations, a wire feed 

speed of 90 inches per minute (ipm), burnback correction of -0.5 seconds, arc length 

correction of -15%, dynamic correction of 1.2%, crater fill for 0.7 seconds at 45% current, 

with a gas composition of 90% argon and 10% carbon dioxide at 25.4 cubic feet per hour 

(CFH) is to be used at a travel speed of 29.5 ipm.  The geometry produced is to be a wall 

that is 8 mm wide, 120 mm long, 111 mm tall.  Per Froniusô recommendation a weave 

pattern is to be used in a zig zag profile with a wavelength of 2.5 mm and an amplitude of 

half the width with a 0.2 second pause at each peak and a layer height of 2.4 mm.  On the 

subsequent pass (next layer) a phase shift is utilized equal to one period to try to cross-

hatch the deposition for better heat input.  All while a one-minute pause between layers is 

utilized to allow the part to not receive excess heat.  

Table 8 below shows the results of the tensile tests for specimen produced 

perpendicular to the deposition layers.  The samples are listed left to right of the wall as 

shown in Figure 79.  Table 9 shows the results of each t-test for ultimate tensile strength 

(UTS) and yield strength.  The p-values are all above 0.05 and therefore the tensile tests 

for ER70S-6 are all statistically repeatable with 95% confidence and further research can 

be implemented with this machine for this material.  
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Table 8: ER70S-6 Repeatability Perpendicular Tensile Results 

Perpendicular Wall 1 Wall 2 Wall 1 Wall 2 

Sample UTS (psi) UTS (psi) Yield (psi) Yield (psi) 

1 67898 67198 51801 51712 

2 67507 67484 57237 53355 

3 67938 67829 54569 54366 

4 68099 67915 52908 53357 

5 68227 67681 52382 52655 

6 67731 67432 51115 47599 

 

 

 

Figure 79: Test Orientation for Samples Produced Perpendicular to Deposition 
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Table 9: ER70S-6 Perpendicular Repeatability T-Test Results 

Perpendicular 

Test Measurable P-Value 

Wall 1 Outer to Inner UTS 0.430 

Wall 2 Outer to Inner UTS 0.084 

Wall 1 to Wall 2 UTS 0.068 

Wall 1 Outer to Inner Yield Strength 0.134 

Wall 2 Outer to Inner Yield Strength 0.225 

Wall 1 to Wall 2 Yield Strength 0.407 

 

Table 10 below shows the results of the tensile tests for specimen produced parallel 

to the deposition layers.  The samples are listed top to bottom of the wall as shown in Figure 

80.  Table 11 shows the results of each t-test for ultimate tensile strength (UTS) and yield 

strength.  The p-values are all above 0.05 and therefore the tensile tests for ER70S-6 are 

all statistically repeatable with 95% confidence and further research can be implemented 

with this machine for this material. 

Table 10: ER70S-6 Repeatability Parallel Tensile Results 

Parallel Wall 1 Wall 2 Wall 1 Wall 2 

Sample UTS (psi) UTS (psi) Yield (psi) Yield (psi) 

1 69881 69297 57052 48327 

2 68739 68285 49444 50805 

3 68499 68582 50706 50679 

4 68272 68645 50795 50524 

5 69941 69626 50999 51831 

6 71230 70493 51871 51229 
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Table 11: ER70S-6 Parallel Repeatability T-Test Results 

Parallel 

Test Measurable P-Value 

Wall 1 Top to Bottom UTS 0.485 

Wall 2 Top to Bottom UTS 0.406 

Wall 1 to Wall 2 UTS 0.643 

Wall 1 Top to Bottom Yield Strength 0.743 

Wall 2 Top to Bottom Yield Strength 0.424 

Wall 1 to Wall 2 Yield Strength 0.323 

 

To compare the parallel and perpendicularly produced samples, t-tests are to be 

performed comparing the walls.  Table 12 shows the results of these t-tests.  The p-value 

is above 0.05 for yield strength; however, it is below 0.05 for ultimate tensile strength.  

This mean that walls produced in ER70S-6 have statistically the same yield strength 

regardless of orientation; however, they do have different UTS and therefore both 

Figure 80: Test Orientation for Samples Produced Parallel to Deposition 
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orientations must be studied as separate independent factors for UTS.  When looking at the 

means of the populations compared to the manufacturerôs specifications; the parallelly and 

perpendicularly produced walls are 99% and 97% of the manufacturerôs UTS spec 

respectively.  For yield strength, the parallelly and perpendicularly produced walls are 90% 

of the spec (listed as one value since statistically the same).  While not the manufacturerôs 

specs, these values are an improvement on previous research in value and/or repeatability.  

This study is not to try and meet or exceed the manufacturerôs spec, just simply to compare 

to identically produced parts to each other and it is considered ok to not meet the spec at 

this point. 

Table 12: Parallel Vs Perpendicular T-Test Results 

Parallel Vs Perpendicular 

Test Measurable P-Value 

Parallel to Perpendicular UTS 0.00002 

Parallel to Perpendicular Yield Strength 0.094 

  

 Now that there is known information about the material and how repeatable it is; a 

power analysis is to be performed to determine the minimum number of samples to be 

taken to detect an effect with 95% confidence.  This will be completed using Equation 3 

below.  Here n is the sample size, z is the z-score (equals 1.959964, based on 95% 

confidence), ů is the standard deviation of the population, and E is the margin of error.  The 

standard deviations of the groups are presented below in Table 13.  Once completed the 

power analysis shows to be within one standard deviation of the population that 3.8414 

samples are to be taken for UTS and yield strength specimen produced both in parallel and 

perpendicular orientations.  Since .84 samples cannot be taken, we round up to the nearest 

whole number of four samples.  Therefore, for tensile tests in ER70S-6, samples are to be 
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produced parallel and perpendicular to deposition with four samples each.  One thing to 

note is for all the tensile tests, the specimens failed ductility with typical cup-and-cone 

fracture.  

– 
ᾀ„

Ὁ
 

 

Equation 3 

Table 13: Tensile Standard Deviations (ů) 

Test ů (psi) 

Perpendicular UTS 299 

Parallel UTS 953 

Yield Strength 2290 

 

Hardness Evaluation  

Hardness tests are to be performed on ER70S-6 and ER308L samples using the 

Rockwell Scale due to the availability of the equipment.  To determine the validity of the 

data collected from the machine for experimentation, a repeatability study is performed.  

As with the research performed previously on Auburnôs WAAM machine, four walls are 

to be produced per material and dog bones are to be machined out of the walls parallel and 

perpendicular to the deposited layers (2 walls per direction).  Six samples are to be 

produced per wall, giving a total of 24 tensile samples per material to study.  The hardness 

tests will be performed in the grip regions of these tensile specimen to save time, material, 

and to directly compare hardness to tensile data from the same sample.  Two hardness tests 

will be performed on each end of the tensile specimensô grip region.   

Table 14 below shows the results of the hardness tests for specimens produced 

perpendicular to the deposition layers.  The samples are listed left to right of the wall 

(sample 3 and 4 being the middle of the wall).  Table 15 shows the results of each t-test for 
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hardness.  The p-values are all above 0.05 and therefore the hardness tests for ER70S-6 are 

all statistically repeatable with 95% confidence and further research can be implemented 

with this machine for this material. 

Table 14: ER70S-6 Repeatability Perpendicular Hardness Results Rockwell B 

Perpendicular Wall 1 Wall 1 Wall 2 Wall 2 

Sample Top of Wall Bottom of Wall Top of Wall Bottom of Wall 

1 77.5 77.5 75.5 76 77.5 77 75 77 

2 76 77 76 76.5 76.5 77 74.5 75 

3 74.5 77.5 75 77 76 76 74 74 

4 77.5 76 77 76.5 76.5 77.5 77 77 

5 77.5 77.5 75.5 77 76.5 75.5 76 77 

6 78 76 75 78 76.5 77 77 76 

 

Table 15: ER70S-6 Perpendicular Repeatability T-Test Results 

Perpendicular 

Test P-Value 

Wall 1 Top to Bottom Averages 0.087 

Wall 2 Top to Bottom Averages 0.114 

Wall 1 Outer to Inner Averages 0.496 

Wall 2 Outer to Inner Averages 0.439 

Wall 1 Top to Wall 2 Top 0.475 

Wall 1 Bottom to Wall 2 Bottom 0.313 

Wall 1 to Wall 2 0.236 

 

Table 16 below shows the results of the hardness tests for specimen produced 

parallel to the deposition layers.  The samples are listed top to bottom of the wall (sample 

3 and 4 being the middle of the wall).  Table 17 shows the results of each t-test for hardness.  

The p-values are all above 0.05 and therefore the hardness tests for ER70S-6 are all 

statistically repeatable with 95% confidence and further research can be implemented with 

this machine for this material. 
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Table 16: ER70S-6 Repeatability Parallel Hardness Results Rockwell B 

Perpendicular Wall 1 Wall 1 Wall 2 Wall 2 

Sample Left of Wall  Right of Wall  Left of Wall  Right of Wall  

1 77 77 76 76.5 74.5 75 77.5 77.5 

2 75.5 75.5 75 76 75.5 76.5 75.5 75.5 

3 75.5 75 76 75.5 74.5 75.5 75 75 

4 75.5 75 77 75.5 75.5 76 74.5 76 

5 77 75.5 76 75.5 74.5 76.5 75.5 76.5 

6 76.5 76 75 76.75 77 77.5 76 76 

 

Table 17: ER70S-6 Parallel Repeatability T-Test Results 

Parallel 

Test P-Value 

Wall 1 Left to Right 0.936 

Wall 2 Left to Right 0.689 

Wall 1 Top to Bottom 0.920 

Wall 2 Top to Bottom 0.582 

Wall 1 Top to Wall 2 Top 0.795 

Wall 1 Bottom to Wall 2 Bottom 0.707 

Wall 1 to Wall 2 0.635 

 

Since the hardness values are independent of deposition direction, parallel and 

perpendicular is not to be compared; however, the location of the measurement is to be 

compared (top, bottom).  To compare the hardness values of produced samples, t-tests are 

to be performed comparing the average hardness values of the walls.  Table 18 shows the 

results of these t-tests.  The p-values are above 0.05 and therefore the hardness tests for 

ER70S-6 are statistically the same with 95% confidence in both locations and further 

research can be implemented with this machine for this material. 
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Table 18: Average Hardness T-Test Results 

Perpendicular Wall 1, 2 Vs. Parallel Wall 1, 2 

Test P-Value 

Perpendicular Wallsô Top to Parallel Wallsô Top  0.031 

Perpendicular Wallsô Bottom to Parallel Wallsô Bottom  0.797 

Perpendicular and Parallel Top to Bottom 0.107 

 

Now that there is known information about the material and how repeatable it is; a 

power analysis is to be performed to determine the minimum number of samples to be 

taken to detect an effect with 95% confidence.  This will be completed using Equation 

3Error! Reference source not found. again.  The standard deviations of the groups are 

presented below in Table 19.  Once completed the power analysis shows to be within one 

standard deviation of the population that 3.8414 samples are to be taken for hardness 

specimen produced.  Since .84 samples cannot be taken, we round up to the nearest whole 

number of four samples.  Therefore, for hardness tests in ER70S-6, four samples are to be 

taken per factor level.  Since four tensile specimens also are to be produced and to make 

research simpler; one hardness will be performed in the grip region of each tensile sample 

(double the amount required).    

Table 19: Hardness Tests Standard Deviations (ů) 

Location ů (Rockwell B) 

Top of Walls 0.781 

Bottom of Walls 0.726 

All Samples  0.770 

Macrostructure & Microstructure Evaluation   

Once a wall is complete, test specimens are to be cut out for tensile tests.  The parts will 

undergo visual inspection during the milling/sanding process to identify large defects, if 

any.  The metallurgical details of the deposited materials are to be examined using an 

optical microscope.  The samples to be examined are to be cut from the walls 

manufactured for the tensile/hardness test specimens.  Samples are to be selected in the 
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top, middle, and bottom of a wall and at the interface between layers to get a 

representative view of the deposited material.  The samples are to be polished, using the 

same schedule as for the tensile samples, and etched for 90 seconds with the appropriate 

solution per material per the ASTM E 407 guidelines [64].  3% Nital etchant mixed as 

shown below in Table 20 is to be used for the ER70S-6 samples.  Krollôs Reagent etchant 

mixed as shown in  

Table 21 is to be used for the ER308L samples.  Any leftover etchant is to be 

properly disposed of after a maximum of one week from manufacture.  Storage of the 

etchant is to be in an appropriate non-reactive plastic container.  The samples are then to 

be examined under an optical microscope and the grain structure evaluated.  Images of the 

microstructure are to be taken and examined to study interlayer bonding, grain structure, 

and the effect of heat throughout the óprint.ô 

Table 20: Mixing Solution for %3 Nital Etchant, ASTM No. 74a 

3% Nital Etchant Solution 

Nitric Acid Ethanol 

HNO3 C2H6O 

3 mL 97 mL 

 

Table 21: Mixing Solution for Krollôs Reagent Etchant, ASTM No. 88 

Etchant Solution 

Hydrochloric Acid Nitric Acid Water 

HCl HNO3 H2O 

20 mL 10 mL 30 mL 

 

Wire Offset Distance Control  

Before one can discuss the controls schemes to alleviate the issues of inconsistent 

wire offset distance, the types of systematic errors that exist due to this must be discussed.  
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There are two types of systematic error that occur during the WAAM process that are 

related to the wire offset distance; offset error, scale error.  Random error, or unsystematic 

error, can also occur in the WAAM process.   

Offset error is where initialization protocols are not met and there is an error that is 

carried out throughout the process.  This is related to the WAAM process via wire offset 

distance through the machine not properly being zeroed on the build plate at the start of a 

óprint,ô or the proper amount of wire is not feed out of the nozzle before the zeroing process 

is initialized.  This error is entirely due to operator error in the case of WAAM and can be 

avoided if protocols are followed.  To follow said protocols, one must ensure that a proper 

zero is set based off the origin of the part being created. 

Scale error is where values are recorded proportional to the true measurement.  This 

is related to the WAAM process via wire offset distance through compounding error due 

to improper layer step-up distance.  This is where the program is designed to create layers 

at a certain height and step up in increments of that height every layer; however, the layers 

created are actually a different size and a compounding error is created as the part is 

óprinted.ô  This compounding error can greatly offset the part to the point of having to cease 

production and start over.  A control scheme is to be developed and evaluated to eliminate 

or alleviate the WAAM scale error.  

Random error is exactly as the title states.  Random error occurs randomly 

throughout a process for unknown or unforeseen reasons, thus is hard/to impossible to 

predict and/or prevent.  This is related to the WAAM process via wire offset distance 

through issues that may occur due to slip in the feed gears causing the wire stick out to be 

offset, slumping in the geometry due to various reasons causing layer heights to be offset, 
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and many more unpredictable reasons.  Due to the literally órandomô nature of random 

error, a control scheme to alleviate this type of error will not be looked at in this research 

experiment.  If random errors do occur during the WAAM process, proper procedures 

would be to take an average of the data or increase the sample size of the data.  If the data 

point can be proven to be a statistical outlier, then that data point can be eliminated.  Good 

engineering discretion should be utilized by the operators in this event to maintain sound 

research data or adequate part quality depending on the issue.  

One of the biggest issues in practically all additive process is maintaining the layer 

heights.  Having the head of the machine maintain the appropriate distance from the last 

layer is increasingly difficult when the layer heights change constantly due to various 

issues.  A control scheme to maintain the offset distance throughout the óprintô is thought 

to be a key aspect in the WAAM processô success by multiple researchers.  Fronius 

recommends a wire offset distance of 14 mm (0.551 inches) be maintained.  Having the 

WAAM machine constantly maintain this distance regardless of variations in layer height 

would essentially eliminate scale error.  By creating a m-code to maintain the distance, the 

WAAM machine has the capability to do exactly this.  Since the welder stops welding after 

every layer via a m-code (M110, weld stop), this would be an opportune time to check the 

wire offset distance and see if the layer deposited was created to the spec programed.  By 

compensating for variations every layer, the compounding scale error is essentially 

eliminated thus leading to better and easier to produce parts.   

An experiment is planned to test the development, as well as advantage, of a wire 

offset control scheme.  If the control scheme proves to overcomplicate the process, while 

not providing statistically beneficial properties (strength, time savings, etc.), the control 
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scheme should not be utilized.  After a control scheme is created, it is to be tested against 

not using the protocol.  Evaluation of the protocol is to be based on the materialsô UTS, 

yield strength, hardness, as well micro and macrostructure.  Walls are to be produced in 

both ER70S-6 and ER308L where tensile specimen are to be manufactured in both the 

parallel and perpendicular directions to deposition.  Table 22 shows the proposed data to 

be collected and compared.  There are to be two walls per material (parallel and 

perpendicular) for both with and without the control scheme utilized.  This accounts for 

four walls per material in total.  Since the wire offset distance is to be maintained at a set 

value according to Fronius, different offset distances are not to be varied on purpose.  For 

the tests without control, the user will manually try to maintain the wire offset distance 

every layer as in past research.  

Table 22: Wire Offset Distance Control Scheme Combinations 

Materials: ER70S-6, ER308L 

Directions of Test: Parallel, Perpendicular to Deposition 

Control Schemes: With, Without Offset Control  

Measurables (Quantitative/Qualitative): Ultimate Tensile Strength, Yield Strength, 

Hardness, Microstructure, Macrostructure, 

Time Spent to Produce Part 

Wire Feed Speed/Voltage/Current Control  

Originally, researchers maintained wire feed speed, voltage, and/or current 

(WFS/V/C) manually throughout the WAAM process.  Most of these researchers noted 

difficulty in controlling the process, as the three are related and having them controlled 

independently leads to excessive trial and error.  Later in the ó90s, the synergic welding 
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control scheme was introduced and utilized in the WAAM process.  The synergic control 

greatly improved the reliability, repeatability, and ease of use in the process for the 

researchers.   

ñIn the synergic control system, the current pulse parameters are automatically 

generated by an electronic control unit or a computer system for a given wire feed rate, 

based on predetermined parametric relationships.  The parametric relationships relate the 

four pulse parameters to wire feed rate for a stable welding operation.  A square waveform 

of current is normally desired since with this wave-form the amplitude of the current can 

be exactly controlled.  To obtain a stable pulsed current welding process there are three 

essential criteria that must be satisfied: 

1. Burn-off Criterion: The wire feed rate must be matched by the burn-off rate of the 

wire to keep a constant arc length. 

2. Metal Transfer Criterion: The metal must be transferred in a spray mode and 

controlled by the current pulse. 

3. Arc Stability Criterion: The welding arc must be stable during the background 

current durationò [47]. 

For the Fronius CMT welding process, a synergic line is utilized with presets for 

various materials, wire diameters, and gas compositions.  Previous research studied many 

parameters that factor into the system.  However, the Fronius CMT process controls many 

of these factors in closed-loop system and/or are set by the material selection and wire 

diameter.  Figure 54, from the literature review, is a flow chart showing that once an 

operator selects a material and the appropriate wire diameter based on the feed rollers in 

use, many parameters are set based on these choices. 
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Since the CMT process is a closed-loop control method, an experiment is purposed not 

to create a control scheme, but to evaluate the control scheme already created via the CMT 

process.  If the control scheme proves to overcomplicate the process, while not providing 

statistically beneficial properties (strength, time savings, etc.), the control scheme should 

not be utilized.  The CMT process is to be tested against not using the protocol (CC/CV, 

standard mode), as well as against original research data from Gaddes.  Evaluation of the 

protocol is to be based on the materialsô UTS, yield strength, hardness, as well micro and 

macrostructure.  Walls are to be produced in both ER70S-6 and ER308L where tensile 

specimen are to be manufactured in both the parallel and perpendicular directions to 

deposition.  Table 23 shows the proposed data to be collected and compared.  There are to 

be two walls per material (parallel and perpendicular) with and without the CMT control 

scheme utilized.  This accounts for four walls per material in total.  The results will also be 

cross referenced and compared to the results from Gaddesô research which also used a 

standard CC/CV synergic control scheme, but with a different machine (Miller instead of 

Fronius).   

Table 23: WFS/Voltage/Current Control Scheme Combinations 

Materials: ER70S-6, ER308L 

Directions of Test: Parallel, Perpendicular to Deposition 

Control Schemes: Fronius CMT, Fronius Standard Mode, 

Original Data from Gaddesô Research 

Measurables (Quantitative/Qualitative): Ultimate Tensile Strength, Yield Strength, 

Hardness, Microstructure, Macrostructure, 

Time Spent to Produce Part 
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Temperature Control  

Material properties of the óprintedô part are highly reliant upon the temperatures the 

part is exposed to and the duration it is exposed to those temperatures throughout the 

WAAM process, much like with many other manufacturing processes.  As with the weld 

quality control noted by Xie, the WAAM temperatures of interest can be broken into three 

groups: before, during, and post weld.  According to Funderburk, for build plates less than 

1 inch, a preheat is not required before the weld [50].  Since the build plates for the WAAM 

process are much smaller than 1 inch, a preheat will not be considered; unless the presence 

of cracking or hydrogen precipitation issues occur.   

For post weld, heat treatment is the typical solution to improve mechanical 

properties of a part.  Typical goals of a post weld heat treatment (PWHT) are to reduce 

hardness, relax residual stresses, and/or to increase resistance to brittle fracture.  During 

the repeatability study, it was noted that the materials failed in a very ductile manner.  It 

was also noted that the hardness values maintained a nice correlation to the tensile strengths 

of the materials as is typical with commercial metals.  Due to these facts, PWHT will not 

be considered for the reduction of hardness or brittle fracture.  The materialôs 

manufacturers list PWHT schedule for the materials as well as expected properties in doing 

so.  For residual stresses, if it is noted that high amounts of warpage occur during the 

process, or if the material properties indicate undesirable results (when compared to 

manufacturer specs) then a PWHT is to be investigated.   

For the during weld category of the WAAM process, the main concern is the 

reheating of previous layers by the layer being deposited.  This interpass temperature, as it 

known, is the main area of concern.  According to Funderburk and the American Welding 
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Society, the toughness and grain structure are negatively affected after interpass 

temperatures exceed 500°F (260°C) and should not exceed 550°F (290°C) [50].   

An experiment is planned to maintain the partsô mechanical properties via interpass 

temperature.  A temperature monitoring system will be used to monitor the partsô 

temperature and send a signal to pause production if temperatures exceed a set point.  The 

system is to constantly measure temperature in a closed-loop system and send feedback to 

the computer.  The temperature measuring device is to be a K-type thermocouple due to 

availability, ease of use, and the temperature ranges expected.  The temperature set point 

will be 500°F initially (as according to literature), then will be varied 50° above and below 

the initial setpoint to test the sensitivity of the process temperature for steel.  For stainless, 

literature states a set point of 150°C but little else is mentioned.  Therefore, thee other 

setpoints are to be at 260°C (initial point for steel) and 205°C (in between the two).  Table 

24 shows the proposed data to be collected and compared.  There are to be two walls per 

material (parallel and perpendicular) for both with and without the control scheme utilized.  

As well as three set points within the group for with the control scheme.  This accounts for 

eight total walls per material to be produced and studied.  If the control scheme proves to 

overcomplicate the process, while not providing statistically beneficial properties 

(strength, time savings, etc.), the control scheme should not be utilized.  For placement of 

the thermocouple, according to literature, the probe should be placed 1-3 inches from the 

weld pool.  Since the weld pool is moving in all three axes throughout the process, it is 

noted that the probe will need to be maintained at this distance throughout; however, not 

necessarily follow the weld pool.  Figure 81-84 show the locations for the thermocouple 

probe to be positioned to maintain the 3-inch (76.2 mm) distance from the weld pool.  This 
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considers the diameter of the probe as well as the trigonometric relationship between the 

probe and the max distance the weld pool will travel during a 100 mm tall print. 

Table 24: Temperature Control Scheme Combinations 

Materials: ER70S-6, ER308L 

Directions of Test: Parallel, Perpendicular to Deposition 

Control Schemes: With and Without Temperature 

Monitoring System 

Control Set Points: 500°F (260°C), 550°F (288°C), 450°F 

(232°C) [Steel]/ 302°F (150°C), 401°F 

(205°C), 500°F (260°C) [Stainless] 

Measurables (Quantitative/Qualitative): Ultimate Tensile Strength, Yield Strength, 

Hardness, Microstructure, Macrostructure, 

Time Spent to Produce Part 
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Figure 81: Initial Thermocouple Position in Relation to Printed Wall 

Figure 82: Second Thermocouple Position to Maintain Proper Distance  
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Figure 83: Third Thermocouple Position to Maintain Proper Distance  

Figure 84: Final Thermocouple Position to Maintain Proper Distance 
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Operatorsô Manual 

To carry on research with the machine for further investigations in the future, an 

operatorsô manual is to be created.  The machine can be broken down into three categories: 

hardware, software, and operation.  The hardware category refers to the machineôs 

mechanics, the welder, the wire feed mechanism, the computer, etc.  Much of this category 

is detailed in the Design and Construction of Equipment portion of this research; where it 

is detailed on the conversion of the machine from the old setup to the new one.  The key 

aspects from this section will be laid out as to not include too much redundancy, yet still 

give the necessary information in the manual.  The software category includes the Fronius 

Xplorer, Mach3, etc.  Details on these software packages will be included in the manual 

where appropriate, otherwise a base understanding of the software will be assumed, and 

information can be found in the original software documentation for basic features.  The 

operation portion will be the main attribute of the manual as it will detail the process for 

routine operation to create a óprint.ô  A fundamental understanding of the base machine 

will be assumed, and information can be found in the manufacturersô manuals for basic 

functions.  

Summary 

In summary, there are three factors to be studied: contact tip to work distance 

(CTWD) control, cold metal transfer (CMT) control, and temperature control.  Each factor 

will be tested in the parallel and perpendicular direction with four replicates per direction 

per material.  For CTWD and CMT control there are two levels to be studied (with or 

without the control scheme).  For temperature control there are four levels to be studied 
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(three temperature set points and a baseline).  This equates to a total of 128 permutations.  

Tables 22-24 detail this in tabular format. 
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VI . Results 

 

Standard Specimen Data Sheet  

A data collection sheet heading was created to record relevant data for each 

experiment setup as shown in Figure 85.  The data sheet details the information needed to 

setup the Fronius welder to produce the óprintô as there are numerous settings to adjust that 

will greatly affect the characteristics of the weld.  In the heading, the specific wire material 

is to be specified along with the chosen gas composition.  Next the specific synergic line 

should be specified from the list of empirically derived options available on the welder.  

While the wire feed speed is directly related and set by other variables; there is a small 

range that it can be adjusted within and should be noted to ensure repeatable results.  Arc 

length correction (ALC) adjusts weld parameters based off the contact tip to work distance 

(CTWD) as shown in Figure 86 [49].  The value is adjustable from -30 to 30%, with -30% 

being very close to the weld pool and 30% being far away.  This affects the penetration, 

bead width, and heat input to the weld pool greatly and should therefore be noted.  The arc 

force correction (dynamic correction) adjusts the current wave geometry.  It is adjustable 

from -5 to 5% with characteristics of these adjustments shown in Figure 87 [49].  Burn 

back correction changes how much wire stick out is present at the end of a weld seam and 

is adjustable +/- 0.20 seconds [49].  Crater fill is part of the 2-step automated welding 

system where the amperage is adjusted at the end of a weld seam for a specified 
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amount of time.  This helps with the weld pool falling off (drooping) at the end of a weld 

such as that found in Figure 20 of the literature review.  This makes for less complicated 

g-code as the machine is not having to slow down/speed up travel speeds at the end of the 

weld as in Figure 19 in the Literature Review, instead the welder is independently 

controlling the parameters to accomplish the same task.  Figure 88 shows the crater fill 

phase in the 2-step welding mode, where the section labeled I-E is the crater fill [49]. 

 

 

Figure 85: Welder Setup Heading 

Figure 86: Arc Length Correction Setting [49] 

Figure 87: Arc Force (Dynamic) Correction [49] 
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Closed-Loop Process Control 

Figure 89 shows the basic block diagram of a standard GMAW welder.  Any error 

that exists will be cumulative throughout the build due to scale error.  Early testing and 

setup of the welder revealed issues with starting the weld.  The welder would begin 

movement before the welder initiated an arc.  This lead to issues as those found in Figure 

20 of the literature review, as well as issues with getting a good, repeatable, and stable arc 

to commence.  A pause could be programed as others have done in the literature review.  

However, this method does not account for the varying time to create a stable arc, only the 

time for the signal to try to begin an arc [65].  A closed-loop control scheme was developed 

to get repeatable results starting a weld seam.  The Fronius ROB 5000 features an output 

(Arc Stable) that goes high when the arc is initiated.  Custom VB Scripts in Mach3 which 

are detailed in Appendix III  show the logic behind using the output signal to initiate 

movement.  Once a M111 command is established, the CNC program is paused until the 

Arc Stable signal is received.  This script runs in the background and is unnoticeable in 

practice.   

 

 

Figure 88: 2-Step Welding Mode with Crater Fill (I-E) [49] 
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One of the three main issues noted in the literature review related to process control, 

was the contract tip to work distance (CTWD).  The issue lies the in the layering 

characteristic of additive manufacturing.  A set layer height is programmed (step up); 

however, due to outside influences (heat, lack of fusion, humidity, etc.) the partôs layer 

height is inconsistent and variable.  This issue leads to scale error where the CTWD either 

increases or decreases each layer and is magnified over many layers to the point that the 

óprintô must be stopped and either scraped or reset.  In the past, operators would adjust the 

step up as they noticed the CTWD was getting too close or too far away.  This requires a 

skilled operator and is inconsistent throughout the óprint.ô  A better solution is to have the 

desired step up height programmed and step up each layer based on whatever the actual 

previous layer height was.  Doing so eliminates the scale error throughout the process.  A 

probing program was created that utilizes the touch sensing function of the Fronius welder 

and is assigned to the M141 command.  Once the M141 code is executed, touch sensing is 

activated on the welder, and the z-axis moves down until contact is made with the previous 

layer.  Once contact has been made the ROB 5000 outputs an arc stable signal high.  A VB 

script was created (Appendix III ) that contains the entire program and involves multiple 

loops and checks of initial conditions to make sure that the command is not initiated during 

a weld.  The program first checks to see if contact is already made, if not it will begin to 

lower the z-axis at a low feed rate of 100 mm/min until contact is made.  Prior to changing 

the feed rate, the program reads the current feed rate and stores that to a variable, this allows 

Figure 89: GMAW Block Diagram 
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the feed rate to be reverted at the end of the program.  Once contact is made, the machine 

is commanded to move up relative to this point by a set distance and re-zero at that level.  

For a desired CTWD of 14 mm, the z-axis is to be lifted 8mm when probing on the edge 

of a part due to the burn back feature of the wire [54].  Figure 90 shows the welding block 

diagram with the probing feedback to maintain a consistent CTWD between layers.  

The second issue noted in the literature review, was the lack of control over the 

general welding process.  As one can see in Figure  above, there is feedback in the typical 

Synergic GMAW process but only the current is adjusted as the voltage and wire feed 

speed are set independently by the operator.  These parameters, and many others, are 

interrelated and affect the weld process.  The CMT-GMAW welding process monitors and 

controls many of these parameters based on the users desired wire feed speed.  Figure 91 

shows the block diagram for the proprietary CMT-GMAW welding process [49].  While 

little is disclosed on the proprietary process, it does have the basics of a standard inverter 

type welder.  The difference here, according to Fronius, is their Digital Signal Processing 

and Microcontroller Processor (DSP + ɛP).  The current and voltage are monitored 

throughout the process digitally, and adjustments are made at the switching transistor and 

secondary rectifier to control the complex wave forms of the CMT process to meet all the 

user-specified settings.  The DSP regulates the parameters/variables while the 

Figure 90: GMAW Block Diagram with CTWD Feedback 
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microprocessor executes controls.  This results in a highly repeatable and controllable 

process, as many parameters are adjusted and monitored throughout the process instead of 

only adjusting current as with standard synergic lines.  Figure 92 shows the CMT-GMAW 

addition to the process block diagram.  Here the CMT process shown in Figure 91 is just a 

simple block for simplicity.  The CMT portion of the control scheme is based off 

fundamental electrical engineering equations as well as empirical data collected by Fronius 

to ensure a high quality, repeatable welding process.  

The last main issue noted from the Literature Review is the lack of control over the 

weld process temperature.  This issue is common among most additive manufacturing 

processes and is detrimental in producing reliable parts.  Since each layer needs to be 

Figure 91: Fronius CMT DSP + ˃P Block Diagram [49] 

Figure 92: CMT-GMAW Block Diagram with CTWD Feedback 
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bonded to the previous, some form of heat must be used; however, too much heat and the 

part melts or penetrates the weld pool into too many previous layers causing errors.  On 

the other hand, too little heat will cause delamination later in the process or simply lack of 

fusion at all to the previous layer.  With thermoplastics, this issue is less of a problem as 

there is a nice range of glass transition temperatures for the material that it can melt and re-

melt at and still give representative material properties.  This is not the case for metals.  

Metalsô material properties are highly dependent upon the time/temperature óheat treatingô 

schedule they undergo.  This makes the case for a closed-loop feedback of the temperature 

of the weld highly pertinent in this additive process.  Once a weld bead is started it is best 

to continue that bead until it is finished.  If the bead is too hot, or too cold, adjustments 

should be made after the profile is deposited [Fronius].  Therefore, a control scheme to 

monitor the weld temperature was created and waits for the temperature to drop before 

starting another layer.  The VB script for this command is in Appendix III and is combined 

in the welding command.  Figure 93 shows the process block diagram with the addition of 

temperature monitoring.  Temperatures are monitored throughout the weld process at 

locations noted in the Literature and Methodology and Statistical Design of Experiments.  

The process pauses for the specified amount of time found to be optimal in the coinciding 

research with this project (90 seconds) [66]. 
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Contact Tip to Work Distance Control Evaluation 

Table 25 shows the results of comparing walls óprintedô with the contact tip to work 

distance (CTWD) control to those óprintedô without the control scheme (operator manually 

adjusts distance as needed) for ER70S-6.  A P-Value greater than 0.05 indicates no 

significant difference between the means of the group and they are statistically equal with 

95% confidence.  If the parallel and perpendicular directions for both sub-groups were 

statistically equal, they were treated as a single grouping for comparison to each other.  

Appendix IV has the statistical outputs for these tests. 

The walls created with the CTWD control were statistically equal in both parallel 

and perpendicular directions for UTS, yield, and hardness measurables.  The walls created 

without the CTWD control were statistically the same for yield strength and hardness but 

were not for ultimate tensile strength.  Since the two directions were not statistically equal 

for UTS, they were treated independently when compared to the walls that did utilize the 

CTWD control scheme.   

 

Figure 93: CMT-GMAW Block Diagram with CTWD and 

Temperature Monitoring Feedback 
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Table 25: ER70S-6 With v. Without CTWD Control P-Values 

 UTS Yield Hardness 

With CTWD Control: 

Parallel v. Perpendicular 

0.396 0.543 0.801 

Without CTWD Control: 

Parallel v. Perpendicular 

0.020 0.530 0.054 

Parallel v. Parallel 0.04 n/a n/a 

Perpendicular v. Perpendicular 0.00009 n/a n/a 

With v. Without CTWD Control n/a 0.201 0.204 

 

When evaluating the control scheme for ER70S-6, both yield strength and hardness 

values were statistically equal; however, the UTS in both the parallel and perpendicular 

directions were not statistically the same.  When looking at the values of the tests, it shows 

that the UTS of the walls with the CTWD control were higher than without the control 

method.  When looking at the values of UTS for the comparison of parallel to perpendicular 

deposition without the CTWD control, the parallel direction had higher values. 

Table 26 shows the results of comparing walls óprintedô with the contact tip to work 

distance (CTWD) control to those óprintedô without the control scheme (operator manually 

adjusts distance as needed) for ER308L.  A P-Value greater than 0.05 indicates no 

significant difference between the means of the group and they are statistically equal with 

95% confidence.  If the parallel and perpendicular directions for both sub-groups were 

statistically equal, they were treated as a single grouping for comparison to each other.  

Appendix IV has the statistical outputs for these tests. 
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Table 26: ER308L With v. Without CTWD Control P-Values 

 UTS Yield Hardness 

With CTWD Control: 

Parallel v. Perpendicular 

0.014 0.002 0.003 

Without CTWD Control: 

Parallel v. Perpendicular 

0.028 0.493 0.015 

With CTWD Control v. Without: 

Parallel 

0.013 0.00057 0.004 

With CTWD Control v. Without: 

Perpendicular 

0.008 0.330 0.052 

 

The walls created with the CTWD control were not statistically equal in both 

parallel and perpendicular directions for UTS, yield, or hardness measurables.  The walls 

created without the CTWD control were statistically the same for yield strength but were 

not for ultimate tensile strength or hardness.  Since the two directions were not statistically 

equal for the combinations, they were treated independently when compared to the walls 

that did, or did not, utilize the CTWD control scheme.   

When evaluating the control scheme for ER308L, the yield strength and hardness 

values were statistically equal in the perpendicular direction; however, the other values in 

both the parallel and perpendicular directions were not statistically the same.  When 

looking at the values of the tests, it shows that the UTS, yield, and hardness of the walls 

with the CTWD control were higher than without the control method (when they were not 

statistically equal).  When looking at the values of UTS, yield, and hardness for the 
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comparison of parallel to perpendicular deposition, the parallel direction had higher values 

for all measurables for all cases except for the hardness without the CTWD control.  

Figures 94-96 show the main effects plots for the hardness, yield strength, and UTS 

for ER70S-6.  Figures 97-99 show the residual plots for hardness, yield strength, and UTS 

for ER70S-6.  Figures 100-111 show the Tukey-Kramer analysis and interval plots for 

hardness, yield strength, and UTS for ER70S-6.  Note values for hardness are in HRB, and 

for yield strength and UTS; kips. 

 

  

Figure 94: Main Effects Plot for ER70S-6 for CTWD Control for Hardness 
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Figure 95: Main Effects Plot for ER70S-6 for CTWD Control for Yield 

Figure 96: Main Effects Plot for ER70S-6 for CTWD Control for UTS 
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Figure 97: Residual Plots for ER70S-6 for CTWD Control for Hardness 

Figure 98: Residual Plots for ER70S-6 for CTWD Control for Yield 
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Figure 99: Residual Plots for ER70S-6 for CTWD Control for UTS 
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Figure 100: Tukey Analysis for ER70S-6 for CTWD Control for Hardness 

Figure 101: Interval Plot for ER70S-6 for CTWD Control for Hardness 
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Figure 102: Tukey Analysis for ER70S-6 for CTWD Control for Yield 

Figure 103: Interval Plot for ER70S-6 for CTWD Control for Yield 
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Figure 104: Tukey Analysis for ER70S-6 for CTWD Control for UTS 

Figure 105: Interval Plot for ER70S-6 for CTWD Control for UTS 
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Figure 106: Tukey Analysis for ER70S-6 for CTWD Control for Hardness 

Figure 107: Interval Plot for ER70S-6 for CTWD Control for Hardness 
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Figure 108: Tukey Analysis for ER70S-6 for CTWD Control for Yield 

Figure 109: Interval Plot for ER70S-6 for CTWD Control for Yield 
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Figure 110: Tukey Analysis for ER70S-6 for CTWD Control for UTS 

Figure 111: Interval Plot for ER70S-6 for CTWD Control for UTS 
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Figures 112-114 show the main effects plots for the hardness, yield strength, and 

UTS for ER308L.  Figures 115-117 show the residual plots for hardness, yield strength, 

and UTS for ER308L.  Figures 118-129 show the Tukey-Kramer analysis and interval plots 

for hardness, yield strength, and UTS for ER308L.  Note values for hardness are in HRB, 

and for yield strength and UTS; kips. 
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Figure 112: Main Effects Plot for ER308L for CTWD Control for Hardness 

Figure 113: Main Effects Plot for ER308L for CTWD Control for Yield 
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Figure 114: Main Effects Plot for ER308L for CTWD Control for UTS 

Figure 115: Residual Plots for ER308L for CWTD Control for Hardness 
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Figure 116: Residual Plots for ER308L for CWTD Control for Yield 

Figure 117: Residual Plots for ER308L for CWTD Control for UTS 
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Figure 118: Tukey Analysis for ER308L for CWTD Control for Hardness 

Figure 119: Interval Plot for ER308L for CWTD Control for Hardness 
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Figure 120: Tukey Analysis for ER308L for CWTD Control for Yield 

Figure 121: Interval Plot for ER308L for CWTD Control for Yield 


