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Abstract

This work presents the evaluation of the interlayer temperature (IT) with travel speed (TS) combined effect for a given wire
feed speed (WFS) on operational, geometrical, and metallurgical features of thin walls with the same width deposited by wire
arc additive manufacturing (WAAM) with a low alloy steel, using or not active cooling. A preliminary experimental design
was carried out to define a range of IT that could prevent the molten pool from running down and, then, be used in the main
experimental design. The main tests were planned and performed to find different IT and TS combinations for a given WFS
capable of depositing walls with the same target effective wall width. After selecting the parameters, six walls were deposited,
three under natural cooling (NC) and three under near immersion active cooling (NIAC). A more significant temperature
variability along the layer length (AT/ALL) is observed in increasing IT-TS combination and under NIAC. Regardless of
the cooling approach, a worse surface aspect was observed with lower IT and TS. However, NC or NIAC do not affect the
wall width (effective or external) or the layer height. On the other hand, they are affected by the IT with TS combination. A
shorter production time was obtained on the walls with NIAC and higher IT-TS. No marked microstructural differences were
observed comparing the walls, regardless of the cooling approach. However, microstructure tempering (hardness reduction)
was observed in the walls deposited with NC using higher IT levels.

Keywords WAAM - Idle time - Production - Geometrical features and surface finishing

1 Introduction in ensuring the repeatability of deposition between layers.

As mentioned by different authors [3, 4], working with a

The interlayer temperature (IT) is one of several variables
in the wire arc additive manufacturing (WAAM) processes.
There are other important variables, such as the deposition
material [1], the wire feed speed, and the travel speed [2].
The importance of monitoring IT comes from the interest
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constant interlayer temperature is recommended to keep
the homogeneity of material properties. So, monitoring this
parameter is also essential to understand possible metallurgi-
cal transformations that a given material may undergo dur-
ing deposition and, consequently, predicting the mechanical
properties of the deposited component. However, Da Silva
et al. [5] mention that the term “interlayer temperature” in
additive manufacturing is still not very clear. In fact, it is
common to have the interlayer temperature in additive manu-
facturing referred to as interpass temperature, as has been
done by several authors [6—12]. Also, still according to Da
Silva et al. [5], this designation is used due to the similarity
with the concept adopted in welding procedures, which con-
siders a temperature range that the joint needs to be before
the deposition of a new pass. Therefore, since in additive
manufacturing layers upon layers are deposited until the final
build of the component, the terminology “interlayer tem-
perature” seems to be more appropriate, as also discussed
by Jorge et al. [13].
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Depending on the level of variation and the material eval-
uated, interlayer temperature can influence the formation of
defects or non-conformities, the geometry, microstructure,
and mechanical properties of components deposited by
WAAM. By evaluating the effect of heat accumulation on a
Ti6Al4V wall, Wu et al. [14] found greater oxidation on the
layer surface when the interlayer temperature was increased
from 150 to 300 °C, approximately. Regarding the possibil-
ity of non-conformities formation, Derekar et al. [7] found a
greater amount of pores in a wall of AI-Mg (AWS ER5356)
deposited with a TT of 50 °C than with 100 °C. According
to the authors, the condition of lower interlayer temperature
(more refined microstructure) presented more available grain
boundaries, which served as sites for hydrogen trapping and
resulted in porosities. In terms of the geometric point of
view, Wang et al. [15] showed that as the interlayer tem-
perature increases, the width and height of the layer tend to
enlarge and shorten, respectively. Furthermore, both Geng
et al. [10] (using an aluminium alloy) and Knezovic et al.
[16] (using duplex stainless steel) showed better surface
finishing when higher levels of interlayer temperature were
used, facilitating a possible machining step after deposition.
However, this behaviour may not be the same for all mate-
rials, since Spencer et al. [17] showed the opposite effect
when a C-Mn steel was used as the feedstock.

Still in this context, Ali et al. [18] evaluated the influ-
ence of interlayer temperature on the microstructure of walls
deposited with a hot-work tool steel, where two regions
(tempered and non-tempered) were identified along the
build direction. According to the authors, as long as the IT
is above the starting temperature of martensite formation,
the microstructure remains in the austenitic field. With this,
a more homogeneous microstructure compatible with the
characteristics of the non-tempered region is obtained. In
another work, regarding the deposition of high-strength
steel, Miiller et al. [12] found martensite formation with a
higher interlayer temperature level. Consequently, higher
tensile strength and lower yield and impact strength were
observed. Some authors did not provide evidence of any
marked microstructural change when the interlayer tem-
perature was altered. These are the cases of Shen et al. [9],
who evaluated interlayer temperature levels between 280
and 400 °C in walls deposited with a Fe;Al-based iron alu-
minide, and Chen et al. [6], who used IT between 100 and
400 °C in components of a nickel-aluminium bronze (NAB)
alloy.

Looking from an operational perspective, natural cool-
ing of a given component can be a good option when high
levels of interlayer temperature need to be maintained,
as the waiting times between one layer and another (idle
times) are usually not significant in this case. The con-
trol of the microstructure through IT is another possibil-
ity. However, the idle times may vary according to the
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conditions that control the heat transfer of the component,
such as the arc energy, part dimensions (width and height),
and physicochemical properties of the deposited material.
Although there exist conditions that favour heat exchange
(low arc energy, wide wall, and high material thermal
conductivity), the idle time can be considerably increased
when lower interlayer temperature (closer to room tem-
perature) must be reached. To mitigate heat accumulation
and, at the same time, this production problem, approaches
involving forced cooling directly on the component (active
cooling) or on the substrate (passive cooling) are often
used to control IT during deposition. Although approaches
with passive cooling are more accessible and widely
reported in the literature [18-20], they take longer to
cool down to a given interlayer temperature than those
using active cooling. In addition, its efficiency tends to be
considerably reduced as the distance from the substrate
increases. Among the active cooling approaches are those
that use air to promote forced convection. In these cases,
the jet can be blown either by the torch nozzle itself dur-
ing the idle time between layers [20] or by an additional
nozzle focused directly on the component [21]. There are
also cases where forced convection was promoted by trail-
ing [22, 23]. Ma et al. [22], for example, evaluated cool-
ing with three different gases (air, CO,, and N,) using a
shielding cover positioned behind the torch to promote
cooling during deposition. According to the authors, CO,
resulted in more efficient cooling. Work involving near
immersion active cooling (NIAC) in a water bath has also
been proposed [19, 24, 25]. In this approach, the deposi-
tion is carried out inside a tank, where controlled filling
water is used to cool the component during the deposition.

Given the above (breadth of research focuses and disagree-
ment of results), it is clear the importance of better under-
standing how the interlayer temperature can influence differ-
ent operational aspects of WAAM and the role of the cooling
approaches to reduce the idle time between layers. However,
it should be kept in mind that other variables, such as wire
feed speed (WES) and travel speed (TS), also control idle time,
as they influence the arc energy (as can be seen in Ali et al.
[18] and Rodrigues et al. [26]). Thus, as important as under-
standing the effects of different levels of IT, WES, and TS, it
is to know how to use them combined to achieve a target geo-
metrical feature. For example, it is hypothetically possible to
obtain the same wall width with different combinations of WES
with TS (arc power levels), as long as suitable IT is selected.
As this gap has been unexplored by the literature until now,
it becomes relevant to study it. Thus, the global objective of
this work is to evaluate the combined effect of the interlayer
temperature with travel speed for a given wire feed speed on
the operational (surface finishing, production time and tem-
perature profile), geometrical (wall width and height), and
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metallurgical (microstructure and microhardness) features of
thin walls with the same width deposited by WAAM, using or
not active cooling.

2 Methodology and experimental
procedure

Defining beforehand some concepts and terminologies is
necessary to understand this work better. First, the applica-
tion of this research is restricted to WAAM of high-strength
low-alloy steel thin walls (one pass per layer and with no
torch oscillation in the transverse direction). By defini-
tion, the wall width can be asserted as effective or external.
Regardless of other concepts of effective width/thickness
used in the literature [27], a similar meaning to that used by
Martina et al. [28] is admitted in this work, that is, the effec-
tive wall width represents that obtained if the lateral undula-
tions of the walls, intrinsic to the WAAM, are removed (the
nominal design width). On the other hand, the external wall
width is measured over the undulation peaks on the sides of
the wall. As reaching a given effective wall width is what
matters from a designing point of view, a given effective wall
width was arbitrarily chosen for this study. It was used as the
fixed comparison parameter for the different combinations
of the interlayer temperature (IT) and travel speed (TS) for
a given wire feed speed (WFS). The concept of interlayer
temperature in this current work is, in turn, defined as the
temperature value taken as a reference to start the deposi-
tion of a new layer, considering a particular measurement
point located on the printable part. In the present case, this
temperature is measured by an infrared pyrometer positioned
at the same distance in front of the heat source (the arc). In
other words, only after this temperature has been reached
between layers, the deposition of a new layer begins.

In this scope, preliminary tests were carried out to define
an interlayer temperature range to be used in the experi-
mental design, capable of preventing the molten pool from
running down. For this, two combinations of WFS with TS
were chosen from a working envelope published by Teixeira
et al. [29] for thin walls WAAM manufactured. This working
envelope was made for a wire with a chemical composi-
tion compatible with the one used in this work (principle of
parameter transportability). To define a wide enough inter-
layer temperature range, but capable of preventing unstable
molten pool, the most critical conditions of the working
envelope were chosen (larger pool volume is more critical
in running towards the sides). Following this, the two chosen
combinations (WFS at 5 m/min-TS at 21.7 cm/min and WFS
at 3 m/min-TS at 15 cm/min) are the operational extremes
of the mentioned envelope. Five levels of interlayer tem-
perature (100, 200, 300, 400, and 500 °C) were proposed
for each WFS with TS combination, totalising 10 different

Table 1 Experimental matrix of preliminary tests

Run WES (m/min) TS (cm/min) IT (°C)
1 3 15.0 100
2 3 15.0 200
3 3 15.0 300
4 3 15.0 400
5 3 15.0 500
6 5 21.7 100
7 5 21.7 200
8 5 21.7 300
9 5 21.7 400
10 5 21.7 500

walls to be built (Table 1). A minimum height of 40 mm was
a target for each wall. No forced cooling was used at this
step of the work. The effect of interlayer temperature was
assessed based on the surface appearance, production time,
temperature profile, and wall geometry. As will be discussed
in Section 3.1, the wide range of interlayer temperatures in
Table 1 proved to be functional.

Once this range was defined, the main experimental
design (main tests) was planned and executed, aiming at
finding different IT-TS combinations for a given WFS capa-
ble of depositing three walls with the same target effective
wall width (WW_¢). A WW i of 5.7 mm was arbitrarily cho-
sen. The geometrical features of the preliminary tests were
used as a starting point to find the parameter combinations
to fill the design of experiments (DoE). Some tests were
realised to confirm and adjust the parameters to the desired
WW,g. Since each combination of process parameters
can result in a different layer height, the number of layers
changed for each wall, and it has been established to have a
minimum height of 40 mm. A bidirectional layer deposition
strategy was used for all walls, that is, the deposition of a
subsequent layer occurs in the opposite direction of the pre-
vious one. The three first walls were deposited without using
active (forced) cooling between layers, that is, only natural
cooling took place until the desired interlayer temperature
was reached. However, to extend the reach of results and
reduce idle time, three new walls were deposited using the
same DoE, but now using the near immersion active cooling
(NIAC) approach. This technique was carried out inside a
tank with water gradually added as the layers were depos-
ited, aiming at maintaining the same distance between the
water line and the last layer edge (parameter referred to as
layer-edge to water distance, LEWD). The LEWD of 20 mm
was set for all walls deposited with NIAC. To get that, water
is pumped and circulated uninterruptedly inside the deposi-
tion tank. As the torch is raised, a magnetic floater activates a
solenoid valve positioned at the water circuit inlet, allowing
the water level to be established, consequently maintaining
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the same LEWD throughout the wall building. More details
about NIAC can be found in the literature [19, 24, 25].

An AWS ER90S-B3 wire (1.2-mm-diameter) was used
as feedstock. This wire is basically a low carbon-low alloy
(2.5Cr-1Mo) steel. The shielding gas was a mixture of
96%Ar +4%CO,, with a flow rate of 15 L/min. The cold
metal transfer (CMT) version (synergistic line CMT 963)
of the GMAW process was the deposition process. The
contact tube-to-work distance (CTWD) was maintained
at 16 mm during all depositions. Carbon steel plates
(150 mm x 50 mm X 7.9 mm) were used as substrate. To keep
the heat flow as constant as possible from the first layers,
the substrates were positioned in a fixture with their narrow
side facing up, mimicking a pre-wall. An A/D (analogue to
digital conversion) board, operating for § s at an acquisition
rate of 5 kHz and 14 bits (signal resolution), was employed
to monitor the electrical signals (current and voltage) and
wire feed speed. The mean and root mean square (RMS)
of current and voltage, together with the average values of
wire feed speed and arc energy per unit length, were deter-
mined for each layer. The arc energy per unit of length was
determined using the instantaneous power (average of the
products between point-to-point current and voltage) divided
by the respective travel speed.

2.1 Interlayer temperature measurement strategy

An infrared pyrometer (Mikron model MI-PE140) monitored
the temperature profile over the deposited layers. The role of
this temperature measurement was also to identify when the
target interlayer temperature is reached. This pyrometer has
a measurement range between 30 and 1000 °C, a resolution
of 0.1 °C, and an acquisition rate of 10 Hz. The same proce-
dure applied by Jorge et al. [13] was conducted to determine
the emissivity to be regulated in the pyrometer software (a
value of 0.99 was set for all depositions). It is important to
clarify that the set emissivity is considered only as a correc-
tion parameter rather than its true value. This pyrometer was
fixed to the torch axis and positioned (measurement point) at
a distance of 30 mm from the wire centreline (Fig. 1). Since
a bidirectional deposition strategy was used, only when the
torch moved from right to left (based on Fig. 1), the pyrom-
eter beam was ahead of the molten pool. In the opposite
direction, monitoring was carried out behind the pool. Thus,
when the layer deposition was ending, the pyrometer could
be monitoring the temperature at the surface of the last layer
deposited or at a point outside the wall. For the first situa-
tion, the temperature profile was monitored and a stopwatch
was started to record and estimate the idle time to reach the
target interlayer temperature for each wall. Once the tar-
get interlayer temperature was reached, the deposition of a
new layer was started. For the second case, i.e., when the
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Fig. 1 Positioning of the temperature measurement point: in front of
the molten pool, when the deposition direction (sense) was from right
to left, and behind the pool, when the deposition direction was from
left to right

pyrometer was monitoring the temperature outside the wall,
the idle time recorded for the previous layer was replicated.

To ensure the understanding of the temperature profiles,
Fig. 2 shows a schematic of how the pyrometer displace-
ment occurs during each cycle of torch movement (Fig. 2a)
and its effect on the temperature profiles (Fig. 2b). The
way in which the position of the measurement point affects
the temperature profile was also detailed by Jorge et al.
[13] and will only be briefly mentioned here. As can be
seen, each frame in Fig. 2a has its timeline indicated by a
red dashed line in Fig. 2b. Frame 1 of Fig. 2a represents
the moment when the torch ended its trajectory from right
to left — the torch is positioned at the left edge of the wall
and the pyrometer beam is outside the wall, justifying the
low temperature at that instant (line 1 of Fig. 2b). With the
deposition resume (frame 2 of Fig. 2a), the torch moves
to the right and the pyrometer starts recording the tem-
perature behind the pool (line 2) until the layer deposition
is completed (line 3). At the beginning (time before that
marked by line 2), there is an abrupt increase in tempera-
ture coming from arc ignition that heats the material at the
end and from the accumulated heat of the previous layer.
As shown in Fig. 2b, it is precisely in the interval between
lines 2 and 3 that the highest temperatures are recorded.
With the layer finished (frame 3 of Fig. 2a), the arc is
extinguished and the wall cools down again (between lines
3 and 4). When a target interlayer temperature is reached
(indicated by line 4 and IT line crossing in Fig. 2b), a
new layer begins to be deposited (frame 4 in Fig. 2a), but
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Fig.2 a Frames illustrating the torch movement cycles and a sche-
matic of the measurement point positioning in relation to the molten
pool; b temperature trace resulting from the torch positioning (case of
an IT of 400 °C), where the red dashed lines indicate the frames in a
timeline

this time, the pyrometer starts measuring ahead of the
molten pool. During this torch path, the temperature pro-
file progressively reduces (from line 4 to line 5 of Fig. 2b)
due to the presence of the thermal gradient. At a specific
moment, the pyrometer starts to measure the temperature
outside the wall again (frame 5 of Fig. 2a) and, conse-
quently, the temperature drops abruptly to a plateau. The

Fig.3 a Region considered B
during the measurement of geo- t
metric features; b an example of t‘\
the transversal profiles obtained
by the code developed by Scotti
[30]

cycle is restarted at the time indicated by line 6 (frame 6
of Fig. 2a), which is equivalent to line 1.

2.2 Determination of the geometrical features

All built walls were scanned using a 3D scanner (HandyS-
CAN 3D). Only the central region of the walls was evalu-
ated to avoid the influence of non-conformities arising from
the starting and ending deposition positions (Fig. 3a). The
two sides of each wall were separated and exported as a
set of data points (point cloud) to text files (.txt) using a
dedicated computer programme (VXModel). Then, the point
clouds corresponding to each side of the walls were read by
a code (developed in Python language by Scotti [30]), which
divided the meshes into sections with a spacing of 0.5 mm
along the length of the wall. Since the reading file is a point
cloud, it is required to establish a range in the axis along
the length of the wall (Y) where the points will converge to
a single profile. If the value of this parameter is too large,
many points will converge to the same profile, making it
difficult to quantify the geometry (saturated profile). On the
other hand, if the value of this parameter is too small, the
generated profile may have “holes”. So, the smallest value
capable of generating profiles without “holes” was selected
(0.5 mm). Since the evaluated length was 90 mm, 180 sec-
tions were obtained altogether. For example, Fig. 3b shows
a graph containing ten profiles obtained by the code for one
side of the wall, where an axis perpendicular to the side of
the wall (X), an axis along the length of the wall (Y), and
an axis that coincides with the building direction (Z) are the
reference axis.

To minimise the influence of possible outliers on the eval-
uated geometrical features, each section was divided into
small sample lengths (A,) taken along the axis corresponding
to the building direction (Z), as indicated in Fig. 3b. The
value of A is equal to the average layer height determined
for each wall. Due to the existence of this parameter, maxi-
mum and minimum values of X and the difference between
them were computed for each evaluated-in-a-section sample
length. The developed code provides a file that contains an
average of these values per section for each side of the walls.
The averages of the maximum and minimum values of X
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from both sides of the wall are summed to determine the
external wall width (WW,,,) and the effective wall width
(WW._g), respectively, considering the same section. The
surface waviness (SW) of the wall, in turn, is quantified by
the sum of the differences between the maximum and mini-
mum values of X from both sides of the wall (considering
the same section, of course) divided by two. Therefore, the
measurement results of the geometrical features were deter-
mined by the mean and the standard deviation, considering
the WW_,,, WW_4, and SW values obtained from each of
the 180 sections evaluated. An analogue calliper (0.05 mm
resolution) was used to measure the total height of the wall
at five different positions. These values were divided by the
number of layers deposited, and then the average and its
respective standard deviation were quantified to obtain the
layer height (LH) result.

2.3 Metallurgical characterisation

Cross-sections were removed from each of the three walls
with natural cooling and with near immersion active cooling.
The samples were subjected to metallographic preparation
and etched with 2% Nital for 20 s. Micrographs and micro-
hardness measurements were taken at the top, centre, and
bottom of the walls, discarding approximately 10 mm from
the substrate to avoid a region that could be affected by dilu-
tion. A load of 100 g for 15 s was set for Vickers microhard-
ness tests. For each region, the indentations were arranged
in a vertical line with a spacing of 0.25 mm.

3 Results and discussions
3.1 Preliminary tests

Figure 4 shows the surface aspect of each deposited wall to
confirm the maximum interlayer temperature (IT) suitability
of the experimental matrix presented in Table 1. As seen, no
interlayer temperature levels led to pool collapse. It is worth
mentioning that IT was not increased further because the
last layer turned partially incandescent (a condition reached
when the temperature at the measurement point was above
550 °C, approximately) and it would imply a higher meas-
urement error associated with the surface emissivity. It is
important to add in this experimental description that about
15 layers were deposited to build each wall during the pre-
liminary tests. As mentioned in Section 2, the layer deposi-
tion pattern was bidirectional (the odd layer always from left
to right, with the pyrometer beam behind the arc, while the
even layers were deposited on the reverse vectorial sense).
For temperature monitoring, eight sequential layers were
sampled from each wall, starting after 4 layers had been
laid on the substrate (the first layer after the 4th was tagged
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as sampled 1st layer). Therefore, only the sampled 2nd, 4th,
6th, and 8th layers (with the pyrometer beam ahead of the
arc) were useful in the temperature traces.

Figure 5 shows the temperature profiles as a function of
the time after the eight sampled layers, considering the dif-
ferent interlayer temperature levels used with wire feed speed
(WES) at 3.0 m/min and travel speed (TS) at 15.0 cm/min in
the DoE. Figure 6, in turn, presents analogous temperature
profiles with a WFS at 5.0 m/min and TS at 21.7 cm/min.
The times recorded for the deposition of eight layers (count-
ing only when the pyrometer was detecting the layer) were
summed with the idle times to cool down the layers, here
referred to as dtg. For a given travel speed (which defines
the deposition time), the lower the interlayer temperature,
the higher dtg (longer cooling times required). Comparing
the two WFS and TS combinations at the same IT (Fig. 5
versus Fig. 6), the condition with WES at 5.0 m/min and TS
at 21.7 cm/min (Fig. 6) presented lower dtg due to the higher
travel speed used (faster deposition time).

Even out of the scope, yet noteworthy, is the evaluation
of the temperature profiles in the time intervals in which the
pyrometer starts the measurement ahead of the pool (when
IT is reached) and before the pyrometer beam leaves the
layer (intervals delimited by the vertical dashed red lines in
Figs. 5 and 6). To better visualise this behaviour, the temper-
ature value recorded just before the exit of the measurement
point is positioned right next to the vertical dashed red lines.
They are presented for each interlayer temperature level,
except for the 100 °C, which showed practically no variation.
It is possible to note in Figs. 5 and 6 that the temperature
deviation from the set IT to that measured at the moment
before the exit of the measurement point is slightly smaller
as more layers are deposited. Despite interlayer temperature
control, this behaviour is likely from a heat accumulation
that occurs along the layer depositions. The steady state can
eventually be reached with a constant temperature deviation.

Table 2 shows the same data from another perspective,
i.e., the temperature variability along the layer length (AT/
ALL), quantified in °C/mm, which represents the variabil-
ity of the monitored temperature in relation to IT along the
layer length (usable ALL of 120 mm, when the pyrometer
was measuring). One can verify in Table 2 that AT/ALL
tends to turn significantly higher as IT increases. AT/ALL
decreases slightly with the building direction (Z), that is,
when more layers are deposited. The wire feed speed with
travel speed combination also affects the AT/ALL (in this
case, slower WFS and TS delivered more temperature vari-
ability along the layer length). These findings show the pres-
ence of a thermal gradient established throughout the wall
during the deposition of a layer monitored by the pyrometer
ahead of the arc, a common approach for closed-loop control
in WAAM. The influence of this gradient on the wall dimen-
sion (widths and heights) has not been thoroughly studied,
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Fig.4 Wall surface aspect from
the preliminary tests (experi-
mental matrix in Table 1)

WFS = 3.0 m/min

but Jorge et al. [13] have shown that one should not expect
dimensional changes, since the temperature under the pool
(more influential on the layer shape) is almost constant.
Back to the scope of the work, Fig. 7 presents the geo-
metrical features from the preliminary tests. In general, for
the same WFS with TS combination, increasing IT implies
greater external (WW,,,) and effective (WW_) wall widths
and lower layer heights (LH). In terms of welding processes,
it is already known that the higher the interpass temperature,
the wider and shorter the bead, due to the increase in wet-
tability, promoted by higher temperature in the bead vicinity.
In the case of thin walls deposited by additive manufactur-
ing itself, it is possible that wettability also has a degree
of contribution. However, this phenomenological contribu-
tion should be lesser, since the width of the previous layer
becomes a limiting factor. Thus, the viscosity of the molten
pool can be pointed out as another factor to explain the
observed effect. In this case, increasing interlayer tempera-
ture should decrease the cooling rate, making the viscosity

TS = 15.0 cm/min

WFS = 5.0 m/min

TS = 21.7 cm/min

lower for longer. This makes the pool less resistant to the
movement induced by arc pressure, resulting in a wider (wall
width) and shorter (layer height) geometry.

Examining Fig. 7c in particular, and considering the
same WFS with TS combination, it can be seen that the
surface waviness (SW) is a geometrical feature less sensi-
tive to change in interlayer temperature. When evaluating
the same IT and contrasting the two combinations of wire
feed speed with travel speed, it is possible to verify that the
sizes of WW,,,, SW, and LH tended to be, in general, slightly
higher for the combination of WFS at 5.0 m/min and TS
at 21.7 cm/min. At the same time, the WW,_4 values were
relatively close to each other (except for the results obtained
for IT of 500 °C). The difference in the amount of mate-
rial deposited per unit length may account for this effect.
The combination of WFS at 3.0 m/min and TS at 15.0 cm/
min deposited 0.17 kg/m on average, while the combina-
tion of WFS at 5.0 m/min and TS at 21.7 cm/min deposited
0.20 kg/m on average.
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i 1stlayer 2nd layer 3rd layer 4th layer Sthlayer 6th layer 7th layer 8th layer
Fig.5 Temperature traces at the ayer y Jayer 4th lay layer_Gthlay y y
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3.2 Main tests

The main tests aimed at evaluating the combined effect of
the interlayer temperature (IT) with travel speed (TS) for a
given wire feed speed (WES) on the WAAM performance
(operational, geometrical and metallurgical) of thin walls
with the same target effective wall width (WW ) (arbitrarily
chosen as 5.7 mm). The choice of parameters for the main
tests was based on two basic premises: (a) the fastest WFS
as feasible; (b) the wider IT range. A WES of 5.0 m/min (the
higher WES level employed in the preliminary tests) and
three interlayer temperature levels (100, 300, and 500 °C)
composed the DoE, using not only natural cooling (NC) but
also near immersion active cooling (NIAC), as justified in
the methodology (first part of Section 2). As seen in the pre-
liminary tests (Section 3.1), IT influences the WW, dimen-
sion (Fig. 7b). Consequently, a faster travel speed value had
to be determined for each IT level above 100 °C to make up
for this influence. However, the authors did not have data
that could be used to correlate TS to wall width for different
IT values. Prior experiments were conducted to determine
the TS needed to reach a target WW,_4 with WES at 5.0 m/
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min to overcome this setback. Then, six walls were deposited
in total during the main tests, three with NC and another
three using NIAC, according to the DoE of Table 3.

Table 4 presents the set and monitored parameters from
the experimental conditions in Table 3. The combined IT
and TS variations for the same WFS do not affect either cur-
rent (I, or I, ) or voltage (V,, or V,,.), supporting the test
robustness. Naturally, the mean arc energy (E ) decreases
with faster TS.

Figure 8 shows the surface aspect obtained for each wall.
For the same cooling approach, it is possible to see that
lower interlayer temperature (consequently, also slower TS
to reach the same WW_g) led to a worse superficial aspect,
which agrees with Geng et al. [10] and Knezovic et al. [16].
In the attempt to explain the surface aspect, on the one
hand, lower IT would tend to promote more rigid pools,
since higher cooling rates should potentially guarantee lower
volume and higher viscosity to the molten pool. Therefore, a
molten pool with higher resistance to the movement induced
by arc pressure. On the other hand, the higher amount of
material deposited per unit of length, which is achieved with
lower travel speed at the same wire feed speed, increases
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Table 2 Temperature variability [ o0y WFS=3 m/min; TS=15 cm/min WES =5 m/min; TS =21.7 cm/min
along the layer length (AT/
ALL), quantified in °C/mm, of 2nd layer  4th layer 6thlayer 8thlayer 2ndlayer 4thlayer 6thlayer  S8th layer
the walls built according to the
experimental matrix in Table 1 100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
200 0.2 0.1 0.1 0.1 0.1 0.0 0.0 0.0
300 0.7 0.6 0.5 04 0.3 0.2 0.2 0.2
400 1.2 1.1 1.0 0.9 0.8 0.6 0.6 0.6
500 1.4 1.2 1.1 0.9 0.8 0.6 0.6 0.6

the volume of the molten pool and tends to a more unstable
pool (more susceptible to bead irregularities for the same arc
pressure). Based on the observed behaviour, the effect pro-
moted by the higher amount of material deposited appears
predominant. Taking now the same parameter combinations,
no significant change is observed in the surface aspect when
comparing the two cooling approaches, corroborating the
detrimental effect of a higher amount of material deposited
per unit of length in relation to faster cooling.

Figure 9 presents the temperature profiles correspond-
ing to the layer-related cycles of torch movement, similar
to Figs. 5 and 6. Under the same cooling approach (natural

cooling (NC) — or near immersion active cooling (NIAC)),
lower IT-TS combinations led to longer production times
(dtg), since this parameter combination govern cooling
time between layers. When comparing the two cooling
approaches for the same IT-TS combination, the NIAC con-
ditions presented a considerably lower dtg, due to the higher
cooling rate exerted by the heat exchange between the wall
and the water. It is also confirmed in Fig. 9 that the trend
discussed during the preliminary tests was maintained, that
is, the temperature deviation from the set interlayer tem-
perature to that measured at the moment before the exit of
the measurement point is slightly smaller as more layers are
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Fig.7 Geometrical features
from the preliminary experi-
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Table 3 Experimental matrix for the main tests (target effective wall
width of 5.7 mm and wire feed speed of 5 m/min)

Cooling approach IT (°C) TS (cm/min)
Natural cooling (NC) 100 21.7
Natural cooling (NC) 300 28.4
Natural cooling (NC) 500 33.3
Near immersion active cooling (NIAC) 100 21.7
Near immersion active cooling (NIAC) 300 28.4
Near immersion active cooling (NIAC) 500 33.3

deposited (due to heat accumulation). In the condition with
IT at 300 °C and TS at 28.4 cm/min (Fig. 9d), for example,
a temperature variation of almost 200 °C was achieved along
the layer. Compared with IT at 500 °C and TS at 33.3 cm/
min (Fig. 9f), a significant difference, greater than 300 °C,
was recorded. These results reinforce the recommendation

Table4 Monitored (averages from 10 layers) mean wire feed speed
(WFS,), mean and RMS current (I, and I ), mean and RMS volt-
age (V, and V), and mean arc energy per unit length (E), accord-

Interlayer temperature (°C)

to have monitored the magnitude of the thermal gradient
along the layer.

Table 5 shows the temperature variability along the layer
length (AT/ALL). One can verify that AT/ALL tends to turn
significantly higher as IT with TS combination increases,
mainly under NIAC (even for IT=100 °C), due to the more
intense thermal gradient generated between layers. How-
ever, AT/ALL does not vary significantly in the building (Z)
direction, when more layers are deposited under the same
interlayer temperature and cooling approach.

Figure 10 presents the macrographic view of the walls
built during the main tests. As seen, the profiles are affected
by IT-TS combinations, yet no imperfections are noticed.
Figure 11 presents the geometrical features of the walls built
during the main tests. From Fig. 11a, it is possible to verify
that the effective average wall widths (WW,_4) were equal
to each other and matched the target value for the different
IT with TS combinations using the natural cooling (NC)

ing to the experimental matrix in Table 3 (where: NC, natural cooling;
NIAC, near immersion active cooling; IT, interlayer temperature; and
TS, travel speed)

Cooling IT (°C) TS (cm/min) WES,,, (m/min) I, (A) I (A) Vo, (V) Vims (V) E,, (J/mm)
NC 100 21.7 5.1+0.1 162.1+0.6 181.9+0.5 13.2+0.1 16.5+0.1 702.2+6.9
NC 300 28.4 5.1+0.3 1609+ 1.1 181.2+0.9 13.4+0.2 16.8+0.2 558.3+8.9
NC 500 333 5.1+0.2 162.7+0.4 182.4+0.4 13.4+0.2 16.8+0.2 473.6+6.8
NIAC 100 21.7 5.1+0.2 161.7+0.4 181.7+0.4 13.3+0.1 16.6+0.1 711.9+8.3
NIAC 300 28.4 52+0.2 161.4+0.8 181.3+0.7 13.4+0.3 16.8+0.2 549.7+9.3
NIAC 500 333 52+0.2 161.5+0.8 181.5+0.8 13.4+0.2 16.9+0.2 457.6+5.3
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Table 5 Temperature variability

Factors AT/ALL (°C/mm)
along the layer length (AT/
ALL), quantified in °C/mm, of Cooling IT (°C) TS (cm/min) 2nd layer 4th layer 6th layer 8th layer
the walls built according to the
experimental matrix in Table 3 NC 100 21.7 0.0 0.0 0.0 0.0
NC 300 28.4 0.5 04 04 0.3
NC 500 333 0.5 0.5 0.5 0.5
NIAC 100 21.7 0.2 0.2 0.1 0.1
NIAC 300 28.4 1.8 1.7 1.7 1.7
NIAC 500 333 3.1 3.0 3.0 3.0

Fig. 10 Cross-section macro-
graphs of the walls from the

main tests

1IT=100°C 1IT=300°C

TS=21.7cm/min| TS=28.4cm/min | TS=33.3 cm/min

approach. It is worth remembering that all the considerations
taken to select TS levels for each pre-established IT level
(100, 300, and 500 °C), in an attempt to achieve a WW, 4 of
5.7 mm, were based on walls deposited under NC. Then, the
outcomes justify the agreement of these results for this cool-
ing approach and attest to the consistency of the experimen-
tal work. With the conditions under near immersion active
cooling (NIAC), in turn, at first view, WW_4 and WW,,
averages tended to not match with the walls cooled under NC
and decrease as the combined IT with TS increased (Fig. 11a
and b). This NIAC-driven trend is not expected, because heat
extraction with this approach acts only at a given distance
from the pool (a layer-edge to water distance of 20 mm)
and WES is the same for each IT with TS combination.
Indeed, in another piece of work [31], in which NIAC and
NC approaches were compared to WAAM build of thin walls
with an aluminium alloy (ER 5356), both cooling methods
led to quite similar geometries if equivalent interlayer tem-
peratures were applied (the total deposition time with the
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IT=500°C 1T=100°C

TS=21.7cm/min

natural cooling approach is also significantly extended due
to the need for a long idle time between layers).

As Fig. 11a left the authors in doubt about the effect of
the NIAC approach on the wall width, four cross-sections
were taken from each 3D mesh of the walls (Fig. 12). Their
areas were quantified to assess whether the amount of mate-
rial deposited per unit of length was actually maintained for
the same parameter combination. As seen, the cross-section
areas were practically the same indifferent to the cooling
approaches with the same parameter combination. This
means that the same amount of material per unit of length
was deposited.

Then, the justification for the unexpected variation of
the wall widths when compared to walls built under NC
and NIAC (Fig. 11a and b) can be based on some reason-
ings. First, one would expect a layer height (LH) increase
as wall width decreases and vice-versa, since the amount of
material per unit of length is the same for each IT with TS
combination (Fig. 12). But LH did not decrease with NIAC
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(where: NC, natural cooling;
NIAC, near immersion active
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ture; and TS, travel speed)

280
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(a)

(Fig. 11d); on the contrary, they matched those with NC.
Second, only slightly higher width values (both effective
and external) were observed with NIAC conditions when
IT-TS was the lowest. And the inverse occurred as IT-TS
was assumed to have the highest value, i.e., not keeping the
same trend (random behaviour). Third, the difference in wall
widths between NC and NIAC is short, 0.3 mm on average.
LH was determined using a 0.05-mm-resolution calliper,
while the WW,_; and WW,,, averages were taken using a
3D scanner (see Section 2.2). The potentially higher uncer-
tainties from the 3D scanner measurement could justify the
variation.

Concerning metallurgical features, no marked micro-
structural differences were observed between the different
experimental conditions evaluated and illustrated in Figs. 13

200

Cross-section area (mm?)

180

160

140

IT=100°C-TS=21.7 IT=300°C-TS=28.4 IT=500°C-TS=333

cm/min cm/min

(b) cm/min

and 14. A microstructure composed mainly of martensite
and bainite is evidenced, regardless of the position along
the building direction (Z). One must remember that higher
interlayer temperature values were combined with faster
travel speed levels (consequently, arc energy decreased) to
maintain the same target WW_g. On the one hand, this means
that cooling rates must be slowed down by using a higher
IT. On the other hand, cooling rates become faster due to
higher TS (lower arc energy). Considering the predominant
heat transfer mechanism (conduction), the cross-sectional
area is another factor that also governs the heat flux through
the wall. Figure 12 shows that the cross-sections are statis-
tically equal between the two cooling approaches for the
same combination of parameters. Still, a parallel increase
in IT and TS led to smaller cross sections, resulting in a
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Fig.13 Representative OM IT=100°C - TS=21.7cm/min  IT=300°C - TS=28.4cm/min
micrographs from the top layer, ) . R

and from the centre and bottom
of the walls deposited with

the experimental conditions of
Table 3, using natural cooling
(where: IT, interlayer tempera-
ture and TS, travel speed)

Top of the wall

Centre of the wall

Bottom of the wall

Fig. 14 Representative OM
micrographs from the top layer,
and from the centre and bottom
of the walls with the experimen-
tal conditions in Table 3, using
near immersion active cooling
(where: IT, interlayer tempera-
ture and TS, travel speed)

Top of the wall

Centre of the wall

Bottom of the wall

lower conduction heat flux (slower cooling rates). Despite  cooling transformation diagram, leading to the observed
the existence of all these factors that govern the cooling  microstructural similarity.

rate, it is still possible that the cooling rates of the evaluated Figure 15 shows each experimental condition’s micro-
parameter combinations are maintained in the same region  hardness profiles (a downward profile with approximately
(in relation to the transformation curves) of the continuous 15 indentations). In general, less dispersed (lower standard
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Fig. 15 Microhardness profile with different combinations of interlayer temperatures (IT) and travel speeds (TS), with natural cooling (upper)

and near immersion active cooling (lower)

deviations) indentations are observed at the top layer regions
of the walls, resembling a cluster. These regions (last and
penultimate layers) sustain mainly primary solidification
structure, not experiencing reheating (predominantly non-
tempered martensite). However, the centre and bottom of the
wall represent better a WAAM multiple-layer-single track
build. Therefore, the microhardness analysis will concen-
trate on these wall areas. In most cases of the bottom and
centre regions, microhardness ranged from 250 to 400 HV,
following a V-profile (suggesting bands of harder and softer
microconstituents). The harder values could represent coarse
recrystallised martensite, while the softer values could mean
tempered martensite due to the incidence of multiple ther-
mal cycles. When the cooling approach between layers was
natural (NC), the hardness dispersion got narrower and with
less incidence of indentations as hard as 400 HV when IT
(and TS) increased. However, this behaviour did not occur
under near immersion active cooling, which imposes a faster
cooling rate under the layers (surpassing the IT-TS effect on
cooling rates). Natural cooling, mainly at higher interlayer

temperature, may have provided longer times within the
temperature range for tempering, resulting in microhard-
ness being less dispersed and concentrated at lower values.

4 Conclusions

The global objective of this work was to assess the combined
effect of the interlayer temperature (IT) with travel speed
(TS) for a given wire feed speed (WFS) on operational (sur-
face aspect, production time and temperature profile), geo-
metrical (wall width and height), and metallurgical (micro-
structure and microhardness) features of thin walls with the
same width deposited by WAAM, using or not active cool-
ing. An IT range definition that could be used in experimen-
tal design and heat distribution on the wall were the specific
objectives. A low carbon-low alloy steel (2.5Cr-1Mo) wire,
shielded with a 96%Ar +4%CO, blend, was used with the
GMAW CMT for the depositions.
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1. From the results linked to the specific objective, it was
possible to conclude that:

e IT between 100 and 500 °C is suitable to operate with
this material and within the range of WFS and TS chosen
for this work, since no molten pool collapse occurs;

e For the same WFS with TS combination, the higher
the IT, the greater the temperature variability along the
layer length (AT/ALL), quantified in °C/mm, consider-
ing a pyrometric measurement point ahead of the arc at
30 mm;

e Assuming the same IT, higher WFS with TS combination
led to lower AT/ALL;

e In general, as long as the same WFS with TS combi-
nation is considered, the increase in IT implied greater
external and effective wall widths (WW,,, and WW_4,
respectively), and lower layer heights (LH).

2. From the results linked to the global objective (which
is restrained to a same effective wall width (WW,4) and
the set WES), it was possible to conclude that:

e A smoother surface appearance (waviness) with the same
effective wall width is obtained with higher IT with TS
combination, regardless of the cooling approach (either
natural cooling (NC) or near immersion active cooling
(NIAC));

e If the same deposition parameters (IT-TS) combination is
employed, a shorter production time is achieved on walls
under NIAC than NC.

e Concerning the temperature profile, a more significant
temperature variability along the layer length (AT/ALL)
is observed increasing I'T-T'S combination and under NIAC,
with IT measured 30 mm ahead of the arc;

e The cooling approaches (NC or NIAC) do not affect either
the wall width (effective or external) or the layer height.
However, they are affected by the IT with TS combination
(the higher the IT-TS combination, the thinner and shorter
the width and height, respectively).

e No remarkable microstructural differences were observed
as a function of IT combined to TS (for such low alloy
steel), either when NC or NIAC was used, although there
was a variation of arc energy (proportional to TS) and IT.
However, some tempering (microhardness reduction) was
observed in the walls deposited under NC, using higher IT
(300 € 500 °C).

It is important to note that the findings linked to the global

objective are tied up to a specific WFS level (5 m/min). Thus,
a parameterisation with another WES value (different current

@ Springer

level as well) will need different IT-T'S combinations to achieve
the same effective width. This, of course, can lead to other
operational, geometric, and metallurgical values. However,
despite not being studied in this work, the trends will probably
be the same as the IT-TS combinations change.
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