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Abstract: Melt track width can vary in a wire-arc-directed energy-deposited material (DED) using a
constant set of process parameters, leading to a lower-quality build. In this work, a novel framework
is proposed that uses the data from the process parameter development stage to create optimized
process parameters for a target layer width at different interpass temperatures without hot cracking.
Inconel 718 is used as the model material since it is known to suffer from hot cracking during
DED processing. In the proposed framework, a process window containing a few sets of process
parameters (torch travel speed and wire feed rate) is established for crack-free deposition of Inconel
718, and these parameters are used to create a small database. A linear regression model is then
employed to generate interpass-temperature-specific optimized process parameters for a target melt
track width. The results demonstrate that the proposed approach can reduce the melt track width
variation in the deposited walls from 12% to 3% error on average under different printing conditions.
It also demonstrates that interpass temperature (IPT) can be used as a controlled variable and the
optimized process parameters as initial values when applying control techniques to the process.

Keywords: additive manufacturing; wire-arc DED; Inconel 718; WAAM

1. Introduction

Wire arc additive manufacturing (WAAM) is a directed energy deposition (DED)
technology that uses welding techniques to create objects in 3D. Wire-arc DED has many
advantages such as low-cost wire feedstock and relatively high deposition rates [1,2]. Al-
though many welding modes can be used for wire-arc DED, cold metal transfer (CMT) is a
preferred method because it reduces heat input and improves arc stability by physically
retracting the wire and creating droplet detachment [3]. In traditional metal inter-gas weld-
ing (MIG), this is achieved by increasing the current which increases the overall heat input
to melt the wire. Even with CMT, wire-arc DED has several drawbacks such as heat accu-
mulation, changing local thermal environment, high residual stress, and distortion [4,5].

This paper focuses on Inconel 718, a high-strength, corrosion-resistant nickel chromium
material widely used in high-temperature applications [6]. It is well documented in the
literature that this material experiences crack-like defects in welding, wire-arc DED, and
laser powder bed fusion (LPBF) processes [6–8]. The two most common types of cracking
in Inconel 718 are solidification cracking and liquation cracking [9]. Solidification cracking
occurs in the fusion zone, the area that is fully melted while depositing a layer. Liquation
cracking occurs in the heat-affected zone, the area that surrounds the fusion zone where
the material has not melted but has experienced high temperatures [10].

While the two cracking mechanisms are distinct, they often occur together in wire-
arc DED where the rapid heating and cooling cycles in the melt pool create conditions
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conducive to both types of cracks [8]. Therefore, methods to reduce both liquation and
solidification cracking involve similar approaches, such as modifying wire composition to
ensure consistent and stable deposition and/or optimizing processing conditions to alter
microstructure and cooling rates [11,12].

Ye et al. found that reducing the heat input is a strategy that helps reduce or eliminate
cracking in tungsten inert gas (TIG) welding of Inconel 718 [13]. In TIG welding, heat input
can be reduced by adjusting the amperage (current) while maintaining other parameters
constant. In CMT, the current, voltage, and wire feed speed are dependent on each other
and cannot be controlled separately [14]. Reducing the heat input can be carried out by
decreasing wire feed speed (this decreases current) or increasing torch speed. Decreasing
the wire feed speed could lead to insufficient material feeding into the melt pool, causing an
unstable arc and non-uniform deposition. Increasing the torch speed could lead to a more
elongated melt pool, possibly resulting in higher cracking susceptibility [15]. Reduced
heat input can also be achieved by varying multiple other parameters including shield gas
composition, shield gas flow, and CMT welding parameters (characteristic curve, dynamic
correction, arc length correction, etc.).

Optimizing cooling rates to minimize thermal gradients in the wire-arc DED process
is another effective approach to prevent cracking. Radhakrishna and Rao found that faster
cooling rates reduced the occurrence of crack-like defects [16]. In wire-arc DED, most
practitioners optimize cooling rates with the use of dwell times between layers while
monitoring the surface temperature of the part with sensors [17]. The temperature of the
previous layer, just before depositing a new one, is referred to as interpass temperature
(IPT). Setting a maximum limit for IPT promotes consistent cooling rates and helps prevent
heat accumulation issues. Chen et al. found that excessive heat accumulation during AM
increases the likelihood of cracking [7].

Several sensors are available for monitoring IPT, including pyrometers and infrared
(IR) cameras. Pyrometers are easy to implement on a wire-arc DED machine, but they
provide limited data for a specific spot size (~10 mm). Alternatively, IR cameras provide a
comprehensive view of the entire layer at once, ensuring that the IPT remains within limits
throughout. Although more challenging to implement, IR cameras offer broader coverage.
Both pyrometers and IR cameras rely on emissivity calibrations, which could create errors
and make the reading less reliable [18].

In addition to dwell times, some machines implement active cooling, which refers to
the use of an auxiliary process to increase the cooling rate instead of relying solely on natural
convection [19]. Different methods have been tested including using a water bath, cryogenic
cooling, and a high flow of gas to cool the printed parts more efficiently [19–21]. However,
in the case of large part fabrication under a high deposition rate, these active cooling
methods during wire-arc DED processing can lead to varying thermal conditions [22]. These
conditions are typified by varying thermal gradients not only along the build direction
but also within individual layers. One of the resulting effects is melt track width variation
and hence part dimensional inaccuracy, particularly in thin walls consisting of single weld
beads. Dimensional inaccuracy can lead to stress concentration and unstable arc which
can increase the risk of cracking. Additionally, it can result in more material needing to be
deposited and machined, thus increasing the overall cost.

Different techniques have been used to overcome dimensional inaccuracy issues
including closed-loop feedback control and layer-by-layer adaptive control [23–26]. Xia and
Pan developed a vision-based closed-loop feedback control to maintain a consistent track
width [23]. Wang et al. also proposed a vision-based control that is based on reinforcement
deep learning instead of a traditional controller. Li et al. and Ščetinec et al. were able
to apply closed-loop feedback control in the vertical direction (layer height) instead of
the track width [25,26]. Mu et al. developed a model-based adaptive control system
that adjusts process parameters in real-time, layer by layer, to account for variations and
disturbances during the manufacturing process [27]. Implementing closed-loop or real-time
control techniques can offer significant advantages such as improved geometrical accuracy
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and consistency. However, it also presents several challenges including increased system
complexity and cost, time-consuming parameter tuning, and challenging material/system
qualification process [28].

Developing process parameters is a necessary step before implementing advanced
techniques like closed-loop control. This step not only generates a set of optimized or
baseline process parameters but also produces valuable data, which is often not carried
over to the control implementation stage. This paper introduces a novel framework that
leverages data from the process parameter development stage to create a set of IPT-specific
optimized process parameters targeting a specific melt track width. The approach involves
conducting a small design of experiments and utilizing a regression model to correlate wire
feed speed (WFS), travel speed (TS), IPT, and melt track width (MTW). Although many
other parameters affect melt track width, the authors selected these four parameters and
kept the rest constant to reduce the size of the DOE.

The advantages of this technique include no additional hardware needed, low cost,
ease of implementation, and straightforward qualification. Furthermore, the IPT-specific
optimized process parameters and the data gathered from the initial process parameter
development stage can serve as a starting point for closed or open-loop control techniques.

This paper is organized as follows. Section 2 outlines the experimental methods
used to print and post-process samples. Section 3 provides all the results for both process
parameter development and the optimized parameter approach, and Sections 4 and 5
provide discussion and conclusions, respectively.

2. Materials and Methods

The machine used in this study was an Arc605 system manufactured by Gefertec
(Berlin, Germany) as seen in Figure 1. This machine is a 5-axis CNC using a Fronius TPS
400i power source (Wels, Austria). Inside the welding power source, the user can manually
input all values for each process parameter and save them under a specific job number
(parameter number). Custom CAM software (Version 1.8.1.0) provided by Gefertec named
CAM3DMP was used to slice all parts and create G-code files. Inside the software, all the
parts can be imported and positioned and their respective job numbers can be assigned
to each one of them. For this work, all deposited walls are printed using a bi-directional
strategy (alternating start/stop locations). This strategy provides more uniform cooling
rates and a consistent layer height near the start/ends of welds.
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The Arc605 machine can perform active cooling, equipped with a Sensotherm Metis
M318 single-wavelength pyrometer and a nozzle that blows compressed air. The active
cooling is activated by a command in the Gcode file at the location where welding will take
place next. Once the command is activated, the air nozzle turns on while the pyrometer
monitors the IPT. Once the IPT reaches the set threshold, the air turns off and the welding
process starts.

The emissivity of the pyrometer was calibrated by attaching a thermocouple to the
surface of a printed wall and was determined to be 0.4. The wall was heated with a
blowtorch to 300 ◦C, and the emissivity was adjusted to match that of the thermocouple
and pyrometer. Initially, a heated plate was used instead of a blowtorch, but it failed to
reach the desired temperature due to the thickness of the substrate plate and the size of
the wall.

All the printing for this work was carried out on 10 mm thick Inconel 718 plates
using 1.2 mm diameter Inconel 718 wires procured from Voestalpine Bohler (Düsseldorf,
Germany). The shielding gas employed was CronigonNi10 (CO2 0.05%; H2 2%; He 30%; Ar
67.95%) from Linde at a flow rate of 15 L/min during processing. For this study, the only
adjusted process parameters were the wire feed speed (WFS), torch speed (TS), and IPT.

The first design of experiments (DOE) was created to explore the entire process
parameter space and understand the cracking behavior of Inconel 718 under different
thermal conditions. Single-bead walls measuring 100 mm in length and 5 layers in height
were printed using 20 different parameter combinations, as outlined in Table 1. The upper
bound for wire feed speed (WFS) was set at 11 m/min, the maximum allowable value for
the welder, while the lower bound (5 m/min) was chosen to maintain a melt track width
close to 6 mm, a standard value used in parameter development. The TS was selected
based on the operator’s previous experience with Inconel 718. The lower bound for IPT
was established according to welding knowledge for nickel alloys to be 175 to 200 ◦C.
The upper bound of 350 ◦C was chosen based on previous experience with nickel alloys
showing diminished properties above that bound. Two specimens were printed at higher
IPT to understand the effect of higher IPT on cracking behavior. To minimize the effect
of printing on a substrate that is not temperature-controlled, a heating module was used
to maintain the substrate plate temperature at the required IPT for each specimen. This
technique is called preheat, and in this work, the preheat temperature and IPT values are
the same. Adding preheat also ensures that each layer is printed at the required IPT as the
deposition process might not reach a steady state behavior until around 10 layers.

The specimens were sectioned using electrical discharge machining (EDM). The cut
samples underwent a series of preparation steps to achieve optimal surface quality. Initially,
they were ground and polished using abrasive paper and subsequently refined through
polishing with a 0.05 µm colloidal silica suspension. These prepared samples were then
subjected to optical microscopic (OM) analysis at varying magnifications.

For scanning electron microscopy (SEM) analysis, the samples underwent additional
processing. This included either vibration polishing or electropolishing. Electropolishing
was carried out using a solution composed of 12.5 vol.% sulfuric acid and 87.5 vol.%
methanol, applying a potential of 25 V at room temperature. Electrolytic etching was also
performed in a 10 vol.% saturated oxalic acid solution at 12 V for a few seconds. The SEM
was performed on a JEOL JSM-IT500HR (Peabody, MA, USA) at 30 kV accelerated voltage
using a Schottky field emission (FEG) electron source.

The second DOE was created to be used as the database for regression modeling. The
WFS and TS values for this DOE were selected in the “crack-free” area identified in the
first DOE. As seen in Table 2, the WFS range used in this DOE has an upper bound of
8 m/min and a lower bound of 4 m/min. The TS has an upper bound of 960 mm/min and
a lower bound of 480 mm/min. The IPT lower bound was chosen to be room temperature
to ensure data were available at that temperature. The upper bound was selected to be
400 ◦C, the midpoint between a crack-free specimen (specimen 11) and a cracked specimen
(specimen 19).
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Table 1. Process parameter used to print Inconel 718 single tracks.

Specimen WFS (m/min) TS (mm/min) IPT (◦C)

1 5 500 150
2 5 1000 150
3 5 1500 150
4 8 500 150
5 8 1000 150
6 8 1500 150
7 11 500 150
8 11 1000 150
9 11 1500 150
10 5 500 350
11 5 1000 350
12 5 1500 350
13 8 500 350
14 8 1000 350
15 8 1500 350
16 11 500 350
17 11 1000 350
18 11 1500 350
19 5 1000 450
20 5 1000 550

Table 2. Process parameters used in the design of experiments to build a database.

Specimen WFS (m/min) TS (mm/min) IPT (◦C) Melt Track Width (mm)

1 4 480 20 5.62
2 5 600 20 6.05
3 6 720 20 6.25
4 7 840 20 6.40
5 8 960 20 6.48
6 4 480 100 5.54
7 5 600 100 5.97
8 6 720 100 6.28
9 7 840 100 6.46

10 8 960 100 6.56
11 4 480 200 5.86
12 5 600 200 6.28
13 6 720 200 6.50
14 7 840 200 6.83
15 8 960 200 7.07
16 4 480 300 6.21
17 5 600 300 6.67
18 6 720 300 6.90
19 7 840 300 7.09
20 8 960 300 7.25
21 4 480 300 6.58
22 5 600 400 6.84
23 6 720 400 7.30
24 7 840 400 7.45
25 8 960 400 7.59

The geometry of the walls was also modified to 20 layers in height and 80 mm long.
The height was designed to ensure the deposition process and the wall width has achieved
a steady state. The shorter length was selected to reduce specimen size.

The ratio between TS and WFS is commonly used in welding and wire-arc DED to
control bead geometry, deposition rate and overall quality of the bead. Ideally, all the
specimens printed at a single IPT using a constant TS/WFS ratio (TS/WFS ratio = 120)
should have consistent melt track widths. Due to the nature of the CMT process, the
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welding source internally runs a closed-loop feedback control to ensure a stable arc which
creates differences in actual WFS, voltage and current used. As seen in Table 2, the melt
track width varies in all cases using the same IPT, which demonstrates the need for a model
to correlate the width with process parameters.

As seen in Figure 2, a cross-sectional cut in the middle of the walls was taken using
EDM and the melt track width was measured using a Keyence VR-3200 optical profilometer
(Osaka, Japan). The width was taken as the average of three measurements conducted
along the height of the specimen.
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The regression model was used to create a set of new IPT-specific process parameters
targeting a wall width of 7 mm, as shown in Table 3. These new process parameters were
manually entered into the power source. The pyrometer subroutine inside the machine
was modified to not only check for IPT but also automatically change process parameters
based on the desired IPT threshold. For example, if a layer has a prescribed maximum
IPT threshold of 200 ◦C, the machine will activate the air nozzle and allow the part to cool
down to the required temperature. Once the temperature is reached, it will automatically
switch to the 200 ◦C IPT parameter from Table 3. If the IPT of the layer is already below
the maximum IPT threshold of 200 ◦C, the pyrometer will measure the temperature and
change the process parameters accordingly.

Table 3. Optimized process parameters for different IPT using a target width of 7 mm.

Interpass (◦C) Width (mm) WFS (m/min) TS (mm/min)

100 7 8.54 1025.29
125 7 8.31 996.81
150 7 8.07 968.34
175 7 7.83 939.86
200 7 7.59 911.38
225 7 7.36 882.91
250 7 7.12 854.43
275 7 6.88 825.95
300 7 6.65 797.48
325 7 6.41 769.00
350 7 6.17 740.52
375 7 5.93 712.05
400 7 5.70 683.57
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Five test cases were devised to ensure the process parameters could maintain the
target wall width even with changing thermal conditions. Case 1 involves a wall with
10 layers and random maximum IPT thresholds for each layer. Case 2 features a wall with
20 layers and a constant maximum IPT threshold of 400 ◦C. Case 3 is another random IPT
threshold test case but with 20 layers. Case 4 comprises a wall with 20 layers and a constant
IPT threshold of 150 ◦C. Case 5 is similar to Case 4, except the IPT was measured at the
ends of the wall instead of the center. Given the bi-directional printing strategy, the location
for the IPT measurements alternates between both ends of the wall for Case 5.

Figure 3 shows the different IPT values, number of layers, and IPT measurement
locations used for each case. The shorter 10-layer walls were designed to test the effect of
adjusting process parameters while remaining close to the substrate. In some cases, the
IPT for a specific layer might be below the threshold defined in Figure 3. For those cases,
the IPT will be recorded to switch to the appropriate process parameter, and the printing
process will continue without idle time.
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3. Results
3.1. Process Parameter Development Results

The initial design of experiments (DOE) was developed to explore the entire process
parameter space and understand the cracking behavior of Inconel 718 under various
thermal conditions. The deposition for all the process parameters from Table 1 was stable
and no errors were encountered during printing. Figure 4 shows the process map with
respect to cracking at an IPT of 150 ◦C. The process parameter space can be divided into
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two zones, crack and crack-free. Increasing the wire feed speed (higher heat input) increases
the occurrence of cracking, but cracking also shows up at higher TS.
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the cracks observed in the rest of the samples in the cracked zone.
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At the higher IPT of 350 ◦C, the crack zone is larger, with instances of cracking
occurring at lower WFS, as seen in Figure 6. Crack-free specimens are achieved at high
deposition rates; however, these specimens also exhibit humping (Figure 7). Humping
in welding refers to bead irregularities that appear as raised or hump-like formations
along the weld bead. This defect typically occurs in high-speed welding processes and is
characterized by periodic, excessive build-up of weld metal, leading to a non-uniform weld
bead. The final two specimens from Table 1 are printed at 450 ◦C and 550 ◦C, with cracking
found in both samples.
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Using the results from the first DOE, a process window can be established for selecting
process parameters which will result in crack-free specimens up to an IPT of 350 ◦C.
Although the IPT for Inconel 718 is usually maintained at or under 150 ◦C, for the purpose
of this work, the goal was to find the highest crack-free IPT possible [29]. The higher IPT
makes it easier to study the effects of implementing the IPT-specific process parameters.

3.2. Linear Regression Model

A model that correlates WFS, TS, IPT, and melt track width was created using the data
from the second DOE (Table 2). A linear regression model with two inputs and two outputs
was created in Python using the library SKLearn. The inputs to the model were melt track
width and IPT, while the outputs were WFS and TS. Different types of regression models,
including polynomial, logistic, lasso, and ridge, were tested but did not perform as well
as the linear regression model. Due to the small sample size, it is possible that the more
complex models were overfitting the data.

The data are preprocessed and then normalized. In total, 20% of the data is held out
for the test set. A linear regression model is fitted to the rest of the data. The R2 score for
the model is 0.9 and a plot of the fit is shown in Figure 8. Equations (1) and (2) show the
coefficient for the regression model where MTW is the melt track width:

WFS = −
(

IPT × 9.49 × 10−3
)
+ (MTW × 3.460)− 14.72 (1)
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TS = −(IPT × 1.39) +
(

MTW × 4.15 × 10−2
)
− 1766.82 (2)
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The model was utilized to generate 13 IPT-specific optimized process parameters
aiming for a target melt track width of 7 mm. This target width was selected to keep the
calculated process parameters within the established process window developed during
the parameter development stage. Choosing a larger or smaller target width could result in
some process parameters falling within the crack zone. Table 3 presents the final process
parameters for the 7 mm target width. Both the WFS and TS are positioned within or very
close to the crack-free zone outlined in previous sections to ensure the achievement of
crack-free deposition.

3.3. Test Cases

For test cases 1, 2, and 3, two walls are printed: one utilizing a single parameter
for the entire deposition process (fixed parameter), and the other automatically adjusting
parameters from Table 3 based on IPT (IPT-specific optimized process parameters). Table 4
presents the results from these cases. With optimized parameters, the error between the
target and actual width remains below 3.5%, while maintaining a low standard deviation of
0.05 mm across all cases. Conversely, utilizing fixed parameters leads to an error exceeding
12%, with the standard deviation rising to 0.40 mm among all cases. As expected, the
printing time for optimized parameters is longer than for fixed parameters, as the optimized
torch speed decreases with increasing interpass temperature. Figure 9 highlights the results
from Case 3, revealing a noticeable difference: the wall built with fixed parameters displays
varying width along its height and lacks straightness, while the wall constructed with
optimized parameters appears much straighter in comparison. It is important to note that
the difference in color does not convey any additional information and is solely related to
the image capture settings.

Table 4. Test case results showing melt track width and printing time.

Case 1 Case 2 Case 3 Standard Deviation
among All Cases

IPT-specific
optimized parameters

Track width 6.75 ± 0.001 mm 6.80 ± 0.058 mm 6.86 ± 0.018 mm 0.05 mm
Printing time 5 min 10 s 8 min 26 s 13 min 47 s

Fixed parameters Track width 6.96 ± 0.3075 mm 7.31 ± 0.302 mm 7.86 ± 0.538 mm 0.40 mm
Printing time 4 min 29 s 9 min 35 s 12 min 43 s
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was performed.

In Cases 4 and 5, the same process parameters were used for both walls but the location
for the pyrometer temperature reading was different. Table 5 shows the results where the
melt track width and printing time had a difference of 0.26 mm and ~5 min, respectively.

Table 5. Results for Cases 4 and 5 comparing two walls printed using standard process parameters
but monitoring IPT at different locations.

Pyrometer reading at center
Width 6.81 ± 0.129 mm

Printing time 20 min 25 s

Pyrometer reading at edge
Width 7.07 ± 0.456 mm

Printing time 15 min 46 s

4. Discussion

Inconel 718, a widely used nickel-chromium alloy, is highly susceptible to cracking [6–8].
The two main types of cracking in this material are liquation cracking and solidification
cracking [10]. Although these are different phenomena, the methods to reduce both types
of cracks are quite similar.

To understand the cracking behavior of this material, an initial design of experiments
(DOE) was conducted to explore the process parameter space. At a lower IPT of 150 ◦C,
the results show that cracking can be avoided by using a lower wire feed speed (WFS),
regardless of the selected travel speed (TS). In CMT welding, WFS is the primary control
method of heat input, as voltage and amperage are functions of WFS and cannot be adjusted
independently. This finding aligns with the results by Ye et al. [13], who found that reducing
heat input helps reduce or eliminate cracks. However, using a lower WFS leads to lower
deposition rates and increases printing time. Ideally, the selected WFS should be as high as
possible while staying in the crack-free zone.

Another method to reduce heat input, although less effective, is to increase the TS.
However, our results show that increasing the TS generally makes the deposited material
more susceptible to cracking. For instance, in specimen 4 (WFS: 8 m/min; TS: 500 mm/min),
cracking is absent, while in specimen 6 (WFS: 8 m/min; TS: 1500 mm/min), cracking occurs
despite using the same WFS. Cracking at high TS can occur due to several interrelated
factors, including elongation of the melt pool, steep thermal gradients, and inadequate
time for metallurgical reactions [30]. The effect of reducing heat input by increasing the TS
is dominated by these detrimental effects accompanied.

At a higher IPT of 350 ◦C, the thermal gradients between the molten and solid material
are lower, which should help prevent cracking. However, cracking occurs at a lower WFS
compared to the lower IPT, as seen in specimen 8 (WFS: 8 m/min; TS: 500 mm/min).
This is due to the increased heat input, which negates any benefit from having a lower
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thermal gradient. Specimen 18 (WFS: 11 m/min; TS: 1500 mm/min) stands out as it lacks
cracking even at the highest WFS. Here, the heat input might be in equilibrium, with the
high TS reducing it and the high WFS and IPT increasing it. Despite the crack-free results,
the specimen shows signs of humping attributed to the high TS [31]. Humping can lead
to increased solidification cracking vulnerability, especially when building larger parts
with high residual stresses. The wavy deposition also leads to poor surface quality and
inconsistent fusion between layers.

The final specimens 19 and 20 display cracking, suggesting a maximum IPT between
350 and 450 ◦C. Overall, the process window for Inconel 718 appears to be well defined,
allowing for crack-free deposition even at higher IPTs. These results can inform parameter
selection for achieving crack-free deposition across varying IPTs. It should be noted that in
this work, higher IPTs were used to highlight the approach of automatically assigning IPT-
specific optimized process parameters. Higher IPTs have detrimental effects on mechanical
properties and microstructure, while lower IPTs enable improved properties but increase
the dwell time between layers. Selecting a suitable IPT for the material involves consider-
ing multiple factors, including mechanical properties, microstructure, printing time, and
heat treatment.

The linear regression model proved successful in correlating TS, WFS, IPT, and melt
track width. If more parameters are considered, the authors believe more complex models
will perform better but require larger datasets. The advantages of the linear model include
the ease of interpretability of the results, which can provide insights into the physics of the
process. The linear regression model was used to generate 13 process parameters that can
be entered into the welding power source. If using a maximum IPT threshold of 175 ◦C,
only 5 or 6 parameters would be required for printing. Qualifying a finite number of
parameters is easier than qualifying a machine with closed-loop feedback control. In some
cases, advanced control techniques are not even allowed due to stringent qualification
standards for AM to date.

Test cases 1, 2, and 3 demonstrate the efficacy of achieving a target melt track width
using parameters derived from the linear regression model. This success is notable given
that many wire-arc machines struggle with real-time control due to limited control over
power sources, as they often behave like “black boxes” where the user cannot access
all the required data. Despite random IPTs, the melt track width had only a 3% error
from the target of 7 mm, demonstrating the effectiveness of the proposed approach while
showcasing the seamless implementation of process parameters without user intervention.
This technique can be applied to customize wall width when printing single-bead walls
without the need for additional experiments, requiring less waste material and reducing
machining time and cost.

Cases 4 and 5 underscore the importance of selecting appropriate temperature check
locations when using a pyrometer. Even in a small and simple geometry like a single-track
wall, temperature distribution on the surface exhibits a gradient, with edges cooling faster
than the center. This discrepancy is evident in the printing time, where the center location
required almost 5 min longer to achieve the same IPT, highlighting the necessity of selecting
temperature check locations to ensure no location on a layer exceeds the maximum IPT
threshold. The printing strategy also affects the overall temperature distribution. The bi-
directional strategy provides more uniform heating compared to a uni-directional strategy,
which can cause a large temperature gradient across the layer.

5. Conclusions

In this work, we have presented a novel framework that allows for the creation of
IPT-specific optimized process parameters from process parameter development data. A
process window for printing crack-free Inconel 718 single-track walls was established,
and these process parameters were used to generate a small database containing data on
WFS, TS, IPT, and melt track width. A linear regression model was then employed to
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create IPT-specific optimized process parameters for a specific target melt track width. The
following conclusions can be drawn:

(1) The process window for Inconel 718 is well-defined, allowing for crack-free deposition
at varying IPTs (Up to 350 ◦C).

(2) Cracking can be avoided by using a lower WFS (<8 m/min), irrespective of the TS.
(3) A linear regression model effectively correlates TS, WFS, IPT, and melt track width.

Although more complex models could potentially offer better performance, the linear
model provides easily interpretable results that offer insights into process physics
(R2: 0.9).

(4) The study demonstrates that using parameters derived from the linear regression
model can achieve the desired melt track widths efficiently (3% error), reducing the
number of experiments, material consumption, machining time, and associated costs.

(5) The location for temperature checks using a pyrometer must be selected with prior
knowledge of the thermal conditions that the part will experience during print-
ing. Failure to do this might result in sections of the part exceeding the maximum
IPT threshold.

Although the technique applied in this paper was effective, it is limited to simple
geometries with uniform cross-sections. Larger and more complex parts might result in
very large temperature gradients for a single layer, and thus a single process parameter
per layer might not be sufficient. This technique can be used in conjunction with control
techniques to obtain real-time control of the melt track width. The paper demonstrates
that IPT can act as a controlled variable when applying closed-loop feedback control.
The optimized process parameters will serve as initial values for the control algorithm.
Future research should explore how process parameters impact both the microstructure
and mechanical properties of the material. This should involve comparing the effects
of using fixed parameters versus IPT-specific ones on the material’s microstructure and
mechanical properties.
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