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Abstract

Wire arc additive manufacturing (WAAM) is an effective technique for producing medium to large-size components,
due to its convenience and sustainability in fabricating large-scale parts with high deposition rates, employing low-cost
and simple equipment, and attaining high material efficiency. Thus, WAAM attracts different industrial sectors and has
experienced great growth, particularly over the last decade to overcome production market’s challenges. Consequently,
fabricating parts in WAAM, mostly resulted in heterogeneity in microstructure of three different zones towards the
buildup direction due to different cooling rates; upper zone (thin surface layer of fine grains), middle zone (undesired
large columnar grains covers 90% of the produced part), and lower zone (intermediate columnar grains close to substrate
material). Accordingly, producing parts consisting of different zones affect the final component mechanical properties.
Therefore, controlling the formation of these zones is a key role in improving WAAM technique. Altering torch motion
and cooling rates were found to be effective methods to control the homogeneity of the final component in WAAM.
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1 Introduction

A significant branch of additive manufacturing (AM) processes is known as wire-arc directed energy deposition (DED)
specifically wire arc additive manufacturing (WAAM) is its simplest subdivision process, which uses wires as the feedstock
materials controlled by robots or CNC working system as the main motion mechanism to produce parts layer by layer
according to the 3D model design [1-3]. WAAM, established in early 1926, refers to the “Application of electric arc as the
heat source to create bulk objects by spraying molten metal onto deposited layers,”a concept patented by Baker [4, 5].
The WAAM process has many advantages when compared to other AM processes. High deposition rate, high process
flexibility and simplicity, ability to fabricate medium to large complex components, and being economic and environ-
ment friendly are the main advantages that make WAAM process a promising manufacturing process in AM [6-8]. Roy
et al. highlighted that the key benefits of wire arc additive manufacturing include reduced lead times, minimized material
waste, enhanced functionality, tailored tooling for low-volume components, and the capability for multi-material design
[9]. Gas metal arc welding (GMAW) is among the most frequently employed welding techniques for WAAM and has been
utilized for several decades in applications such as surfacing, cladding, and additive manufacturing [10]. GMAW frequently
results in an unstable arc accompanied by spatter, which can negatively impact the WAAM process, leading to welding
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defects and diminished product quality. To mitigate this challenge, Cold Metal Transfer (CMT) has been introduced.
CMT operates by retracting the welding wire via the reversal of the servo motor, controlled through digital processes.
The application of the CMT method in WAAM has demonstrated considerable enhancements in both process and arc
stability, a reduction in heat input, the elimination of spatter, and an overall improvement in quality when compared
to traditional wire feeding techniques [11, 12]. WAAM process depends on melting and solidifying the material, which
fed to the weld pool as a form of wire under an electric arc as a heat source to fabricate a final 3D shape by building up
layer above another, in a specific buildup strategy, when melting and solidifying the fed wire [12, 13]. During the depo-
sition process, a moving arc repeatedly acts on the previously placed layer, leading to severe heat accumulation. Thus,
producing a high temperature gradient (G) and/or low growth rate (R) after deposition forming a columnar solidified
grain microstructure and undesired mechanical properties [14], which are the main drawback of WAAM process and
making it conservatively used in different applications [15, 16]. The complex thermal behavior makes the components
manufactured by WAAM to have three different zones in the produced part as can be seen in Fig. 1A and each zone has
its own grain mode and size Fig. 1B due to different cooling rate [17-19]. The midzone mostly covers more than 90% of
the produced area of the final component, and this midzone consists of undesired large and long columnar grains form-
ing toward the heat source buildup direction as Fig. 1C is showing. This issue occurs because of thermal conductivity
during the WAAM process transpires predominantly in a single direction, necessitating the dissipation of heat towards
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Fig. 1 A a schematic of the three different zones forming during WAAM. B grain solidification mode related to G and R [19]. The colored cir-
cles are the impression of the solidification mode in the three different zones in WAAM. C a schematic showing the remelting process during
WAAM and the three different zones formation. D a schematic of the bidirectional buildup strategy used in this study
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Table 1 Composition of the

Classification ~ %C %Cr  %Cu %Mn %Mo %N %Nb  %Ni %P %S %Si
filler metal (ER 316L)

Composition  0.15 186  0.08 1.7 2.35 0.03 0.01 12 0.02 0.01 0.39

Table2 The weld parameters

~ A Sample Travel Speed Current (A) Heat Input (J/'  Torch Motion-Buildup Strategy
used for building different (mm/min) mm)
walls
(Base) 1100 110 149 Straight-Bidirectional
1 800 190 205 Straight-Bidirectional
2 400 215 464 Straight-Bidirectional
3 280 240 741 Straight-Bidirectional
4 1100 110 149 Switchback-Bidirectional
5 1100 110 149 Vertical Oscillation-Bidirectional
6 1100 110 149 Spot Like-Bidirectional

the base of the component [10]. Thus, this issue is the critical one found in WAAM process, which forced the industries
and researchers around the world to add one or more manufacturing processes to the WAAM in order to improve the
final part’s microstructure and mechanical properties, which will sacrifice its low-cost advantage and turn the process
to be more costly [20]. Some research concluded that the selection of suitable process parameters is essential for attain-
ing a high-quality WAAM structure. Factors such as heat input, cooling rate, and reheating effects significantly influence
the morphology, microstructure, and mechanical properties of WAAM components [5, 6, 21]. This study aims to build
several walls out of 4 layers above each other using 316L feeding filler wire material with altering heat input and heat
source motion in GMAW to improve the process thermal behavior and to form a more homogenous microstructure
with smaller grain size rather than heterogenous one with large and longer columnar grains without adding any post
or hybrid manufacturing process.

2 Materials & methodology

Build a wall from ER 316L filler wire (which has a chemical composition as received and shown in Table 1 by depositing
four layers above each other with best base parameters with bidirectional buildup strategy as can be seen in Fig. 1D using
GMAW process (continues arc) to be a (base) sample. Samples (1), (2), and (3) are produced by different heat input and
same torch motion as can be seen in Table 2 to be compared with (base) sample and to evaluate the microstructure and
the three different zones produced in each wall. On the other hand, samples (4), (5), and (6) are produced by same heat
input but applying different torch motion as can be seen in Table 2 to be compared with (base) sample and to investigate
the microstructure and the three different zones produced in each wall. All samples were produced using cold metal
transfer (CMT) technique for best arc quality, and the metal transfer used in GMAW process was short circuit with tip to
work distance of (1.5 mm) and torch angle of (90 degree). The shielding gas used in this study was (98% Argon & 2% Oxy-
gen) with flow rate of (30 I/m). The substrate material used is austenitic stainless steel 316L with dimensions of (200 mm
X 100 mm X 12.7 mm). All produced walls have the same unidirectional buildup strategy as can be seen in Fig. 1D and
the walls lengths were (90 mm). Sample (4) produced by using switchback torch motion, where the torch was moving
forward for (6 mm) and then backward for (3 mm) during the buildup process. Sample (5) produced by using a vertical
oscillation torch motion with amplitude of (1 mm), frequency of (4 Hz), and zero dwell time. Sample (6) was produced by
a spot-like torch motion, where the torch starts on one location for (0.5 Sec.) then turns off and shifts to the next location
(5 mm) linearly away and starts on again so on. Samples (base), (4), (5), and (6) have the same linear speed of (1100 mm/
min) and heat input of (149 J/mm). All the produced walls tested on optical microscope after cut, ground, polished, and
etched using Beraha’s Il regent. The significant results were taken out of an average test of 3 different samples from each
wall case from 3 random locations, where the standard deviation has been taken for wall geometry and midzone area
percentage, and the possible process improvement will be discussed in this work.
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3 Results & discussion

As can be seen in Table 3, the as built (Base) sample of this study showed an average wall size of (4.7 mm) wide and (4 mm)
height with (1.7 mm) depth of penetration, which was the smallest wall among of all produced walls, and that is due to
lower heat input used. One can clearly see the issue of WAAM process through (Base) sample in both figures Fig. 2-Base
and Fig. 3, where long and large columnar grains formed vertically covering the midzone region with almost 95% of total
produced wall area. The upper zone of small grains formation has a thin layer almost covering 2% of the total produced
wall area due to lower G and faster cooling rate, and the lower zone of small and intermediate columnar grains covering
almost 3% only due to faster cooling rate and lower R [22]. The grain solidification mode and size can be understood
from both Figs. 1B & 2G, which show the relation among the grain solidification mode formation and the cooling rate
with both G & R increasing or decreasing in each zone of the three formed. Comparing (Base) sample with samples (1),
(2), and (3) in Fig. 2 showing that increasing the heat input changed the formation of the three zones percentage in each
wall. For sample (1) in Fig. 2A showed a reduction in midzone size to cover only 92% of total produced wall area, while
the upper and lower zones increased and each covered 4%. Sample (2) in Fig. 2B also showed decreasing in midzone of
columnar grains to cover 86% of the total produced wall and the upper and lower zones increased to cover 6% and 8%
of total produced area respectively. In sample (3) Fig. 2C the midzone showed the most decreasing percentage among
all produced walls samples (Base), (1), (2), and (3) when altering heat input was applied. The midzone of columnar grains
covered only 76% in sample (3), while the upper and lower zones covering 11% and 13% respectively. Therefore, increas-
ing the heat input reduced the midzone of large columnar grains, while both the upper zone and lower zones increased.
Which proves that changing the heat input manipulates both G and R in each zone and made those zones to form in
different amount covering areas and grains mode and size, which agreed with SH Baghjari et al. [19]. Also, there are few
important points noticed during increasing the heat input; increasing the heat input led to produce larger grain size in
the upper zone proves that G is low as usual but the cooling rate was also lower which means R is reduced too as can be
understood from both Figs. 1B & 2G and that is agreed with [15], while in the midzone thinner columnar grains formed
as can be seen in sample (3) Fig. 2C in comparison with other samples which shows that both Rand G are increased. The
change in zones size and the grain size formation related to the change in G and R as can be seen in Figs. 1B & 2G and
this finding is in a good agreement with Tiago A. Rodrigues et al. [23] that the thermal cycle acting on lower zone is dif-
ferent from that of the middle or upper zones, because of the heat buildup during production. Moreover, by increasing
the heat input a larger wall in size produced in width and height with dipper penetration as can be seen in Fig. 2Base, A,
B, & C. For sample (1) the wall width was (6 mm) and the height is (4.7 mm) with a depth of penetration of (2.3 mm). Wall
of sample (2) has a width of (9 mm) and a height of (7 mm) with (3 mm) depth of penetration. While sample (3) showed
the largest wall produced with a width of (11.4 mm) and a height of (8.6 mm) with (3.5 mm) depth of penetration. There-
fore, a good comparison among walls produced by different heat inputs can be seen in Fig. 4A, where one can see the
effect of increasing the heat input on the produced wall width to height (W/H) ratio, the midzone percentage, and the
depth of penetration. Where (Base) sample showed the best (W/H) ratio of (1.17) since it is the closest to 1 and almost
symmetric and it showed the lowest depth of penetration which is desired in WAAM to reduce the remelting process
of previous layers, but sample (3) showed the smallest midzone size of large and long columnar grains of only (76%) of
total produced area with thinner grains formation. Therefore, heat input found to be main factor for wall geometry in all
of width, height, and penetration depth which is agreed with KF Ayarkwa et al. [24].

Table 3 The average wall geometry, midzone covering %, & standard deviation (SD)

Sample Average Wall Width (SD) Average Wall Hight (SD) Average Wall Average Penetra-  Average Midzone % (SD)

W/H Ratio tion in (SD)

Base 4.7 mm (0.95) 4 mm (0.13) 1.17 1.7mm (0.17) 95% (0.22)

1 6 mm (0.88) 4.7 mm (0.25) 1.27 2.3 mm (0.11) 92% (0.1)

2 9mm (1.2) 7 mm (0.42) 1.29 3mm (0.31) 86% (0.41)

3 11.4 mm (1.7) 8.6 mm (0.23) 1.32 3.5 mm (0.24) 76% (0.79)

4 7.5 mm (0.54) 6 mm (0.15) 1.25 2.54 mm (0.33) 59% (0.43)

5 5.8 mm (1.66) 6.85 mm (0.71) 0.85 2mm (1.55) 90% (1.23)

6 8.5mm (0.78) 8.1 mm (0.25) 1.05 0.35mm (0.2) Vanished almost zero% (0.11)
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Fig.2 Showing optical microscope figures for Base) Is the base sample resulted from base weld parameters. A Sample (1). B Sample (2). C
Sample (3). D Sample (4). E Sample (5). F Sample (6). While a schematic figure G) showing how the grain mode changes comparing with
Fig. 1B
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Fig.3 Showing optical microscope figure for Base sample, where the grains shapes on top differ from the mid-zone and lower zone
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Influence of Different Heat Input ﬂ Influence of Different Torch Motion
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Fig.4 A showing the effect of altering the heat input on both (W/H) ratio and the produced Midzone area percentage. While B showing the
effect of altering the torch motion on all (W/H) ratio, produced Midzone area percentage, and penetration depth in (mm)

On the other hand, producing walls with variation in torch motion during the buildup strategy showed important
results when compared with as built (Base) sample. Using a switchback torch motion produced a wall with only two
zones instead of three zones as can be seen in Fig. 2D. The lower zone of small and intermediate columnar grains
covering almost 41% of total produced wall area, and the other produced zone with long and large columnar grains
covering almost 59%, while no evidence of upper zone been produced in sample (4) and that is resulted from increas-
ing G on surface and decreasing R. Sample (5) in Fig. 2E showed the produced wall of vertical oscillation torch motion
in (Z direction), also only two zones formed instead of three zones, but the vanished zone here is the lower zone
found in (Base) sample and that proves that the cooling rate was decreased in that region. Thus, the long and large
columnar grains zone covered almost 90% of the total produced wall area, and the upper zone of small grains cov-
ers only 10%. But the best result found to be in using spot-like torch motion on sample (6) Fig. 2F, and the resulted
wall showed almost homogenous microstructure of small and intermediate columnar grains with almost no large
or long columnar grains formation compared with all produced walls, and the upper zone covered almost 10%. This
achievement showed that rapid cooling, which occurs from switching the arc of at one location and jumping to the
next one by a specific overlap distance, affects the microstructure and formed best wall structure. Thus, using spot-
like torch motion strategy improves the homogeneity of the produced wall structure, and resisted the growing of
the long columnar grains and braked them through the deployed layers vertically. Another fact helped in detached
the columnar grains and reduced their length and size, is that using spot-like torch motion has very low penetra-
tion and faster cooling rate comparing to all other samples in this study due to shutting off the arc on one location
and start on another one with some overlap distance. So, the remelting process in the spot-like torch motion of the
previously deployed layer is very low and causes a good barrier for growing the undesired columnar grains toward
the buildup direction and shorten them. In general, changing the torch motion can manipulates the three differ-
ent zones normally found in WAAM process, and the resulted heterogenous microstructure of these three different
zones can be improved to produce a wall with almost homogenize microstructure preventing long or large columnar
grain formation by applying spot-like torch motion. A clear comparison among all produced walls by different torch
motion and by fixing the heat input can be found in Fig. 4B and Table 3, where changing the torch motion influences
all (W/H) ratio, the midzone percentage, and depth of penetration. As can be compared to (Base) sample, sample
(4) showed a wall width of (7.5 mm) and height of (6 mm) with (W/H) ratio of (1.25), sample (5) showed a wall width
of (5.8 mm) and height of (6.85 mm) with (W/H) ratio of (0.85), and sample (6) showed a wall width of (8.5 mm) and
height of (8.1 mm) with best (W/H) ratio of (1.05) almost symmetric wall shape. The depth of penetration for samples
(4), (5), and (6) were (2.54 mm), (2 mm), and (0.35 mm) respectively.

Also, altering the heat input made significant change in both G and R, which resulted in changing the formation of
the three zones percentage and their grain size. Where (G/R) determines the grain solidification mode while (GR) governs
the size of the solidification structure [19] and as can be understood from both Figs. 1B & 2G. On the other hand, alter-
ing the torch motion produced walls with only two zones instead of three, and by using spot-like torch motion a wall
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microstructure without long and large columnar grains was possible to achieve, which found to be agreed with both
following equations, Eq. 1. from Moming Ma et al. study [25], and Eq. 2. from Leilei Wang et al. study [26].
b

A==+a,
T (1

where a & b are alloy’s constants, the grain size (A in um), and (T in K/s) is the cooling rate [25].
Ay = 50X GR©OY )

where (4,)isthedendreticarmspacing and (GR in K/s) is the cooling rate [26].

4 Conclusions

Producing a wall consisting of four different layers out of austenitic stainless steel material ER 316L filler wire by using
a GMAW robotic system as a WAAM process to investigate the effect of different heat input and torch motion during
the buildup process on the formation of columnar grains in the produced structure, the following conclusions have
been drawn from the current study:

e Applying the WAAM technique to form a wall out of ER 316L filler wire using the GMAW process produced a struc-
ture with three different microstructure zones; upper, lower, and middle, which agreed with literature.

e Altering the heat input showed that the formation of these three different zones can be changed in size and grains
type due to the change in G and R in each zone.

e Studying different torch motions such as straight, switchback, vertical oscillation, and spot-like proved that form-
ing a wall structure with only 2 different zones is possible.

e With spot like torch motion best wall structure obtained with almost no large or long columnar grains exiting,
and the produced grains appear to be smaller and mostly homogenize with almost no penetration.

o The best (W/H) ratio close to (1) which represents the symmetric wall shape, found by applying the spot-like torch
motion among all produced walls in this study.

e Future work will be focused on studying the different applications of the spot-like torch motion technique, hope-
fully forming a full homogenized wall structure in microstructure and mechanical properties.
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