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Abstract
Wire- and arc-based additive manufacturing (WAAM) is a promising technology for large-scale additive manufacturing of
metallic components. However, due to the high heat input by the electric arc, interpass cooling time decelerates the average
manufacturing speed. Since future applications aim to the production of large structural steel components, the manufacturing
speed is a key parameter to make WAAM usable for civil engineering. Within the scope of this paper, different process cooling
strategies are weighed up against one another with regard to efficiency, impact on the process, as well as to the influence on the
microstructure of the processed steel. For the thermal evaluation, welds on vertically placed plates were performed using the gas
metal arc (GMA) process. As far as different cooling methods are concerned, the standard GMA process is carried out with water
bath cooling, high-pressure air cooling and also with aerosol cooling. Temperature curves were determined using thermocouples
which are dipped into the molten pool. The evaluation of the microstructure and the hardness is carried out by means of cross
sections and Vickers hardness tests. The results show that aerosol cooling can be a promising addition to WAAM as it can be
applied during welding and is capable to modify the t8/5 time and, therefore, the mechanical properties of the steel.

Keywords Wire arc additivemanufacturing . Shapewelding . Solid freeform fabrication .WAAM .Aerosol cooling . Arc-based
additivemanufacturing

1 Introduction

Wire- and arc-based additive manufacturing is a promising tech-
nology for the small-series production of highly individualised
large-scale metallic components. Some of the major advantages
are the large amount of usable materials, the variety of welding
processes available and the high deposition rate [1–3].

In the 1980s, power plant componentsmade of creep-resistant
steel with a structural weight of more than 225 tons have been
additively manufactured, using submerged arc (SA) welding [4,
5]. Currently, the range of industrial applications covers the pro-
cessing of expensive materials such as titanium alloys, nickel

base alloys and high alloyed steels, for example for aerospace
and naval industries [6]. Recent research started to focus on low-
alloy steels, usable for example in the civil engineering sector.
Here, highly individualised construction nodes are manufactured
using wire- and arc-based additive manufacturing (WAAM) [7].
The lower the material cost, the higher the manufacturing speed
needs to be, to make the process competable to traditional
manufacturing processes in terms of manufacturing costs. The
manufacturing speed is mainly defined by the deposition rate of
the welding process and the idle time that is necessary to let the
workpiece cool down to the required interpass temperature [8].
Considering gas metal arc (GMA) welding, the deposition rate is
directly linked to the heat input of the process. The higher the
deposition rate, the higher the process power and therefore the
heat input as well as the cooling time. This contradiction can only
be solved by establishing highly efficient and scalable cooling
strategies.

Two sections of the cooling curve from solidification of the
material until reaching the required interpass temperature for
continuing depositing the next layer are of special interest.

The first part is the high-temperature section from solidifica-
tion until the stop of the most important phase transformations.
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The second part is characterised by the total cooling time until the
required interpass temperature is reached and the deposition of
the next layer can be performed. Depending on the solidification
behaviour of the processed material, the cooling rate within the
high-temperature range has a high impact either on phase trans-
formations or on the grain growth. Either way, there is a direct
impact on the mechanical properties of the material. An example
is a high-strength fine-grain steel, which requires the t8/5 time to
be within a defined range to enable good mechanical properties
[9]. Here a too low cooling rate can lead to a loss of tensile
strength, while a too high cooling rate might provoke cold crack-
ing. Another example could be ferritic stainless high chromium
(~ 17%) steels, like SFA/AWS A5.9 ER430LNb. After solidifi-
cation, those steels do not undergo any allotropic phase transfor-
mation during the cooling process, which is why they are highly
prone to grain coarsening. Here, high cooling rates are required
to keep the grain growth within an acceptable limit [10]. These
examples show that the development of a cooling strategy does
need to consider not only the increase of themanufacturing speed
but also effects on the material properties.

Investigations regarding the influence of interpass temper-
ature on the component properties were carried out by various
research groups [11, 12]. Besides the metallurgical effects, the
interpass temperature also influences the risk of thermal
overheating of the component as well as the size of the molten
pool. This is the reason why it is beneficial to let the compo-
nent cool down to a defined temperature before welding con-
tinues. Depending on the processed materials and the experi-
mental set-up, interpass temperatures commonly are within
the range from 50 to 120 °C.

First experiments about cooling strategies for WAAM were
carried out by da Silva et al. [13]. Here, the effects of water bath
cooling strategies were compared with uncooled welds. The
whole component was stored in a canister which was filled with
water. The water level was raised stepwise together with the
welding layers, to keep the distance to the weld bead constant.
The tests showed that the water bath cooling seems to be highly
efficient for reducing the workpiece temperature rapidly after
welding. However, as the water bath is difficult to handle, espe-
cially in multi-axis manufacturing systems with moving workta-
ble, other cooling strategies could be of interest. A similar ap-
proach of cooling the component side walls but with a complete-
ly different cooling method was investigated by Li et al. [14, 15].
As cooling device, Peltier elements were attached to the sides of
wall-shaped structures to achieve an active cooling effect. The
evaluation of the cooling strategy was done by depositing single
weldments on upwards positioned plates, to keep thermal condi-
tion constant and achieve a good contacting surface for the Peltier
elements. However, the application on geometrically more com-
plex components could be difficult.

Further investigations were performed by Hackenhaar et al.,
using an air jet cooling system [16]. Here, a high-pressure air jet
was directed to the workpiece to cool it down during and after

welding. To prevent disturbance of the welding process, the air
jet was not directly aimed at the process zone but at a lower side
of themanufacturedwall-shaped structures. The results show that
the effective reduction of the interpass cooling timewas possible.
Similar investigations were performed byWu et al., using a CO2

jet instead of a high-pressure air jet [17].
Considering the effects of cooling rates on themechanical and

geometrical properties as well as on the manufacturing speed,
efficient cooling strategies are highly important for the imple-
mentation of an efficient WAAM-based process chain. The
cooling strategies, which were investigated till now, either are
very efficient in terms of cooling performance but difficult to
handle for manufacturing complex components or are not capa-
ble of in situ cooling during the welding process. The aerosol
cooling strategy could be a solution for an effective highly con-
trollable and flexible low-cost cooling method.

The following article compares three different cooling
methods regarding their t8/5 cooling times as well as the duration
until a nominated interpass temperature of 100 °C is reached. As
the focus is on the general comparison of the cooling methods,
process parameters and materials are not changed.

1.1 Experimental set-up and experiments

The experiments were performed by simulating the additive
manufacturing of wall-shaped structures. To avoid long
manufacturing time and to keep the thermal heat dissipation
conditions constant, the welds have been performed on verti-
cally positionedmetal plates with the dimensions 300 × 100 ×
10 mm. Material wise, S355J0 (DIN EN 10025-2) structural
steel was used for the substrate plate and EN ISO 14341-A
G 3Si1 (AWS A-5.18: ER 70 S-6) as wire electrode for the
GMA process. As cooling strategies are especially important
for high heat input process configurations and high deposition
rates, all the experiments were performed using a standard
GMA process in spray transfer mode. Table 1 gives an over-
view on the most important welding parameters.

The GMA welding torch was positioned on a linear move-
ment; the substrate plate was positioned as shown in Fig. 1a.
To keep the welding conditions constant, even for the water
bath welds, the ground contact was clamped directly to the
substrate plates.

As measuring set-up, thermocouples of type k in a ceramic
mantle were used in combination with a transient measuring
system of the type Yokogawa DL708. The sample rate was
1 ks/s for reliable measuring the cooling rates by estimating
the t8/5 times. The duration of the measurements was
16.66 min to determine the time until the weld seam reaches
the 100 °C interpass temperature as an indicator for the idle
(arc-off) time of the manufacturing process. Thermocouple
measurements were performed at the centre of the samples
by sticking the thermocouples into the molten pool directly
behind the welding process (Fig. 1b). After the thermal
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measurements were concluded, a second welding was per-
formed over the first half of the sample using exactly the same
welding parameters and cooling strategy to evaluate the im-
pact of the cooling on potential heat treatment effects.

The investigated cooling strategies can be divided into in situ
process cooling and ex situ cooling. For in situ cooling,water bath
coolingwas investigated, as well as an aerosol cooling strategy. A
schematic diagram of the cooling set-ups is shown in Fig. 2.

For the water bath experiments (Fig. 2a), the samples were
placed in a container which was filled with water with a distance
betweenwater level and top side of the sample of 10mm. Before
and after welding, the water bath temperature was measured. At
the start of the welding experiment, the water temperature was
equal to the room temperature of 20 °C.

The high-pressure air cooling (Fig. 2b) was performed by
aiming an air pressure nozzle directly onto the workpiece. The
air flow was started, directly after the welding ended, and was
kept constant. The measured air temperature at the nozzle tip
was 16 °C. The operating pressure was 8 bar; the cooling was
stopped as soon as a temperature of 24 °C was reached.

For the aerosol experiments (Fig. 2c), an aerosol nozzle,
made of brass, was mounted on the linear movement, behind
the welding torch. The spray angle of the nozzle was 80°. The
nozzle was aligned, with the spray cone ending 40mm behind
the GMA welding arc. The total distance of the nozzle to the

welding torch was 500 mm, to keep negative effects through
turbulent air near the shielding gas atmosphere low. The aero-
sol consists of a water air mixture. The operating pressure was
3 bar with a flow rate of 480 ml/min. The cooling was man-
ually stopped when the measurement spot reached a tempera-
ture of 22 °C. For all cooling methods, the initial surface
temperature of the base plate, as well as the interlayer temper-
ature for deposition of the second weld seam, was kept con-
stant at room temperature of 20 °C.

After the welding experiments were finished, the samples
were analysed regarding their microstructure and the hardness
along the weld beads. Therefore, cross sections were taken
from the single layer welds as well as from the double layer
welds. For the micro cross sections, the samples were etched,
using a 10% aqueous nitric acid. Macro cross sections were
prepared, using 3% alcoholic nitric acid. Vickers hardness
tests were performed centrically along the vertical weld seam
axis, including the heat-affected zone.

2 Results

2.1 Temperature measurements

The results of the temperature measurements are presented in
Fig. 3. The reference measurement shows the lowest cooling rate
with an estimated t8/5 time of 21 s; after 700 s, the temperature
curve intersects the 100 °C line. Compared with the uncooled
experiment, the actively cooled welds show higher cooling rates
and reach the 100 °C line faster. The highest cooling rate is
achieved with the water bath cooling. Here, the t8/5 time is 7 s,
and the 100 °C line is intersected after 38 s. The aerosol cooling
and the high-pressure air cooling curves show similar values
regarding the cooling rates. Here, the t8/5 time is 12 s for both
curves and the 100 °C line is cut after 75 s for the high-pressure
air curve and after 63 s for the aerosol curve. In addition, an
increase in temperature can be observed after the cooling was
stopped, whichwas after 200 s for the high-pressure air and 169 s
for the aerosol. This does not affect the estimated values for
quantifying the cooling behaviour.

Fig. 1 Schematic diagram of the measurement set-up (a) and picture of a thermocouple stuck in after the first weld (b)

Table 1 Welding parameters that have been kept constant

Wire feed speed 8 m/min

Welding current 185 A

Welding voltage 27 V

Droplet transfer mode Spray transfer mode

Travel speed 40 cm/min

Contact tip to workpiece distance 15 mm

Shielding gas EN ISO 14175 M12 (2.5% CO2)

Electrode diameter 1.2 mm

Electrode EN ISO 14341-A G 3Si1

Welding torch position PA

Substrate plate DIN EN 10025-2 S355J0
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Furthermore, the temperature curve of the aerosol cooling
shows two anomalies: Firstly, the curve shows some unsteady
drops in temperature; in addition to that, a plateau can be
identified around the 100 °C line.

2.2 Microscopic analysis

An overview of the single-welded samples is shown in Fig. 4.
Since the high-pressure air-cooled welds have not been cooled
in situ, during the welding process, they are not expected to be
different to the uncooled samples in terms of microstructure.
Therefore, the microscopic analysis is not shown here. It can
be seen that the position of the GMA reference weld was not
perfectly aligned, which led to an asymmetric weld seam
shape. However, a comparison to cooling curves of better
aligned, uncooled GMA welds showed no difference as far
as the measured cooling rates are concerned.

The penetration depth is similar for all welds, whereas the
water bath welds show a slightly higher penetration depth.
Similarly, the fusion area lies with 33.1 mm2 for the reference
weld, 32.5 mm2 for the aerosol-cooled weld and 33.5 mm2 for
the water bath–cooled weld closely together for all three

specimens. Especially for the aerosol weld and the water bath
weld, the weld seam shape as well as the dendritic growth
structure are very similar. None of the cross sections showed
porosity or other weld defects.

Detailed microscopic pictures were taken along the vertical
centre line of the samples (Fig. 5).

Looking at the secondary ferrite, a slight difference in the
size of the dendrites is visible:While the uncooledweld shows
the largest average dendrite size, the water bath–cooled welds
show a much finer dendritic structure and the aerosol-cooled
weld lies in between.

The double-welded samples for the aerosol and water bath
welds are shown in Fig. 6. Here, no major differences regard-
ing the solidification morphology are visible. The positions of
the heat-affected zones as well as the penetration depths are
similar.

2.3 Hardness measurements

Vickers hardness tests were made, both on the single-welded
samples and on the double-welded samples, to show possible
missing heat treatment effects. Figures 7 and 8 show the

Fig. 3 Time-temperature-curves
of the three investigated cooling
methods and the reference
measurement without cooling.
The horizontal red lines mark the
characteristic temperatures
800 °C, 500 °C and 100 °C

Fig. 2 Schematic diagram of the three cooling strategies.Water bath cooling (a) as in situ coolingmethod, high-pressure air (b) as ex situ coolingmethod
during the idle time and aerosol cooling as in situ (c) method
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positions and results of the hardness measurements on the
single-welded specimens.

All three measurement rows show a similar shape, contain-
ing a constant hardness in the weld material followed by a
peak near the fusion line and a drop and raise of hardness
along the heat-affected zone (HAZ). A difference can be seen
in the average hardness, especially of the weld material. For
the uncooled GMA weld, the average hardness is lowest (179
HV), followed by the hardness of the aerosol-cooled sample
(196 HV) and the hardness of the water bath–cooled sample
(232 HV).

Similar results can be seen for the double-welded samples
(Fig. 9). As the total amount of weld material is larger, the
characteristic locations of fusion line and HAZ are moved to
the right. One difference shows the hardness curve of the
water bath–cooled sample. Here, the average hardness of the
weld material is lower, compared with the single-welded
sample.

3 Discussion

All cooling strategies show a significant reduction of the
cooling time and cooling rates, compared with the uncooled
reference weld (Table 2). The highest efficiency shows with
the water bath cooling. Here the t8/5 time as well as the 100 °C
cooling time are the lowest. Negative effects on the process
stability were not observed.

Although the highest cooling effects were achieved with wa-
ter bath cooling, it needs to be taken into account that the sample
geometry was highly optimised for this cooling strategy. The
distance between molten pool and water was minimal from both
sides of the substrate plate. For themanufacturing of larger work-
pieces and more massive structures, multiple welds have to be
placed beside each other and the distance between water level
and molten pool will be larger. In this case, the distance between
weld seam and water bath might vary, which is why direct
cooling of the deposited weld seam is expected to be more ef-
fective for more complex workpieces.

The cooling with high-pressure air showed slightly lower
cooling rates, compared with the water bath cooling, but there
is still a high impact, especially on the 100 °C cooling time. As
the cooling starts, after the layer is deposited, the t8/5 time
should be equal to the uncooled reference weld. The reason
why the t8/5 time was affected by the ex situ cooling is that the
weld ended and the cooling started, while material in the mea-
suring point was still within the t8/5 temperature range. This
effect is depicted in a detailed view of the t8/5-cooling curve,
as it follows exactly the reference measurement and starts to
drop faster instantly after the weld ended (Fig. 10).

One disadvantage of the high-pressure air cooling is that it
is disturbing the shielding gas atmosphere of the welding pro-
cess. Therefore, it can be used only after depositing the
welding layer. Furthermore, high-pressure air is expensive,
comparedwith the other coolingmediums and therefore might
have a negative effect on the process profitability.

Fig. 4 Comparison of themacroscopic cross sections: uncooled GMAweld on the left, aerosol-cooled weld in themiddle andwater bath–cooled weld on
the right. The positions of the microscopic pictures are marked in red

Fig. 5 Comparison of the microscopic cross sections of uncooled (left), aerosol (middle) and water bath welds (right)
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For a combination of in situ cooling and top weld seam
cooling, aerosol cooling was investigated. Here, the cooling
rates were comparable to the high-pressure air cooling with a
t8/5 time of 12.2 s and a 100 °C cooling time of 63.9 s. As
discussed before, the advantage of aerosol cooling would be
that it does not disturb the shielding gas atmosphere as strong-
ly as the high-pressure air cooling does and therefore can be
applied in situ, during the deposition process. Regarding the
100 °C cooling time, the cooling effect is not as strong as
expected. The reason for this might be that the high-pressure
air cooling generates more turbulence around the wall-shaped
sample and therefore cools down the complete sample more
effectively by forced convection. The aerosol cooling, on the
other hand, has its highest impact on the top side of the weld
seam, where the temperature is high and the vaporization en-
thalpy of the water has its highest cooling effect. Since the
biggest part of the sample has a surface temperature below
100 °C, the cooling effect of the relatively soft aerosol jet
seems to be lower, compared with the high-pressure air
cooling.

The drops in the temperature curve of the aerosol-cooled
weld can be explained by water droplets which condensate on
the thermocouple and run down to the measuring point, where
they establish a temporary second electric circle and disturb
the measuring signal. The plateau can be explained with the
thermocouple itself covering the measurement spot from the
aerosol jet when being passed.

The results of the measured temperature curves correlate with
the microscopic analysis, as well as with the hardness tests. A
slight growth in dendrite size is observed, correlating with an
increasing t8/5 time. In addition, the hardness of the weld material
is highest for the water bath–cooled sample and lowest for the
uncooled sample, while the hardness of the aerosol sample lies
in-between. This shows that both in situ cooling methods are
capable of influencing the solidification process and the crystal
structure. The samples showed similar penetration depths, al-
though the cooling conditions varied. A slight increase in pene-
tration depth for the water bath could be explained by the
changed heat dissipation conditions but needs to be investigated
more closely for giving a valid explanation.

Fig. 7 Positions of the Vickers hardness measurement lines on the single-welded specimens. The estimated position of the fusion lines is marked in red

Fig. 6 Comparison of the
macroscopic cross sections of the
double-welded specimens
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One interesting aspect is observed in the double-welded
samples: Here, the average hardness of the water bath–
cooled sample is lower, compared with the single-welded
sample. This indicates that the cooling effect was lower for
the second weld. Several factors may explain this effect. The
water bath temperature was higher for the second weld, and,
furthermore, the distance between water level and topside of
the sample was larger as the water level was not adjusted for
the second weld. This indicates that the efficiency of the water
bath cooling is highly dependent on environmental factors.

In general, it needs to be considered that the welding ex-
periments were performed on a low alloy steel, which is robust
against hardening cracks. As other materials might be sensible
to increased cooling rates, a correct cooling set-up needs to be
chosen, depending on the materials manufacturing properties.
However, the lower the materials costs, the higher the need for
short manufacturing times, to be able to compete with tradi-
tional manufacturing techniques. This is why efficient cooling
strategies are of importance.

3.1 Summary

Different active cooling strategies for wire and arc additive
manufacturing have been investigated within the scope of this
paper. The evaluation of the cooling methods was carried out
by thermal measurements using thermocouples. In addition,
the microstructure was investigated in cross sections and the
hardness of the deposited weld seams and the heat-affected
zone was measured by Vickers hardness tests. In comparison
with the uncooled GMAW process, a strong effect on the
cooling rates is observed for all three cooling methods.

The water bath coolingmethod showed highest cooling effect
regarding the 100 °C cooling time (38.1 s) and the t8/5 time
(7.1 s), followed by the high-pressure air cooling (75.7 s/
12.6 s) and the aerosol cooling (63.9 s/12.2 s). The cooling
efficiency seems to be positively influenced by the sample ge-
ometry, which allows highly efficient cooling from both sides of
the weld seam. Furthermore, welding in a water bath constrains
the degrees of freedom of the manufacturing process because the
manipulation of the workpiece during the printing process gets
more difficult.

High-pressure air cooling seems to be an efficient way of
globally cooling down the complete structure. However, as
the cooling should only be applied when the welding arc is
turned off, it is not possible to affect the t8/5 times.

The aerosol cooling shows good results regarding the t8/5
time and the 100 °C cool down time. The advantage here is

Fig. 8 Results of the Vickers
hardness measurements on the
single-welded specimens

Fig. 9 Results of the Vickers hardness measurements on the double-
welded specimens

Table 2 Calculated t8/5 cooling times and 100 °C cooling times

Cooling method t85 time (s) 100 °C Cooling time (s)

GMAW reference 21.3 700.2

Water bath cooled 7.1 38.1

High-pressure air cooled 12.6 75.7

Aerosol cooled 12.2 63.9
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that it can be applied in situ during the welding process and
therefore allows to affect the t8/5 time.

In general, a combination of high-pressure air cooling and
aerosol cooling could be an efficient strategy to reduce process
idle time and influence the phase transformation behaviour.
As many materials are prone to hydrogen or oxygen contam-
ination, other process media will be investigated in the future.
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Fig. 10 Detailed view of the cooling curves of uncooled and high-
pressure air-cooled welds. The process voltage of the high-pressure air-
cooled GMAW process is plotted in light blue to show that the process
end correlates with the starting time of the air cooling
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