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Abstract: The present paper aimed at assessing the effect of two thermal management approaches on
geometry and productivity of thin-walled structures built by Wire + Arc Additive Manufacturing
(WAAM). Thin-walls of ER 5356 (Al5Mg) with different lengths and the same number of layers
were deposited via the gas metal arc (GMA) process with the aid of an active cooling technique
(near-immersion active cooling—NIAC) under a fixed set of deposition parameters. Then, the same
experiment was performed with natural cooling (NC) in air. To characterize the thermal management
approaches, the interpass temperature (i.e., the temperature at which subsequent layers are deposited)
were monitored by a trailing/leading infrared pyrometer during the deposition time. Finally, thin
walls with a fixed length were deposited using the NC and NIAC approaches with equivalent
interpass temperatures. As expected, the shorter the wall length the more intense the deposition
concentration, heat accumulation, and, thus, geometric deviation. This behavior was more evident
and premature for the NC strategy due to its lower heat sinking effectiveness. The main finding was
that, regardless of the thermal management technique applied, if the same interpass temperature
is selected and maintained, the geometry of the part being built tends to be stable and very similar.
However, the total deposition time is somewhat shorter with the NIAC technique due its greater heat
sinking advantage. Thus, the NIAC technique facilitates the non-stop manufacturing of small parts
and details via WAAM.

Keywords: directed energy deposition; wire + arc additive manufacturing; cold metal transfer;
thin-walled structures; thermal management; part geometry; production time

1. Introduction

The ASTM F3187 [1] standard guide for directed energy deposition (DED) of metals
states that preheating temperature and interpass temperature may be key variables for
certain processes and materials. This is particularly true for the fabrication of thin-walled
structures by Wire + Arc Additive Manufacturing (WAAM) due to its high deposition
rate/heat input and a poor heat sinking effect through thin-walled structures.

In welding technology [2], preheating is the temperature to which the surfaces to be
welded together are heated before welding, and interpass temperature is the temperature
at which subsequent weld runs are executed. In welding, minimum interpass temperatures
are maintained to control the microstructure produced, and, in most cases, they are similar
to the preheating temperature. Similar concepts can be translated to WAAM. However, in
addition to the microstructure, the interpass temperature has a significant effect on the part
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geometry [3]. It is worth mentioning that a layer may be formed of various passes and,
therefore, the term “interlayer temperature” is also found in the literature. In the case of
thin-walled structures, which generally consist of one pass per layer, both terminologies
could be used.

Thermal management can be defined as a set of approaches and techniques used to
control the temperature (by heating or cooling) of the part during the entire deposition time
(sometimes not) and in some cases thereafter. Since geometries are typically more complex
in WAAM parts than in welded ones, the challenge involving temperature control begins
at how and where to measure the interpass temperature. Wu et al. [4] explain that if the
temperature measured at a substrate is taken to be the interpass temperature it will cause
large errors. Hagqvist et al. [5] argue that the measuring of interpass temperature with a
thermocouple is impractical due to DED’s layer by layer nature. Both authors agree that
the measurement of current layer temperature with non-contact infrared (IR) pyrometer
provides far more accurate data.

The lack of proper thermal management can lead to heat accumulation [6]. In practice,
heat accumulation is characterized by the consecutive increase in the part temperature
during the manufacturing time [6]. In an extreme case, the heat accumulation can lead to
the part’s collapse [7], but before that it can cause problems of a metallurgical nature [8],
geometric deviation [4], and excessive surface oxidation [9].

Among the many advantages reported in the current literature, the WAAM process
is referred to as being suitable for the deposition of large metallic components, typically
heavier than 10 kg [10]. However, even large components may have minor localized
features, such as the nose cone and fins (short isolated walls) in the rocket-shaped preform
shown in Figure 1, which could lead to deposition concentration and, without appropriate
thermal management, to localized heat accumulation.

Dbody: 60 mm

Figure 1. Thin-walled part of ER-5356 continuously deposited by WAAM with proper thermal
management (Near-immersion Active Cooling technique as developed by da Silva et al. [6]) during
preliminary tests (the continuous deposition, especially of the nose cone, would not be possible
without proper thermal management due to the intense deposition concentration and consequent
heat accumulation).

The heat accumulation issues are not new, but, currently, due to the notable academic
and industrial interest in WAAM, different thermal management approaches have been
proposed and implemented as summarized in Table 1.



Coatings 2021, 11, 1141

30f12

Table 1. Some typical thermal management approaches for WAAM reported in the recent literature and their selected highlights.

Thermal Management

Deposition Process and

Reference Approach Material Selected Highlights
In-process cooling with 1 In-process cooling promoted grain refinement and
(8] liquid N (cryogenic) GMA *and AISI 316L improvement of mechanical properties.
[11] Dwell time (natural GMA and low carbon No heat accumulation occurred for interpass times
cooling) steel above 5 min.
Cooling of the GMA and low carbon Thll.’l walls were more dlfflCu.lt to dep951t Fontmuously
[12] without a compulsory cooling solution, i.e., natural
platform/substrate steel o
condition.
Reduction of the 2 . Reduction in deposition current (from 140 to 100 A over
[13] deposition current GTA “and Al-Si alloy 40 layers) was sufficient to deal with heat accumulation.
Increasing of the travel GMA and low carbon Layer Wld.th was.kept constar}t along the part cross
[14] section by increasing the welding speed as the layers
speed steel .
were deposited.
[15] Interpass cooling with GTA and Ti6AI4V Interpass cooling reduced oxidation and significantly
compressed CO, jet increased productivity.
[16] Ir;;)prrrlocrizs,ssézgoélgg le\leth GMA and low carbon CO; had better cooling effect than Ny, which exceeded
P and air 22 steel the capacity of air.
Active cooling and Active cooling and deposition process approaches were
variable polarit an - allo used to mitigate heat accumulation, but the former was
[17] iable polarity GMA and Al-Mg alloy d itigate h lation, but the f

deposition current shown to be more efficient.

Active cooling and
[18] variable polarity
deposition current

Active cooling and deposition process approaches

GMA and Al-Mg alloy affected macro and microstructural aspects of Al parts.

Plasma arc deposition processes acronyms are in concordance with ASTM 3187 guide [1], where: 1 GMA = gas metal arc. 2GTA = gas
tungsten arc.

The dwell/cooling time, hereinafter referred to as natural cooling (NC), is probably the
most used thermal management approach. This is mainly because it does not require any
new system to be implemented in the additive manufacturing machine. Despite the fact
that the NC approach fulfils the objective of controlling the interpass temperature [11], it can
prohibitively increase the deposition time. It may be more efficient than NC to execute the
deposition on a cooled platform/substrate [11]. However, it is expected that its heat sinking
power decreases as the part height increases, particularly for materials with low thermal
diffusivity, such as austenitic stainless steels or nickel-based alloys. In general, parameter
modulation [12,13] aims at reducing the heat input along with the deposition time. This
approach has revealed excellent results as reviewed by Rosli et al. [19], whereas it implies
reducing the deposition rate or the layer height for a processes with consumable electrodes,
such as GMA. Forced convection with gases [15] is a solution for materials with low
thermal diffusivity. However, to be efficient, it must be applied as close to the heat source
as possible (before it diffuses through the part), which significantly increases the chance of
arc disturbance. The Near-immersion Active Cooling (NIAC) technique, in which the part
is produced inside a work tank that is filled with water as the layers are deposited [17],
has been demonstrated to be capable of coping with heat accumulation. Nonetheless, its
application might be restricted by a few issues—the water tank can be difficult to handle,
especially in multi-axis manufacturing systems with a moving worktable [6].

In light of what has been examined so far concerning thermal management, it can
be said that there are several approaches available to conduct it for DED processes, each
option with its own advantages and limitations. The main challenge that remains is im-
plementing an approach applicable to most geometries without jeopardizing productivity
and even allowing its improvement. Therefore, the present paper aims at assessing the
effect of NC and active cooling (NIAC) thermal management approaches on the geometry
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and productivity of thin-walled structures built by WAAM with ER 5356 (A15Mg) wire.
Although the present work has been focused on thin-walled structures of an ordinary
Al5Mg alloy produced by WAAM with NC and NIAC thermal managements, the results
can be translated for other DED processes, thermal management techniques, and materials.

2. Materials and Methods

Thin-walled structures were deposited in the NIAC rig developed by da Silva [20]
(Laprosolda, Uberlandia, Brazil). The same rig was used for the NC experiments. The
depositions were carried out on vertical clamped substrates to mimic wall-like preforms in
terms of heat flux and stiffness since the beginning. Deposition conditions are summarized

in Table 2.

Table 2. Deposition conditions.

Arc Deposition Equipment
Wire (deposition material)
Shielding gas
Synergic line code
Substrate
Wire feed speed !

Arc current !

Arc voltage !
Deposition speed
Arc energy
CTWD 2
LEWD 3
Cooling liquid
Work tank volume
Preform geometry

Fronius CMT—TransPuls Synergic 5000
AWS ER 5356— 1.0 mm
Commercially pure argon at 12 L/min
CMT 1070
Al5052 (330 mm x 38.1 mm X 6.35 mm)
7.6 m/min
9 A
85V
60 cm /min
82 J/mm
12 mm
5,10, 15, and 30 mm
Tap water
50 L
Single wall with 20 layers

Preform lengths 100, 1500, 200, 250, 300 and 350 mm
Building strategy Single-pass multl-l.a.yer bidirectional
depositions
Dwell time 5s/layer

! Measured average values. 2 CTWD = contact tube to work distance. > LEWD = layer edge to water distance.

Figure 2 shows the infrared (IR) pyrometer (Advanced Energy, Fort Collins, Colorado,
USA) arrangement employed for in-processing-measuring of the interpass temperature in
the layer surface. Data from a 0.6 mm diameter (each wire) K-type thermocouple was used
to adjust the pyrometer emissivity to 22%. The pyrometer measuring spot target was kept
close but at 30 mm from the arc center, since the signal got very noisy for shorter distances.
The pyrometer specification is in Table 3.

Figure 2. IR pyrometer arrangement for in-processing-measuring of the interpass temperature:
(A) front view; (B) lateral view; (C) measuring spot target.
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Table 3. IR pyrometer specification.
IR Pyrometer Mikron MI-PE140 with Focusable Optics
Spectral range 3-5 um
Temperature range 30-1000 °C
Spot size 2.9 mm at 380 mm
Resolution 0.1°C

The porosity level was estimated by the Archimedes method. In this case, a digital
balance with a resolution of 0.01 g and distilled water were used. The preforms were cut
from the substrate in samples of around 100 g. The porosity was then estimated from the
density of a reasonable sample (100 g) of the Al wire used, which was calculated by using
the same method. Three measurements were performed for each sample, both in the air
and in the water. The results are presented in terms of volume of voids, since eventual
internal cracks and/or lack of fusion defects may also affect the porosity results.

Geometrical features of the preforms, specifically the total wall width (TWW), effective wall
width (EWW), and surface waviness (SW), were estimated from cross-sectional image analyses.
All samples for this analysis were taken from the walls at their mid-length by abrasive cooled
cutting and the respective surfaces were prepared by standard grinding with SiC sandpaper (320,
600, and 1200 mesh). Geometrical analyses were performed according to Martina et al.’s [21]
definitions and da Silva et al.’s [20] approaches. For a better understanding, these features are
illustrated in Figure 3 and calculated with Equation (1).

_ TWW — EWW

SW 5

M

TWW: Total Wall Width
EWW: Efective Wall Width

Figure 3. Geometrical features measured to characterize the surface texture of the walls [20].

3. Results and Discussion

As expected, the LEWD (layer edge to water distance) parameter of the NIAC tech-
nique influences the visual and geometric aspect of the walls. As shown in Figure 4, for
lower LEWD values (water closer to the deposition level) the lateral surface waviness
tends to be higher and the top surface more undulated. For the NC condition, the surface
of the walls got rougher and assumed a matte aspect, which may be related to the heat
accumulation and/or to an insufficient shielding gas protection [20].

As the cross-sectional views, shown in Figure 5, were virtually constant along the
wall length for all conditions, they can be considered representative of the entire length of
each wall. The walls deposited under the NIAC technique were taller and slender than
those ones produced under the NC approach. Also, it can be observed that the walls were
more irregular and tended to become wider along the height under the NC approach.
This behavior might be related to molten pool enlargement due to heat accumulation.
Regardless of the surface waviness, the width of the walls deposited with the NIAC
technique was almost constant along their heights (parallel lateral surfaces).
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Figure 4. Effect of the LEWD parameter on the lateral and top superficial aspects of the 350 mm-long walls.

10 mm

NC

LEWD-5 LEWD-10 LEWD-15 LEWD-30

Figure 5. Qualitative effect of the LEWD parameter on the geometrical quality of the 350 mm-long
walls.

As shown in Figure 6, the variation in the LEWD value had no significant effect on
the TWW results (external width), but the EWW values increased with increasing LEWD
values. This fact suggests that the higher the LEWD value (the weaker the heat sinking
effect), the greater the volume of the anterior layer that is remelted. This suggestion agrees
with the analytical model proposed by Rios et al. [22], which predicts that the resultant SW
depends on the remelted volume in an indirect proportional relationship. The relationship
between the SW result and the LEWD value has a minimum for a LEWD between 15 and
30 mm. This minimum value of SW is in accordance with that reported in the current
literature, as by Williams et al. [10].
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Figure 6. Quantitative effect of the LEWD parameter on the geometrical quality of the 350 mm-long
walls: (a) effect of LEWD on the total and effective wall width and (b) on surface waviness.

In general, the porosity level of the walls was in accordance with previous explo-
ration of the NIAC technique [20] and with the range commonly reported in the current
literature [23]. As shown in Figure 7, the significant higher porosity level for the lowest
LEWD value can be attributed to more intense water evaporation, which could hydrate the
fresh oxides and/or contaminate the molten pool. There was also a tendency of porosity
increase in the walls deposited under the NC approach. This behavior might be related
to larger molten pool volumes in this case, which could absorb higher amounts of hydro-
gen [24], and/or due to heat cumulation, which may promote an intra-pore coalescence
phenomenon and an expansion of trapped gas inside the pores [25,26].

(6]
1
|

i

IN
1
1

N
1
1

4.9% 3.0% 2.6% 2.8% 3.0%

Volume of voids (%)

N
1
T

T T T T T
LEWD-5 LEWD-10 LEWD-15 LEWD-30 NC

Figure 7. Effect of the LEWD parameter on the volume of voids of the 350 mm-long walls.

Because of the bidirectional deposition strategy, two levels of temperature can be
distinguished, as shown in Figure 8 (one with pyrometer leading and another with it
trailing the arc). The high level is the temperature of the newly-deposited layer measured
at 30 mm behind the arc center. The low level represents the temperature measured at
30 mm ahead of the arc center, that is, measured in the previous lawyer. For the NC
approach, both these levels are notably higher. In contrast, for the NIAC technique, the
lower the LEWD value, the lower the levels of these temperatures due to the greater heat
sinking effect. Also, it is possible to notice that there is a time for the temperature to
stabilize, which depends on the thermal management technique applied (in some cases,
for the deposition conditions employed, the walls were not long enough to reach the
stabilization). Under the NIAC technique, the lower the LEWD value, the faster the
temperature reaches a steady-state regime due to the higher heat sinking effect.
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Figure 8. Temperature data from the trailing/leading IR pyrometer (after the deposition of 2 layers)
of the 350 mm-long walls.

As shown in Figure 9, taking the NC approach as an example, the temperature data
acquired from the trailing/leading IR pyrometer during all the deposition time (20 layers)
tend to fit a bimodal distribution. The average temperature measured ahead of the arc
(forward temperature—FT) corresponds to the first quartile Q1 (25%) and seems to be
representative of the average interpass temperature. The temperature measured behind the
arc (backward temperature—BT) corresponds to the third quartile Q3 (75%) and represents
the average temperature of the ongoing layer at 30 mm behind the arc center. Hereinafter,
to facilitate the comparison between different groups of data in terms of their quartiles,

the temperature data from the trailing/leading IR pyrometer are represented through the
boxplot method.

&~ 500 1 —— 9%

75%

o))

c

©

—

o

% 50%
@ 200 2%
g 1

E 5%

o}
|_

NC

Figure 9. Temperature distribution based on the data acquired from the trailing/leading IR pyrometer
during all the deposition time of a 300 mm-long wall with NC approached.

Figure 10 shows the effect of the LEWD parameter on the temperature data distribu-
tion, while Table 4 lists the values of the BT and FT results. The FT (25%) as well as the BT
(75%) values tend to become lower as the LEWD value is reduced. However, the BT (the
top line of the box) value is more sensible to the LEWD parameter variation than the FT
(the bottom line of the box) one. The FT value appears to be more dependent on the water
temperature than on the LEWD value used. Moreover, the interquartile range (Q3-Q1:
the box height) is remarkably narrower with low LEWD values due to the correspondent
larger heat sinking intensities. Therefore, for a low Q1 (interpass temperature) level, it
sounds quite reasonable to link a low interquartile range to a high cooling rate of the layers.
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This data can be used to control and even modify the microstructure of a given component
throughout its volume, opening a wide window of opportunities.

- N w » ()] [e2]
o o o o o o
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1 1 1 1 1 1
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Temperature range (°C)

mm B EEEE

T T
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LEWD-5 LEWD-10 LEWD-15 LEWD-30 NC

Figure 10. Effect of the LEWD parameter on the thermal features measured with the trailing/leading
IR pyrometer in the 350 mm-long walls.

Table 4. Effect of the LEWD parameter on the average forward and backward temperatures of the
350 mm-long walls.

Layer Temperature LEWD-5 LEWD-10 LEWD-15 LEWD-30 Natural
Forward te?g)erature—FT 1 40 68 65 29
Backward te(f)ncp)erature—BT 88 127 519 267 45

To analyze whether the FT (the bottom line of de boxplot: 25%) value is truly repre-
sentative of the interpass temperature or not, a wall was deposited under the NC approach
using the FT level as the criterion to resume the deposition of each new layer, i.e., in
between each layer an interpass dwell time was added to allow air cooling until the FT
reached a specific and fixed value. The cross-sectional views presented in Figure 11 show
that the NC approach with an interpass temperature (measured at half-length) equivalent
to the FT level achieved under the NIAC technique with the LEWD at 15 mm produced
fairly similar walls. However, due to the dwell time demanded when using the NC strat-
egy, the deposition in this case was significantly longer (49 min) than that with the NIAC
technique (7 min). Moreover, it is also important to keep in mind that, despite being able to
reach an equivalent geometry, the NC approach does not eliminate probable deleterious
consequences of long exposures to high temperatures.

A set of experiments were executed to evaluate the NIAC technique performance in
terms of conditions with deposition concentration, such as the example shown in Figure 1.
To mimic different levels of deposition concentration, walls with different lengths were
deposited with the NIAC and NC approaches. The deposition parameters, the LEWD
value (15 mm) for the NIAC and the total number of layers (20) were kept constant. For
the NC condition, as clearly seen in the cross-sectional views presented in Figure 12, the
shorter the wall length, the more prominent the heat accumulation deleterious effect on
the resultant geometry. The temperature data distribution shown in Figure 13 confirms
that the more deposition concentration exists the hotter the preform. For walls shorter than
100 mm, the molten pool tends to collapse due to its very large volume as the wall height
(number of layers) grow. As the length of the walls is increased, they become taller and
slender because of the longer deposition times and, consequently, of the longer cooling
times until the depositions are finished. It might be expected that above a certain length
the deposition time of one layer will be long enough to suppress the heat accumulation.
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FT: 68°C Int. temp: 6570 ©
Length: 200 mm Length: 200 mm
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Dep. time: 7 min. Dep. time: 49 min.

Figure 11. Comparison between 200 mm-long walls deposited with the NIAC and the NC approaches
under equivalent interpass temperatures.
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Wall length (mm)
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Figure 12. Effect of the deposition concentration on the geometry of walls with different lengths
deposited with the NIAC (LEWD at 15 mm) and NC approaches.
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Figure 13. Comparison between temperature data distributions of walls built with different lengths
under the NIAC (LEWD at 15 mm) and NC approaches.
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4. Conclusions

The present paper aimed at assessing the effect of the near-immersion active cool-
ing (NIAC) and natural cooling (NC) thermal management approaches on the geometry
and productivity of thin-walled structures of ER 5356 (Al5Mg) built by Wire + Arc Ad-
ditive Manufacturing (WAAM). From the results of such an investigation, the following
conclusions can be drawn:

e  The LEWD variation had no significant effect on the total width of the walls, while their
effective width values increased and surface waviness levels reduced with increasing
LEWD values;

e In general, the porosity level was in accordance with the numbers reported in the
current literature, despite the fact it tends to significantly increase with LEWD values
below 10 mm;

e In terms of geometry and porosity, the walls deposited under the NIAC technique
with LEWD values between 15 and 20 mm showed more adequate results for the arc
energy level (82 J]/mm) and material (ER 5356) employed;

e The temperature data from the trailing/leading IR pyrometer extracted during the
deposition time tend to fit a bimodal distribution, being the first quartile (Q1) repre-
sentative of the interpass temperature;

e  Thin-walled structures built with the NIAC and NC approaches can assume quite
similar geometries if equivalent interpass temperatures are applied, but the total
deposition time with the latter approach is significantly extended due to the need for
long interpass dwell time;

e  The NIAC technique has been demonstrated as able to cope with the heat accumulation
due to deposition concentration, and being capable of aiding continuous building of
small components and/or features by WAAM.
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