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Featured Application: This research helps improve the capability of wire and arc-based additive
manufacturing in fabricating thin-walled structures in terms of geometric accuracy, productivity,
and microstructure.

Abstract: Wire and arc-based additive manufacturing (WAAM) is a rapidly developing technology
which employs a welding arc to melt metal wire for additive manufacturing purposes. During
WAAM of thin-walled structures, as the wall height increases, the heat dissipation to the substrate
is slowed down gradually and so is the solidification of the molten pool, leading to variation of the
bead geometry. Though gradually reducing the heat input via adjusting the process parameters
can alleviate this issue, as suggested by previous studies, it relies on experience to a large extent
and inevitably sacrifices the deposition rate because the wire feed rate is directly coupled with
the heat input. This study introduces for the first time an in-process active cooling system based
on thermoelectric cooling technology into WAAM, which aims to eliminate the difference in heat
dissipation between upper and lower layers. The case study shows that, with the aid of thermoelectric
cooling, the bead width error is reduced by 56.8%, the total fabrication time is reduced by 60.9%,
and the average grain size is refined by 25%. The proposed technique provides new insight into
bead geometry regulation during WAAM with various benefits in terms of geometric accuracy,
productivity, and microstructure.

Keywords: additive manufacturing; wire arc additive manufacturing; 3D printing; bead geometry;
heat dissipation; thin-walled structure

1. Introduction

Additive manufacturing (AM)—the layer-by-layer build-up of parts—has become one of the
most promising manufacturing technologies in the past thirty years [1–3]. Parts that are difficult or
expensive to fabricate using conventional material removal processes will favor AM. Popular AM
processes for metallic materials include power bed fusion, directed energy deposition, etc. [4]. Selective
laser melting (SLM) and electron beam melting (EBM) [5], belonging to first category, are relatively
superior in terms of geometrical complexity and accuracy. However, they are currently only suitable
for fabricating high-value and low-production parts, restricted by high cost and low efficiency.

Wire and arc-based additive manufacturing (WAAM), belonging to the second category, has drawn
significant interest from both academia and industry in recent years due to its unique cost and efficiency
advantages [6–8]. The low cost is attributed to the easy-to-access wire material and mature welding
technologies such as Gas Metal Arc Welding (GMAW). The high efficiency is attributed to its large
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heat input and high wire feed rate. As reported by Ding et al. [9], its build efficiency can reach up to
50–120 g/min with almost no limitation on the build volume. With these advantages, WAAM is highly
competitive in fabricating medium- to large-scale metal parts compared with other AM processes [10],
especially for thin-walled structures [11]. Although WAAM has long suffered from low geometry
accuracy and poor surface quality resulting from its large heat input, the recent emergence of hybrid
manufacturing—integrating additive and subtractive processes into a single setup—may provide
a substantial solution to this limitation [12].

Although WAAM originated from welding, their heat dissipation conditions exhibit obvious
differences. For welding, the heat is conducted from the molten pool directly to the substrate
(see Figure 1a), while for WAAM the heat is dissipated partly to the substrate through previously
deposited layers and partly to the ambient air via convection and radiation (see Figure 1b) [13].
With the wall height increasing, the conductive thermal resistance to the substrate is significantly
increased and, therefore, an increasing amount of heat is dissipated to the ambient air. However,
such a heat dissipation mechanism is less effective than direct conduction to the substrate, which slows
down the solidification of the molten pool and therefore leads to a wider and lower weld bead than
the expected one. Zhao et al. [14] demonstrated through numerical simulations that the temperature
gradient of the molten pool decreases as the wall height increases, and the heat loss quantity descends.
Wu et al. [15] presented that the bead geometry varies in the first few layers due to the decreasing
cooling rate and gradually becomes steady when the heat input and dissipation reach a balance.
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removal amount, whereas a lower bead means a longer build time. More seriously, this bead height 
error will accumulate in the build direction, which implies that the torch-to-workpiece distance will 
increase continuously, preventing the continuation of the deposition process at upper layers. 
Therefore, it is crucial to maintain consistent bead geometry during long-term bottom-up deposition. 
As suggested by previous studies, an effective solution is to gradually reduce the heat input via 
adjusting the process parameters so as to balance the declining heat dissipation. Wang et al. [17] 
demonstrated that a 120-layer cylindrical part with good surface morphology could be achieved by 
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appropriate interpass temperature control and heat input regulation are effective ways to realize and 
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process. A theoretical model was developed to optimize the interlayer temperature and the heat input 
for each layer deposition. Xiong et al. [19] established a passive vision system for closed-loop control 
of the layer width and height in the presence of disturbances including the interlayer temperature, 
heat dissipation condition, and previous forming geometry. It is worth noting that these methods, 
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Figure 1. Schematic diagram of heat input (QIn) and heat dissipation (QDiss) during (a) welding; (b)
wire and arc-based additive manufacturing (WAAM); (c) WAAM with active cooling.

Bead geometry is a critical parameter for WAAM that affects geometric accuracy, material
utilization, and productivity [16]. A wider bead than the expected one means a larger material removal
amount, whereas a lower bead means a longer build time. More seriously, this bead height error will
accumulate in the build direction, which implies that the torch-to-workpiece distance will increase
continuously, preventing the continuation of the deposition process at upper layers. Therefore, it is
crucial to maintain consistent bead geometry during long-term bottom-up deposition. As suggested
by previous studies, an effective solution is to gradually reduce the heat input via adjusting the
process parameters so as to balance the declining heat dissipation. Wang et al. [17] demonstrated that
a 120-layer cylindrical part with good surface morphology could be achieved by reducing the welding
current from 140 to 100 A in the first 40 layers with a decreasing step of 1 A per layer and keeping
it constant at 100 A for the rest of the layers. Geng et al. [18] pointed out that appropriate interpass
temperature control and heat input regulation are effective ways to realize and maintain the consistent
thermal boundary condition during a bottom-up additive manufacturing process. A theoretical model
was developed to optimize the interlayer temperature and the heat input for each layer deposition.
Xiong et al. [19] established a passive vision system for closed-loop control of the layer width and
height in the presence of disturbances including the interlayer temperature, heat dissipation condition,
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and previous forming geometry. It is worth noting that these methods, realized by reducing the heat
input, will inevitably sacrifice the deposition rate because the wire feed rate is directly coupled with
the heat input. Besides this, real-time adjustment of the heat input relies on experience to a large extent
and greatly complicates the build process.

An alternative solution is to regulate the heat dissipation during WAAM, since variations in both
heat input and heat dissipation may affect the solidification of the molten pool and, ultimately, the bead
geometry. To control the heat dissipation as needed, an in-process active cooling system based on
thermoelectric cooling technology is developed in this study. The relatively poor heat dissipation by
means of convection and radiation is replaced with strong heat conduction (see Figure 1c), such that the
heat dissipation of the upper layers could reach the same level as that of lower layers, thus eliminating
their difference in bead geometry with no need for adjusting the process parameters. That is to say,
the conflict between consistent bead geometry and high productivity can be resolved. The rest of this
paper will introduce the in-process active cooling system and evaluate its efficacy in regulating the
bead geometry during WAAM.

2. Materials and Methods

2.1. Experimental Setup

Figure 2a shows the experimental setup used in this study. It consisted of a robot (RTI2000, IGM,
Wiener Neudorf, Austria) equipped with two power supplies (Synergic 5000, Fronius, Mississauga,
ON, Canada) to implement WAAM based on Tandem GMAW. In Tandem GMAW, two welding
wires that are placed in-line along the travel direction are fed through a single torch [20]. It has
been demonstrated to be feasible for AM applications with the benefits of higher productivity than
single-wire GMAW. The wire used was 2325 Al alloy (1.2 mm diameter), which was deposited onto
a 2219 Al alloy substrate. Pure argon (99.99%) was used as the shielding gas with a constant flow rate
of 22 L/min. In the experiments, a thermocouple of type K was located at a depth of 5 mm from the
molten pool to record the thermal cycling, a high-speed camera (MotionPro Y4S1, IDT, Tallahassee,
FL, United States) was used to capture the molten pool, and a laser scanning confocal microscope
(LEXT OLS3100, Olympus, Tokyo, Japan) was used for microstructure analysis.
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2.2. In-Process Active Cooling System

In order to regulate the heat dissipation of the upper layers during WAAM, it would be more
effective if the cooling device was to be directly attached to the side surface instead of to the substrate.
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Cooling methods can be classified according to the medium used to transfer the heat. Commonly
used methods include air cooling and liquid cooling. However, strong air flow near the molten pool is
likely to disrupt the stability of the arc, whereas liquid cooling requires an additional liquid circulation
system. Instead, this study adopted thermoelectric cooling technology [21] with the benefits of no
circulating liquid, invulnerability to leak, small size, flexible shape, controllable cooling rate, and long
life. A thermoelectric cooler operates by the Peltier effect, and is a solid-state active heat pump that
transfers heat from one side of the device to the other with consumption of electrical energy. One side
gets cooler while the other gets hotter [22]. As shown in Figure 2b, two thermoelectric coolers were
distributed symmetrically on the two sides of the wall. The hot side of each cooler was attached to
external fans such that it could remain at ambient temperature. The cold side was attached to the side
surface of the wall to regulate the heat dissipation, separated by a highly thermally conductive silicone
rubber whose function was to ensure good contact between the cooler and the side surface in the
presence of the stair-stepping effect. The thickness of the silicone rubber is 2 mm. A step-motor-driven
motion system was used to lift the active cooling system in the Z direction along with the increase
of the wall height. The rated input voltage of the thermoelectric cooler is 12 V, the nominal cooling
power is 180 W, and the maximum temperature difference between the two sides is 63 ◦C. Generally,
the actual cooling power is a function of various factors including ambient temperature, heat sink
performance, thermal load, Peltier module geometry, input voltage, etc. The input voltage can be
easily adjusted so as to change the cooling power.

2.3. Experimental Design

A series of experiments were designed to investigate the respective effects of wall height, heat
input, and heat dissipation on the bead geometry, as given in Table 1. These experiments were divided
into three groups according to their heat dissipation conditions. Each experiment was repeated
three times.

Table 1. Heat dissipation conditions and parameter sets in the experiments.

Run No. Group No. Heat Dissipation Conditions
Process Parameters

WFR (m/min) TS (m/min) U (V) I (A) Cooling Power

1
I Flat substrate + conduction

3 0.3 130 17.9 -
2 4 0.4 176 18.6 -
3 5 0.5 222 19.5 -

4
II Wall + convection & radiation

3 0.3 130 17.9 -
5 4 0.4 176 18.6 -
6 5 0.5 222 19.5 -

7
III-1

Wall + thermoelectric cooling

3 0.3 130 17.9 240 W
8 4 0.4 176 18.6 240 W
9 5 0.5 222 19.5 240 W

10
III-2

3 0.3 130 17.9 360 W
11 4 0.4 176 18.6 360 W
12 5 0.5 222 19.5 360 W

In Group I, the depositions were performed on a flat substrate with dimensions 150 mm (length) ×
150 mm (width) × 6 mm (height) (just like Figure 1a). This could reflect the heat dissipation condition
of lower layers. In Group II, the depositions were performed on an existing wall with dimensions
150 mm (length) × 12 mm (width) × 150 mm (height) (just like Figure 1b). The two side surfaces of
the wall were exposed to the ambient air to reflect the heat dissipation condition of upper layers.
In Group III, the depositions were also performed on an existing wall but the two side surfaces of the
wall were attached to the thermoelectric coolers (just like Figure 1c). Groups III-1 and III-2 employed
different cooling powers (nominal value) by adjusting the input voltage of the coolers. Within each
group, three deposition experiments were conducted with different process parameters. Four main
process parameters that affect the heat input, i.e., wire feed rate (WFR), travel speed (TS), arc voltage
(U), and arc current (I), were considered. The selection of WFR covers a wide range. For lower
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WFR, the welding arc is not quite stable and incomplete melting occurs, while for higher WFR, pool
overflowing occurs due to excessive heat input as well as the large arc force and strong droplet
impingement. Note that the ratio of WFR to TS is fixed at 10 herein in order to maintain the same area
of the bead cross section (i.e., the metal deposition rate per unit length) which is in direct proportion to
WFR/TS [23]. It is difficult to compare different bead geometries if their cross-sectional areas are not
the same. U and I were obtained from the power supplies once WFR and TS were determined.

From these experiments, we can analyze (1) the effect of heat input on the bead geometry by
comparing the three experiments within each group; (2) the effect of wall height on the bead geometry
by comparing Groups I and II; and (3) the effect of heat dissipation on the bead geometry by comparing
Groups II and III.

3. Results and Discussion

Figure 3a shows some of the deposited layers on the flat substrate, and Figure 3b shows some
on the existing wall obtained in these experiments. They all have good bead appearance with little
spatters and no visible defects. In the middle segment of each deposited layer, the bead width (W)
and the bead height (H) were measured (see Figure 3c) with the aid of a laser displacement scanner
(0.01 mm repeatable precision, HG-C1030, Panasonic, Suzhou, China), and then the ratio of width
to height (RWTH) was calculated, as given in Table 2. The variation of the bead geometry can be
indicated by RWTH since the cross-sectional area is a constant value. It can be seen that the three
repeated experiments (Samples 1–3) show a maximum error of 0.74 mm in bead width and 0.23 mm
in bead height. The discrepancy may be caused by the uncertainty of the molten pool solidification.
Only the intermediate values (Sample 2) were recorded for the subsequent analysis.
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7 9.01 3.17 9.15 3.13 9.54 3.03 0.53 0.14
8 10.32 2.88 10.43 2.85 10.67 2.71 0.35 0.17
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Figure 4 compares the bead width, bead height, and RWTH between different groups of
experiments. Figure 5 compares the bead cross section profiles fitted based on a parabola model [24],
which is expressed by

Y = − 4H
W2 X2 + H. (1)
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3.1. Effect of Heat Input on the Bead Geometry

From Figure 4, it is revealed that within each group of experiments, the bead width tends to be
larger and the bead height tends to be smaller (i.e., RWTH is larger) as the WFR increases. To explain
this, the heat input per unit length (QIn) is calculated as follows:

QIn = η
U × I

TS
(2)

where η is the thermal efficiency, which is set to 0.7 in this study [25]. When the WFR is 3 m/min, 4 m/min,
or 5 m/min, the corresponding heat input is about 4.65 × 105 J/m (1630 W), 4.91 × 105 J/m (2290 W),
or 5.19 × 105 J/m (3030 W), respectively. This clearly shows that the heat input is an increasing function
of WFR. For smaller WFR, i.e., lower heat input, the molten pool does not have enough time to spread
before solidification and, therefore, the RWTH tends to be smaller. For larger WFR, i.e., higher heat
input, on the other hand, the viscosity of the material is reduced and the molten pool is much easier to
spread [26], leading to larger RWTH. The above results prove that adjusting the heat input is one possible
way to regulate the bead geometry during WAAM.

3.2. Effect of Wall Height on the Bead Geometry

By comparing the RWTH between Groups I and II in Figure 4, we can conclude that the upper
layers (in Group II) obtain larger RWTH than the lower layers (in Group I) under the same process
parameters. This is consistent with the above analysis that the heat dissipation condition becomes
worse as the wall height increases, thereby slowing down the solidification of the molten pool. Besides
this, their difference becomes more noticeable for larger WFR. This is because the higher the heat
input is, the more difficult the heat dissipation through the upper layers becomes. This explains
why it is a great challenge for WAAM to maintain consistent bead geometry from the bottom up.
For example, if a 10.5 mm width wall is to be fabricated, the required WFR is about 5 m/min for lower
layers according to Figure 4a. If this WFR remains the same regardless of the increase in the wall
height, the obtained bead width is about 12.5 mm at upper layers. Only when the WFR is reduced to
3.2 m/min at upper layers can consistent bead geometry be achieved. Nevertheless, it should be noted
that the deposition rate (DR) is also associated with the WFR as follows:

DR =
ρπd2

4
× WFR (3)

where ρ is the material density and d is the wire diameter. According to this equation, when the
WFR is reduced from 5 m/min to 3.2 m/min, the corresponding deposition rate is also reduced from
30.5 g/min to 19.5 g/min, which greatly sacrifices productivity. Besides this, this adjustment relies on
experience to a large extent and greatly complicates the build process.

3.3. Effect of Heat Dissipation on the Bead Geometry

The obtained RWTH in Group III-1, as shown in Figure 4c, is obviously decreased compared
with that in Group II under the same process parameters, which clearly illustrates that thermoelectric
cooling is more effective than convection and radiation in terms of absorbing heat from the molten
pool. It is also noteworthy that when WFR = 3 m/min, the obtained RWTH at upper layers is very
close to that at lower layers (in Group I), which implies that the difference in heat dissipation between
upper and lower layers is well made up for by thermoelectric cooling. From Figure 5a, we can
also see that the two profiles in Group I and Group III-1 tend to overlap. However, for larger WFR
ranging from 4 to 5 m/min, the effect of thermoelectric cooling is less significant and the obtained
RWTH is still larger than that at lower layers. This is because the cooling power is limited in this
case, and a decreasing proportion of the heat is dissipated through the side surfaces with the increase
of the heat input. Besides this, the large arc force and strong droplet impingement resulting from
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the large heat input also have great effect on the bead geometry, and could not be eliminated by
thermoelectric cooling.

When the cooling power is increased to the maximum value in Group III-2, the obtained RWTH
is further decreased as expected. In this case, the RWTH is much closer to that at lower layers when
the WFR is 4 m/min, but still a little larger when the WFR is 5 m/min. If the cooling power is further
increased, there is a great possibility to further decrease the RWTH to the same level as that at lower
layers. To further validate the above results, the thermal cycling and the molten pool shapes of
lower and upper layers are also compared (when WFR = 4 m/min), as displayed in Figures 6 and 7,
respectively. The peak temperature is 313 ◦C at the lower layer and is 320 ◦C at the upper layer with
thermoelectric cooling, as seen in Figure 6. The small discrepancy (7 ◦C) may reflect that their heat
dissipation conditions are quite similar. If there is no thermoelectric cooling, however, this discrepancy
is about 102 ◦C.
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The molten pool tails at the lower layer and at the upper layer with thermoelectric cooling are
also quite similar—like a cone—as seen in Figure 7a,b, respectively. However, the molten pool flows
randomly with intensive metallurgical reaction if there is no thermoelectric cooling, which makes it
difficult to detect the pool tail as seen in Figure 7c. This further proves that the lower and the upper
layers could experience a similar heat dissipation condition with the aid of thermoelectric cooling.
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From the above results, we can conclude that once the cooling power matches the heat
input, the difference in heat dissipation between the upper and lower layers can be eliminated,
which contributes to achieving consistent bead geometry from the bottom up with no need to adjust
the process parameters, i.e., without sacrificing the deposition rate. When the heat input is 1630 W or
2290 W, the required cooling power is 240 W or 360 W, respectively, which accounts for 14.8% or 15.7%
of the corresponding heat input. If this ratio is smaller, the RWTH tends to be larger than that expected;
but if larger, the RWTH tends to be smaller. This shows that the ratio of cooling power to heat input
should be maintained basically constant. It should be pointed out that more accurate adjustment of
the cooling power needs further research with regard to thermal modeling of the WAAM process.

3.4. Case Study

Two ten-layer deposition cases were compared under the same process parameters: WFR = 4 m/min
and TS = 0.4 m/min. One has the same heat dissipation condition as that in Group III-2 and the other as
that in Group II. In the experiments, the interlayer temperature was retained at room temperature to
avoid its effect on the bead geometry [15]. Figure 8 shows that the effective bead width and the total
wall height are 9.9 mm and 26.8 mm, respectively, with thermoelectric cooling, compared to 12.4 mm
and 21.6 mm without thermoelectric cooling. The bead tends to be narrower and taller when the
thermoelectric cooling is employed, which is particularly beneficial for the fabrication of thin-walled
structures in terms of geometric accuracy and productivity. For example, for when the dimensions of the
final part are 100 mm (length) × 8 mm (width) × 100 mm (height), the comparison between the two test
cases are given in Table 3. When thermoelectric cooling is employed, the bead width error is reduced
by 56.8% and the material utilization is increased by 16.3% because a smaller amount of material needs
to be removed through post-processing. On the other hand, the total fabrication time (including both
deposition time and cooling time) is reduced significantly by 60.9%. One reason is that the ratio of bead
height to bead width is increased and, therefore, the required number of layers is smaller, which means
the deposition time is reduced (19.6%). The other reason is that the cooling rate is increased (see Figure 6)
and, therefore, the cooling time is reduced (64.4%). It should be noted that without external cooling,
the cooling time accounts for the majority of the total time.
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thermoelectric cooling.

Table 3. Comparison between the two test cases.

Indicator Convection + Radiation Thermoelectric Cooling Relative Error

Bead width error 4.4 mm 1.9 mm −56.8%
Material utilization 64.5% 80.8% +16.3%
Number of layers 46 37 −19.6%
Deposition time 690 s 555 s −19.6%

Cooling time 8100 s 2880 s −64.4%
Total time 8790 s 3435 s −60.9%
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The effect of thermoelectric cooling on microstructures was also analyzed. Specimens were
taken from both the middle and the bottom parts of the two walls. As shown in Figure 9a,b,
the microstructures in the middle parts are characterized by dendrite grains. The average grain
size is 5.97 µm with thermoelectric cooling, which is much finer than that without thermoelectric
cooling (7.96 µm). This is because the former undergoes a much higher cooling rate that helps to
refine the grain size by increasing the number of particles that nucleate grains and by affecting the
development of constitutional undercooling [27]. The microstructures in the bottom parts, as shown in
Figure 9c,d, are mainly slender columnar grains perpendicular to the substrate as the direction of the
grain growth is mainly along the largest temperature gradient [28]. Their difference is not obvious.
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4. Conclusions

The varying heat dissipation is one of the main constraints of WAAM, degrading geometric
accuracy and limiting productivity. Both reducing the heat input via adjusting the process parameters
and enhancing the heat dissipation via thermoelectric cooling have the potential to overcome this
obstacle. However, the latter exhibits great superiorities as demonstrated in this study. The following
conclusions can be drawn from the present study:

(1) The upper and the lower layers could experience a similar heat dissipation condition with the aid
of thermoelectric cooling, therefore resulting in similar thermal cycling, molten pool shape, and,
ultimately, bead geometry with no need to adjust the process parameters. The case study shows
a decrease of 56.8% in bead width error and an increase of 16.3% in material utilization.

(2) The productivity of the WAAM process can be significantly improved with thermoelectric cooling,
due to not only the increased ratio of bead height to bead width, but also the reduced interlayer
dwell time. The case study shows a decrease of 60.9% in total fabrication time.

(3) Much finer microstructures can be obtained in the middle parts of the deposited walls, and are
attributed to the increased cooling rate. The average grain size is reduced from 7.96 µm to
5.97 µm.

In conclusion, the technique offers an innovative way to regulate bead geometry during WAAM,
significantly improving its capability in fabricating thin-walled structures in terms of geometric



Appl. Sci. 2018, 8, 207 11 of 12

accuracy, productivity, and microstructure. This method can also be extended to other layered
manufacturing processes. Future work will focus on the thermal modeling of the WAAM process for
accurate adjustment of the cooling power, and improvement of the active cooling system such that it
could be fitted to parts with more complex shapes.
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