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ABSTRACT

Additive manufacturing (AM) is a quickly growing alternative to traditional manufacturing to
produce near net shape parts. AM is especially beneficial for parts with difficult to machine surfaces or
areas that would result in large amounts of material waste. Metal AM is a process that produces
components from engineering materials such as aluminum, steel, and titanium as opposed to plastics or
resins used in consumer 3D printers. Wire Arc Additive Manufacturing (WAAM) is a promising metal
AM process because of to its low upfront and operating costs.
WAAM machines are useful when depositing high quantities of material for relatively noncomplex and low tolerance parts. Because this manufacturing technique has rather low tolerances,
WAAM built parts must go through rigorous post processing or be limited in design complexity. The goal
of this research is to examine the tolerances achieved through two different methods of introducing build
material in the WAAM process; a continuously fed method and a pulsed fed method.
A continuously fed method introduces build material at a constant feed rate while the pulsed
method simulates the action used during hand TIG welding. The filler rod is placed into the weld pool,
allowed to melt, and removed in a steady, repeating pattern. Thin walled parts were built using both
methods and then measurements of the thickness were taken to compare the minimum feature size of each
method. The continuously fed and pulsed fed method resulted in parts with 6.7mm and 6.3mm
respectively. The pulsed fed methods improved part tolerance. This study helps improve the quality of
parts made using the WAAM process and can lead to improved component manufactured for industry
utilizing this manufacturing technique.
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Chapter 1
Introduction
Traditional methods of manufacturing are adequate for a wide array of parts and components;
however, many industries are beginning to investigate into alternative processes. Additive manufacturing
has seen a rise in both industry and home/shop use in the last few decades [1]. One such process is wire
arc additive manufacturing (WAAM). The basic concept for WAAM has been around since 1925 [2], but
has only recently experience increased interest, specifically in the aerospace industry. WAAM is utilized
for relatively low complexity parts with loose tolerances. The main advantage to WAAM over other metal
AM processes, such as direct laser sintering and electron beam melting, is the high deposition rate with
extremely high material usage approaching 100% [3]. This is especially useful in the aerospace industries
as manufacturers are moving towards more expensive materials such as titanium alloys.
WAAM is a relatively young technology that is just now being realized. Commercial
implementations are not yet available but the technology has a lot of promise because of its low start-up
and operating cost [4]. WAAM is an excellent choice for parts with specific characteristics. Because of
WAAM’s high material usage but large minimum feature size, large structural components are the driving
force for WAAM utilization. One example of a manufactured part that utilizes WAAM strengths is a part
of a landing gear for an aircraft (Figure 1).
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Figure 1: Landing gear rib for Bombardier produced by Cranfrield University [5]

WAAM systems are made up of 3 main subsystems: motion control, heat source, and build
material. Motion control can be in the form of a robotic arm or stages. The heat source is most commonly
off-the-shelf welding equipment. The build material is usually welding filler rod of the appropriate
material.
Because WAAM technology is still in its infancy the process can result in poor quality parts with
undesirable mechanical properties. A range of research, which will be discussed in Chapter 2 of this
thesis, has been conducted to try and improve the WAAM process. Parameter control is a major factor in
the quality of parts produced by the WAAM process.
The objective of this research to develop a robust set of parameters for a low cost WAAM system
and improve the part quality by optimizing the controlling parameters. The specific characteristic of the
process that this the experiments will be focused on is the method of feeding build material during the
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manufacturing process. A more in-depth description of the approach is further discussed in Chapter 3 of
this thesis.
Because WAAM’s source of power is from a welder, understanding welding and its
characteristics, along with the material properties of the build material, is important to creating a working
WAAM process. The literature review in Chapter 2 will discuss TIG welding, different materials and
their properties, the current state of WAAM, and what research has gone into improving it.
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Chapter 2
Literature Review of TIG Welding
Tungsten inert gas (TIG) welding, also known as gas tungsten arc welding (GTAW), is a wellestablished method of joining metals. TIG welding was invented in the 1940’s and has become a popular
welding technique for aluminum, magnesium, steels, and titanium alloys [6]. TIG welding uses a nonconsumable tungsten electrode to create a closed circuit with the power supply and the workpiece. This
circuit creates an electric arc which heats and melts the metal surfaces. As the metal cools it solidifies as
one cohesive part and joins the two metal components. Filler rod is often used to close gaps between
joined parts. In the case of WAAM, the filler rod instead acts as the build material in the additive process.
Another key component of the TIG process is the shielding gas. Shielding gas serves many different
purposes in TIG welding. It acts as a barrier between the molten metal and the air in the room. Oxygen,
air impurities, and moisture a can lead to reduced corrosion resistance, porosity, and poor weld pool
geometry which can lead to reduced durability. Shielding gas is also always flowing over the torch which
helps cooling and prevents damage [7]. Common shielding gases used in the TIG welding process include
argon, argon-hydrogen mixtures, and argon-helium mixtures. Each choice in shielding gas has its
advantages and disadvantages and are applicable for different materials and processes.
TIG welding can introduce a variety of weld defects into parts which can compromise the
strength and integrity of the part. Surface and internal pores are a result of non-inert gases being absorbed
into the molten metal during welding. Non-inert gas can be introduced because of improper shielding gas
flow, high turbulence around the weld pool, or fumes caused by burning of contaminations such as oils,
moisture and paints/surface coatings. Pores can cause stress concentrations and reduce weld strength [8].
Cracking is another common defect in welding. Overheating material and cooling too quickly can make
the weld material brittle and more susceptible to cracking. High thermal stresses can result in cracking of
non-molten portions of a welded part. High thermal stresses can also cause significant distortion. Other
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factors such as applying too much or too little filler material can also result in a poor-quality weld. As an
extension of this, controlling the filler material is an essential part of the WAAM process as we will see
later.
Welding can use a variety of metals but manufacturing components with titanium alloys has
many specific benefits. Ti6Al4V specifically is an excellent material choice in welding processes and has
been widely used in construction of large, framed components in the aerospace, automotive, and power
generation industries. Ti6Al4V has a yield strength of 120,000 psi with a density of only 282lb/ft3 [9]. It
is significantly lighter than steels while being significantly stronger. It also offers good high temperature
mechanical properties and good corrosion resistance [9]. Ti6Al4V offers great general weldability over a
wide range of weld processes, most notably TIG welding. However, because of Ti6Al4V higher melting
temperature and TIG welding’s high heat input, components are susceptible to increased thermal stress
and distortion as well as increased contamination [10]. Because of Ti6Al4V’s issues with contamination
and need for high heat, process control is extremely important. Shielding gas must be used at all time
while the metal is above 800 degrees F. Keeping the welded components clean, making sure the filler rod
is dirt and oil free, and preventing moving air from interfering with the shielding gas are all important
steps to avoiding contamination and getting a clean weld [9].
One of the most effective methods of identifying weld quality of titanium alloy, in terms of
contamination, is by the color of the weld. Silvers, stray colors and brown weld are considered acceptable,
while blues, greens, and whites are deemed unacceptable and rejected [6]. Depending on the severity of
the contamination, a weld may have to be rejected or could be cleaned and welded overtop of.
The microstructure of the weld material can vary greatly depending on the weld process. It is
important to control the microstructure of the material either through changing weld parameters or post
processing. The components and microstructure of the material define the material properties such as
strength, ductility and toughness [11]. Ti6Al4V’s wrought microstructure is dependent on the heattreatment and cooling rate of the material. At low to moderate cooling rates, like those found during
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welding processes, the titanium alloy hardens with a α-β lamellar structure. The exact structure and size
of α and β grains is largely dependent on cooling rate. As cooling rate is increased, the α grain thickness
and length decreases [12]. Microstructure is an important consideration during TIG welding of titanium
alloy because of the extreme temperatures and large thermal gradient. At the cooling rate typically found
in the TIG welding process Ti6Al4V solidifies with a martensite α’ phase with β grains throughout. The α
lamella phase exists near the weld pool from the prior non-welded phase.
The martensite α’ phase is much harder than the wrought material. This change in microstructure
leads to different material properties compared to wrought material. Hardness at the weld center reaches
360 HV compare to around 330 HV of the original material [13]. As a consequence of the hardness, the
material also became more brittle resulting in potentially undesirable mechanical properties. There were
greatly increases residual stresses and while the tensile yield stress increases, the ductility greatly
decreases compared to wrought. The maximum fatigue strength was also reduced over a high number of
cycles compared to wrought [13]. Some of these issues can be mitigated with post process heat treatment.
Process control is important to avoid weld defects. Being able to monitor the weld pool
temperature is a key part in making sure that a weld process is reliable and results in high quality welds.
One of the challenges of monitoring weld pool temperature is needing to avoid adding defects to the weld
while taking a measurement. Because the weld process is so sensitive to external contamination, using
any form of contact temperature measurement such as temperature probes is not valid. Using a noncontact
method is the only option. One such option is the use of an infrared (IR) temperature sensor.
IR thermometers work on the principle that all objects emit radiation. Any material that is above
absolute zero (0K) emits radiation of different wavelengths depending on its temperature. If the
emissivity, how well a material emits thermal energy, is known we can infer the temperature based off
what wavelength of radiation are picked up by the sensor.
A team at Brasilia University have explored the use of IR for weld process monitoring and
temperature measurement [15]. Alfaro and his team used a commercial IR sensor with an attached filter to
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avoid saturating the sensor due to the high temperatures of the weld process. They were able to reliably
monitor the relative changes in temperature in the weld pool as they manually changed the current of the
welder (see Figure 2).

Figure 2: Relative temperature changes measured by IR camera [15]

Once they verified that the IR temperature sensor gave reliable results the team used two
different methods to detect defects and failures. The first was a Kalman filter with a Mahalanobis distance
calculus. The other used the linear regression Kalman filter and the generalized ration test. Both methods
proved to reliably detect defects introduced by contaminations such as metal debris and water [15].
Another study has been conducted too see how IR senors can me used to measure different
characteristics of a weld process. Nagarajan and his team used an IR sensor to measure and capture
images of the weld pool temperature and geometry. Using this information they were able to predict the
width of the weld beads, find the penetration depth of the welds, track the seam in butt weld joints [16].
TIG welding is as much an art as it is a science. One of the considerations to keep in mind during
welding is the method of introducing filler rod. For long, continuous welds, which this paper is focused
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on, “dabbing” the filler rod is commonly used [31]. Dabbing is to introduce a small portion of the filler
rod to the weld pool, allowing it to melt. It is then retracted away from the heat and the process is
repeated. This method creates the signiture scallop shapes during tig welding. This method is most
notably used in the aerospace industry [32].
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Literature Review of Wire Arc Additive Manufacturing
Wire arc additive manufacturing is a metal AM process that is an excellent option for large parts
with relatively low complexity. The process can utilize a variety of material including titanium,
aluminum, steel, and any other metal or metal alloy that is available as welder feed rod.
WAAM systems are composed of 3 main components: motion control, heat source, and build
material. Existing WAAM system can be composed of commercially available robotic arms or 3-axis
stages. Another method of motion control is using existing manufacturing equipment and outfitting it with
the necessary welding components to complete the system. These could include but are not limited to the
motion control systems of CNC mills and friction stir welders [5].
While this thesis is focusing on WAAM using a TIG welding system, metal inert gas (MIG)
welding is another viable option depending on the material. A MIG process, or one of its variants, is
generally preferred when building parts with aluminum or steel. In MIG welding, the consumable feed
material also acts as the electrode. The feed material isn’t introduced externally by hand or by wire feeder
like in the TIG process [17]. This means that the torch can be moved in any direction without needing to
reorient the feed rod. This is valuable in a WAAM process as the toolpath becomes simpler and doesn’t
need to adhere to a single travel direction or need a system to change the direction the feed rod is fed.
However, MIG is not a viable process when working with titanium and titanium alloys. Titanium alloys
will experience arc wandering which leads to poor quality welds with many defects. For titanium alloys,
TIG welding is the process of choice for a WAAM systems [18]. This is an important distinction to make
since many of the benefits of WAAM are because of the cost of material and the buy-to-fly ratio that will
be discussed later in the literature review.
WAAM has very clear benefits over traditional forms of manufacturing as well as other types of
metal AM processes. Compared to traditional subtractive manufacturing processes like machining,
WAAM, along with other forms of metal AM, are able to create components with increased freedom of
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design. Metal AM processes can create parts with complex features such as internal cavities, that would
be impossible or very difficult with traditional manufacturing techniques.
Another advantage over subtractive manufacturing is the cost savings in material. Titanium alloy
demand is increasing as manufacturers are looking for strong and light materials. One key parameter that
the aerospace industry focuses on is the buy-to-fly ratio (BTF). The BTF ration is the ratio of the weight
of the raw material needed to the weight of the part itself. Some components used on aircraft can have
BTF ratios upwards of 20:1 using traditional manufacturing techniques, which coupled with the high
price of titanium alloys, can become very expensive due to material waste. Some metal AM processes can
reduce the BTF ratio to nearly 1:1, which has huge cost savings potential as almost all the material needed
is used in the final part [19]. The improved BTF ratio is one of the biggest attractions to WAAM and why
the process is best suited for parts with specific geometries. Some examples include wing ribs, stiffened
panels, and skeleton-like structures with lots of internal cavities and open spaces like those shown in
Figure 3.

11

Figure 3: Example WAAM parts [5]

WAAM not only has benefits over traditional manufacturing techniques but over other metal AM
processes as well. One of WAAM best characteristics over other metal AM processes is its high material
deposition rate. WAAM has one of the highest deposition rates ranging between 1kg/h to 4kg/h
depending on the material and can even be pushed to 10kg/h in extreme cases [5]. Table 1 shows how
WAAM’s material deposition rate compares to other metal AM processes.
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Table 1: Metal AM process deposition rates [20], [21], [22]
Metal AM process

Deposition rate (kg/h)

WAAM

4.0

EBM Powder

0.2

Laser Powder DED

2.3

Laser Wire DED

2.9

EBAM® wire DED

3.2

While there are other AM processes that do compare to WAAM material deposition rates, another
attractive feature of the WAAM process is its near infinite build volume. Because a WAAM system can
be built using any form of computer-controlled motion system such as stages and robotic arms, the only
limiting factor is the size of the motion control. The TIG welding process can occur in open air as long as
there is sufficient shielding with the inert gas. Some other metal AM processes are restricted to much
smaller build volumes; for example, the commercial powder bed fusion system by 3DSystems which has
a build volume of 27.5 x 27.5 x 42.0 cm [23]. One metal AM process that is comparable to WAAM in
build volume is Electron Beam Additive Manufacturing (EBAM®) which uses a similar process but with
an electron beam as the heat source instead of an electric arc from a welder. The EBAM® by Sciaky Inc.
has a build volume of 19 x 4 x 4 feet [20].
Another benefit that WAAM has over some of the more popular types of metal AM is the low
cost. A new WAAM system with of the robotic arm controls and welding equipment can cost roughly
$100,000 USD [5]. Industrial direct metal laser sintering (DMLS) machines such as the EOS m400-4 are
estimated to cost upwards of $1,000,000 USD [24].
WAAM is also less expensive to operate compared to many other forms of manufacturing. A
study was conducted comparing the cost of producing 2 different example parts, a propeller and an xshaped component, using WAAM and 3 other metal AM processes, as well as CNC machining with 4
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different BTF ratios applied. WAAM was either the same or cheaper than every other process for both
components. A cost reduction approaching 80% was achieved compared to DMLS and machining for a
BTF ration of 20 [25].
WAAM is not without its drawback however. Because the main functionality is very similar to
that of a welder, it comes with all the same issues. Defects, impurities, and residual stress can all
compromise the structural integrity of a part.
Another notable drawback is the minimum feature size of 2mm at best [26]. This means that the
WAAM process is not particularly suitable for parts small parts that require tight tolerances and is instead
more suitable for large, structural components.
One notable characteristic of WAAM is the need for a build plate and post processing. A solid,
flat build plate is needed as an initial layer to start the additive process. This plate, depending on the
component, usually needs to be removed and adds to the time and cost of WAAM due to post processing.
Figure 4 is a comprehensive comparison between WAAM and 3 other metal AM processes
conducted by the WAAM team at Cranfield University. WAAM’s strengths in part size, cost savings, and
mechanical properties make it an excellent choice for large structural components, most notably those
made of expensive materials like titanium alloys.
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Figure 4: Metal AM comparison by WAAM team at Cranfield University [26]

Similar to how titanium alloys are an excellent TIG welding material, titanium alloys have
display many of the same benefits in the WAAM process. Ti6Al4V’s great material properties and good
welding characteristics make it an excellent candidate for WAAM.
Since Ti6Al4V is such a desirable material for different industries that are looking to utilize
WAAM, efforts have been made to characterize the mechanical properties of parts produced with
Ti6Al4V using the WAAM process. The WAAM process with parameters that produce good parts
without notable defects create macrostructure and microstructure characteristics that are repeatable across
samples. The WAAM process creates very long and tall columnar β grains hat follow the build direction.
The microstructure across the majority of the part is a coarse Widmanstatten structure. The microstructure
between build layers has a gradient structure going from coarse to fine [11].
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Wang et al. created specimens using the WAAM process and compared them to specimens made
of wrought Ti6Al4V. The specimens from the WAAM process with axial stress in the vertical build
direction had roughly 10% lower average strength and similar ductility compared to wrought extruded
specimens. Specimens tested that were stressed in the horizontal direction had higher strength and lower
ductility. Fatigue life was found to be better than that of the wrought material with some specimens
failing very early. These failures were suspected to be a result of weld defects such as gas pores due to
contamination [11]. This columnar grain structure is not always a desired property of the WAAM in some
cases due to the difference in mechanical properties compared to wrought. Manogharan et al. performed
an experimental study to help mitigate this issue by disturbing the part as it formed to prevent large
columnar grains from forming. During a MIG additive manufacturing process, the team introduced
ultrasonic vibration to the part to disrupt the grain structure. This method increased the number of grains
by over 40% and improved hardness by 14.3% [37].
WAAM is a process which is very sensitive to initial parameters and achieving a good final part
requires optimization. These parameters also vary greatly depending on the metal selected for build
material. While extensive research has been conducted on optimized welding parameters and best
practices have been established for TIG welding Ti6Al4V [9], research at Cranfield University has made
efforts to optimize the weld parameters specifically for the WAAM process. 4 different parameters were
adjusted and the grain structure was compared between tests. The 4 parameters analyzed were travel
speed, wire feed speed, pulse frequency, and peak/base current ratio. Travel speed was testing by keeping
the heat input condition the same. Current was increased as travel speed was increased. The results
showed that travel speed did not affect grain structure and changes only occurred when the travel speed
was too high to achieve a stable weld pool and weld geometry. Wire feed rate was adjusted between
1.6m/min and 3m/min. Results showed that the long beta grains could no longer grow when the feed rate
was set to 2.2m/min and higher. Low frequency pulses were tested at 5, 10, 20, 25, and 50 Hz. High
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frequency pulses were tested at a 20kHz frequency layered over the 10Hz frequency. Results showed that
frequency did not have a large effect on the beta column grain structure.
The peak/base current ratio was testing at ratios of 3.3, 4.0, 4.4, 5.6, 6.7, and 7.7. This ratio did
not greatly affect grain structure. One notable difference in quality did arise with the 7.7 ratio. The high
peak/base caused increased arc pressure which resulted in holes and humps in the welds. The epitaxial
grain structure found in WAAM of Ti6Al4V remains relatively consistent with changes in certain initial
condition such as travel speed, frequency, and peak/base current ratio. Wire feed rate did have an effect
on the grain structure at high feed rates [27].
Now that we have discussed the current state of WAAM, we can look at what research has gone
into improving it. General challenges and inherent downsides with WAAM are now clear but we will now
discuss specific issues that arise and the efforts to reduce and eliminate those problems.
One physical parameter that is desirable to control is the geometry of the weld beads. Research
has gone into creating an empirical model of the weld bead geometry based on welding parameters. This
model is effective at predicting the bead height, width, and area. Being able to effectively predict the
dimensions of the weld beads deposited in a WAAM process can lead to better process control and tighter
tolerance parts. In the same study, Ding et al. was able to produce an effective model for bead
overlapping. The new model was able to predict an optimal center distance which produced a more
uniform layer height across a wall built with WAAM [28].
Additional studies have been conducted to characterize weld bead geometry and optimize process
parameters. Suryakumar and his team were able to identify 4 independent variables that control the weld
bead geometry; filler wire diameter, filler wire speed, weld torch speed, and step over increment [34].
Parameters that are dependent were found experimentally and verified with a full parametric study. One
such example is the relationship between current and wire speed. Test were conducted at various weld
currents with different wire speeds. The most stable combination was recorded. The data showed the filler
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wire speed increases monotonously with weld current. Any current-wire speed pair is acceptable along
the line of stable parameters [34].
The group then created a numerical model to predict the geometry of build layers across the x,y
plane rather than just of that of a thin wall like that found in other studies [28]. A similar experiment will
be used as a method of parameter optimization for the WAAM system used in this thesis.
An extremely important consideration for nearly all manufacturing processes, additive and
subtractive alike, is the tool path strategy. Ding et al. has developed a novel toolpath strategy for the
single layer toolpaths. The team explored a variety of different existing strategies and compared their
benefits and disadvantages and created their own that built upon the best attributes of the all the different
existing toolpath strategies.
The result was a toolpath strategy that broke the 2D shape into independent convex polygons and
then utilized an existing zigzag pattern inside the individual shapes. The new toolpaths pulled the benefits
from the zigzag and contour toolpaths and have proven to outperform the existing and widely used hybrid
method in term of surface roughness [29].
One inherent issue with WAAM is the variation in layer height. Giovanni et al. found that the 4
parameters that most control the layer height are the heat source, feed rate of the material, travel speed,
and thickness imposed by each layer. Keeping the layer height consistent is important for building up a
cohesive and void-free part over the entire built process. The team developed a system that relies on video
and image analysis software to measure the layer height and compensate for any deviations by increasing
or decreasing the wire feed rate. The algorithm proved to be effective in reducing layer height variation
but was very reliant on good initial conditions [30].
The majority of this literature review has been focused on the TIG welding process and the
WAAM process for Ti6Al4V. Ti6Al4V has the most promise for WAAM as it can take advantage of the
processes high buy-to-fly ratio. However, the use of stainless steel is still very common and a key point of
focus for WAAM research and use in industry. Extensive research has been performed on the use of
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stainless steel in the WAAM and will not be thoroughly covered in this literature review [35] [36].
However, this thesis will utilize stainless steel as the build material for its experiments.
While the WAAM process is still in its infancy, much research has been conducted in an effort to
make it a viable option for producing components with specific geometries. We have now covered the
general TIG welding process and its characteristics, the material properties and weld characteristics of
Ti6Al4V, the current state of WAAM, and what efforts have been made to improve WAAM. The rest of
the thesis will focus on the work done to analyze differences in two methods of feeding build material in a
WAAM system. With a better understanding of all the different aspects of WAAM, we can continue to
the next portion of this thesis; the experimental set-up.
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Chapter 3
Experimental Setup
The experiment conducted during this research is to compare the results of additively
manufacturing simple 3D geometries using different methods of introducing build material. Special
equipment and material are needed to run this experiment and achieve finished parts for analysis.
The metal AM system consists of 3 main components; the motion control, the heat source, and
the build material. WAAM systems are not widely commercially available and any specialty systems
purchased would need to be custom made. Instead, the WAAM system used in this experiment is
constructed using industrial equipment recycled from previous projects and off-the-shelf welding
supplies.
The motion control system consisted of 3 linear stages for the x, y, z motion. The x-axis is an
Aerotech Model ATS50060 linear stage. The y-axis is an Aerotech Model ATS100-200-20P mounted
onto the x-axis stage. The z-axis is an Aerotech Model ATS100-50 mounted to the y-axis stage. From the
z-axis stage there is mounting fixtures and brackets which the TIG torch is attached to. The x, y, and z
axis have 610mm, 200mm, and 50mm of travel respectively. This brings the build volume to 6,100,000
mm^3 or about 370 in^3. The stages are being run by an Aerotech DR 500 Drive Chassis which is
controlled by Unidex 500 MMI W32 Version 5.22 software running on a Windows XP computer. The
entire motion system including the stages, drive chassis, and computer are house on top and inside a metal
cart positioned next to the weld table.
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Figure 5: WAAM system including heat source (A, welder), motion controls (B, 3-axis stages), and build
material (C, wire feeder with stainless steel spool)
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Figure 6: X-axis (A), Y-axis (B), Z-axis (C) stages, and weld torch (D)
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B

Figure 7: Torch heard with wire feeder tip (A), tungsten electrode (B), and gas cub (C)
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The heat source is a Miller Dynasty 210 TIG welder operating at 18V at 60% duty cycle.
Attached is a Miller Coolmate 1.3 to provide additional cooling for the torch. The torch is a CK
Worldwide CWM3512 Machine Torch. The torch is configured to accept a 1/16 in tungsten electrode and
has a ¾ ceramic shield cup attached. A 1/16-inch diameter electrode consisting of 98.34% W + 1.5%
La2O3 + .08% ZrO2 + .08% Y2O3 ground for welding stainless steel was used for the experiment. Weld
parameters are discussed below.
To control the current of the welder a custom system was designed and built. A Miller RCC 14
Remote Fingertip Weld Controller was modified to allow communication with an Arduino Uno. The
Arduino, an AD 5260 digital potentiometer, and the fingertip controller comprise the control system that
can adjust the current of the welder during a weld. The Arduino code and electrical diagram are available
in Appendix A and Appendix B. This control system was not used in the final experiments but is a
potential area for development for a closed-looped WAAM system.
Lastly, the build material to be used is .035-inch diameter stainless steel filler rod. This filler rod
is being introduced through a CK Worldwide WF-5 TIG Cold Wire Feeder. The tip of the wire feeder is
attached to the torch and feeds the wire directly into the weld pool. This automatic wire feeder has a
pulsing mode, allowing for the “dabbing” method to be used. The parts are being built up from a 3/8 in.
thick steel plate clamped to the weld table. The plate surface was prepared using a sand blaster to clear
any oxides and mill scale. The plates were then wiped down with acetone to remove any contaminates to
prevent weld defects.
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Chapter 4
Experimental Procedure
The ultimate goal of this experiment is to compare the resolution and tolerance (by examining
wall thickness) of parts built using a WAAM process with a continuously fed build material and with
dabbed or pulsed fed build material. To compare these two methods of feeding in build material, a robust
working process must be found first. Various welding and motion parameters must be considered when
creating a WAAM process. Through various qualitative experiments, key parameters were chosen to
remain constant; the first being torch travel speed. Other parameters were then tested with those chosen
constants and those that yielding stable results were carried onto the final tests.
The test geometry is a thin wall 65mm long and 35mm tall. The thickness of the wall will be
determined by the weld parameters and the feed method. The thickness is nominally zero as it is created
by a single pass of the torch.
Once the WAAM system was setup and fully functioning, a variety of qualitative tests and
sample runs were performed to discover what range of parameter values yielded stable and high-quality
welds and parts. Stability was determined by whether or not the weld beaded and formed gaps and if the
feed wire pushed past the weld pool. If a continuous thin wall formed and the feed wire did not push past
the weld pool, the part was considered stable. A travel speed of 200mm/min was selected. To further
optimize the part quality, a short parametric study was performed comparing wire feed rate to weld
current. Thin walls were built using different combinations of wire feed rate and weld current and
qualitatively compared to see what combinations yielded the highest quality parts. This study is
replicating the study done by S. Suryakumar et al. but with slightly different initial parameters and done
to account for the differences in WAAM systems [34]. A current of 60amps was initially tested and
increased by 10 amps up to 110 amps. Thin walls were built at each current and the wire feed rate set to
40 in/min to start. It was increased by 10 in/min each test until the process became unstable and the wire
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pushed past the weld pool and into the base plate. Images of the test part are shown in Figure 8. Table 2
shows the stability of each test. Figure 9 shows the linear relationship between current and wire feed rate.
These results match those found by S. Suryakumar et al. Any pair along and near the curve fit is a suitable
set of parameters. The parameter set of 45 in/min and 90 amps was chosen to be used in further testing.
Below are images of the parts produced in the stability test along with the parameter sets used.
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Figure 8: Images of Current vs Wire feed rate tests (see table 2 for results)
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Table 2: Parameters and Stability of Current vs Wire Feed rate test
Test

Current (A)

Stability

Test

Current (A)

60

Wire Feed
Rate (in/min)
40

Stability

100

Wire Feed
Rate (in/min)
50

A

Unstable

I

B

70

40

Unstable

J

100

60

Unstable

C

80

40

Stable

K

110

40

Unstable

D

80

50

Unstable

L

110

50

Stable

E

90

40

Stable

M

110

60

Stable

F

90

50

Stable

N

110

70

Stable

G

90

60

Unstable

O

110

80

Unstable

H

100

40

Unstable

Stable

90

Wire Feed Rate (in/min)

80

70

60

50

40

30
50

60
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80

90

100

Current (A)
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Unstable

Figure 9: Plot of Stability Test with Predicted Stability Line

Predicted Stability Line

110
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A final process was developed to compare continuously fed build material to pulsed fed build
material. The process parameters are summarized in Table 3 and Table 4 below. The g-code used for the
thin walls can be found in Appendix C.

Table 3: Test Parameters for continues feed operation
Parameter

Value

Unit

Torch Feed Rate

200

Millimeter per minute

Wire Feed Rate

50

Inch per minute

Current

90

Amperes

Argon Flow Rate

20

Cubic feet per hour

Table 4: Test parameters for pulsed feed operation
Parameter

Value

Unit

Torch Feed Rate

200

Millimeter per minute

Wire Feed Rate

68

Inch per minute

Current

90

Amperes

Argon Flow Rate

20

Cubic feet per hour

Drive Setting

2

(machine setting)

Dwell Setting

1

(machine setting)

A few characteristics about the manufacturing process must be mentioned that are not
summarized in the above tables. The very first pass was done at 100 amps since the base plate is a
substantial heat sink. Initial tests with the 90 amps resulted in large amounts of metal building up in spots
while leaving other locations along the toolpath with gaps (similar to tests A,B, and D in Figure 8),
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resulting in an invalid test. The current was reduced to the tabulated value after the first pass for the rest
of the build process.
There is also a difference between the wire feed rate of the continuously fed process and the
pulsed process. This is done because the pulsed setting will stop the wire feeding a set interval, meaning
that there is less build material being fed into the part. We wish to keep the total build material constant,
so the necessary adjustment was calculated and used based on the drive and dwell settings of the wire
feeder. In the final test, the wire feed rate was increased to 68 in/min to compensate for the dwell time of
the pulsed feed. Lastly, a slight modification of the stage toolpaths had to be made. During initial run with
the pulsed wire feed, the material was building at a rate faster than the torch was rising. This led to the
tungsten electrode eventually dipping into the weld pool, ruining the electrode tip and ending the test. The
Z-height change per pas was increased form .3mm to .35mm and the total number of passes was reduced
to maintain a final wall height of 35 mm. The g-code used for each experimental run can be found in
Appendix C and Appendix D.
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Chapter 5
Results
In total, four thin walled parts were made; two using the continuous feed method and two using
the pulsed feed method. The two parts were made using the same parameters to increase the sample size
and compensate for any outlying data that may arise during analysis. Images of the final thin walled parts
are below.

Figure 10: Front view of Continuously Fed samples
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Figure 11: Side view of Continuously Fed samples
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Figure 12: Front view of Pulsed Fed samples
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Figure 13: Side view of Pulsed Fed samples

The samples were scanned using a CREAFORM GO!SCAN® 3D metrology scanner. The
scanner is able to capture and export the parts as a 3D part file from the VXelements® software. The 3D
part file was then imported into Geomagic Design X® and converted to a solid model.
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Figure 14: Screen capture of continuous feed 3D models

Figure 15: Screen capture of pulsed feed 3D models
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Three slices along the z-axis were made in software. One slice was taken in the center of the part
at the 17.5mm height. The other two slices were taken at +/- 7.5mm. These locations were selected to
avoid any deformation at the very bottom and very top of the finished part that could had occurred due to
the build plate or caused by surface tension in the weld pool. A similar approach was taken for measuring
the thickness along the wall. The center point at 32.5mm was measured along with 4 more measurement
in each direction, one measurement every 5mm. These locations were used to prevent measuring the
bulged thickness at the ends of the thin wall. Figure 16 illustrates the locations where measurements were
taken. This results in 27 measurements per build sample.

7.5mm
Center Line (17.5mm)
7.5mm

5mm

5mm

5mm

5mm

5mm

5mm

Center Line (32.5mm)
Figure 16: Diagram marking locations of thickness measurements

5mm

5mm

36
The thicknesses of each sample are tabulated in Tables 5-8 below. Note that the values marked in
red (position 17.5mm and 57.5mm along wall) were discarded as they measured the thickness too close to
the bulge at the ends of the wall and were not considered valid. This left 21 valid measurements per
sample. A graphical representation of the average thickness measurements can be seen in Figure 17.

Table 5: Measured thickness of Sample 1, continuous feed method

Pos. along
wall(mm)

10

17.5
22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5

6.68
6.54
6.61
6.32
6.01
6.21
6.54
6.3
6.95

Thickness(mm)
Pos. up wall(mm)
17.5
7.03
6.9
6.6
6.42
6.5
6.35
6.78
6.62
7.43

25
7.59
7.09
6.77
6.78
6.75
6.75
7.09
7.16
7.39

Table 6: Measured thickness of Sample 2, continuous feed method

Pos. along
wall(mm)
17.5
22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5

10
6.33
6.14
6.08
5.82
5.99
6.11
6.15
6.60
6.70

Thickness(mm)
Pos. up wall(mm)
17.5
7.55
7.32
6.57
6.49
6.43
6.67
7.15
7.10
7.23

25
8.22
7.49
7.62
7.51
7.38
7.19
7.22
7.54
8.04
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Table 7: Measured thickness of Sample 1, pulsed feed method
Sample 1 Pulsed
Pos. along
wall(mm)

10

17.5
22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5

7.15
7.00
7.05
6.87
6.97
7.14
6.94
7.31
7.21

Thickness(mm)
Pos. up wall(mm)
17.5
7.06
6.45
6.51
6.55
6.49
6.30
6.17
6.71
7.76

25
6.09
6.39
6.17
5.96
6.21
6.14
6.18
6.46
6.66

Table 8: Measured thickness of Sample 2, pulsed feed method
Sample 1 Cont.
Pos. along
wall(mm)
17.5
22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5

10
5.53
6.16
6.22
6.10
5.96
6.14
6.06
6.39
6.40

Thickness(mm)
Pos. up wall(mm)
17.5
6.30
6.25
6.28
6.03
6.13
6.14
6.19
6.19
6.24

25
6.37
6.03
5.70
5.72
5.99
5.88
6.01
5.83
6.09
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8
7

Average thickness (mm)

6
5
4
3
2
1
0
Continuous 1

Continuous 2

Pulsed 1

Pulsed 2

Build Sample
Figure 17: Average wall thickness with standard deviation bars

The two different samples were built with the exact same parameter set. The thickness data was
combined for a total of 42 measurements per feed method. A one-way analysis of variance was performed
on the two data sets in Microsoft Excel. Table 9 contains the output of the Single Factor ANOVA
analysis.
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Table 9: Microsoft Excel output for one-way analysis of variance

The final analysis results in a P-value of .000102. Comparing to the engineering significance
level of .05, the null-hypothesis is rejected. The population means of wall thickness between continuously
fed build material and pulsed fed build material as not equal. The pulsed fed method results in thinner thin
walls and subsequently higher tolerance parts.
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Chapter 6
Future Developments
The experiment conducted and the results compiled gave information regarding improvements to
the WAAM process by using a different method of introducing filler material. The current WAAM
system is capable of performing many different experiments in the future. Another development is having
hardware improvements added, expanding potential of the machine.
One such experiment could be changing different weld parameters and comparing the results.
Parameters such as travel speed, current, electrode type, electrode diameter could all be tested and
compared. Other factors such as the distance between the electrode and the build layers, filler rod
diameter, and layer heights could also have a role in the quality of printed parts.
Another large change that could be implemented into the system is by adding a real-time
temperature controller. As discussed in the literature review, the mechanical properties of a printed part
are largely depended on the microstructure of the material. The microstructure is largely controlled by the
temperature and temperature change during the welding process. If this temperature could be controlled
during printed, part quality and mechanical properties could be greatly improved. One method of
controlling the current is illustrated below in a cyclical functional decomposition of a closed looped
system for a WAAM machine using an IR camera.
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Adjust output
current at
welder

Send current
from welder
to weld pool

Change
control
voltage to
welder

Heat weld
pool

Measure
weld pool
temperature

Figure 18: Closed loop system breakdown
An IR camera would be pointed at the weld pool to directly measure the temperature. Software
would be used to analyze the IR image and convert the information into a temperature, which would be
sent to the Arduino. The Arduino would then send information to a digital potentiometer and that
potentiometer would control the current that is sent from the welder to the torch. An electrical diagram for
the Arduino, digital potentiometer, and weld controller is provided in Appendix B. Different algorithms
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could be used to adjust the current to optimize the weld quality and microstructure of the printed part.
Appendix provided example code that is able to control the welder. This code simply varies the current
from 100% of a preset current on the welder to 0%, turning the welder off. This process would repeat
indefinitely [33]. The current code can be modified to adjust the weld current based on different
algorithms. The code would need to accommodate input from the software that the IR camera uses. A
simple example of an algorithm that could be used is obtaining a temperature from the IR camera,
comparing the temperature to a desired weld pool temperature, and increasing or decreasing the weld
current based on the difference in the measured and desired temperature. More complex algorithms could
be written and tested to improve the functionality of the IR closed looped system.
Another possible method of implementing a closed looped system could be through the use of
thermocouples attached to the underside of the base plate. This solution is much cheaper than the use of
and IR camera, but many new issues arise when using this method. One would need to accommodate for
the thermal properties of the base plate and build material, changes is heat transfer and material is build
up and the weld pool moves farther away from the base plate, and difference in temperature across the
different thermocouples placed along the plate.
Improvements to the current set up that improve general usability could be made as well. This
could include but is not limited to adding a 4th axis to allow direction of feed wire to always be parallel to
the direction of motion as is done in hand welding. Another example is having the wire feeder controlled
through the G-Code rather than controlled by hand as was done in the experiments for this thesis.
Aside from changes to the test parameters or to changes to machine itself, repeating the tests
performed for this thesis (or any mentioned above) using different materials should be greatly considered.
Much of this thesis has brought to light to benefits of Ti6Al4V titanium alloy in the aerospace industry
and how WAAM can improved production costs. This material would be a great candidate for further
development.
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Appendix A
Example Arduino Code Current Controller

#include <SPI.h>
void setup()
{
SPI.begin();
pinMode(10,OUTPUT);

// Load SPI library from Arduino archive
// Initial setup for ins/outs
// Links code to SPI library
// Set pin 10 as control output to Arduino

// Miscellaneous SPI setup for AD 5360 DigiPot
SPI.setClockDivider(SPI_CLOCK_DIV64);
SPI.beginTransaction(SPISettings(20000000, MSBFIRST, SPI_MODE0));
Serial.begin(57600);
}

// Example code too control AD 5360 DigiPot
// Continuously cycle from full voltage out to 0 voltage out
// takes jumps of 2/256 percent of voltage out every 50 milliseconds
// Code must be updated to pair with IR Camera Inputs and control algorithm
for desired temperature
void loop()
{
for (int level = 0; level < 256; level += 2) {
Serial.print(level);
Serial.print(' ');
digitalWrite(10,LOW);
SPI.transfer(level);
digitalWrite(10,HIGH);
delay(50);
}
for (int level = 255; level >= 0; level -= 2) {
Serial.print(level);
Serial.print(' ');
digitalWrite(10,LOW);
SPI.transfer(level);
digitalWrite(10,HIGH);
delay(50);
}
}
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Appendix B
Electrical Diagram of Welder Current Controller

Figure 19: Electrical Diagram for current control to welder
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Appendix C
CNC G-Code for Continuous Feed Method
G91
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
;Repeat moves 57 more time
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00

; use relative coordinates
; relative move 75 mm in -y and .5 mm in +z at 200mm/min
; relative move 75 mm in +y and .5 mm in +z at 200mm/min

G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00

G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
G1 Y-65.00 Z0.30 F200.00
G1 Y65.00 Z0.30 F200.00
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Appendix D
CNC G-Code for Pulsed Feed Method
G91

; use relative coordinates

G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00

; relative move 75 mm in -y and .5 mm in +z at 200mm/min
; relative move 75 mm in +y and .5 mm in +z at 200mm/min

;Repeat moves 49 more time
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00

G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00

G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
G1 Y-65.00 Z0.35 F200.00
G1 Y65.00 Z0.35 F200.00
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