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ABSTRACT

CHRISTOPH ANDREAS JOHANN KOSSACK. Investigation of Gas Metal Arc
Welding as a Potential Method for Additive Manufacturing of Magnesium Alloys .

(Under the direction of DR. HARISH CHERUKURI)

Gas Metal Arc Welding (GMAW) was investigated as a method for the rapid Wire

Arc Additive Manufacturing (WAAM) of magnesium alloys. The GMAW deposition

process that was tested was not modified with Cold Metal Transfer (CMT) or short-

circuit deposition. High and low input-energy-rate (IER) parameters were established

to deposit weld beads with limited spatter and good bead shape. Single-bead multi-

layer walls were deposited by a GMAW-CNC using 1.2 mm diameter AZ61a welding

wire. These walls were deposited at two different torch travel speeds (TTS) but with

the same IER of 1,700 W. The walls were machined into thin walls and wire EDM

(WEDM) was used to extract tensile test specimens. Half of the test coupons were

extracted so that the tensile test pull force is in-line with the deposition direction and

the other half were extracted with the pull force being applied normal to the print

direction. For the samples printed at the same TTS, the Instron test results showed

high repeatability and a material yield strength (YS) of 116 MPa. The YS for these

samples was independent of print orientation, showing the isotropic behavior of the

printed material. The samples that were printed at a faster TTS showed the same

response to loading conditions, but had a lower YS of 106 MPa, demonstrating how

an increase in TTS lowers the YS of welded material. The stress at fracture, however,

was almost identical for all the samples, with fractures occurring between 260 MPa

and 270 MPa.

Multi-row/multi-layer (MRML) blocks were also printed out of the same material

and tested, also with half the samples being extracted normal to the Instron applied

load and the other half in-line with the pull force. A higher IER of 2,700 W was

implemented to ensure fusion between the overlappping beads. The same isotropic
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behavior was observed in these samples but the YS increased in relation to the single

wall, low IER samples by over 20 MPa to 139 MPa. Due to the presence of larger

internal defects caused by bead overlap issues, the fracture strength range was very

spread out, with some normal-to-force samples fracturing at less than 150 MPa and

some in-line to force samples fracturing at around 220 MPa. The results for the elastic

region, however, fit that of the thin-wall samples.

Scanning Electron Microscope (SEM) analysis was performed on the fracture sur-

face, showing ductile behavior in the fused regions, but also uncovering material de-

fects in the MRML samples such as trapped spatter, trapped air bubbles, and cracks.

Optical micrographs were obtained to analyze the microstructure of the samples. A

grain refinement from 38 µm pre-weld down to 12 µm post-weld for the MRML sam-

ples and a grain refinement down to 28 µm for the single-bead multilayer walls was

determined, demonstrating how a reduction of degrees of freedom for conduction heat

transfer to occur will result in a larger grain size due to decreased cooling rates.

Multi-layer hollow cylinders were printed to test the ability of the method to pro-

duce closed-shape parts. These cylinders were produced at both high and low IERs

and yielded parts with post-machining wall thicknesses ranging from 1.5 mm to 4.5

mm. X-ray Computed Tomography (XCT) was performed to determine the porosity

of these parts. The three sections analyzed showed a total part percent porosity of

0.04 %, 0.039 %, and 0.07%. Larger individual defects, particularly at the closure-of-

bead zone were detected, resulting in maximum single layer %-porosity of 0.8 %.

Finally, a Finite Element Analysis (FEA) model was created to simulate the de-

position of the beads and the heat transfer throughout the process. The element

activation feature in COMSOL Multiphysics was coupled with the simulated torch

path to model the deposition of the material. Heat transfer modes of conduction,

radiation, and convection were conditionally assigned to the boundaries of the sub-

strate and of the beads as functions of time and material deposition. The Goldak
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double-ellipsoid heat source was used as the primary heating method of the sub-

strate. To simulate the true-to-life GMAW process, where already molten material

drops onto the substrate, a bead-heating function was created and applied to the

inactive elements of the bead that is being deposited during the simulation. This

was done to ensure that the temperatures of the simulated weld droplets are at the

correct estimated temperature when they are first activated, after which only normal

heat transfer modes impact the temperature of the now active elements. The inactive

elements have the assigned properties of air until being activated. The model suc-

cessfully simulates the thermal-load cycles the part undergoes during the deposition

of a 3-by-3 beads block. The results show how in WAAM the layer height is directly

correlated to the maximum temperatures seen in the part due to the reduction in

directions for heat transfer to occur, with substrate height layers reaching 1300 K

and layers 2 and 3 rising to 1500 K and 1700 K, respectively.
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CHAPTER 1: INTRODUCTION

With a rapidly increasing global demand for manufactured metallic components,

there is a high need for the development of new manufacturing methods that can

meet this demand in a cost effective and efficient manner. Alongside these new

manufacturing methods, new materials are also gaining increasing attention from

manufacturers and industry alike. When it comes to the manufacturing aspect, one

of the primary goals is to eliminate unnecessary material waste, which brings benefits

in both financial and environmental forms. On the material side, there is great interest

in the reduction of the mass of components. Making parts lighter is of great benefit

to many industries, especially to the automotive and aerospace sectors, where mass

is directly related to fuel costs. This research explores the combination of Wire Arc

Additive Manufacturing (WAAM) in the form of Gas Metal Arc Welding (GMAW)

and magnesium AZ61a to produce near final net-shaped parts.

The interest to incorporate more WAAM methods in the production process has

rapidly increased over the past decade. What makes these methods so attractive is

the ability to greatly reduce the amount of material waste that is part of traditional

subtractive manufacturing methods. WAAM is a hybrid-manufacturing method and

it is not intended to replace any subtractive manufacturing methods. By creating

stock material that is almost the same size and shape as the final desired part, it can

reduce both the material waste and reduce the amount of required machining, which

in turn increases production rates and provides additional cost savings in the form of

lower tool wear and machine maintenance.

GMAW is one of the most popular methods of WAAM, due in large part to its low

equipment costs, rapid deposition rates, energy efficiency, and limitless achievable
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build volume. It has been used as a method of successfully additively manufac-

turing parts out of materials such as steel, aluminum, titanium, and more. When

this method is applied directly to magnesium, however, the results have been largely

unsuccessful. Even in the initial research stages where GMAW was tested for its use-

fulness as a simple joining method for magnesium alloys, the results were less than

favorable. In order to achieve any usable results, modifications to generic GMAW

were developed, such as Cold Metal Transfer Metal Inert Gas welding (CMT-MIG)

and short circuit was metal arc welding (GMAW-S). Other methods, such as Tung-

sten Inert Gas Welding (TIGW) were also tested on magnesium alloys. While these

methods showed good deposition results, they are slower than GMAW due to their

dipping deposition method, as the wire does not continuously come out of the nozzle,

but instead is moved back and forth as the beads are being put down. This makes

them not suitable for mass production purposes. Furthermore, these methods have

been primarily tested on very thin base metals with thicknesses between 1.6 mm and

3 mm. While base metals with those dimensions might work for single bead joining

methods, they would not be usable as substrates for large printed parts due to the

potentially very high level of distortion.

This work investigates the ability of standard/unmodified rapid pace DC-GMAW

combined with a Computer Numerical Control (CNC) machine to successfully deposit

multilayer structures out of magnesium AZ61a. All challenges involved in achieving

this goal, of which there are many, are identified and addressed. Parameters for both

high and low input energy rates (IER) were established for successful bead deposition

on AZ31B substrates. Multi-layer structures in the forms of walls, hollow cylinders,

and large multi-row/multi-layer (MRML) blocks were able to be printed, machined

into final parts or test samples, and then inspected.

Finite element analysis (FEA) was also performed for parts of the welding process.

Simulation of the entire welding process involves capturing the interactions of multiple
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different physics aspects including thermal, mechanical, and metallurgical analyses.

The impact that these individual analyses have on one another is treated mostly as

one-directional. That is to say, while the impacts that temperature and heat flow from

a thermal analysis have on the displacements and stresses of a mechanical analysis

are very high, the impact that mechanical results have on temperatures is very weak.

Thermal analysis has the same relationship with metallurgical analysis, where thermal

impact on microstructure and phase transformation is very strong, but metallurgical

changes do little to the thermal state of a part of model. Lastly, metallurgical results

will have a strong impact on mechanical analyses, but the reverse impact is weak. For

this reason, to simplify models the weak impacts between these three are typically

neglected when modelling the welding process.

The primary goal of this research is to establish a model that can accurately sim-

ulate the deposition of material and capture the thermal history of a welded MLMR

part so that the resulting thermal analysis results can later be used as input param-

eters to a structural mechanics simulation, creating a sequentially coupled thermo-

mechanical analysis. This type of model is typically created as a 2D simulation due to

the many non-linearities that are involved in these models making computation time

extremely high and often result in failure of the FEA model due to non-convergence

[159]. The deposition-thermal analysis in this work was performed in COMSOL Mul-

tiphysics as a 3D model, simulating the deposition of nine weld beads as part of a 3

x 3 beads stacked block.



CHAPTER 2: LITERATURE REVIEW

2.1 Wire Arc Additive Manufacturing

The method of additively manufacturing components has received much attention

in the last couple of decades with much research being dedicated to optimizing ex-

isting methods as well as developing new technologies. A wide variety of these AM

methods are already being implemented by industry and feature a vast combination

of material types/forms, heat sources, resolutions, deposition rates, and much more.

While many of these methods will be discussed briefly in the following section about

AM processes for magnesium, the primary focus of this section is on Wire Arc Addi-

tive Manufacturing (WAAM) as a whole. This is a process of the continuous stacking

of layers to create a near-net shape final stock part that will require only minimal

subsequent machining to get to the final part dimensions.

In the 1990s the utilization of wire-arc deposition processes for the purpose of

additive manufacturing started to be investigated. One of the earliest industry ap-

plications for this was developed in the mid to late 1990s, when Cranfield University

developed a high deposition rate wire-arc method for Rolls Royce, naming it Shape

Metal Deposition (SMD) [1, p. 166]. Since then, multiple WAAM methods have

been developed and studied, with the primary methods being Tungsten Inert Gas

Welding (TIGW), Plasma Arc Welding (PAW), Gas Metal Arc Welding (GMAW),

Submerged Arc Welding (SAW), and Skeleton Arc Welding. Some of the materials

for these methods that have been studied include steel, titanium, magnesium, nickel,

and tantalum. This work focuses exclusively on the combination of GMAW and mag-

nesium to determine if this combination is a possibility to rapidly produce near final

net shape parts with minimal defects for industry.
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There are many benefits to WAAM, which explains the greatly increasing industry

interest in this process. Traditional subtractive-manufacturing (SM) boasts the abil-

ity to achieve final part dimensions with incredibly high resolutions. The purpose of

WAAM is not to replace these processes, but rather to reduce the cost of the parts

by reducing the material that is wasted [2]. SM created parts begin with a standard

stock shape, typically rectangular or cylindrical, and then all the unwanted material

is removed and turned into chips. These chips are material waste that translates to

a financial loss, an especially large financial loss if the component's raw material is

very expensive. By creating a stock material that is almost the same final shape as

the desired part, this waste of material and money is reduced. Decreases in machin-

ing time further increase the cost saving benefits as tool and machine life would be

extended considerably.

A further cost saving aspect of WAAM is the required costs of the involved machin-

ery. Especially when comparing WAAM to other AM processes it becomes evident

that the costs are much lower due to the lack of requiring a vacuum environment and

expensive heat source equipment [2,3,4]. Generic welding equipment can be used as

the heat source for most of these processes. Due to the presence of shielding gas,

there is no need for a permanent enclosure with environmental controls. Instead, the

process provided shielding gas into the deposition area is all that is required to en-

sure that impurities do not cause porosity and losses in material strength. This also

means that there are virtually no size limitations for parts. You are only limited to

the size of available substrates and the range of the CNC machine or robotic system.

Of course, one needs to keep in mind that the printed part size should not exceed the

maximum volume availability of the SM machine that is being used to get the part

to its final shape.

As previously stated, generic GMAW is the focus of this work. Modifications to

this method, including short circuit GMAW (GMAW-S) and cold metal transfer MIG
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welding (CMT-MIG), will also be discussed, especially in relation to their use in Mg-

AM. GMAW is typically the preferred method of WAAM. With the weld wire being

the electrode and being extruded straight out of the weld nozzle, it makes deposition

path planning less complicated than with other WAAM methods. The deposition

also happens at a rapid pace, with Han et al. showing that material deposition rates

of up to 4.71 kg/h are possible with GMAW [5]. Methods for controlling the arc via

controlled short arc welding further improves the process by reducing the already low

energy required for deposition [5,6].

The introduction of CMT-MIG welding by Fronius has greatly improved the control

of deposition for GMAW-AM [2]. This method implements a dip transfer process,

where the filler metal moves in and out of the weld pool at very low input current.

This dipping method, as well as the very low current (almost zero at times), provide

more control when depositing material. GMAW-S employs a similar strategy as the

weld wire is plunged into the weld pool causing a short and is then retracted out of

the weld pool as the arc is reestablished.

Much work is also going into the optimization of input parameters for these meth-

ods. For GMAW, these parameters include input voltage/amperage, distance to work

offset, wire feed speed (WFS), travel speed, overlap percentages, layer heights, and

more. Most of these input parameters are established through a method of trial

and error, as modelling of these processes is extremely challenging. Some prediction

models are still being developed though. A more knowledge-based approach for deter-

mining these parameters was created by Hu et al. [7,8], while working on determining

the optimal distance for weld seams (overlap). The model predicts that an overlap of

0.63-0.77 times the weld bead's width would be optimal for multi-row deposition. A

great paper summary of other parameter optimizations can be found in [1, p. 216].

It was shown that faster travel speeds, along with a constant heat source, will result

in narrower melt regions, leading to lack of fusion due to melting no longer occurring.
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The continuity of the weld pool is crucial to create fully dense parts. However, an

increase in the size of the melt pool also means that the heat input could become ex-

cessive. This will increase the solidification stress and, by extension, the distortion of

the part, resulting in further accuracy losses. Other defects and process interrupting

occurrences such as voids, cold shut, spatter and vaporization can also be caused by

too high of a power density. There is a very fine line between too hot and too cold,

especially when it comes to magnesium, which will be discussed later in this section.

The following paragraphs discuss the challenges that must be faced when working

with WAAM processes.

There are many challenges that come with WAAM. Defects in the forms of distor-

tion, porosity, cracks, and delamination can have a detrimental effect on the quality

of the final part. All parameters must be perfectly matched with one another to

ensure a part that will provide the desired properties. Residual stresses are always

present in WAAM fabricated parts, but can be greatly reduced by optimizing weld

paths and interlayer cooling rates. [4]. Post weld heat treatments can also be used

for reducing these stresses even further. One of the primary culprits for these stresses

is the uneven temperature field distribution and the inconsistent cooling during the

solidification phase. Szost et al. [9] showed that the maximum residual stress appears

at the bottom of the forming layer. When stacking multiple layers, each layer will

have a second melting section where these stresses are added as well. The distortion

due to these stresses can sometimes go unnoticed until the part is unclamped, which

can lead to further complications. It is the shrinkage of the deposited material dur-

ing cooling that pulls the material together [10]. Additional methods for reducing

this distortion are summarized in [2] and include symmetrical building, back to back

building, optimizing part orientation, and high pressure interpass rolling, the latter

of which will be presented further down in this section.

Porosity shows up in small to medium size voids that are either internal or on
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the surface of the welding beads. These voids decrease the density of the part and

decrease its strength as it is more likely to fail due to crack propagation. Many things

can have an impact of the level of porosity in WAAM parts. Even the flow rate of

the shielding gas can have a negative impact on pore diameters, as shown by Cong

et al. [11]. It was also found that the pores were mainly distributed in the interlayer

remelting area, but they can also be present in any portion of the beads. Porosity is

an even greater problem when working with magnesium, which will be explained in

detail in a later section.

Predicting the layer height of the deposited material is crucial in determining the

nozzle offset but standards for predicting the required changes in the vertical build

direction for each subsequent layer have yet to be established. Not only do additional

layers not always add the same amount of material in the upwards direction due to

inconsistent flattening effects in the bottom layers, but the horizontal height along

the beads is not consistent as well. Zhang et al. [12] studied this behavior and noted

a difference in height between the starting end and the arc extinguishing end. This

difference increases as the number of layers go up, as will be seen in this research as

well. A stagger pattern was proposed when building up multiple layers [12]. This,

however, is only applicable in certain situations, as will be addressed in this study.

Closed shaped prints require a different method, as stacking is not possible. Xu et al.

[13] proposed another method to overcome uneven previous welds or substrates by

choosing the deposition rate as the signal and the travel speed as the variable value.

This is also not without challenge as the travel speed, energy input and filler feed

rates need to be continuously balanced in real time. The previous examples dealt

with deposition in the vertical build direction, but for thicker parts the horizontal

spacing, or overlap, also greatly impacts the height of the combined layer, as shown

by Plangger et al. [14] when working with deposition of high strength steel.

Choosing the appropriate weld speed not only impacts the power density input and
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layer penetration, but it also can result in unfavorable surface quality, intermittence,

and humping of the weld bead. Particularly in high speed deposition, humping in a

bead is very common and will result in an extremely uneven surface profile. It was

shown by Soderstrom and Mendez [15] that it is the back flow momentum of the melt

that causes this phenomenon to occur. The result is a large mass on the upstream

side of the bead followed by a thin connecting section until the bead returns to its

normal shape. The maximum allowable welding speed depends on the material and

the method being used. Adebayo et al. [16] showed that 60 cm/min is the maximum

travel speed that can be achieved without humping occurring.

Another crucial component in GMAW-AM is path planning. Not only does this

impact the geometrical accuracy of the part, but also impacts thermal management

and consequently can reduce residual stresses and distortion [17]. Incorrect movement

from CNCs or robots can cause many problems and can cause large differences in

layer heights. This is especially true around corner situations, as the travel speeds

will vary [18]. Thermal management in AM parts is the primary difference between

simple joining welds and creating multilayer parts [19-21]. When welding two plates

together, the heat transfer is in multiple dimensions. However, if a part is being built

upwards, the number of directions the heat can travel gets severely cut down [20].

The heat now does not immediately go into the larger substrate, but rather through

the previously deposited layers, changing their thermal history.

The development of cracks in WAAM parts is a big possibility if all parameters

have not been balanced with one another. Solidification cracks and liquefaction cracks

are a frequent occurrence [4]. Some cracks occur during the solidification phase as

the beads try to shrink but are restricted to do so. Warping in the substrate can

further increase the cracks and even result in delamination from the substrate of

from lower beads. Delamination, however, is most common only in the joining of

dissimilar metals.
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Other challenges include issues with arc wondering, surface finish, and many more.

In WAAM, the arc is established between the base and the electrode. In the case

of GMAW, the electrode is also the consumable. It is not guaranteed that the arc

will always start pointing straight down underneath the torch. There is a possibility

that it wonders across the part, especially if subsequent layers are not a consistent

distance from the nozzle. This will of course also impact the surface finish of the part.

Large weld pools from high deposition rates especially will provide coarse deposition

features and irregular surfaces [1, p. 218]. The viscosity of the melted material also

plays a large part in the quality of bead and surface finish one will obtain. This

is especially true with magnesium and its very low sup-melting viscosity, as will be

shown in this research.

Quality improvement methods have been developed by many researchers over the

past decades to reduce these challenges. Reducing the residual stresses and improving

mechanical properties is made possible by implementing the proper post weld head

treatment (PWHT). Interpass cold rolling is another method that can break coarse

columnar crystal structures and improve the strength and hardness of the part [4].

Interpass cooling is another parameter that needs to be taken into account, as it has

one of the biggest impacts on the thermal history of the part. Finishing treatments

post deposition in the form of peening and ultrasonic impact treatments are also

commonly being applied to WAAM parts [4].

2.2 Magnesium in manufacturing

Magnesium has become a material of great interest due to its excellent strength-

to-weight ratio. The demand for magnesium has been increasing on a yearly basis for

the last couple of decades. With magnesium alloys having a density below 1.8 g/cm3,

it is far lighter than other metals used in industry. Compared to other commonly

used metal alloys, it has a density 65% that of aluminum, 38% that of titanium, and

25% that of steel [22].
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This quality makes the material especially attractive to the automotive and aerospace

industry, where is it already utilized. Multiple auto manufacturers are already includ-

ing magnesium in many of their components, including front end structures, trans-

mission cases, cam covers, center consoles, bucket seat frames, instrument panels, and

more [23]. Magnesium parts are also used in helicopters and airplanes. ZE41 castings

of transmissions are included in the UH60 Family Blackhawk helicopter and EZ33A

castings are used in the Rolls Royce RB211 airplane gearbox [24]. Even with highly

increasing demand, there is limited research in the AM of magnesium, even though

the number of published research papers per annuum is increasing drastically.

There are many methods available for the manufacturing of Mg alloys, includ-

ing casting, laser-powder-bed-fusion (LPBF), sintering, friction-stir processing, inject

methods, and WAAM [22]. It can be argued that due to the method of energy/heat

input, the method closest to WAAM is laser-powder based AM. Mg-LBPF is not

without its challenges either. One of the characteristics that makes magnesium dif-

ficult to work with is its very low evaporation temperature, which is around 1,091◦

C . That is less than half that of aluminum at 2,470◦ C and only a third that of

titanium, which has a evaporation temperature of 3,287◦ C [22]. When working with

alloys such as AZ91 for example, the difference in evaporation temperature of the

two metals makes the process very challenging [25]. Even more challenging is estab-

lishing a trend between process parameters and porosity, and so far, no standard has

been determined. There are also dangers involved with the handling of Mg powder

[22]. Oxidation, evaporation and the reactive nature of Mg have raised many health

concerns.

2.3 Mg-WAAM

TIGW and GMAW are the main contenders for Mg-WAAM. Both have been shown

as possible methods, with Goe et al. [26,27] showing success with TIGW and Gneiger

et al showing good results with the short-arc GMAW method for manufacturing AZ61
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[28]. This section covers the current research and results for Mg-WAAM.

Just like with other materials, WAAM allows for high deposition rates, even for

Mg alloys. This is especially true compared to LPBF, where the equipment costs are

also considerably higher [22]. Safety risks compared to LPBF are also significantly

reduced as the build mater is in wire form instead of powder. Lower costs in feedstock

material production and its storage are also true for WAAM when compared to LPBF.

Interestingly, it has been determined in the review by [22] that MIG and TIG in

their generic states are not suitable for Mg deposition due to excessive heat output

and issues with warp and meltback. Instead, modifications to these processes must be

used to achieve Mg deposition. While these concerns are indeed valid, this research

will show that GMAW is still capable of achieving quality printed Mg parts. The

CMT-MIG method is described as the most favorable method for this process.

Even with CMT-MIG showing promise, WAAM of Mg to date are not very common.

One of the reasons for this is the simple lack of availability of magnesium wire,

something which was an issue in this research as well. Very few papers exists on Mg-

WAAM and the number of different filler materials is even lower. The most common

researched magnesium wires are AZ31, AZ61, AZ80, AZ91, and AEX11, with AZ31

being the most studied [29,30,31,32,33]. Another challenge for Mg-WAAM is that it

should be performed at relatively low currents as to not over-melt or vaporize the

material. In MIG welding, the welding current and the wire feed speed (WFS) are

coupled, leading to insufficient wire feed speed when attempting to deposit at currents

under 60 A [22]. Additionally, humping defects are also more common at higher torch

feed speeds [34,35]. This is especially true due to the fluidity of the metal. In order

to prevent humping, lower torch speeds must be maintained. The low density that

makes Mg so attractive to manufacturers is also another reason it makes its use in

WAAM a problem. When the wire is melted, the globule does not want to separate

from the wire and tends to form larger droplets than with conventional materials
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[36], which leads to spatter problems and shorts when it finally does drop towards

the substrate.

The limited data that does exist for Mg-GMAW is primarily for joining processes

and not for AM purposes. Experiments on buck joints were performed in [37], where

AZ31B was used as moth substrate and filler material. The substrates were 200mm

x 80mm x 1.6mm, and the buck joint was used to weld these plates together. The

mode of transfer in this experiment was spray transfer, the distance to the workpiece

was 15 mm and the constant voltage was set to 26.5V. Experiments were performed

with WFS between 100 to 200 mm/s and combined with torch travel speeds between

6.7 mm/s to 10 mm/s. Dogbone tensile test specimens were then machined out of the

joined plates, making the buck joint the testing area, and tensile test results showed

a tensile strength of 278 MPa. The authors also noted that at high travel speeds,

porosity became an issue because due to insufficient time, the bubbles in the weld pool

could not escape before final solidification. At lower travel speeds, the bubbles could

escape, but conversely there was more evaporation of Mg and Zn, which increased

the chance of more bubbles in the weld pool.

Mg-GMAW for joining purposes for AZ61a was examined in [38], making it the only

paper attempting the same thing as this research. However, the author in this case

was not successful in implementing GMAW and instead had to rely on CMT-MIG to

achieve the desired results. The problem the author faced, however, are very valid and

have been encountered in great amounts in this research as well. Another important

thing to note is that in [38], as well as in [37] and all other Mg-WAAM papers, the

substrates used for deposition are extremely thin, measuring from just above 1 mm

to 3 mm. This allows for a much lower heat input as it is easier to penetrate the

substrate, but will also lead to extreme warping when used in AM processes. The

author in [38] notes the extreme spatter and irregular weld bead shapes encountered

when using GMAW on Mg. They were unable to establish spray transfer of any kind
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without using very high welding current, which as previously stated is not desirable

for Mg deposition. The author does note that generic TIGW could be used for this

process, but it has a much lower production rate and requires a high level of skill.

The substrate used in [38] was a AZ61B-H24 plate measuring 203mm x 76mm

x 1.6mm. The wire was a 1.2 mm diameter AZ61a feed wire. Both of these were

examined in the current study. For their GMAW experiments, they chose a WFS of

122 mm/s, a torch travel speed of 7.6 mm/s, a working voltage of 19 V, and a nozzle

to workpiece offset of 12.7 mm. The shielding gas they used was 100% argon flowing

at a rate of 275 cm3/s. These experiments were completely unsuccessful. The process

suffered from extreme spatter issues because it appeared that due to their parameters,

the separation of the droplet from weld wire was not regular. Sudden current surges

cause by this phenomenon were responsible for inconsistent bead shapes as well as

the excessive spatter reported. The author does note that the volumetric heat of

fusion and volumetric specific heat differences between aluminum and magnesium is

very significant, due to the differences in specific heats, heat of fusion, and density

between the two materials. The volumetric heat of fusion for Mg is 626 Jcm−3 while

it is 1075 Jcm−3 for aluminum. The volumetric specific heat for Mg is 1.7 Jkg−1K−1

while it is 2.46 Jkg−1K−1 for aluminum. The authors also noted the issues with

the purchase wire, as it was riddled with defects and oxidation problems. This was

encountered in this research as well and required a considerable amount of pre-weld

cleaning of the wire by hand. This also had a great effect on porosity, which was

observed in both CSC-GMAW and GMAW in [38].

Ying et al. and Rose et al. [39,40] studied the impact that welding parameters

have on AZ61a microstructures, porosity and tensile strengths, with Gas Tungsten

Arc Welding being performed by [39] and Pulsed Current Tungsten Inert Gas Welding

(PCTIG) being used by [40]. Pre-weld, AZ61a has a yield strength (YS) of 217 MPa,

a ultimate tensile strength (UTS) of 271 MPa, and an elongation of 8.14% [40]. It
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should be noted that in most material reference catalogs, the YS of AZ61a is given

to be more in the range of 227-230 MPa. Ying et al. performed their experiments

by selecting a range of welding currents between 130 A and 160 A, in increments

of 10 A, and coupled those with a range of weld voltages from 12.6 V to 15.6 V,

in increments of 1 V. The experiment showed that as the heat input increased, the

number of defects in the material also increased, with porosity rising from 0.029% at

130A/12.6V to 0.569% at 160A/15.6V. The size of the defects also showed the same

trend. At 130A and 150A, the defects were around 0.02 mm-0.1 mm in diameter, while

at 160A, the diameter size rose to between 0.02 mm to 0.2 mm. Their microstructure

analysis showed that there were mainly equiaxed grains with different grains sizes.

The smallest grain sizes were present in the lower current deposition methods, with the

130A and 150A currents producing grains sizes of 22.0 µm and 25.1 µm, respectively.

The grain size rose to as high as 45.2µm with the 160A current. The strength of

the material was tested next and revealed similar results. The YS of 130A and 150A

currents was 105 MPa and 104 MPa, respectively with UTS values of 260 MPa and

256 MPa. The 160 A sample not only had the lowest YS, but also fractured at a

much lower stress of around 185 MPa. As can be seen by these results, there is

a considerable drop in material strength after undergoing the WAAM process. It

should, however, be noted, that no post-weld material treatments were performed on

the samples. These results are applicable for comparison to this research because even

though a different welding method is utilized, the samples and tests were performed

on specimens take out of a whole AM block, and not just from a joining operation.

Ying et al. also utilized the same wire material as was used in this research, AZ61a.

Rose et al. [40] performed their analysis by creating tensile test specimens through

the joining of two AZ61a plates via PCTIG. The plates and dogbone thickness for

these tests was 6 mm. PCTIG is considerably different from GMAW, not just due to

the fact that the filler material is not also the electrode, but also because the current
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in this process oscillates greatly. In this experiment, multiple peak/base currents were

tested and at different frequencies. The peak currents ranged from 140 A to 180 A

and the base currents had a range of 60 to 100 A. The pulse and base currents are

coupled as they increase in increments of 10 A. Their tensile test results showed a

wide range of current/frequency dependent YSs, going from 112 MPa all the way up

to 195 MPa. These YS values far exceed those obtained by [39]. As will be seen in

later section, the YS strengths obtained in this study are in between those results, at

around 135 MPa. Unlike [39], it was found that a combination of peak current and

base current right in the middle of the test range was the optimal solution to gain the

highest YS: 160A/80A. The microstructure that yielded this superior YS also showed

the smallest grain size.

2.4 Finite Element Analysis of the Welding Process

As stated in Chapter 1, modelling of the welding process is a complicated matter

as it is a Multiphysics endeavor. As such, most simulations will model each of the

three physics problems, thermal-mechanical-metallurgical, separately and then use

the individual simulation results as input parameters for other models. Additionally,

these models are typically 2D in order to simplify the model and reduce computational

time. Most models that implement a 3D geometry focus on the deposition of single

beads.

Adib Becker [41] provided a cumulative set of requirements and challenges for

modelling welding operations in his National Agency for Finite Element Methods

and Standards (NAFEMS) seminar series. Thermal material properties of conduc-

tivity, specific heat, coefficient of thermal expansion, and melting temperature, for

latent heat of fusion, must be applied and their dependence on temperature should

be recognized. Heat source geometries in the form of 2D Gaussian distribution, 3D

conical distributions, and double ellipsoidal distributions have been implemented in

past works. The limitation and validity of available data to successfully complete such
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simulations is also pointed out as a potential problem. The material properties must

be accurate for large temperature ranges. The assumptions made for simplification

purposes of the models must be highly scrutinized and hard to analyze experimental

portions of the weld beads must be investigated to ensure realistic model results. Sim-

ulations of multi-bead depositions are especially difficult due to the cyclical thermal

loading of the deposited material and the substrate.

Ogino et al. [42] created a 2D model that simulates the GMAW process from the

applied heat source to the weld pool formation. This model was primarily interested

in the physical formation of the weld pool and included the flow field in molten

metal and the weld pool surface deformation. From the simulation they were able to

extract the temperature impact from the weld pool had on the substrate in immediate

vicinity of the heat affected zones (HAZ). The computed temperature ranged from up

to 1800 K in the weld metal to 900 K at the edge of the HAZ a few millimeters away.

The numerical model for this simulation was provided by [128]. The volume-of-fluid

(VOF) method was used to keep track of the shape of the free surface by prescribing

a fractional value to each cell in a grid, describing the percentage of fluid and/or gas

in the cell. The continuum surface forces model was used to calculate the surface

tension forces. For boundary conditions, they assumed both the substrate and the

torch to be stationary.

Goldak et al. [43] created the heat source that was applied in this research. Many

heat sources used in welding simulations feature a Gaussian distribution of energy

density of a circular heat source, but the Goldak model proposes a double ellipsoidal

geometry to more accurately capture the energy input. What makes this heat source

so versatile is that the power density distribution can be adjusted for multiple parts

of the heat source. Alterations can be made not only to the penetration depth, but

different dimensions can be assigned to the front and the back of the heat source,

as well as to its width. The result is a HAZ that has the shape of a typical weld
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bead when it penetrates the substrate. The validation of the model was achieved

by comparing cooling time differences between simulation and experimental data for

a single bead. Results showed that while other analytical models suffered from a

41 percent different when compared to experimental data, the Goldak model only

resulted in a 5 percent difference. More detail on how this model is structured and is

implemented is presented in Chapter 5.

A five module GMAW model was created by Grujic et. al [45] to simulate the depo-

sition of martensitic steel. This model included independent module of the weld-gun,

the electric-arc heat source, the thermo-mechanical process, microstructure evolu-

tion, and microstructure/property relationships. The heat source in this case was of

a circular type with a assigned heat flux distribution that was a function of diameter

and total energy input. It should be noted that no deposition was modelled in this

simulation and all the material involved was active at all times and then had the

heat source applied to it as it passed along the weld direction. Since no additional

elements had to be created and only one bead was simulated, the boundary condi-

tions for the model did not have to be time dependent as far as element activation

was concerned. The final results of this model managed to clearly establish all zones

of the weld region and even managed to identify separate zones with fine and coarse

grain sizes.

Zacharia et al. [46] developed a 2D and 3D model for coupled conduction and

convection heat transfer that are associated with both stationary and moving arc

welding heat sources. Both heat and fluid flows in the weld pool were simulated for

the weld pass. The model itself had three layers, with the middle layer being the metal

and the top and bottom layer being argon gas. Boundary conditions for the bead

and base were assigned to the side, top, and bottom surfaces of the model geometry.

These thermal boundary conditions include radiation and convection. They keyhole

development in the base material and the creation of the HAZ zone was successfully
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modeled, showing a direct impact on surface temperature up to 1.5 cm away from

the heat source.

A WAAM process model was developed by Montevecchi et al. [47] in 2016. This

simulation includes the Goldak model as a heat source as well. They go by the

assumption that the power consumed for melting the weld wire is 50 percent that of

the total input power. For deposition, they used the quiet-element method in which

the elements are always present, but prescribed low values for thermal properties as

to not interfere with the solid material surrounding it which is of interest. They

activate elements as a function of temperature. Their solution to avoid simulation

instabilities when activating elements is to allow the material and thermal properties

to switch over a prespecified range of temperature. Boundary conditions of convective

and radiative heat transfer were assigned to all surfaces of the model.



CHAPTER 3: MAGNESIUM GMAW-AM

3.1 Gas Metal Arc Welding

GMAW was developed in 1948 and has been one of the most popular forms of

welding in history. This is largely due to its versatility and fast deposition rates.

The process is relatively simple. A wire feeder pushes and/or pulls wire off a spool

and into a weld hose. The wire can come in different materials and diameters. The

weld hose connects the power source to the weld torch. The wire travels down a wire

diameter specific PLA liner inside the hose, goes into the torch and gets fed through

the contact tip. There are two additional lines inside the welding hose: the current

conductor line and the shielding gas line. The former puts a charge on the contact

tip, which transfers it to the wire, which is the consumable electrode for the process.

The shielding gas line supplies user-controlled amounts of gas to protect the weld

pool during the deposition process. The substrate, or base material, to be welded

on is grounded back to the power source. When the welder is started, an arc ignites

between the consumable electrode and the substrate once the wire gets close enough.

The heat from the arc melts both the weld wire and the substrate. Most of the heat

penetrates the substrate, creating a melted pool of material. The rest of the heat

generated melts the wire itself. As melting occurs, the material turns into a droplet

on the end of the weld wire, and when that droplet is heavy enough it falls into the

weld pool below. The torch must be moved along at a constant speed to ensure even

deposition. The combination of wire feed speed (WFS) and torch travel speed (TTS)

determines the overall size of the bead. An image depicting the in-process GMAW

deposition from this research is shown in figure 3.1.

Most commercial MIG welders come with a variety of optimized presets for different
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Figure 3.1: Gas Metal Arc Welding process showing the extrusion of the filler material
out of the weld nozzle towards the weld pool.

combinations of wire material, welding methods, and wire diameters. Users can

optimize these settings for any welding condition by raising or lowering the voltage

and/or the current for the process.

3.2 GMAW-CNC

The unpredictable behavior of magnesium when deposited via the GMAW method

poses many dangers to operators as well as machinery. The initial research proposal

called for all deposition tests to be performed in the build chamber of a 5-axis Mori

Seiki CNC machine. However, due to the potential risk to this machine due to severe

spatter and potential fire, a prototype of a 3-axis CNC welding machine was built

first. The lack of ventilation in the Mori Seiki was also not taken into account and

could have resulted in severe physical damage to machine operators as there was

no possibility of including a fume extractor inside the closed build chamber. Figure

3.2 depicts the welding CNC that was designed and built. The primary structure is

composed of custom cut aluminum t-slotted extrusion framing. BK/BF12 support

blocks and bearings were attached to the frame to support the RM1605 ball screws.
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The ball screws, along with linear rails, enable motion of the weld torch in three

dimensions. Two high torque Nema 23 stepper motors were installed to the primary

axis (X-axis) to ensure a smooth and rigid ride of the main carriage during the welding

operation. Two custom connectors were designed, and 3D printed to connect the ball

screw to the primary carriage of the machine. The Y and Z axes were outfitted with

one Nema 23 CNC stepper motor each.

Figure 3.2: GMAW-CNC with protective enclosure, argon flooding hoses and inte-
grated Blue Torch III welding torch.

A custom enclosure, measuring 90 cm x 50 cm x 40 cm, was built out of 6061

aluminum to protect the machine and surroundings from the expected spatter. The

front panel of this enclosure was constructed out of acrylic in order to obtain direct

video footage of the welding process while protecting any camera equipment. The

bottom plate of the enclosure was designed oversized so that it extends over the ball
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screws of the X-axis as a protective cover in the case that violent spatter escapes the

walls of the enclosure. The enclosure is also raised off the ground and supported by

two isolated t-slotted crossbeams to ensure that there is no extreme heat transfer into

the main machine and to allow for forced convection cooling on the bottom of the

enclosure. Two hoses connected to a separate argon gas cylinder were also placed on

opposite ends of the enclosure to enable the flooding of the build chamber with gas.

These were used only in a couple of tests and did result in superior weld behavior.

However, due to the process requirements it was deemed not financially feasible to

include the gas for all the tests performed. A custom connection plate to mount

the welding torch to the vertical Z-axis of the machine was fabricated out of a 6061-

aluminum plate, along with a two-piece clamp block machined out of 6061 blocks.

The block could be attached to the plate through multiple different hole-sets so that

the torch angle could be manipulated. A perfectly vertical torch position, however,

was the only tested method during this research. An additional clamping system was

designed and built for a second torch attachment and is shown in figure 3.3 on the

right.

The control box was designed and manufactured out of acrylic and installed be-

hind the machine. During welding operations, it was also covered with a fire-proof

blanket for extra protection. A Mach3 USB was used as the controller. In addition

to the motor drivers, a manual emergency-stop and a relay trigger were wired to the

controller. The relay trigger was wired into the welder to activate the deposition

process by simulating a pressed torch trigger. This was easily activated with the

correct G-code. An array of cooling fans was installed behind the machine as well,

which provides the forced convective cooling as previously mentioned. A face plate is

installed at the back of the control box to ensure that the fans don't pull air across

the controller and covering it in dust and debris. The control box and the fan-array

can be seen in figure 3.3 as it was being built.
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Figure 3.3: CNC acrylic controller box with stepper drivers and Mach3 USB con-
trol board and interpass cooling fan array behind it (left) and face-plate attachment
brackets for the welding torch(right).

The substrate for deposition is clamped to the bottom enclosure by two 11 mm thick

aluminum beams, which are bolted down to the desired grip strength. Grounding of

the substrate can be achieved in a variety of ways. Initially, a grounding clamp

post that was machined was placed between the clamps and the substrate. Later,

grounding was also achieved by clamping directly to the substrate clamp crossbeams

or to a grounding block attached to the bottom of the enclosure.

Two different welders were tested in this research. Initially, the MillerMatic Alumapro

was used for base line test with aluminum and then experimental test with magne-

sium. While this machine performed perfectly for the aluminum alloys it was op-

timized for, it struggled greatly with the magnesium wires that were being tested.

The Welbee P400 from Daihen OTC was then purchased and used for all subsequent

tests. This machine was initial chosen due to it custom operational setting (OP)

which allows for user specific parameter inputs for wire material. Unfortunately, it

turned out that these OP settings are locked, and OTC was not willing to let us

manipulate the system outside of the factory. For this reason, the Hard Magnesium

material settings had to be used on the inverter, which as will be seen in the following
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sections, was problematic. The wire feeder was modified with an aluminum friendly

set of rollers to ensure for better feeding of the material. The Welbee P400 setup and

substrate clamping in the machine are depicted on the left and right side of Figure

3.4, respectively. CAD models of the machine are shown in Appendix D.

Figure 3.4: Daihen OTC Welbee P400 Inverter with attached wire feeder and argon
cylinder (left) and clamped substrate inside the CNC enclosure with grounding clamp
(right).

3.3 Magnesium deposition

3.3.1 Challenges in Mg deposition

The following paragraphs give detailed descriptions of all the challenges that are

involved with applying GMAW to magnesium alloys, of which there are many. The

most glaring problem in achieving this process successfully is the lack of properly

calibrated equipment and the lack of quality deposition wire.

The lack of properly manufactured and stored magnesium wire has been a prob-

lem for many years, and has been noted by the welding research institute [101]. In

fact, most research conducted with magnesium wire these days involves the in-house

production of magnesium wire via the extrusion process. The limited availability of
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the wire, especially of AZ61a, made this research the most challenging. There are

two main problems with the wire: 1.) it has been improperly stored and suffers from

extreme oxidation, and 2.) the wire drawing process was not properly performed.

Figure 3.5: Heavy AZ61a wire oxidation along with small and large wire defects
on the welding spool (left), wire defect shape that clogged the contact tip during
extrusion (middle), and lubrication and cleaning pads that were installed between
the wire feeder and the wire spool showing the considerable amount of oxidation that
remains on the weld wire even after manual cleaning (right).

As can be seen in the left image of figure 3.5, the wire color is completely matte

from oxidation. The wire was not properly stored before being sold to the consumer.

It is of very high importance that welding wire be clean when it is being used. This is

especially true for materials that suffer from high porosity issues, such as aluminum

and magnesium. Without clean wire, the chance of trapping gas inside the weld pool

after solidification increases drastically. Additionally, the vapor deposition on and

round the weld bead also greatly increases. Before this wire could be used, it had

to be extensively cleaned, which was a very time-consuming operation since it had

to be done by hand. The wire was transferred to a second spool 1 meter at a time.

Each meter of wire was cleaned carefully with 200 to 400 grit sandpaper and then

rolled onto the second spool before the process repeats with the next meter of wire.
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It is very important that as many contaminants as possible get removed, but without

reducing the wire diameter of the wire. The charge to the wire comes from the contact

tip inside the weld nozzle. These contact tips are precisely manufactured to ensure a

close fit to the welding wire so that an uninterrupted transfer of electricity can take

place. If too much of the welding wire material is removed, more problems will occur.

The sandpaper cleaning process typically was performed for 100 m to 200 m of wire

at a time. When the desired wire length was been cleaned with the sandpaper, a

small stack of paper towels covered with acetone was used for further cleaning as the

wire on the second spool was re-spooled onto the first, whipping away any remaining

contaminants from the wire. This has to be done very carefully as to not tangle the

wire on the welding spool because if there are any overlaps the wire feeder will not be

able to push the soft magnesium all the way through the welding hose and through the

torch. Even with this extensive cleaning process, not all contaminants were removed

from the wire. Additional pads for cleaning and lubrication were attached to the wire

before it entered the wire feeder, and as can be seen in the right image of figure 3.5,

there was still a good amount of unwanted oxidation left on the wire.

The center image of figure 3.5 depicts another physical wire defect of the material.

There were many sections of the weld wire where joining sections are not properly

connected to one another. Some looked as bad as if they had been soldered together.

This can cause problems in many areas. During the cleaning process, the wire was

inspected for these defects so that these sections could be manually separated from

one another as to not cause problems during the welding process. Sometimes during

cleaning, these sections in the wire were so weak that they immediately rip apart

when coming off the spool. Even though this resulted in losses in usable wire it

is also brought with it the benefit of removing these sections before welding began,

because these defects would have caused major issues during deposition. If a small

wire defect was present during deposition, the wire would break in half while being
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pushed through the weld hose, which caused the deposition process to suddenly stop.

A large defect will make its way through the welding hose, but then get stuck inside

the contact tip. Both of these situations can render the currently printed part useless.

When the welding wire is stuck in the contact tip, the heat from the process will

continue to melt the wire rapidly upwards toward the contact tip. The result is the

filler material welding itself to the contact tip, and in some cases even melting the tip

itself. This can be seen in figure 3.6.

Figure 3.6: Burn back and molten contact tips caused by wire defects clogging the
weld nozzle and failure of weld droplet to detach itself from the weld wire.

As previously stated, the damage done is not just to the contact tip itself. While

this occurs the deposition of the bead immediately stops as the CNC keeps moving

the torch along the weld path. In multi-row deposition processes, the damage is

typically so severe that it can't be fixed. Fortunately, depending on the severity the

defect in the wire caused, in single bead multi-layer structures, it can be fixed if the

proper steps are taken. Figure 3.7 depicts the result and fix for such a problem. The

top image shows how the printing process has suddenly stopped during deposition,

leaving a less than half finished bead with a sharp drop off slope at the end. This

happened very frequently. It was imperative that a process be established to fix

these layers, otherwise not a single final part would have been produced. With many

trial and error attempts, it was determined that to fix this layer, the correction bead

must be deposited starting from the opposite end of the original bead and must be

deposited 3 mm past the last high point of the bead. Following this process, the two

bead sections are fused together, and the result is a continuous layer height across

the entire part.
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Figure 3.7: Bead profile at the location where deposition is abruptly halted due to
a sudden stop of wire extrusion during deposition (top) and result of the developed
correction method to fix such deposition errors (bottom).

In practice, establishing the correct welding parameters is achieved by starting with

a pre-existing set of parameters based on wire material, wire thickness, and substrate

thickness. The desired bead is then obtained by tuning the input parameters, voltage

and amperage. For example, if the bead first appears to have too much of a caterpillar

like shape, the user can slightly increase the voltage to flatten the bead. Voltage and

amperage can be tuned independently of one another while keeping the other one

fixed. This is done exclusively by trial and error in industry for every new operation.

The problem in the case of this research is that presets for magnesium wire material

do not exist on welders. Instead, it is suggested that Hard Aluminum should be used

as the wire material of choice. However, the assumption that the aluminum presets

would work well for AZ61a were incorrect. It was discovered that there was a very

large difference between the welding parameters that were set on the machine, and
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the actual voltage and current that the welder output during deposition. Tables 3.1,

3.2 and 3.3 show samples of input vs output relationships for magnesium welding on

the Welbee P400 for three different weld methods: DC, Pulse, and Synergic DC.

Table 3.1: DC Input (set) vs Output (actual) amperage and voltage.

Aset Aactual Vset Vactual Pset Pactual

200 150 12 14 2,400 2,100

200 135 15 17.7 3,000 2,390

250 168 15 18.6 3,750 3,125

Table 3.2: Pulse Input (set) vs Output (actual) amperage and voltage.

Aset Aactual Vset Vactual Pset Pactual

250 193 15 31 3,750 5,983

250 175 10 30.5 2,500 5,338

Table 3.3: Synergic DC Input (set) vs Output (actual) amperage and voltage.

Aset Aactual Vset Vactual Pset Pactual

180 134 0 21.3 - 2,854

180 142 -100 13.5 - 1,917

250 175 -100 13.5 - 3,500

100 122 -100 16.7 - 2,037

In all cases, the output voltage greatly exceeded the desired input voltage. The

opposite was true, in most cases, for the input vs. output current tests. An attempt

was made to establish a relationship between input and output parameters in order to

trick the machine into providing the output parameters that were desired. This was

not possible, however, due to another large problem with the behavior of the welder.
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As previously stated, when tuning welding parameters, either amperage or voltage

gets altered while the other remains constant. This was not possible to achieve

with the used inverter. Changes in voltage or current would result in the welder

automatically changing the other parameter as well, making it impossible to tune.

Figures 3.8 and 3.9 show how the welder behaves while adjusting a single parameter.

Figure 3.8: Relationship between welder input (set) current vs output (actual) current
at constant voltage as the current is increased from 130 A to 220 A in increments of
10 A.

Figure 3.9: Welder voltage output behavior as the welder input current is increased
in increments of 10 A from 130 A to 220 A.

At a constant voltage, the welding current was increased from 130 A to 220 A in

10 A increments. As can be seen in figure 3.8, not only was the output current much

lower than desired, but it also increased in an erratic fashion. Figure 3.9 depicts

the output voltage response when the current is increased along the same range as
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before. Even though the voltage was kept constant at 11 V, the output voltage

was not only drastically larger but also increased continuously with increasing set

current. DC Pulse welding showed by far the largest difference between input and

output, especially with respect to voltage. This rendered DC pulse unusable for this

research as the heat was so high that it vaporized much of the material and resulted in

virtually no deposition of material. DC deposition was therefore the only method that

could be investigated with this setup. Trial-and-error was the only available method

to attempt to find usable parameters, and after a very large number of attempts, some

decent parameters were obtained, which will be covered in the following section.

Interestingly, even though the machine output of voltage and current do not match

those that are being input, the WFS, on the other hand, is exactly that of the coupled

set input current. Welding current and WFS are locked together in MIG welders.

Given that the welder produces a far lower current in actuality than was set, it would

follow that it would also drop to the WFS that matches the lower output current. This

is not the case. Instead, it outputs the exact same WFS as was originally requested.

This adds further problems to the deposition process, as the heat input drops through

the lower current, but the feed of the material stays at a higher level.

There are two material properties of magnesium that are also problematic for

GMAW: the low evaporation temperature and the low viscosity of melted magnesium.

Figure 3.10 shows a comparison between the viscosity of magnesium and aluminum

above melting temperatures. Unfortunately, not much data exists, but even with the

limited data available it can be seen that the viscosity of magnesium is much lower

than that of aluminum, especially as temperatures increase. This low viscosity causes

magnesium to tend to flow more rapidly across and out of the weld pool, leading to

side flow and uneven beads. This problem gets compounded as multiple beads are

overlapped with one another to create a wide base layer for a printed structure. This

can be seen in figure 3.11, where an example of how this side flow occurs when looking
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at a single bead and a set of 2 beads overlapped. Adding to this fluidity problem is

the low thermal conduction heat transfer coefficient of magnesium alloys. The AZ31a

substrate and AZ61a wire have a thermal conduction coefficient of 70 Wm−1K−1. By

comparison, the thermal conduction coefficients of the 6061 aluminum substrate and

5356 aluminum wire that were used for initial testing are 167 Wm−1K−1 and 116

Wm−1K−1, respectively. Thus, not only is the viscosity much lower than that of alu-

minum, but the heat removal rate is also must lower, increasing the transition time

of the magnesium back to a solid state.

Figure 3.10: Viscosity comparison between magnesium and aluminum at melting
point and beyond [160,161].
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Figure 3.11: Example of how the low viscosity of melted magnesium causes severe
side flow out of the weld pool during the deposition of overlapping beads.

The fluidity of the molten magnesium also increases the risk that humping will

occur. Typically, this phenomenon is only an issue when welding at very high torch

speeds (> 1000 mm/min), but due to the low viscosity, it can happen at much slower

travel speeds with magnesium. The result is a bead that features multiple different

widths and heights, and is therefore not acceptable for AM purposes.

It has been shown that the deposition temperatures can't be too high for this pro-

cess. But lowering the process temperature leads to additional problems, including

delamination from the substrate and lack of fusion between layers. After much re-

search, an easy way to deposit magnesium structures while maintaining good part

shape was determined, but inspection of these parts after machining proved that the

lack of fusion renders these parts unusable. This can be seen when building low

heat input, cross-bead stacked blocks. Figure 3.12 shows how each additional layer

is barely, if at all, fused to the layer below, but is instead just laid on top of it.

Additionally, given that thicker substrates are needed when building large structures,

the low heat will also not allow for any substrate penetration to ensure that the part

remains on the base. When it comes to finding the proper set of parameters for this

type of deposition, the window for usable parameters is very small.
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Figure 3.12: Lack of fusion between deposited magnesium layers caused by insufficient
heat input.

Adding to the concern of cracking and delamination is the warping of the substrate

that occurs during the deposition process. Every deposited layer wants to shrink as

it goes through the solidification process but is hindered to do so by the substrate

and by the layers beneath it. What ends up happening is that all the material on the

substrate is trying to pull the substrate inward, which in turn can cause distortions

in the part. The warping in the substrate can of course be reduced by simply using

thicker material, but due to the expensive nature of the material, the maximum

thickness that was used in this work was 12.7 mm. To give some perspective on these

costs, a 12 in. x 4 in. x 0.5 in. plate of 6061 aluminum costs $30, while a plate of

the same dimensions of AZ31B costs $130. The difference in cost of the magnesium

wire compared to aluminum wire is even more extreme, with a 10-pound 3/64 inch

wire-diameter spool of 5356 aluminum costing around $100, and the same amount

and type of AZ61a wire costing almost $1,200.

During multi-layer block deposition, the amount of stress experienced in the sub-

strate was so large that it not only deformed itself, but also managed to severely

deform the clamps used in the enclosure, as shown in the left image of figure 3.13.

Once removed from the machine, the substrate continues to deform, in some cases by
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over 2 cm from end to end. It is therefore recommended that thicker substrate be

used for this process.

Figure 3.13: Severe substrate distortion inside the holding clamps of the CNC during
the deposition of a large magnesium block (left), and final distortion of the substrate
after having been removed from machine (right).

Vapor deposition, even with cleaned wire and substrate, is much greater than

with other materials. The left image in figure 3.14 shows the state of the bead and

substrate after the deposition of a single bead. Given the state of the material, it

must be cleaned before any additional beads can be deposited on top of or next to the

bead. Additionally, additive manufacturing of magnesium brings with it the risk of

potential fire. This risk can be mitigated by limiting the heat input and by ensuring

that the correct interpass cooling time is implemented. One magnesium fire occurred

in this research during initial testing while different weld parameters were being tried

by hand. The combination of too high of an input temperature from pulse welding,

along with a very low interpass cooling time, resulted in the bead and substrate

igniting and burning. Fortunately this occurred on a welding table and no parts of

the CNC were damaged. Figure 3.14, middle and right images, depicts where the fire

occurred and how it burned all the way through the substrate.
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Figure 3.14: Magnesium oxide vapor layer around the AZ61a weld bead after deposi-
tion (left), top view crater left behind in substrate after AZ31b substrate ignited due
to insufficient interpass cooling time and excessive heat input (middle), and bottom
of substrate view at the crater location where molten magnesium flowed through the
base (right).

Spatter, as stated in [101], was one of the primary reasons this method was deemed

not possible for magnesium deposition. This is a very valid point as it is very much an

issue. A few figures displaying the severe spatter encountered in the beginning phases

of thie research and be found in Appendix E. It took a very long time to find weld

parameters coupled with travel speeds that were able to reduce and almost eliminate

this problem. The occasional occurrence of spatter, especially when dealing with wire

defects, remains present, but only at the higher heat input parameters that will be

discussed.

3.3.2 Deposition parameters

For single bead deposition, several criteria must be met in order for a bead deposi-

tion process to be considered successful. The bead must retain its shape for its entire

length and not suffer from excessive side flow or humping . For bottom layers, the

bead must show decent adherence to the substrate by providing sufficient penetra-

tion. There should be little to no spatter involved in the process. There should be

no visible defects on the outside of the weld bead.

Several parameters were determined that resulted in deposited beads that satisfy
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all the set criteria. These parameters fall into two groups: low input-energy-rate

(IER) and high input-energy-rate. IER is defined as the power (current x voltage)

the welder puts out during the deposition process. IER is also referred to as heat-

input rate in many publications. It is important to note that in most cases, the torch

travel speed at different power levels is different to account for changes in the wire

feed speed at different welder currents. Therefore, the input energy per unit length

for a bead or layer is dependent on both welder output power and torch travel speed.

The low-IER set currents ranged from 130 A to 165 A, and were combined with

set voltages between 13 V and 15 V. As previously mentioned, in MIG welding the

current is coupled to the WFS, and even though the current the welder outputs is

considerably lower than the magnitude that was set by the user, the WFS that the

welder puts out is the same as the set WFS.

In the range of a set current from 130 A to 165 A, the output powers that were mea-

sured were between 1,300 W and 1,800 W. On the lower end, a set current/voltage

combination of 130A/13V resulted in an output of 90A/14.2V (1279 W) that was

of decent quality, but the deposition suffered from occasional physical pushback of

the wire as the heat was not melting the wire fast enough. The best results for the

lower end of the low-IER parameters came with a set current/voltage combination

that lead to an output of 78.5A/16.5V. Interestingly, since the welder decreased the

supplied current even though only the voltage was increased, this resulted in the

same power as the previous test of 1296 W. For both these tests, the WFS stayed

the same at 8.36 m/min. On the upper end of the low-IER parameters, the set in-

put current/voltage combinations of 165A/13V and 165A/15V resulted the measured

outputs of 100A/16V and 97A/18.1V, respectively, providing an energy input rate of

1606 W and 1756 W at the same WFS of 10.5 m/min. The TTS setting for these

tests was between 300 and 500 mm/min, leading to upper and lower energy input

per mm results of 153 J/mm to 351 J/mm. These low-IER parameters, though much
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slower in deposition than the high-IER parameters, exhibited no spatter problems at

all. Shielding gas in the form of 100% ultra-pure argon was supplied at a flow rate of

16.5 L/min in all experiments. Figure 3.15 shows the quality of weld beads deposited

at a low-IER (left) and demonstrates the stability of the deposition process (right).

Figure 3.15: Low-IER (1300 W to 1800 W) deposited AZ61a beads with uniform
shape and height (left) and low-IER measured inverter outputs demonstrating arc
stability for the process (right).

For the high-IER input parameters, the range of a set current from 200 A to 250

A, resulted in measured power outputs between 2,400 W and 3041 W. The heat input

for these parameters is at the limit for where vaporization and weld bead deformation

take place. Excellent results were obtained with a set input combination of 220A/15V

(2550W), which provided an output of 136.7A/18.7V, with a WRF of 14.8 m/min

on average. The upper limit for these high-IER parameters was found to be a set

combination of 250A/15V, yielding a power output of 3041 W with a current of

159A and a voltage of 19.1 V. The WFS for those settings is an impressive 16.6

m/min. The TTS for this set had to be increased to the range of 500 mm/min to

850 mm/min, resulting in energy input per mm magnitudes between 191 J/mm at

high TTS and 364 J/mm at low TTS. Figure 3.16 shows the quality of the weld

beads obtained at high-IER on the left, and the measured output demonstrating its

stability. These beads took on a more traditional shape, with complete substrate

adhesion along the edges and a flatter profile, making them ideal for overlapping and
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stacking of additional beads. Measured output plots for other successful high and

low-IER deposition parameters as well as plots showing the severe instabilities that

occur when moving even just a little bit outside these ranges is shown in Appendix

A and Appendix B, respectively.

Figure 3.16: High-IER (2400 W to 3000 W) deposited AZ61a beads with uniform
shape, height and base penetration (left) and high-IER measured inverter outputs
demonstrating arc stability for the process (right).

These established parameters were used to print magnesium samples in the forms

of single-stacked multi-layer walls, closed shape parts in the form of hollow cylinders,

and multi-row/multi-layer (MRML) blocks. The following subsections describe these

processes.

3.3.3 Single-wall deposition

Weld beads have a different shape at their end as they do at their start. While

the start of the weld bead has a more rounded shape and is raised high off of the

substrate, the tail end of the bead is much flatter and, in many cases, even has a

crater like shape. When building multiple layers, this must be considered. When

building single bead walls or any other multilayer structure, there must be a rotation

between starting and ending position. If this is not done, the tail end of the layered

part will quickly slope away from the rest of the part. This can be clearly seen in

figure 3.17.
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Figure 3.17: Gradual deterioration of multilayer block profile at the end point of bead
deposition.

Simply alternating between the start and end of the bead does not solve every

problem. As the number of layers starts to increase, differences in height along

the beads will become more and more prevalent. This is especially detrimental for

maintaining a constant nozzle to workpiece offset. Experiments in this study found

the optimal nozzle to workpiece offset to be 10 mm to 12 mm. The wire coming out

of the nozzle is not perfectly straight and will curl away from the centerline. This

means that the position of the wire directly above the previously deposited beads

cannot be guaranteed if the offset distance continues to change. Additionally, the

timing between the weld start and the beginning of the torch movement must be

carefully synced. Ideally, a sensor should be incorporated that triggers the motion of

the CNC as soon as the arc is established. This, however, cannot be accomplished

with G-code on the current machine. In order to compensate for this shortcoming,

multiple height measurements were taken at three positions after the deposition of

every bead. Based on these heights, the vertical Z position in the G-code for the next

layer was established so the the overall offset changes are minimized. In order to keep

the top layer of these structures as flat as possible, different dwell times at start and

end of the bead were determined, which depend entirely on the structure of the bead

last deposited. Low heat deposition proved to be the most consistent as its impact

on the base layers was very small.
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Figure 3.18: Stacked layers of low-IER printed wall during the deposition process
(left) and bead profile from the top view (right).

Figures 3.18 shows the layer progression and bead profile of a low IER printed

magnesium wall. Layer orientation and thickness was well controlled up to a height

of 70 mm. Due to one of the wire defects discussed in an earlier section, the top layer

for this wall suffered from intermittence, which was too severe to fix on the CNC.

The final part is depicted in figure 3.19. The impact the wire defect had on the top

layer can be seen from the front view.

Figure 3.19: Finished low-IER printed multilayer wall with two bead defects on the
top layer caused by wire defects temporarily clogging the weld nozzle during deposi-
tion (left) and side view of low-IER printed wall (right).
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The following plots give a detailed look at the process performance as well as the

forming of the part. The left plot in figure 3.20 shows the average welder outputs

during the thin wall deposition process. The average current output during deposition

was 99.2 A, with a standard deviation of 4.3 A, while the average output voltage was

16.9 V with a standard deviation of 0.2 V. This makes the IER 1683 W. With a TTS

of 450 mm/min, the energy input per unit length for all these layers was 224 J/mm.

Even though this method was mostly stable, occasional current surges would occur.

Fortunately, only minor alterations to the weld shape profile were caused during these

interruptions. An example of a current spike during the deposition of the thin wall

is shown in the right plot of figure 3.20.

Figure 3.20: Measured low-IER inverter output during single wall deposition (left)
and example of current spike during deposition resulting in minor defects to the
surface profile of deposited beads (right).

Loafing is a common issue that occurs in many additive manufacturing processes,

especially for those with large heat inputs. The added heat tends to flatten the

previously deposited layer, which can cause inconsistent buildup of the part. Figure

3.21 shows how the part height per layer of all walls built with these parameters

compare to one another, with the red bars giving the standard deviation for the layer

height. The part height increases consistently per layer, with an average of 2.6 mm

being added in height per pass. After each layer was deposited, height measurements

were taken at three locations on the new bead. As can be seen in the figure, the part

height progression remained consistent for the duration of the process.
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Figure 3.21: Comparison of part height by layer in identically printed walls (left) and
average part height per layer with 2 standard deviation bars (right).

Figure 3.22 shows the layer progression and bead profile of a wall that was printed

using the same IER as the example above, but with a higher energy per mm due to

a lower TTS of 300 mm/min. This makes the energy per unit length 337 J/mm, a

50% increase from the previous case. Flat layer deposition was possible, but more

challenging than with the previous low heat method. This was due to the increase of

loafing, but was not severe enough to make controlling the process unmanageable. The

primary physical benefit of this method is that thicker walled parts can be created at

a faster pace. With this method, final wall thicknesses of up to 5 mm after machining

can be achieved, while with the slower torch travel method the maximum attainable

thickness was 3 mm. How these thicknesses were established will be discussed in the

next chapter.
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Figure 3.22: Bead profile of walls being deposited with high-IER (left) and width
measurement of the beads as the layers were added (right).

Figure 3.23 shows how the part height increases per layer and two standard devia-

tion bars. Each layer was measured in the same manner as previously explained. Even

with the increased loafing, the increase in layer height remained consistent, adding

3.5 mm per bead. The right plot in figure 3.23 shows the build rate per layer of the

two travel speeds. Figure 3.24 shows three of the sample walls on a substrate about

to get machined down to walls for the extraction of tensile test specimens.

Figure 3.23: Build height per layer using low IER and low TTS with 2 standard
deviations bars (left) and comparison of layer heights between high and low TTS at
same IER wall depositions (right).
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Figure 3.24: AZ31b substrate with AZ61a printed multilayer walls prepared for thin-
walled machining.

3.3.4 Hollow-cylinder deposition

Hollow cylinders were printed with the two different parameter windows to test

the manufacturing of closed form shapes. The first cylinder that was printed was

deposited with the low-IER parameters. The base layers of this cylinder are shown

in figure 3.25. The base retains a great shape on the substrate, and a consistent layer

height remained as more layers were added, as seen in figure 3.26.

Figure 3.25: First layers of low heat input hollow cylinder print.
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Figure 3.26: Layer fusion and shape retention during low-IER cylinder print (left)
and closure problem evolution as layers are added to the printed part (right).

The deposition was stopped after 10 layers due to the closure problem encountered,

as can be seen in figure 3.26 on the right. As previously stated and discussed in the

literature review, connecting shapes using welding operations can be problematic. In

the case of this cylinder, the start and end positions were the same for every layer,

resulting in the growth of a tail-like connection between the two ends of the beads.

Altering the welder parameters to resolve this issue was not an option due to the

limited range of usable combinations of voltage and current. Instead, another method

was developed to ensure that the shapes are properly closed. First, the start/end

positions of the cylinder were rotated by 180 or 90 degrees for each additional layer.

Second, when the torch got its final position, it dwelled for 1 second before the

arc was extinguished. The same method as demonstrated in making corrections to

intermittent layers in single wall structures was used to close the shape. This resulted

in the ability to continuously build layer upon layer without a large gap going down

the part. Figure 3.27 shows the evolution of how a hollow cylinder that was built

using the high-IER parameters.
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Figure 3.27: Print of hollow cylinder with high-IER from start to finish demonstrating
consistent part height as layers are being added (left) and final printed and cleaned
cylinder ready for finish-machining (right).

The deposition of the layers using this method was stable for every layer, with a

sample of welder output shown in the left plot of figure 3.28. The parameters set

on the welder were a current of 250 A with a welding current of 11 V. The average

output current and voltage were 161 A and 16.2 V, respectively. The measured wire

feed speed for this deposition was 16.6 m/min, making it one of the fastest deposition

methods attempted in this research. The TTS was kept constant at 600 mm/min.

Given this data, an energy-input rate of 2608 W and an energy per unit length of 261

J/mm were applied.
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Figure 3.28: Stable inverter output at high-IER during cylinder deposition print (left)
and comparison of part height of printed cylinders by deposition layer of high and
low-IER prints (right).

The same process was repeated for the low input heat method, as can be seen in

figure 3.29. After depositing 16 layers of the cylinder depicted in that figure, the part

was again impacted by a wire defect, and deposition had to be stopped. The cylinder,

however, still consisted of enough layers to be machined and investigated. Figure 3.29

depicts the bottom layer print (left) and the final print, ready for machining (right).

As can be seen, a decent shape was retained for the layer by layer deposition. The

set welder current and voltage in this case were 130 A and 14 V. The actual current

and voltage were 74 A and 15.4 V, making the energy input rate 1140 W. With

a TTS of 500 mm/min, the energy input per mm was 137 J/mm. This was the

lowest energy input per unit length attempted in this project. The resulting cylinder

retained decent shape but was very thin, and due to the extremely low heat input,

pushback was discovered frequently while examining the output data from the welder,

indicating the wire is not melting fast enough and gets rammed into the surface of the

build, causing a current surge. An example of this is shown in figure 3.30. A minor

increase in power resolved this issue. The final part dimensions after machining will

be discussed in chapter 4.
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Figure 3.29: First two layers of printed cylinder with low-IER input parameters (left)
and final printed hollow cylinder printed with low-IER with the top layer indicating
pushback occuring during the deposition (right).

Figure 3.30: Measured inverter data during very low-IER deposition indicating short-
ing caused by pushback due to insufficient heat in relation to WFS.

3.3.5 Multi-row/multi-layer deposition

For magnesium, multiple overlap percentages were tested to determine the maxi-

mum amount of overlap before side flow of the beads became too much to continue.

It was determined that when building a layer by depositing beads continuously next

to one another, 40% overlap was the cutoff. It is important to note that side flow

is present at even the smallest percentage of overlap when depositing beads in this
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manner. Using a low-IER for this process does not work as there is simply not enough

fusion of adjacent beads, and the caterpillar like shape of these beads result in long

internal air channels. The first multilayer block of AZ61a magnesium that was manu-

factured can be seen in the images of figure 3.31. This block consists of 65 individual

175 mm long beads that were deposited with a machine set amperage of 220 A and a

voltage of 15V. The actual output was measured at 150 A and 18 V. The beads were

spaced 5.5 mm apart, resulting in an overlap of around 40%. As can be seen in the

figure 3.30, this overlap caused significant flow on the sides of the block, but a rough

net block shape was still retained. Between each bead deposition the workpiece was

brushed and cleaned. The block itself was 175 mm in length, 80 mm in width, and

25 mm in height. The length and width were slightly narrowed for each of the sub-

sequent layers, of which there were 7 in total. At the start of the fifth layer the first

bead failed halfway through the deposition process. This bead was fixed by running

a second bead from the other side into the end of the failed bead. Figure 3.30 shows

multiple angles of the final block that was created. The bottom right image in figure

3.30 shows the warp that occurred in the substrate, with an end-to-end deflection of

22 mm.



52

Figure 3.31: Images of the first AZ61a block printed on the AZ31B substrate showing
dimensions as well as substrate distortion and side flow caused by bead overlapping
during deposition.

The deposited material was then machined into a block, as can be seen in figure

3.32. Upon inspection it was found that minor voids were occurring in select areas

across the sides of the block. Numerous additional settings were tested following

this experiment to reduce these voids, including welding parameter changes, layer

orientation, overlap percentage changes, and clamping methods. It was determined

that the most likely cause of these voids were pockets in the deposited layer caused

by melted material that was flowing off the bead during overlapping depositions. An

example of such pockets is shown in the right image of figure 3.32. As can be seen,

even though the previously deposited layers appear to be nicely fused together, they

are still most likely suffering from internal voids due to such pockets not being entirely

removed when the subsequent bead is being deposited on top of them. Resolving this

issue was the biggest challenge moving forward.
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Figure 3.32: Post deposition machined AZ61a block with small defects (left) and
pocket formation due to side-flow and wire defects (right).

Instead of building each layer by using different percentages of overlap for immedi-

ately adjacent beads, it was decided to space deposited beads apart from one another,

creating a channel of empty space between them, and then depositing an additional

bead into the empty channel. The first test using this method was done by utilizing

a zero percent overlap for adjacent beads. This can be seen in the left picture of

figure 3.33. The next layer would be deposited into the channel between the beads.

The problems with excessive flow caused by overlapping the beads was immediately

reduced, resulting in layers that kept their shape much better than before. The down-

side of this approach is that naturally the final part will have a pyramid like shape,

as every subsequent layer will be deposited with a shift of half the width of the bead.

The first small test result of this staggering approach can be seen in the right-side

picture of figure 3.33.
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Figure 3.33: Zero percent bottom layer overlap staggered pyramid base resulting in a
50 percent second layer overlap (left) and final pyramidal shape of this print strategy
(right).

Following the success of this method, multiple layer bead spacing approaches were

tested, increasing the space between beads up to 80% of the bead width. It was

determined that a bead gap of 30% of the bead width resulted in the best final

shape of the deposited block. Figures 3.34 to 3.36 display how different patterns

were investigated for both low and high heat input beads, as well as short and long

deposited beads.

Figure 3.34: Base layer (left) and subsequent deposited layers with a stagger-channel
approach using low-IER input parameters, indicating possible lack of vision between
layers due to insufficient heat input(right).
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Figure 3.35: Long bead base layer deposition with channels resulting in a 50%
overlap.

Figure 3.36: Short bead base layer channel deposition which will result in a 40%
overlap.

Due to the pyramid like structure of the final parts, the first large block that was

manufactured was done so using short beads that were deposited across the width of

the substrate instead of long beads deposited across the length of the substrate. This

was done to ensure that there would be more usable material for extracting tensile

test specimens. This also meant that the total heat input per bead was less than half

than what it would be if long beads were deposited. Given the lower final temperature

of the beads, side flow caused by overheating was also reduced. This, however, also

meant that the deposition print direction would be normal to the direction later to
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be applied during the tensile test. Therefore, any cracks/voids due to pockets would

most likely cause the material to fracture at a lower load.

The first large block using the new stagger method was created and can be seen in

figure 3.37. The layers retained a decent shape and excessive flow was almost entirely

controlled. This block consists of 137 individual 80 mm long beads. After each bead

was deposited, the substrate and deposit were thoroughly brushed and wiped clean

manually. The block was then cut via WEDM to create tensile test specimens, which

will be discussed in the next chapter.

Figure 3.37: MRML block printed using staggered short beads to be used for tensile
test specimen extraction and microstructure analysis.

The same staggered pattern was then used to print more magnesium blocks, but

now in the long direction. An example of this is shown in figure 3.38. Due to

the required stagger shape, the final number of tensile test specimens that could be

extracted out of these blocks was much lower than that of the previous block. In

addition, arc wandering was more pronounced and had a greater impact on the shape

of the beads. The increasing temperatures during the deposition most likely had an

impact on this as well. These blocks will provide insight to how the print direction

impacts yield strength as well as fracture strength. One of the most detrimental

problems during this research was how the defective weld wire impacted the build of

these blocks, with many builds having to be abandoned because sudden intermittent
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issues caused by the wire resulted in layers that could not be fixed.

Figure 3.38: MRML block printed using staggered long beads to be used for tensile
test specimen extraction and microstructure analysis.

These large blocks were printed with a set current/amperage of 200A/15.5V, re-

sulting in an average output of 131A/18.5V, as can be seen in figure 3.39 which

depicts the data for the deposition of a 175 mm long bead located on the third layer

of the block shown in figure 3.38. The WFS during deposition and the TTS were 13.6

m/min and 750 mm/min, respectively, leading to a bead energy input of 248 J/mm.

Figure 3.39: Measured inverter output parameters for the printing of a large block
with long beads, indicating a stable arc throughout the process.



CHAPTER 4: EXPERIMENTAL METHODOLOGY

This chapter explains how the final deposition successes presented in Chapter 3

were attained. The setup of all the equipment is explained along with the modifi-

cations made to it. Furthermore, strategies for how to obtain desired magnesium

deposition results are discussed, along with usable build strategies for multiple types

of structures. These strategies can be applied with any inverter and utilizing any

automated CNC or robotic gantry system

4.1 Equipment and material

The experiments conducted in this work can be repeated on any 3 to 5-axis CNC

that has a build chamber of sufficient size to accommodate the welding torch that

is being utilized. A custom collet attachment will need to be designed so that the

welding torch attachment can be fastened inside the spindle. An enclosure with a

minimum wall height of 30 cm should be fastened to the CNC build table to ensure

that the spread of spatter inside the machine is limited. For added safety, a fume

extractor should be placed within 50 cm of the deposition area to remove the toxic

weld fumes. Additionally, the build table should be isolated from the bottom of the

enclosure to reduce the chance of heat transfer and electrical charge into the machine

occurring, both of which could damage the CNC.

The inverter welding power source used in these experiments was the Daihen OTC

Welbee P400. The torch was a Blue Torch III 50% MIG duty cycle with a 10 feet

long weld hose. K980C37 contact tips designed for a wire diameter of 1.2 mm and a

10 feet long PLA liner were used. The Welbee 4-drive roll wire feeder was installed

on top of the inverter. Due to the soft nature of magnesium, it is notoriously difficult
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to push through the welding hose, so the included wire feeder gears and rollers were

removed and the aluminum kit for soft wires was installed, as can be seen in figure

4.1.

Figure 4.1: Aluminum kit for soft wire material installed in the wire feeder to ensure
smooth feedrates during deposition.

All tests were performed using 10 pound spools of 1.2 mm (3/64 in) diameter AZ61a

welding wire. It is imperative that the wire being used is inspected for oxidation and

material defects. The wire should be cleaned with sand paper and subsequently wiped

down with acetone before being used. Care must be taken not to remove too much of

the material so that good contact between the weld wire and the contact tip can be

maintained. For additional wire cleaning, Lube-matic cleaning and lubrication pads

were installed between the wire spool and the wire feeder.

The substrates used were AZ31b-H24 plates with dimensions of 300 mm x 100

mm x 12 mm and 300 mm x 300 mm x 12 mm. The substrate corners were filed

down to ensure that the plate will make complete contact with the grounded weld

enclosure. The top and bottom surface were first cleaned with an electrical sander
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until no visible oxidation remained. The part was then vigorously cleaned with a

stainless-steel brush and then wiped down with acetone before being clamped in the

machine.

The impact that grounding locations have on arc stability and repeatability was

tested by grounding the welder to a custom built installed grounding post (as seen

in figure 3.4), grounding it to the baseplate of the enclosure, and grounding it to the

clamps holding the substrate down. While each of these methods worked, it was found

that there was more apparent arc stability in deposition, especially when building

taller parts, when grounding is performed at the clamps, close to the substrate.

Keeping every part of the equipment clean was very important for successful mag-

nesium deposition. The contact tip and weld nozzle should be cleaned after every

10 minutes of welding by wiping the parts down with a rag to remove any soot and

spatter that attached to them. If a thick layer of soot or any metal deposits are

attached rigidly to the contact tip, the part must be replaced. The PLA liner should

be removed from the weld hose after every hour of welding, be inspected for internal

debris, and then blown clean with high pressure air. The Lube-matic pads need to

be inspected frequently and changed out as needed.

4.2 Determination of functional parameters

When welding magnesium it is important to make sure that the weld hose is as

straight as possible so that it is easier for the wire feeder to push the material through

the weld hose and torch. An excessive number of bends in the weld hose will lead

to slipping of the feeder rollers and result in weld failure. The inverter needs to be

placed a safe distance away from the deposition area.

Establishing the initial parameters was best done manually off of the CNC and on

a certified weld table. This ensured that the unpredictable outputs by the welder will

not result in damage inflicted to the CNC being used. Proper safety gear in the form

of welding shirts, gloves, and helmets need to be worn to prevent serious injury. A
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Class-D fire extinguisher must be readily available to put out any magnesium fires

that could occur.

There are no dedicated magnesium material settings on commercial welders, which

is why aluminum material settings are used as the starting point for finding functional

parameters for magnesium. As has been demonstrated in chapter 3.3.1, the inverter

outputs were drastically different than the inputs. Furthermore, the weld parame-

ters of voltage and current could not be tuned independently without changing one

another. Therefore, a different approach had to be taken to find usable settings.

Numerous tests were performed where either voltage or current was held constant

on the machine, and the other parameter was increased incrementally while output

measurements were performed. Voltages were increased in increments of 0.5 V with

currents held constant, and currents were increased in increments of 10 A with volt-

ages held constant. For these experiments, the resulting quality of the weld bead was

not of concern, but rather the output parameters alone were of interest.

Through the literature review it was seen that in TIG welding of magnesium, a

heat input rate of around 1800 W worked well. Using the collected welder output

data, a voltage/current combination that would yield 1800 W was determined. Since

the parasitic voltage increase at increasing set currents displayed a more linear trend

than the current output, the current was locked in place and the voltage was adjusted

to obtain parameters that resulted in decent deposition of the bead. Bead deposition

success for these initial tests was determined by inspecting the surface of the bead

for porosity, examining the penetration to the base plate, and the overall consistency

of the weld bead shape.

It was quickly discovered that low watt deposition parameters would yield caterpil-

lar shaped beads with excellent bead continuity and high watt deposition parameters

would yield flatter beads suitable for overlap for wider base layers. Once two sets

of parameters were established, the tuning of the beads was then no longer achieved
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with inverter settings but instead with torch travel speeds and workpiece offsets, as

from this point on all continued testing was performed on the custom CNC that was

built in this research. The initial low-IER parameters that were first tested on the

CNC were a set current/voltage of 165A/13V, which resulted in an inverter output of

100A/16V. The initial high-IER parameters that were first tested on the CNC were a

set current/voltage of 220A/15V, which resulted in an inverter output of 160 A/19V.

As previously stated, the WFS in MIG welding is coupled to the set current, so it

was very important to have the correct TTS for deposition. For the found settings,

the appropriate TTS was established first. This was done with a nozzle to workpiece

offset of 10 mm. A 2-inch gauge was placed on top of the substrates to correctly set

the G54 zero for the z-axis in the G-codes that were used. With the found parameters,

different torch speeds were tested between 200 mm/min to 800 mm/min for the low-

IER settings and between 400 mm/min to 1,200 mm/min with the high-IER settings.

These tests were performed in increments of 50 mm/min. After each test the bead

was inspected.

By this method it was determined that for low-IER setting a TTS between 300mm/min

to 500mm/min would yield good weld beads for multilayer single wall structures, and

for high-IER a TTS between 500 mm/min to 850 mm/min would yield result in the

desired bead shape. A TTS outside these ranges yields to intermittent deposition

when moving too fast or severe burn back due to rapid material build up when mov-

ing too slow. With the newly established inverter parameters and TTSs, now the

inverter parameters themselves were tuned with minor adjustments. The heat input

was lowered and increased for both IER ranges until there was severe pushback on

the lower heat input side, and excessive side flow due to overheating on the high heat

input side. The final functional coupled parameter ranges for low and high-IER were

established in this way via a very large number of test runs. Low-IER settings re-

sulted in weld heat inputs of 153 J/mm to 354 J/mm within the specified power/TTS
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range, and high-IER settings resulted in weld heat inputs of 191J/mm to 364 J/mm

within the specified test range.

Once successful deposition parameters have been established, the nozzle to work-

piece offset should be optimized. Offset distances between 8 mm and 16 mm were

tested in increments of 1 mm. If the deposited bead at a given offset was of high

quality, the nozzle was removed and the contact tip and inside of the nozzle were

inspected for vapor sediment or attached spatter. If potential clogging or burn back

at a specific offset seemed critical, the offset was deemed too close to the part. Any

offset less than 10 mm was found to be too close to the weld pool. Figure 4.2 shows

how a too small offset results in spatter accumulation inside the nozzle. If this buildup

gets too large, additional arcs can form between the contact tip and the nozzle.

Figure 4.2: Spatter deposition inside the weld nozzle when the nozzle to workpiece
offset distance is too small.

However, if the offset is too large, then the natural bend in the wire will result in

curvy beads being deposited instead of straight beads. As the wire leaves the contact

tip, it quickly starts to curl up and move off the centerline of the bead. This is
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especially dangerous when building multilayer structures. Results showed that a offset

distance of above 14 mm can already have a negative impact on bead straightness,

especially when deposition occurs on the uneven surface of a previously deposited

bead. It was eventually determined that a nozzle to workpiece offset of 12 mm is the

perfect distance to limit contamination of the contact tip and nozzle as well as for

ensuring welding arcs to consistently form on the torch's traveling deposition axis,

ensuring straight beads. Figure 4.3 shows how incremental changes in TTS impact

the bead profile. Bead A shows lots of intermittence, indicating the TTS is far too

fast. The TTS is the decreased by 50 mm/min resulting in slight improvements of

the bead profile until a solid deposited bead shape is obtained in bead D. Figure 4.4

shows part 1 of the tests performed on the CNC to establish the starting deposition

parameters. This is a very slow process and patience is required when starting this

process with a different inverter.

Figure 4.3: Improved bead continuity as TTS is decreased in increments of 50
mm/min from bead A to bead D while providing the same IER.
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Figure 4.4: Initial TTS tests performed on CNC to determine the correct deposition
parameters for high and low-IER magnesium deposition.

Lastly, it is important that a consistent stick-out length be used for all the tests. As

the name suggests, the stick-out is the length of the wire that sticks out of the weld

nozzle at the beginning of deposition. Deposition begins with the spark of the weld

arc, not with the starting motion of the weld torch. It must therefore be determined

how long after the welder is engaged the wire will get close enough to the part to

start the arc. This will depend on the WFS that is being used during the tests, but

does not vary all too greatly even between 8 m/min and 17 m/min WFS due to the

short distance of travel. The torch should also not start moving as soon as the arc

is formed. The initial penetration to the substrate is key in the formation of the

rest of the weld bead. The proper dwell time needs to be established to ensure even

deposition. This is particularly important when adding layers on top of each other. It

was found that for all tested WFS values, a dwell time of 1 second can be coded into

the G-code to ensure ample start penetration of the bead. Additionally, a pre-weld

1.5 second argon purge is set on the welder to blow out any dust, as well as a 10

second post-weld argon purge time to provide additional cooling of the contact tip.
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4.3 Determination of build patterns

4.3.1 Multilayer single wall build methodology

The simplest multilayer structures to print are stacked single bead walls. Using

the previously discovered printing parameters, a single bead was deposited on the

substrate. The height of the bead was measured at 3 points along the length of the

bead. If the three measurements are within 3 mm of each other, the next layer can be

deposited. It was determined that the locations of the start and the end of the beads

should be switched as layers are built up to ensure a uniform wall height. The second

bead of the wall will flatten the bottom layer and add 2 to 3 mm less material in the

build height direction. The remainder of the beads will stay as flat and wide as the

second bead deposited. The exact layer addition and bead width of the walls depend

on the inverter parameters and the TTS that is being tested. Results for optimal

settings have been presented in chapter 3.

Intermittence caused by droplet detachment problems or weld wire defects need to

be expected. It was therefore necessary to be prepared to shut down the machine

immediately via an emergency stop when any irregularities were observed during

deposition. The sound and light coming from the weld region is an indication of

deposition problems, and it took much practice to identify those issues quickly. If

the machine is immediately stopped, the layer can be fixed with the proper method.

It was found through many trials that the best way to fix a layer is by running a

correction bead into the defect from the opposite side and continue the deposition

until the torch has passed 3 mm past the start of the defect. This was also shown in

the beginning of chapter 3.

4.3.2 MRML block build methodology

For thicker wall structure, the beads needed to be overlapped. As was previously

discussed, the low viscosity of the melted magnesium makes this typically easy process
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impossible as severe side flow out of the weld pool occurs, rendering the layers uneven

and useless. Even overlap percentages as low as 10% were still suffering from this

problem, so it was decided to build each layer utilizing a stagger, channel creating

method. Layers were spaced apart of one another creating channels of different widths

that would result in eventual bead overlap percentages between 50% and 20% when

the channel was filled. The seams between the staggered weld beads needed to be

examined for fusion to determine if the method will result in a dense work piece.

The layer height also needed to be examined to make sure there can be a constant z-

height for each subsequent layer. This layer height can vary depending on the stagger

pattern that is used. A downside of this method is that the part will need to be built

with a ramp-like side in order to reduce loafing off the edges of the part. However,

the excellent shape retention makes this a viable method for long, thick walled parts

with reasonable heights.

Another great benefit of these channel welds is the elimination of arc wandering.

A big problem during the overlapping of beads in current WAAM methods is that

the arc has a tendency to form at different locations on the workpiece. With these

channel welds, there is no surrounding material that could pull the arc away from the

center of the deposition line.

It should be repeated that only high-IER parameters should be used for the MRML

depositions. The bead profile of low-IER beads does not lend itself to overlap of

channel welds, and the lack of heat also results in severe lack of fusion away from the

considerably smaller weld pool. The best way of determining the optimal pattern is by

printing small pyramids with short, 50 mm long, bead base layers, consisting of eight

beads, and channels of varying widths for each pyramid. The final printed pyramid

should then be machined by incrementally removing 2 to 5 mm of material across

the triangular face. After each layer removal, the exposed face should be examined

visually for any large defects. This is not as exact as performing a XCT scan, but
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it is much faster and will result in a much shorter time to arrive at the final desired

settings.

4.3.3 Hollow cylinder build methodology

Establishing the correct building strategy for hollow cylinders, or any closed form

structure, required the same initial steps as those tests performed for building stacked

single bead walls, with the only difference being the closure of the shape. Extensive

testing was performed to determine what the best method is to create a closed shape

with uniform bead thickness and height throughout each layer. Multiple start/stop

deposition locations and dwell times were tested. If the weld stops at the same

position as it started, the layer will not be evenly connected as the crater at the end

of the weld bead will result in a tail-like connection that gets more prominent with

each added layer. If a crater-fill or dwell operation is applied at the same start/end

point, the previously deposited start of the bead gets extremely flattened and starts

flowing off the side of the part. The best method discovered was to run the end of

the bead 3 mm past the original start point at a constant TTS. Doing so will result

in a good closure of the bead and lead to a almost uniform layer height.

In addition to this method, every additional layer should be started at a different

location than the previous one. Tests were performed for rotating the start/stop

position by 90 degrees and by 180 degrees, with both methods resulting in excellent

layer height retention. For both hollow cylinder and wall prints it was also discovered

that while increases in TTS at a constant IER will lead to virtually no part thickness

increases and only layer height increases, an increase in IER can be used to print

thicker parts, even with increased TTS. This is of course due to the strong flattening

effect that the high-IER heat source has on the layers it is being applied to.



CHAPTER 5: MATERIAL TESTING AND RESULTS

5.1 Sample preparation

Several tests were performed to analyze the quality of the printed magnesium parts,

including tensile tests, SEM analyses of the fracture surface, microstructure analysis

via micrographs, and X-ray Computed Tomography (XCT) of the printed cylinders

to analyze internal defects such as porosity. This chapter summarizes how the test

specimens were prepared, how the testing processes were completed, and the final

results.

5.1.1 Thin-wall tensile test specimens

Before tensile test specimens could be machined out of the single-bead multi-layer

walls, it first had to be determined how much material needs to be removed from

the sides until the loafing zone has been completely removed. This had to be done

incrementally, making this a relatively slow process. Two approaches were tried to

get the printed walls machined into flat pieces: vertical thin-wall milling and face

milling.

For the thin-wall milling approach, thickness measurements of the walls were taken

as well as measurements to estimate the depth of the loafing region. The substrate

was then placed in a vice in the Mori Seiki. Due to the warp of the substrate, the walls

would not stand straight inside the vice on top of the parallels. To adjust for any tilt,

the B and C axes in the Mori Seiki were unlocked, the cutting tool was lowered next

to the wall, and the B and C rotations were manually manipulated until the proper

orientation was established. Thin-wall milling techniques for aluminum were used to

create a tool path that would result in the least amount of chatter. This strategy
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requires for the part to be machined to the final dimensions at each Z-level to keep it

as stiff as possible throughout the machining process to avoid chatter. The part was

created in Fusion 360, the stock dimensions were estimated based on measurements,

and the G-code was created. The tool paths and final machined first block in this

manner are shown in figure 5.1.

Figure 5.1: Thin-wall machining tool path for removal of loading regions (left) and
final machined magnesium wall with 4 mm thickness (right).

As can be seen in figure 5.1, even though great care was take in finding the center

of the part, the actual centerline of the wall was missed. If the entire process of

deposition and machining were done on a thicker substrate and on a machine with

integrated milling capabilities, this of course would not happen. Additionally, it

was fortunate that in the case of this first sample, all loafing zones were completely

removed, and tensile test specimens could now be produced. The second wall that

was machined with this method encountered the problem of still showing divots from

the loafing zones. This required additional machining of the now even thinner wall.

The very low elastic modulus of the material, along with a very small required depth
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of cut, made the danger of severe chatter even higher. As expected, chatter was

unavoidable. Figure 5.2 displays the severity of the chatter.

Figure 5.2: Severe chatter marks caused by insufficient depth of cut during thin wall
machining of AZ61a.

Fortunately, most of the part could later be saved and used for tensile test coupon

production. To avoid potentially losing any additional samples due to chatter, the

remaining walls were machined differently. The walls were removed from the sub-

strate, secured in a machine vice oriented on their sides, and then face milled until

no loafing zone defects remained. This method completely removed the presence of

chatter instabilities.

For continuity in tensile testing, all printed walls were machined down to a thickness

of 3 mm each. Subsized tensile test specimens were then removed from these blocks

using Wire Electrical Discharge Machining (WEDM). These samples were machined

in two orientation: normal to the tensile test pull force and in-line with the pull force.

Figure 5.3-left shows the dimensions of the 3 mm thick samples, having a total length

of 40 mm and a gauge length of 12.5 mm. The right image of figure 5.3 shows the
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extracted samples from wall A. The lines on the left-most sample indicate the print

direction of the wall. The middle 5 samples show how the samples looked directly

after WEDM and the far-right sample depicted shows a cleaned specimen ready for

testing.

Figure 5.3: Subsized tensile test coupon dimensions for printed wall samples (left)
and example of extracted samples from wall A (right).

Samples from walls B, C, and D were extracted in the same manner. Samples from

walls A and C were extracted with layers deposited normal to the tensile test pull

force direction while samples from wall B and D will had the load applied in-line with

the printed direction. Figure 5.4 depicts the samples extracted from walls B and C

in the left and middle images, respectively. The right image in figure 5.4 shows how

the samples were directly extracted from staggered wall D and were prepared to have

the tensile test pull force in line with the deposition direction. In the case of walls A

and C, the samples were extracted vertically.

Figure 5.4: Tensile test coupons extracted via wEDM from wall B (left), wall C
(middle), and wall D(right).
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5.1.2 Multi-row/multi-layer tensile test specimens

The tensile test specimens were removed slightly different from the large blocks.

Instead of milling the printed blocks down to the desired thickness first, WEDM was

used to cut out the outline of ASTM E8 standard tensile test coupons that were

the thickness of the entire block plus the substrate. The resulting parts were then

further cut using WEDM to the desired thickness of 6 mm. Figure 5.5 displays the

dimensions of the specimens in the right image and the obtained samples from the

top layer (A) of the block in the left image. Figure 5.6 shows the extracted samples

along with their block of origin.

Figure 5.5: Tensile test specimens extracted from large magnesium block printed with
short beads (left) and dimensions for ASTM-E8 subsize tensile test specimens (right).

Figure 5.6: Example of wEDM tensile test coupon extraction from large WAAM
printed magnesium blocks.

The same method was applied to the block that was printed in-line with the tensile

pull force direction. The block and tensile specimen examples from that block are

shown in Figure 5.7 on the left and right, respectively. As can be seen in the right
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image, this method did result in visible defects, as expected. The fluidity of the

material during these long deposition paths led to the lack of fusion between parts of

layers, which resulted in voids. However, these samples were still tested and provided

good results.

Figure 5.7: Long-bead printed magnesium block (left) and resulting tensile test sam-
ples after being extracted via wEDM (right).

5.1.3 Hollow-cylinder machining

The printed hollow-cylinders were machined in a similar method used in the prepa-

ration of the thin-wall samples. The substrate was clamped in the Mori Seiki using

toe-clamps. The substrate was only slightly warped in this case and the forces ap-

plied by the clamps flattened it out in the machine. The center of the cylinders was

determined by inspection. Due to the uneven surface of these printed parts, probes

can'y be used to find the exact center, thus a manual method was employed. Once

the center was set, the outside walls of the cylinders were incrementally reduced until

no defects from the loafing zone were visible. The process was then repeated for the

internal walls of the cylinders. The threat of chatter in these cases was not present

due to the shape of the part being machined. No chatter was encountered, even

during the machining of the smallest cylinder, which had a wall thickness of only 1.5

mm. The left image in figure 5.8 shows two of the printed parts in the Mori Seiki,

and the right image shows the final machined cylinders.
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Figure 5.8: AZ31b Substrate with high and low-IER printed AZ61a cylinders fastened
in the Mori Seiki ready for outer layer removal (left) and finished machined parts
(right).

The parts were then removed from the substrates with a vertical band saw. Before

machining, the larger cylinder had height of 7.5 cm, and inner and outer diameters

of 6 cm and 4.2 cm, respectively. The final machined cylinder had a height of 6 cm,

a wall thickness of 4 mm, and an outer diameter of 5.4 cm. The smaller cylinder

started with a height of 5.4 cm and an outer and inner diameter of 5.3 cm and 4.7

cm, respectively. A final machined height of 3.5 cm, with a wall thickness of 1.5 mm

and an outer diameter of 5.1 cm were obtained. It should be noted that the final wall

thicknesses of both these cylinders could have been more if the center of the prints

could have been more efficiently established. Figure 5.9 shows the parts removed from

the substrate. By visual inspection no surface defects were found.
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Figure 5.9: Final machined hollow-cylinders printed from AZ61a magnesium after
being removed from the substrate.

Porosity and other internal defects were to be examined for the thicker walled

cylinder via XCT scans. To ensure that a small enough voxel size can be used on the

test machine, this large cylinder had to be cut into further sections. The cylinder was

placed in a lathe and parted to create one continuous section with the height of 23

mm. This part can be seen in the right image of figure 5.10. The remainder of the

cylinder was then cut into sections on a vertical band saw in 30-degree increments.

The smaller size of these samples will ensure that the smallest voxel size possible can

be used while still capturing the whole piece. These cut sections are displayed in the

right image of figure 5.10.
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Figure 5.10: Whole cylindrical magnesium sample for XCT scan (left) and cylin-
der segments extracted from AZ61a printed cylinder for higher resolution XCT scan
(right).

5.2 Tensile test results

5.2.1 Thin-wall tensile test results

Tensile testing of the subsized samples extracted from the printed magnesium walls

was performed on an Instron 5582. The samples were cleaned prior to testing to

remove any surface material and to inspect for any surface defects that might be

present. Tests were performed at a standard testing rate of 5.08 mm/min. A total

of 13 tensile tests were performed for the normal-to-pull-force test group from walls

A and C, with 6 samples coming from wall A and 7 from wall C. The combined

stress-strain curves for all these samples is shown in figure 5.11.
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Figure 5.11: Stress-strain curves for 13 samples extracted from different magnesium
walls with build deposition direction normal to the tensile test force.

As can be seen in the figure, the test results showed excellent repeatability for all

the samples for the elastic region and through the plastic deformation region, making

it almost impossible to distinguish between the data sets. The yield strengths (YS)

for these tests lies between 113 MPa and 120 MPa, with a mean YS of 116 MPa. The

only thing that set these test results apparat was the ultimate fracture point. Tables

5.1 and 5.2 show the fracture points of the samples and figure 5.12 displays a scatter

plot of that data. The lowest fracture point occurred at 257 MPa with 0.1466 percent

elongation and the largest fracture point occurred at 266 MPa with 0.1668 percent

elongation. It should be noted that magnesium and magnesium-aluminum alloys show

anelastic behavior, making the estimation of yield stresses and elastic moduli more

challenging than with materials that display perfectly linear elastic behavior. For the

0.2% offset, the secant method was used in this study.
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Table 5.1: Stress and strain at fracture point of tensile test samples from Wall A

S1 S2 S3 S4 S5 S6

Stress (MPa) 261 258 265 266 266 263

Strain 0.163 0.139 0.189 0.175 0.167 0.158

Table 5.2: Stress and strain at fracture point of tensile test samples from Wall C

S1 S2 S3 S4 S5 S6 S7

Stress (MPa) 264 265 262 259 257 265 260

Strain 0.169 0.172 0.162 0.138 0.147 0.170 0.163

Figure 5.12: Scatter plot of fracture points for tensile test specimens from Walls A
and C.

Ten tensile tests were performed for the parallel-to-pull-force test group from Walls

B and D, with 6 samples coming from Wall B and 4 from Wall D. Figure 5.13 shows

the combined stress-strain curves for 6 samples of Wall B and 3 samples from Wall

D. One test result was omitted from these results due to apparent gripping issues at
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the beginning of the test, even though the test result was very similar to those of the

rest.

Figure 5.13: Stress-strain curves for 9 samples extracted from magnesium walls with
build deposition direction in-line with the tensile test force.

Results for this group added an additional interesting find. While the results for

wall B showed the same range of YS as the previously presented samples, ranging

from 113 MPa to 122 MPa with a mean YS of 117 MPa, the determined YS of

the three samples that came out of Wall D were slightly lower, with YS values of

approximately 102 MPa to 106 MPa. This can be explained by examining the key

difference in deposition for these two walls: the torch travel speed. It has been shown

by Dong et. al [90], that an increase in TTS at the same IER can lead to a reduced

YS. In their experiment, an increase in TTS from 402 mm/min to 600 mm/min at

constant WFS resulted in a decrease in YS from 282 MPa to 261 MPa. In this

experiment, wall B was deposited at the same set welding parameters as wall D, but

wall B was deposited with a TTS of 300 mm/min while wall D was deposited with a

TTS of 450 mm/min this resulting in a lowered YS.

As with the normal-to-pull-force group before, the main difference between the

tensile test results for walls B and D are the fracture points, which are shown in
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figure 5.14. Most of the samples fractured at a similar stress as those determined

before, with the exception of some of the samples from wall B. This can be explained

by examining the machining challenge encountered when this sample was created,

which was previously shown in figure 5.2. This wall suffered from extreme chatter

problems during machining. It is very likely that due to the high magnitude and

repeated impact from chatter that this wall exposed to, that cracks were created

within the sample at some locations. These cracks would result in the lower fracture

strength that was seen in this experiment. Table 5.3 shows the fracture points of

these samples and figure 5.14 displays a scatter plot of that data.

Figure 5.14: Scatter plot of fracture points for tensile test specimens from Walls B
and D.

Table 5.3: Stress and strain at fracture point of tensile test samples from Walls B
and D

B-S1 B-S2 B-S3 B-S4 B-S5 B-S6 D-S1 D-S2 D-S3

Stress (MPa) 233 252 267 171 152 260 259 270 269

Strain 0.095 0.132 0.160 0.036 0.026 0.163 0.155 0.187 0.189
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5.2.2 Large-block tensile test results

Tensile tests for the larger samples were again performed in the Instron 5582. The

short-bead specimens with the print direction normal to the pull force were tested

first. Tensile testing for these samples was considerably more challenging. Initial

tests failed due to clamping issues. As can be seen in figure 5.15, the material was so

soft that the Instron clamps could not hold on to the samples because they deformed

the material. The cross-sectional area for these samples was four times larger than

that of the thin-wall samples, and the increased required force from the Instron made

it much harder for the clamps to hold on. This problem was mostly corrected when

subsequent test specimens had a slightly larger portion of the grip length inserted

into the clamps. Testing the samples with the longer grip length did not suffer from

this problem as frequently, but unfortunately multiple data sets obtained from the

Instron were not usable due to the clear presence of slipping of the sample. Figure

5.15 gives and example of how the clamps were unable to hold on to the samples

causing many of them to slip during testing.

Figure 5.15: Damaged tensile test specimen grip due to slippage in the Instron 5582
clamps as tensile test force was applied.

Figure 5.16, left image, displays the combined test results for all samples that were

extracted from the MRML blocks. As can be seen, one of these samples suffered from
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minor oscillations in the elastic region but still yielded usable results in line with the

other data. The yield strength for the material was determined to be in the range of

120 MPa to 130 MPa. Determination of the exact ultimate tensile strength proved

problematic due to fracture of these samples occurring at different stress magnitudes.

This is due to the crack propagation that takes place inside these sample during the

strain-hardening phase of the tensile test. Voids in these samples can be in the form

of different size cracks, and their size and location will ultimately determine when the

specimen fails. Since these samples were machined out of large printed blocks with

dozens of overlapping beads, the chances of larger defects occurring were great. SEM

analysis performed after these tensile tests was able to identify some of the internal

defects that ultimately led to the premature fracture of the material. Even with this

shortcoming, the material behavior in the elastic region during these tests remained

consistent for all samples. The pattern in the plastic region also remained the same,

with the primary difference being the point of fracture. The highest measured stress

at the point of fracture was 174 MPa for the small-bead group, while the long-bead

specimens, that were printed in-line with the Instron pull direction, reached a stress

of up to 217 MPa before fracture. As previously stated, the long-bead samples also

had minor cracks, but since these cracks were in-line with the applied test force, the

cracks did not propagate across the test area as the material had better continuity

along the direction of the pull force.
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Figure 5.16: Stress-strain curve for coupons extracted from MRML blocks printed
with short-beads normal to the tensile pull force direction and long-beads in line with
the pull force direction.

5.3 SEM and microstructure results

5.3.1 SEM analysis

SEM analysis was performed on the fracture surface. This was not only used to

determine the material behavior, but also to inspect the material for imperfections

left behind from the deposition process. The following figures inspect the fracture

surfaces of MRML blocks. Figure 5.17 shows two images of the fully fused surface

of single wall and MRML block fracture surfaces, with the equiaxed dimples present

demonstrating the behavior of ductile material.
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Figure 5.17: SEM images of the fracture surface of tensile test specimens extracted
from thin walls (left) and of test coupons extracted from large MRML blocks (right).

The imperfections found during the SEM investigation were considerably more

interesting. One of the biggest problems in both welding-AM and powder-bed AM, is

the presence of spatter. Spatter can form quickly and spread to different build areas

on a part. Spatter is especially a concern when working with magnesium, which is very

difficult to control, especially at a rapid deposition rate and high temperatures. As

mentioned before, due to the low viscosity of the magnesium alloy, it has the tendency

to flow over previously deposited material before it solidifies, instead of solidifying

with the weld pool. One of the dangers with this is that it could potentially trap soot

or spatter inside the built part. When this happens, that trapped spatter ball creates

a large air pocket inside the part. Figure 5.18 shows what appears to be a trapper

spatter ball inside the structure. There is no fusion between surfaces surrounding this

spatter ball as it created an air pocket around it when the melted magnesium solidified

on top of it. This spatter ball is very small, only 20 µm to 40 µm in diameter, but it

still managed to stay intact and cause this defect. In this research, magnesium spatter

balls with diameters of up to 4 mm were observed when the process parameters were

not being controlled properly. When the size of the spatter is that large, it is easily

visible by the human eye. It can therefore be easily removed from the part before the



86

next layer is being added. Of course, this correction can only take place if the spatter

was not already trapped underneath a side flow layer of material.

Figure 5.18: SEM image of a trapped spatter ball inside the welded material located
at the fracture surface.

The presence of smaller cracks and hollow voids was also discovered, as can be

seen in Figure 5.19. The left side of the image shows a small crack in the surface.

Cracks and delamination are frequent defects in welding operations. These cracks

can form during the cooling process or can develop from voids that are present post

welding due to trapped gas. The crack in this image was almost 0.1 mm in length.

The right image in figure 5.19 shows the presence of a considerably larger internal

void. This void could either also stem from trapped gas or could be a channel crack

that is present due to improper fusion when a channel layer was deposited. All

these imperfections could be removed, but as mentioned before, this would require a

custom-built inverter that can be specifically tuned for the deposition of this material.

Commercially available machines can do a decent job with single or double stacked

beads, but for multi-layer deposition, a custom machine would be required.
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Figure 5.19: SEM images of the tensile test fracture surface revealing defects such as
cracks (left) and voids (right).

SEM images were also taken of the thin-wall specimen fracture surfaces. As with

the MRML blocks, the observed equiaxed dimples at the fracture surface indicate

ductile behavior. Unlike with the MRML blocks, fusion occurred throughout the

fracture surface, indicating that material failure at the fracture point for the thin-

wall samples was not due to large defects as it was the case with the MRML blocks.

These can be seen in figure 5.20.

Figure 5.20: Fracture surface SEM images for thin-wall printed magnesium samples
at 2,000x (left) and 200x (right).

5.3.2 Microstructure analysis

Optical micrographs were obtained from both the wall specimens and the large

block specimens. Analyses were performed to examine the grain structure for the
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printed magnesium. Samples were prepared with sandpaper and subsequently pol-

ished. For etching of the AZ61a weld wire, it was found that a Nital solution was

able to achieve the desired results. Two and four percent Nital solutions were used

depending on the sample that was being investigated. The necessary etching time

was 5 to 10 seconds with the four-percent solution and up to 35 seconds with the

two-percent solution. These agents only worked for the AZ61a samples, which was

found while attempting the analysis of the interface between the AZ61a wire material

and the AZ31b substrate. A Picral etchant solution was tested to etch both materials

simultaneously but was also not able to etch the substrate. However, the Picral agent

was able clearly etch both the AZ61a and the interfacial layer towards the substrate,

as will be seen later this section. After unsuccessful attempts to etch the substrate

with the recommended etchants, Keller's solution, typically used on Aluminum, was

introduced and provided excellent results for the substrate by immersing the sam-

ple for 30 seconds. While this worked for the substrate, this etchant decimated the

AZ61a material. Thus, the analysis of the interface between substrate and weld ma-

terial is done using three different etchants and across three separate micrographs.

This analysis is located at the end of this section.

The following figures show images of the micrographs obtained for the thin-wall

printed weld material samples that were analyzed. The Image Processing software

Fiji-ImageJ was used to determine the average grain size for the samples that were

manufactured in this manner. Some samples were also analyzed via the trainable

segmentation software WEKA to get a clearer view of the final results. The AM

material analysis is broken up into two section: the bulk material and the fusion

zone material. As layers are added to the parts, reheating of material occurs and

changes the microstructure in the interface-fusion area between these layers. This

results in significant grain refinement at this interface between the deposited layers,

as can be seen in the right image of figure 5.21. Figure 5.22 shows bulk-material
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microstructure away from the interface of the AM material for both below the interface

(top right) and above the interface (top left). The bottom images in figure 5.22 show

these images after being analyzed by WEKA. This was done primarily to determine

the percentages of the magnesium rich α-phase and the precipitated β-phase, which

consists of Al12Mg17, that are present in these samples. The α and β-phases are

identified in the left image of figure 5.21.

Figure 5.21: Identification of the magnesium rich α-phase and the Al12Mg17 β-phase
of the microstructure (left) and the interface between two AZ61 layers showing the
grain refinement at the interface due to heterogeneous nucleation due to the presence
of dispersoid particles and the grain growth away from the interface layer toward the
bulk material (right).
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Figure 5.22: Microstructure and WEKA analysis of the bulk material above the
AZ61a bead interface (left) and below the bead interface (right), used to determine
grain size and phase composition.

The three classes shown in the WEKA images are α-phase grains, β-phase pre-

cipitates, and grain boundaries. By analyzing the pixel count for each class, it was

established that the β-phase comprises 6.6% of the microstructure by volume, which

yields a calculated weight percentage of 8.0%. Literature reviews and phase-diagram

analysis of magnesium-aluminum-zinc alloys resulted in an expected AZ61a β-phase

content of 7.5%, showing that the trained WEKA model accomplished its purpose.

An average grain size of 35 µm to 40 µm for the bulk-material was determined.

The grain-size in the newly deposited material on the top layer refines downward

to as little as 15 µm at the interface. Due to the small weld wire, the pre-weld

microstructure can't be determined. However, Rajakumar et al [101] did a similar

analysis of weld joints when joining two thin AZ61a plates using pulsed-GTMW. In

this analysis they found that the AZ61a pre-weld material had a grain diameter of

about 38 µm. Thus, while the bulk-material exhibited no change in grain size, a
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considerable grain size decrease as high as 23 µm, or 61 percent, was observed at

the interface. The reason for the formation of this fine-grain layer was studied by

Ram et al. [162] while investigating this fusion zone grain refinement in aluminum

welds. Before welding, there are dispersoid particles in the material. These particles

are usually dissolved by the heat of the welding process, but in a small region at the

interface they survive without getting melted. Since the interface region has unique

fluid flow and thermal conditions when compared to the rest of the weld material,

these dispersoids are not dissolved and are also not pushed into the bulk of the weld

pool. Therefore, it is by heterogeneous nucleation on these particles that these fine

grains at the interface are created. Additional micrographs for the thin-walled samples

are shown in Appendix D.

The following figures show the results of the microstructure analysis performed on

samples from the larger MRML blocks. ImageJ was used again to determine the

grain size for these samples. Figure 5.23 shows an example of the microstructure of

these samples. A grain size of 12.1 µm was determined on average, with a sample

measurement standard deviation of 1.1 µm. Figure 5.24 shows an additional data set

from a different sample analyzed with a different optical microscope demonstrating

the repeatable results. Our large block samples show significant grain refinement

throughout, as the grain size was reduced by close to a factor of 3.5. This is most

likely due to the relatively rapid cooling process. Since only one bead at a time was

deposited with considerable interpass time being allowed, plus the addition of forced

convective cooling, the bead loses its heat fast due to conduction to the surrounding

material and due to the forced convection by the externally mounted fan. The pres-

ence of β-phase precipitates is prominently present in these images as well. It should

be noted that grain refinement for the PGTMW method used in [67] resulted in a

grain refinement down to 28 µm.

The difference in welded material grain size between the thin-wall and MRML
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samples is substantial. The reason for this was discussed in the literature and [8].

When building multilayer structures, the directions in which heat transfer can occur

decreases, especially for conduction heat transfer. This is even more true for the

single-bead thin walls that were being printed, where the only direction that conduc-

tion can take place is downward. For the MRML blocks, however, heat transfer can

occur to both adjacent beads in the addition to downward into the thicker material

and substrate. A simple heat transfer model was created in COMSOL multiphysics to

demonstrate how the shape of the part being printed impacts the cooling rates, which

in turn will impact the microstructure, as is the case in this work. The results of this

model are shown in Appendix F. Additionally, convective cooling was not applied to

the thin-walled builds. Due to all these reasons, the heat removal rate for the MRML

prints is considerably higher throughout the process, which in turn results in more

grain refinement.

Figure 5.23: Optical micrograph of large welded magnesium block AM material etched
with a 2% Nital solution for 35 seconds.
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Figure 5.24: Optical micrograph of MRML magnesium block 100x etched with a 4%
Nital solution for 10 seconds, showing good grain refinement for these thick printed
blocks.

Lastly, an attempt was made to inspect the interface between the AZ31b substrate

and the AZ61a welding material. For this analysis, samples from the MRML blocks

were used because the higher input energy used while building these blocks led to

deeper penetration of the substrate. Unfortunately, it was not possible to etch both

materials using the available etchants, as explained at the beginning of this section.

Figure 5.25 displays the interface after etching with the originally used 4% Nital

solution. As can be seen in figure 5.25 (left), the weld wire material on top was nicely

etched while the substrate material was unaffected by the agent. The right image in

figure 5.25 shows the interface after polishing.
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Figure 5.25: Interface between AZ31b substrate and AZ61a weld wire after etching
with 2% Nital solution (left) and after polishing (right).

Using Picral Etch, which consists of 4% picric acid in ethanol, it was possible to

clearly define both the AZ61a material, the interface boundary, and the interfacial

layer. Figure 5.26 shows these zones of the interface region. As can be seen, the

AZ31b substrate is not affected by the etchant. As is the case with many joining

methods of two materials, there sometimes forms a thin oxide layer between the

material from metal vapor. This thin layer appears only at the substrate to AM

material interfaces and was not observed in any micrographs containing only AM

material. The interfacial layer observed in figure 5.26 is also unique to the interfaces

with the substrate. This layer is formed due to the differences in the materials. Even

though AZ61a and AZ31b differ in material composition only by their individual

aluminum content, this layer still forms. The particles of the two materials are mixed

via fusion at the interface of the weld pool.
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Figure 5.26: AZ31b-AZ61a interface from a MRML block etched with Picral etchant
showing the development of a interfacial layer between the two alloys as well as grain
refinement of the weld material down to 6 microns.

A third etchant had to be included in order to get the microstructure of the base-

plate itself, AZ31b-H24. It is speculated that the heat treatment of this material

is what made the etching process more challenging. Keller's Etchant, which is the

ASTME Standard E-407 etchant for aluminum, was used on the interface surface.

While this etchant provided good results for the AZ31b substrate, it destroyed the

microstructure image of the AZ61a, as can be seen in figure 5.27. The micrograph

of the substrate itself can be seen in the left image of figure 5.28, while the WEKA

trained image can be seen in the right image of the same figure.
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Figure 5.27: AZ31b-AZ61a interface etched with Kellers agent, which defined the
grain boundaries of the AZ31b substrate but damaged with the interfacial layer and
the AZ61a filler metal.

Figure 5.28: Micrograph and trained WEKA image of the bulk AZ31b microstructure.

Close to the interface, grain sizes are in the range of 6 to 8 µm. Moving away from

the interface, these grains grow up toward 14 to 16 µm. As indicated in the name,

H24, the substrate was partially strain hardened, resulting in the finer overall grain

size seen away from the interface in the not affected zone. Grain refinement towards

the interface was again also present in for the substrate.
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5.4 XCT scan results - porosity

The thick-walled printed magnesium cylinder test specimens depicted in figure

5.10 were analyzed with a Zeiss Metrotom 800 CT scanner. The smaller sections

were analyzed with a voxel size of 20 µm and by layer spacings measuring the same

length. The larger ring was analyzed with a voxel size of 46 µm with the same length

used for layer spacing. The data was analyzed using Image Processing in the 3D

Segmentation module WEKA in Fiji-ImageJ to determine the %-porosity for this

magnesium manufacturing method. Not much data exists on porosity in the arc

welding of magnesium, so past research done on aluminum in GMAW was used to

have a direct method comparison for the results of this study. In aluminum welding,

a first-grade weld criteria part should have less than 0.5 %-porosity [163]. For TIG

welding of magnesium, the best porosity measurements of 0.03% to 0.8% have been

reported.

The image stack for each individual small section was uploaded and a training

sequence was established. The three classes that the software was trained to detect

were material, voids, and background. Gaussian blur, Mean, Variance, and Median

training features were implemented for the qualification of the three class types. The

Difference of Gaussian training feature was added to aid in the detection of borders.

The training of the program was completed in iterative steps until comparison between

the raw-data images and the trained-data images yielded a satisfactory result. Three

separate training programs were created and executed for each of the cylinder sections,

and the results for porosity were recorded. Figure 5.29 shows two examples of how

the trained final program was able to detect even the smallest voids. Voids in the raw

images that were virtually undetectable were picked up by the trained software. For

easier reference, some of the voids in the raw-image have been circled in red.
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Figure 5.29: Example of two CT scan layers and their trained 3D WEKA Segmenta-
tion results for void and material identification to determine porosity of the printed
cylinder segments.

After the final iteration of each training program, the %-porosity was determined

in two ways. A histogram was created detailing the pixel count for each of the three

classes. This histogram program includes the pixel count for all the image slices that

were included in the image sequence being analyzed. The background pixel count is

removed from the data, and based on the material and void classes the %-porosity is

calculated. A MATLAB code was then written to calculate and plot the %-porosity

for each individual layer and plot the results. As previously stated, these steps were

taken for all 3 times the WEKA program was trained and the mean results are being

presented in this paper.

The first segment being analyzed had a total part porosity of 0.039 %. The 3D

image-stack representation of this part can be seen in figure 5.30, left image. For

segment 1, 77 % of all layers have a porosity below 0.04 %, as shown in the right

image of figure 5.31. The layer with the highest porosity of 0.42 % porosity was
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located and analyzed. This layer can be seen in the right image of figure 5.30. As can

be seen in this figure, the defect is non-circular in nature and could have come from

an overlapping-loafing issue during deposition caused by a defect in the weld wire.

Figure 5.30: 3D representation of combined image sequence of layers from cylinder
segment 1 (left) and the layer containing the highest %-porosity from segment 1
(right).

Figure 5.31: Percent porosity for segment 1 by layer slice along the length of the part
(left) and frequency of percent porosity for segment 1 (right).

The other two cylinder segments were analyzed in the same way as the first. The

porosity for the entire volume of section 2 was 0.039 %, with 66 % of all layers having

a porosity of below 0.04 %. Figure 5.32 shows both the %-porosity by layer (left) and

the histogram of the data (right). Section 3 had an elevated total porosity for the
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part volume of 0.07 %. Additionally, this segment also only has 50% of its layers with

a porosity percentage of under 0.04 %. This section was part of a closure-zone while

printing the part, which explains the increased porosity and size of defect. Figure

5.33 displays the data plots for this section. The largest defect from section 3 can be

seen in figure 5.34. It is a perfectly circular defect with a radius of 0.76 mm, making

it by far the biggest defect detected in any of the parts, but is by no means much

larger than defects found in normal welding operations. It can be assumed that this

defect occurred due to contaminants on the weld wire as the circular void indicates a

trapped gas bubble. Additionally, since this location is at a closure juncture, there is

already a layer of deposited vapor covering the material from when deposition began,

further increasing the risk of such a defect. In order to remove such closure-zone

defects, that region would need to be cleaned before closure occurs, which could be

possible with an add-on to a CNC.

Figure 5.32: Cylinder segment 2 porosity by layer along the length of the part (left)
and segment 3 porosity by layer (right).
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Figure 5.33: Cylinder segment 3 porosity by layer along the length of the part (left)
and segment 3 porosity by layer (right).

Figure 5.34: Large internal defect in cylinder segment 3 caused by the magnesium
oxide layer that was deposited onto the bottom bead at the beginning of the new
layer.

Analysis of the larger ring that was scanned with a voxel size of 46 µm was per-

formed. Initial image inspection showed virtually no porosity, with a few exceptions.

Due to this, the percent porosity for this specimen is not being reported because it

would provide too low results. However, these scans did show the closure regions that

were discussed earlier. Figure 5.35 shows the complete scan of the ring along with the

marked closure regions for this printed part. For this cylinder print, the layer start

locations were spaced 180 degrees apart, which in the case of the scan is the top and
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the bottom region of the image. Figure 5.36 shows a close up view of the defects that

occur in these zones at the interfaces between beads.

Figure 5.35: CT scan with 46 µm voxel size of cylinder indicating the location of the
closure-zones for the printed part and the expected defects within this zones.

Figure 5.36: Top and bottom closure-zone defects during bead closure.



CHAPTER 6: MODELING OF MATERIAL DEPOSITION AND HEAT

TRANSFER

Developing a new manufacturing method is a time consuming process. It is often

beneficial to be able to create predictive models once the basic methodology of the

developed process has been established. Instead of conducting numerous experiments,

simulations can be used to predict what the outcome would be when certain input

parameters are changed. For this exact same purpose, a multiphysics FEA model

of the welding-AM deposition process was developed as part of this research. With

this model, the thermal history of the printed part can be studied to determine

appropriate interpass cooling times to avoid overheating issues. Additionally, the

correct thickness of substrate can be selected given the desired input to reduce the

chance of part distortion which can lead to internal cracking and delamination of

the deposited layers. The model presented in this chapter is the first step towards a

sequentially coupled thermo-mechanical simulation that can predict the heat-transfer,

thermal expansion, and residual stresses remaining in multilayer WAAM produced

parts. The model uses the same energy inputs, deposition parameters, and geometry

of beads and substrates in order to eventually use it to predict how changes in input

parameters will alter the part quality and strength.

6.1 Model geometry

Modelling of the welding process is inherently complicated as it involves multiple

physics aspects, multiple transient heat transfer aspects, as well as a unique material

deposition method. The material deposition in MIG welding is not via the conversion

of material from one state into the next at the same location, such as in LPBF.
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Instead, the filler material drops at random time steps from the tip of the weld wire

onto the substrate. The substrate is heated up with the welding arc so that the weld

droplets can fuse with it. COMSOL Multiphysics was used to setup a model that

could simulated the material deposition and calculate the heat transfer, thus tracking

the thermal history of the part. The primary goal was to develop a model that would

get as close as possible to simulating the deposition process and subsequent heat

transfer as it would occur in real life. The FEA model includes a 20 cm x 10 cm x

1 cm substrate onto which 9 beads are deposited, similar to how the MRML blocks

were built in the experimental section. The geometry for the simulation can be seen

in figure 6.1.

Figure 6.1: Model Geometry for additive welding operation consisting of a substrate
with nine weld beads deposited in a 3x3 layer configuration.

The individual beads have a width of 8 mm, a height of 6 mm, and a length of 150

mm. They are deposited with the torch moving in the positive x-direction. Figure

6.2 shows the order in which the beads are deposited. Beads 1, 6 and 7 are deposited

at y = -8 mm, beads 2, 5 and 8 are deposited at y = 0 mm, and beads 3, 4 and

9 are deposited at y = 8 mm. Therefore, this simulation would be equivalent to a
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zero-percent overlap deposition method.

Figure 6.2: Order of the bead deposition for the FEA simulation.

6.2 Heat sources and material deposition

The primary heat source used in this simulation is the Goldak double-ellipsoid

model [111]. The governing equations for the front and the rear halves of the heat

source are represented by equations 6.2 and 6.3. The total input power in this sim-

ulation is 2700 W, which is the power provided by the welder. It is assumed that

this power gets split into two parts: heat to melt the weld wire and heat to melt

the substrate, thus creating the base of the weld pool. For initial calculation, it was

assumed that the weld wire would fall off the weld wire when it reached 50 K above

its melting temperature, which occurs at a temperature of 973 K. Equation 6.1 was

used to determine the total energy required to get each bead to this temperature.

Jinput = Lwhρ(CP∆T +Hf ) (6.1)

L, w, and h represent the length, width, and height of a bead, respectively. ρ and

CP are the density and specific heat capacity, while ∆Hf is the latent heat of fusion.
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With the change in temperature of 678 K, the total input energy required to get the

entire bead to a melted temperature of 923 K is 10,831 J. Given the time per bead

deposition of 11.25 s, this means that 962 W from the total input power are used

to get the bead to its droplet temperature and 1737 W are utilized to penetrate and

melt the substrate material, which is the magnitude of Q in equations 6.2 and 6.3 of

the Goldak heat source.

As previously stated, the Goldak heat transfer model is split up into two halves,

one representing the front half of the ellipsoid and one representing the back half. In

equations 6.2 and 6.3, ff and fr represent the fractional factors of the deposited heat.

The constraint ff + fr = 2 must be maintained. The ellipsoid gets its shape from the

constants a, b, cr, and cf . The constant a represents the maximum half-width of the

heat source, 4mm, and the constant b represents the maximum penetration depth of

the heat source, 4 mm. The length of the front section is represented by cf , 4 mm,

and the length of the rear section is represented by cr, 16 mm. xfocus, yfocus, and

zfocus represent the center of the double ellipsoid as it moves along the weld path.

The weld path in this simulation is along the x direction. A image depicting the

contour shape of the heat source is provided in figure 6.3.
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Figure 6.3: Goldak double-ellipsoid heat input contour plot showing how the heat
distribution across the double-ellipsoid volume is being applied to the heated layers.

The velocity of the heat source, xfocus, for this simulation was 0.0133 m/s, or 800

mm/min. The model was set up so that different weld conditions could be simulated

by having to change as few parameters as possible. The parameter bead-time is

calculated by dividing the length of the bead by the velocity of the heat source. The

interpass-time, which is the parameter that sets the time between bead deposition,

can be set to the desired duration. Using these two variables the parameters for the

welding start and end times of the beads are automatically calculated. The start and

end times of the beads are used in the piecewise functions that computes xfocus and

yfocus. While the yfocus piecewise function only switched between the constants that

represent the three possible center y-locations of the beads (-8mm, 0 mm, 8 mm), the

xfocus piecewise function was a simple linear position function of time. For example,

the xfocus function for bead 2 was xfocus2 = -0.075[m] + vel*(t-t2start).

The Goldak functions f1 and f2 were constrained both in time and space to lower

computational costs. The values of f1 and f2 were only calculated for each bead

during the actual deposition process. Additionally, the computational region for the

heat input was also restricted to nodes with coordinates xyz that were within the
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double ellipsoid volume during the current time step. The Goldak heat input was

also restricted to the substrate, or to the previously deposited bead onto which the

new bead is being deposited. This was done to simulate only the heat input caused

by the welding arc. The heating/melting of the bead material itself will be discussed

later in this chapter. Lastly, in order to make the simulation results smoother, the

heat input was ramped-up and ramped-down at the beginning and end of each bead.

This was done with the addition of a smoothed step function with a transition zone

of 100 ms.

As mentioned in the chapter introduction, depositing material in a welding simu-

lation is not simply a matter of converting already present material in one form into

another form (powder - liquid - solid). Welding involves the deposition of new mate-

rial. What was not there before, must suddenly appear, and do so in a physical state

representing reality. Several steps were taken to simulate this process as realistically

as possible. A bead activation function, bead-function, was created to activate the

elements as they would appear during deposition. This was done by activating the

elements as a function of xfocus position, time, and domain. The first few terms of

this function are shown in equation 6.4, with activation of the remaining 7 beads

following the same logic.

f(bead) = (Xfocus > X)∗(dom == 13)+(Xfocus2 > X)∗(dom == 16)∗(t > t2start)+...

(6.4)

This function, along with the COMSOL constraint solid.wasactive, was used in the

Solid Mechanics Element Activation setting. Only domains representing the individ-

ual beads were selected for this function. Elements that are not active are simulated as

being air, with the proper properties assigned to them by the function. For example,

to switch between the density of metal and the density of air during element activation,
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the material property activation function if(solid.isactive,mat1.def.rho(T),mat2.def.rho-

gas(T)) was used. This had to be done because all elements that constitute the final

geometry of the part had to be included in the domain and mesh of the model at

every time step. Thus, even though the elements are not active, heat transfer is being

calculated for them. This made the process more challenging as will be shown in

the following section on heat transfer. A big issue as well occurs when elements are

activated and change their material properties, because this causes some instabilities

in temperature results.

What remains to be modeled is the starting temperature of newly activated ele-

ments. It is not possible to set an initial temperature condition for newly activated

elements at every time step. Therefore, the inactive elements had to already be at the

desired temperature of 973 K. To accomplish this, an artificial heat source was created

that heats up the inactive elements to the desired temperature right before they get

activated. As such, it is applied only to inactive elements that have the property of

air. This general heat source is applied through an if-statement in the COMSOL code

represented in equation 6.5, where Qbead is a general internal heat source to achieve

the desired final temperature of the bead material for the moment it gets activated.

As can be seen, the heat source only gets applied to the inactive elements 3 mm

ahead of the xfocus from the Goldak heat source and keeps the temperature of these

elements at around 1000 K. Figures 6.4 and 6.5 illustrate this process as a slice plot

through the center of bead 1 during deposition.

if ((X < (xfocus + 3) ∗ (xfocus < X) ∗ (T < 1100[K]) ∗ (t < tend − 0.2[s]), Qbead, 0)

(6.5)
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Figure 6.4: Temperature in degrees Kelvin at the center of bead 1 during deposition,
whole model.

Figure 6.5: Zoomed in region showing bead heating, element activation status, and
temperature profile (left) and temperature profile of only active beads (right).

As can be seen in these figures, the bead heat source does not get applied to any

of the already active elements. Furthermore, due to the inactive elements having the

properties of air, there is virtually no impact that this heat has on the temperature

of the active material below it. In the initial 2D simulation tests to determine if this

was a valid approach, this artificial heat source was applied to all inactive elements

for the entire length of bead deposition. It was shown that there was virtually no

heat transfer from the preheated inactive elements of air to the solid layers below.
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This can be seen in figure 6.6, which shows the temperature distribution of the model

towards the end of the bead deposition.

Figure 6.6: Example of applying the bead heating function to the entire bead for
the duration of the simulation does not impact the active elements below due to the
different thermal and mechanical properties that are assigned to active and inactive
elements.

6.3 Heat transfer setup and mesh

As stated in the previous section, the instantaneous switch of the material proper-

ties when activating an element resulted in instabilities. However, it was determined

that only the thermal conductivity, k, was causing this problem. The thermal con-

ductivity for the solid is in the range of 150 to 180 Wm−1K−1, while the range for

air is between 0.025 to 0.07 Wm−1K−1. Both are a function of temperature. The

instabilities in the computation of the temperatures when using these low thermal

conduction values for air can be seen in figure 6.7, which shows the result of temper-

ature probes assigned to the bead and substrate domains. Probes for maximum and

minimum node temperatures were assigned to each of the domains of these domains.

It is worth noting that these spikes are not the general trend of the temperature

distribution and represent only a single node within each of the domains. It was still

decided to attempt to reduce these random spikes, especially for the probes measuring

the minimum temperatures. The model that resulted in the result displayed in figure

6.7 also applied the Goldak heat source to both the beads and the substrate, resulting
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in equal temperatures for both sides of the interface, which is not as realistic as the

bead heat input function proposed in this research.

Figure 6.7: Instabilities in temperature calculations caused by large jumps in thermal
conductivity when elements switch from inactive to active.

Minimum bead temperatures reached negative spikes as low as -1400 K, making this

model unrealistic. This instability was removed by determining and setting a constant

thermal conductivity variable for air of 0.5 to 2 Wm-1K-1. This ensured smooth

computation results while still maintaining 2 orders of magnitude separation between

the k for the solid and that of air. As will be shown later, this low thermal conductivity

coefficient did not impact the conductive heat transfer through the inactive elements.

For the substrate, two boundary conditions were used. All surfaces that were

exposed to the ambient air had a radiation heat transfer and a convection heat transfer

boundary condition assigned to them, using a material emissivity of ϵ = 0.2 for

radiation, and a coefficient of h = 80 Wm−2K−1 for the forced convection. This

convection coefficient was used to simulate the forced air being applied to the material

during the weld interpass windows. The conditions for the individual beads was

more complicated. It is not possible to apply boundary conditions in COMSOL to

internal boundaries, so other steps had to be taken to simulate heat transfer to the

environment as beads were deposited during the simulation. For this, each bead

interface had to be assigned a unique heat transfer condition based on time and
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element activation of itself and of the surrounding beads. Figure 6.8 will be used as

an example of how these boundary conditions were applied to the fourth bead.

Figure 6.8: Example of how heat transfer boundary conditions are applied to the
internal bead boundaries by using bead 4 as an example.

Activation of the outside boundary conditions for bead 4 only required that the el-

ements themselves were active. Both surface-to-ambient (radiation) heat transfer and

convective heat transfer were applied to that side of the bead using the requirement

solid.isactive in COMSOL. The outside boundary will have these boundary conditions

for the remainder of the simulation since the outside boundary will always remain

exposed to ambient conditions. The inside and top boundaries needed additional

requirements. For example, the inside boundary would also have surface-to-ambient

and convection applied to it, but only if i.) the solid is active and ii.) the material

deposited for bead 5 in the center does not exist yet. This was done by making the ap-

plication of the boundary conditions dependent on the location of the heat sources for

beads 4 and 5. An example of how this was applied to the radiation heat transfer equa-

tion for the inside boundary is if((xfocus5>=X)*(X<=xfocus4)*(t<t5end),0.1,0). The

same logic applies to the top boundary of bead 4, but that boundary is dependent



114

of the material deposition of bead 9 instead of bead 5. The boundary heat transfer

for the bottom of bead 4 is included in the top boundary conditions for bead 3 and

follows the same logic as that for the top of bead 4.

6.4 Heat transfer and deposition results

The method by which the simulation was set up captured the element deposition

and heat transfer of the process successfully. To illustrate the results, the following

figures show the heat transfer and element activation during the deposition of several

beads.

Figure 6.9: ZY-plane cross-section view of temperature distribution in bead 1 at the
moment the elements in that plane are activated, showing the event temperature
distribution and enabling the identification of the HAZ zone.

Figure 6.9 shows the temperature distribution halfway through the deposition of

the first bead of the block. The shape of the fusion and heat affected zones can be

clearly seen. The temperatures of the newly deposited bead are slightly below that

of the heat input supplied by the Goldak heat source, as expected. The heat transfer

downward into active elements of the substrate and to the ambient side can be seen as
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well. At this point in the simulation, only the substrate and portions of the first bead

have active elements. The fact that the heat distribution appears symmetric with

the COMSOL boundary conditions on the left and the custom inside and top bead

boundary conditions to the right and top of the bead, indicates that the specially

created conditions work as intended. There is of course a very small amount of

conduction being calculated across the inactive beads since the thermal conductivity

coefficient could not be set to zero, but the impact this has on the temperature

profile was shown to be negligible. The temperatures during this operation show the

expected values during deposition for this low heat input GMAW process. Figures

6.10 and 5.11 show the evolution of the material deposition and depict the state of

the process when it has reached bead 7 of the top layer

Figure 6.10: Bead 7 profile and temperature distribution during deposition showing
how the model performs on top of newly activated elements.
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Figure 6.11: Side view of element activation and the temperature profile of bead 7,
showing depth of heat source penetration and heat transfer behavior.

These two figures show how the deposition and temperature distribution continue

to resemble the expected results for this process. It is important to note that the

interpass time for this simulation was set to only 60 seconds to reduce the duration of

the simulation. For real world applications, the interpass time must be at least two

to four times that value to avoid overheating of the material. Sufficient time must be

given so that the input heat has time to leave the material. If interpass times are too

short, the material will melt too rapidly and, in the case of magnesium, potentially

ignite. These results do present an additional benefit of this simulation. The simula-

tion can now be used to determine the best interpass duration that would allow the

material to return to the desired starting temperature for continued deposition. This

would eliminate the need for excessive experimental testing and save time and money

spent on material.

As stated above, the computational time for this model is considerable. The results

shown for this model took 16 hours to obtain. There were 359,969 domain elements in

the model, including 39,876 boundary elements. The model solved for 60,024 degrees

of freedom, plus 48,236 degrees of freedom due to the prescribed internal heat transfer
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boundary conditions that are time and position dependent. Computations took place

using a 3.3 GHz processor with 10 cores and 128 GB of available RAM. Figure 6.12

shows the mesh that was used in this simulation. A simplified version of this model

that reduces the physical similarities between the model and the real world was also

developed, requiring less than a quarter of the time and yielding similar results. The

model showed similar results but does deviate from the true physics of heat transfer

that are to be expected during the welding deposition. Due to the considerably lower

computation time however, this model should still be considered once coupling with

the structural mechanics module is tested. The model will be presented at the end

of this chapter.

Figure 6.12: Mesh for the model showing a very fine mesh for the elements that are
impacted directly by the heat source functions and a coarser mesh for elements along
the substrate.

The Goldak heat source has a very small volume and it was important to capture as

much of the heat source as possible. This meant that the mesh for the beads and for

the part of the substrate that deposition was on had to be very small. A maximum

element size of 1.5 mm was used for the Goldak input domains. The remaining
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substrate could be meshed with significantly larger elements.

As in the previous simulation, probes were used again to measure the maximum

and minimum node temperatures in all the domains of the model. Figure 6.13 shows

these results for the simulations. In this plot, bead 5 was omitted to show the rate

of the temperature decrease more clearly during longer interpass windows. As can

be seen, even with a 130 second cool down window, the maximum temperature in

the beads is still 400 K and even the minimum temperatures are still above 300

K. It takes over four minutes until the bead temperatures are back to the ambient

temperature of 293.15 K. This was also the case during the experimental part of

the project, where cool down took several minutes depending on interpass duration

between previously deposited beads. Bead 4 in the simulation showed a particularly

large jump in maximum temperature due to it being deposited directly on top of the

previous bead, which has not had enough time to cool down.

Figure 6.13: Maximum and minimum temperature probe results for all model ele-
ments for each time step of the simulation.

This setup did remove the big drops in minimum temperature of the previous

simulation, which dropped as low as -1400 K. However, there are still spikes at the
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end of each bead deposition phase. This is because as the heat source reaches the end

of the bead, the boundary condition there does not allow the heat to be removed at a

rate fast enough, causing a sudden buildup of energy in the inactive elements. This is

depicted in figure 6.13 where it can be clearly seen how the maximum temperatures

suddenly jumps up t the very end of the bead and sometimes at the beginning of

the beads. This could be removed by adding a time dependent heat flux to the back

boundary of the welded block that allows the excess heat to be removed more rapidly

as the Goldak heat source approaches the end of the bead. One could also edit the

ramp down rate of the Goldak heat source and/or the bead heating source. However,

since only a few inactive elements were affected by this phenomenon, there has been

no attempt made as of now to try and remove these spikes. Only plotting active

elements shows that these spikes are not part of the solid material that is of interest

in this simulation, which will be seen in the next part of this section. The future

work of using the results of this model as input parameters to a structural mechanics

analysis will be discussed in chapter 6.

This model can be significantly simplified to greatly reduce computational time,

but this comes at the expense of realism. Instead of having all the convective and

radiation heat transfer taking place at the bead boundaries structured as functions of

time, deposition states, and torch position, they can be prescribed as binary on/off

conditions that only depend on the bead being fully deposited and the state of deposi-

tion of the neighboring beads. Using figure 6.8 as an example again, all five boundaries

of bead 4 would have their convective and radiative heat transfer functions activated

all at the same time when all of bead 4 has been deposited, with no heat transfer

taking place across those boundaries during bead deposition. The inside boundary

would have heat transfer take place until all of bead 5 has deposited, and the top

boundary would stay active until all of bead 9 has been deposited. Additionally, the

bead heat source can also be greatly reduced, relying on the front part of the Goldak



120

heat source to bring the beads to the correct temperature before they are activated.

By making these two modification, the simulation time drops from over 16 hours to

just over 3 hours, but it comes at a cost.

Doing so, will not impact the realistic results of bead activation temperature for

the first bead on every layer, but it will impact the rest of the beads as the conduction

heat transfer towards the side with active solid elements is far greater as that towards

the inactive elements of air. This can be seen in figure 6.14, where the left side of the

bead has cooled substantially compared to the right side. Figure 6.15 gives a look at

how heat transfer continues after the heat source has passed, but the right side has

yet to be activated.

Figure 6.14: Deposition and heat transfer during bead deposition without active
convection and radiation boundary conditions while the bead is being deposited,
showing an uneven temperature distribution across the face of the newly activated
bead.
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Figure 6.15: Heat transfer after the heat source has passed with inactive convective
and radiation heat transfer boundaries, showing how with this modified model the
bead cooling is much fasted on the side where conduction to the neighboring bead
can take place while the other side is effectively treated as insulated.

The heat transfer pattern as observed in figure 6.15 is still realistic of the physical

process being modeled. Rapid heat removal due to conduction towards the left bead

cools down the newly deposited bead at a fast pace while the right side of the bead,

with convection and radiation removed, can only transfer heat via conduction to the

elements possessing the properties of air. In reality, this heat transfer distribution

across the newly activated bead would have the same pattern, but with more heat

being removed on the right edge of the bead. Since this boundary is only inactive for

11 seconds, the slight impact this makes on final computation results may be worth

the reduction in computational costs. Removing or lowering the impact the bead

heat source has on the model, however, has a greater impact on the reality of the

welding process. The beads that fall onto the deposition area should have the same

temperature distribution across their area. Without applying this heat source, there

is a large temperature loss due to conduction that takes place towards the left side

before the bead is activated. This results in an activation temperature of around 800
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K on the left boundary and 950 K on the right boundary.

Figure 6.16 shows the impact that these changes have on the maximum and mini-

mum temperatures seen by the active elements in this model. For this simulation, an

interpass time of 120 seconds was selected. The model captures the expected increase

in temperatures for the fourth and seventh bead due to the reduction in directions

that heat transfer can take place since these beads are the first beads on layers 2 and

3, respectively. Overall maximum and minimum temperatures remain similar to the

first model presented. The jumps in temperature are not present here, but this is

because this figure, unlike figure 6.13, plots only the temperatures of the activated

elements that are of interest.

Figure 6.16: Bead temperatures for only active elements during deposition process for
the simplified model showing a similar overall heat transfer behavior and numerically
stable results.



CHAPTER 7: CONCLUSION AND FUTURE WORK

7.1 Conclusion

Additively manufacturing components out of magnesium alloys by utilizing generic

GMAW has been shown as a viable method, even though having been dismissed

as such in the past. The method of course does come with several challenges to

overcome, as this research has shown, but it nevertheless is possible to produce parts

with consistent shapes and material properties.

This process is especially useful for prints that require a wall thickness slightly

less than that of a weld bead. Layer-by-layer deposition was shown to be consistent

for parts up to 80 mm in height. Taller prints would easily be possible but could

not be completed as the prototype CNC that was built and used for this body of

work had limitations in the vertical build direction. Tensile tests performed on single

wall structures showed the consistency across different parts in elastic response to

load and yield strength. The isotropic quality of the printed magnesium parts was

also confirmed by the performance of tensile tests where the applied load was both

in-line with, and normal-to, the direction of the bead deposition. The impact that

other input parameters have on the material properties has also been confirmed.

Changes in torch travel speed at same power-inputs resulted in changes to the YS of

the material, with increases of TTS weakening the material. While the welding AM

process in general does considerably reduce the YS of the manufactured part, it needs

to be noted that this research did not apply any post-weld or in-process treatments

to the printed parts, which would significantly improve the material properties. In-

process cold rolling or post weld heat treatments could be easily applied to make such

improvements.
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Closed-form parts were also printed in the form of hollow cylinders. The problem

of connecting the beads at their start and end point was eventually reduced by alter-

nating the start and end positions of each consecutive layer and adding a one second

dwell at the end of the bead to account for layer closure. Applying this process en-

abled the builds of magnesium cylinders with heights of up to 80 mm. This was also

accomplished at different heat-input energy rates, producing both ultra-thin walled

cylinders with a wall thickness of 1.5 mm, and thicker walled cylinders with up to 5

mm wall thickness.

Finally, multi-row/multi-layer blocks of magnesium were printed while utilizing

numerous input parameters and stagger/layer patterns. Blocks were successfully

printed, but with more porosity than their single-wall counterparts. This was pri-

marily due to the side-flow problem that is caused due to the low viscosity of melted

magnesium. The material flows out of the weld pool at a much faster pace than other

weldable metals, especially during weld overlapping. Even with this problem, large

blocks consisting of well over 100 beads were printed, machined, and tested. Material

properties for the elastic region and yield strength were once again consistent and in-

dependent on print direction, but the presence of larger voids resulted in much earlier

fracture than with the single-walled test specimens. This, however, can be fixed, and

will be addressed in the following section.

What makes this process so attractive is its speed. Many other WAAM methods can

claim some of the same benefits as unaltered GMAW, such as the virtually limitless

print size of parts. The deposition rate in GMAW, however, is faster than most other

such AM methods. In this experiment, parts like the hollow cylinder examined in the

XCT analysis were printed at a WFS of close to 17 m/min, which is well above that of

typical WAAM processes. That means the process can deposit almost 1 kilometer of

wire per hour, and with a wire diameter of 1.2 mm this results in an hourly deposition

of almost 2 kg. That is the equivalent to depositing 2.93 kg/hr. of aluminum or 8.36
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kg/hr. of steel, when examining equal volume.

The primary hindrance in perfecting this method lies with limited availability of

equipment and welding wire. Commercial welders are optimized primarily for steel,

aluminum and titanium. Due to the many challenges that come hand-in-hand with

working with magnesium, the material has yet to find a spot in the wire-materials

library on available inverters, making it near to impossible to determine the proper

heat-input rate for a successful bead deposition. Therefore, most of the welding that

is being done with magnesium is done by TIG welding, where the heat input on a

welder will not change based on the wire material because the wire itself is not the

electrode for the process. TIG welding, however, is not nearly as fast as GMAW,

which is why it is not suitable for AM purposes, at least not on a mass production

scale.

If one succeeds in finding suitable welding parameters for magnesium with a GMAW

machine, then the next challenge will be the quality of the available wire. Welding

is not the only manufacturing process that struggles with utilizing magnesium. The

difficulties in working with this material also show themselves in the drawing process

which is used to create the MIG wire. Being riddled with defects, this magnesium

wire can abruptly halt the deposition process during AM, leading to unfixable flaws

in the part, requiring it to be scrapped. This is especially costly with a material that

is as expensive as magnesium. However, as the demand for magnesium continues to

rapidly increase across the globe, this cost and availability issue will balance itself.

As demand increases, supply will increase as well, and this will reduce the costs and

bring with it an increase in quality.

7.2 Future work

7.2.1 Magnesium dedicated GMAW machine and MIG wire drawing

Before any additional research should be done, a magnesium dedicated inverter

should be designed and built, or a currently existing welder should be modified to
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allow for optimized wire material settings. As stated previously, the Welbee was

purchased for this exact purpose but the author was not given access to this option.

With such a machine, the weld parameters that were established in this research

could be used as a starting point for tuning and improving the deposition process.

This would result in a reduction of spatter and side-flow due to better temperature

control.

Additionally, until the availability of quality magnesium wire increases as well, it

is of great benefit to attempt to produce test wire in-house. Many researchers have

already started to do so in order to control the quality of the material. If this process

is not possible, a wire-cleaning machine should be developed. This would not only

benefit magnesium applications, but any weld wire material that has a tendency to

oxidize and/or rust. The design and build of such a machine will be proposed to the

Senior Design committee at UNC-Charlotte for design to start in the spring semester

of 2024. An in-process wire defect metrology method will also be integrated with this

machine. This can be accomplished either via visual inspection or by measuring wire

diameter or roughness.

7.2.2 Five-axis CNC

Some of the issues with porosity in this research did not stem from incorrect welding

parameters, but rather from problems with the overlapping of the beads. The heat

must be carefully controlled with GMAW of magnesium as to not cause evaporation

of the material. Since the temperature must be kept at a lower magnitude, many

beads take on a caterpillar like shape, as seen in Chapter 3, figure 3.15. This may

not be a big problem for single wall structures, but when printing parts that have

wall thicknesses that are multiple times the thickness of a single weld bead, the

beads need to be overlapped. With these caterpillar-like bead shapes, long voids

along the weld direction could start to form as there is no fusion taking place. This

was also shown in Chapter 3, figure 3.15. With the addition of another axis, the
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build plate and substrate could be tilted, allowing for additional rows of material to

be deposited in the bead gaps between the bead and substrate. This process was

used in this experiment while determining welding parameters by hand and showed

great promise. Given the open nature of the current GMAW-CNC used, it would be

possible to raise the Z-axis and add an additional tilting axis onto which to mount

the substrate. Changes in expected heat transfer for interpass cooling rates would

have to be considered.

An in-process part cleaning method would need to be integrated with the CNC

as well. Due to the high vapor deposition seen with magnesium and even aluminum

welding, the part needs to be cleaned after every weld pass, which is much too labor

intensive. Integrating another axis dedicated to brushing the part clean or using a

simple robotic arm mounted to the side of the machine would greatly reduce the labor

involved and make the process much faster.

7.2.3 Interpass cooling methods

Different interpass cooling methods need to be investigated to reduce print time

and research their impact on microstructure and material properties. Forced air

convection via a simple fan was the only external cooling method applied in this

research. The result was unnecessary downtime between bead deposition to allow the

material to get back to ambient temperature. This was especially important with

magnesium due to dangers of low viscosity when melted, as well as the possibility of

material ignition leading to continuously burning fires. Increasing the cooling rate

and determining its impact on part quality would yield very meaningful data.

7.2.4 Thermo-mechanical multiphysics analysis

The results from the validated heat transfer and material deposition model, coupled

with COMSOLs Thermal Expansion module, need to used as input parameters to a

mechanical analysis. The ultimate goal in this sequential model is to determine not
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only part distortion induced by the WAAM process but also to back out residual

stresses that remain in the part. Figure 7.1 shows the flow chart for this process.

Modelling phase transformations in multi-pass welds is much more challenging than

single pass-welds because of repeated phase transformations as new weld passes affect

the HAZ from the previous weld passes. Additionally, the simulation of the clamping

adds additional challenges as the part distortion will not occur until those boundary

conditions are released, which will require an additional spring-back simulation to

determine the actual final part distortion.

Figure 7.1: Thermo-mechanical model flow chart.
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APPENDIX A: Stable arc output measurements for high and low-IER

Figure A.1: Stable outputs with low-IER set current/voltage of 130A/15V (left) and
set current/voltage of 165A/13V (right).

Figure A.2: Stable outputs with low-IER set current/voltage of 165A/15V (left) and
high-IER set current/voltage of 220A/15V (right).
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Figure A.3: Stable outputs with high-IER set current/voltage of 250A/15V.
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APPENDIX B: Unstable arc output measurements for hi and low-IER

Figure B.1: Unstable outputs with high-IER set current/voltage of 220A/11V (left)
and high-IER set current/voltage of 250A/11V (right).

Figure B.2: Initial pushback causing start instability in low-IER set current/voltage
of 130A/13V.
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APPENDIX C: Supplemental SEM images and micrographs

Figure C.1: Unfused regions of the fracture zone from tensile tests.

Figure C.2: Transition-zone between fused and unfused fracture surface.

Figure C.3: Micrographs of MRML blocks before and after etching with 4% Nital for
10 s.
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APPENDIX D: CAD Model of GMAW-CNC

Figure D.1: CAD model of GMAW-CNC â front view.

Figure D.2: CAD model of GMAW-CNC â rear view.
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Figure D.3: CAD model of fan-array with heat sinks.
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APPENDIX E: Spatter in high-IER deposition

Figure E.1: DC-pulse severe spatter during weld bead deposition.

Figure E.2: DC spatter at very high-IER parameters.
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APPENDIX F: Wall vs block heat transfer rates

Figure F.1: Wall temperature profile 2 seconds after deposition of 1500 K bead.

Figure F.2: Block temperature profile 2 seconds after deposition of 1500 K bead.
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Figure F.3: Mean temperature of newly deposited beads versus time, demonstrating
the large difference in cooling rate between wall like structures and thicker block
structures.


