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Abstract

Studies have shown the influence of WAAM process parameters on mechanical properties, bead formation, dimensional
accuracy, and microstructure. However, metal transfer modes and their interactions with input variables have not been
investigated thoroughly. Therefore, short/spray, pulse and double pulse modes were investigated in this study at different
current levels. Bead-on-plate trials were conducted by depositing ER70S-6 wire to investigate bead morphology, dilution,
microstructure, and hardness. The study was supported by a detailed statistical approach, including analysis of variance
(ANOVA) and regression analysis. Similarly, the combined effects of hatch distance and current were studied on bead for-
mation in multi-layer deposits. Moreover, a thin wall and a cubic structure were deposited to realize the WAAM capability
for larger depositions. The microstructures of thin wall and cubic structure were analyzed using optical microscopy (OM)
and scanning electron microscopy (SEM). The study concludes that metal transfer modes at various currents significantly
influence bead geometry, microstructure and hardness. The microstructure of bead-on-plate trials show fine lamellar struc-
ture at low current in all modes. Higher current results in coarse grains with a polygonal and columnar morphology. The
hardness shows a decreasing trend as the current increases. The combined effects of current and hatch distance alter bead
morphology; however, an optimized combination yields smoother surfaces. The microstructure of thin wall showed a slight
anisotropy along the building direction. The presence of small pores was witnessed from OM and SEM images. Similarly,
the cubic structure showed a more homogeneous microstructure with much lower porosity. The hardness profile of the thin
wall exhibited small fluctuations along the building direction, while that of the cubic structure was more uniform.
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1 Introduction WAAM is a directed energy deposition (DED) process

[2] among the larger field of additive manufacturing (AM)

Recently, the field of additive manufacturing (AM) has seen
significant advancements, thereby replacing the traditional
subtractive processes for many applications. This has also
paved the way for hybrid manufacturing [1] which in paral-
lel, combines additive manufacturing process with subtrac-
tive manufacturing processes such as turning, milling, grind-
ing, cutting, and drilling. Among additive manufacturing
processes, wire arc additive manufacturing (WAAM) has
gained remarkable recognition in additive manufacturing
community due to its higher material deposition rate, low
cost, and flexibility in depositing various materials.
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technology that is based on traditional arc welding. WAAM
has different process variants depending on its energy input
and the way its feedstock is fed and deposited. Gase metal
arc welding (GMAW) [3], gas tungsten arc welding (GTAW)
[4] and plasma arc welding (PAW) [5] are the most promi-
nent process variants of WAAM; however, GMAW-based
WAAM process stands out due to its fast deposition rate,
great mechanical properties, and versatility of materials
selection. In its simplest form, a WAAM system is an assem-
bly of a heat source, a wire feeder, and a motion system,
most commonly employing a welding robot. An electric
arc is sustained between the tip of the wire electrode and
base metal, thereby melting, and depositing the metal wire
layer-by-layer to form a 3D structure. A shielding gas is usu-
ally used to protect the arc and to help in smooth transfer
of molten metal droplets during the WAAM process. The
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persistent study of AM researchers for efficiency, customi-
zation and cost-effectiveness has led to the development of
WAAM. The integration of GMAW with robotic systems
further increases the precision and control in the layer-by-
layer WA AM process, extending its applications in various
industries, including aerospace [6], automotive [7], and con-
struction [8]. Unlike conventional manufacturing processes,
WAAM enables near net shape direct manufacturing of com-
plex and large components, hence offering a customized and
rapid approach to production.

WAAM technology can deposit various important engi-
neering materials such as titanium alloys [9-11], aluminum
alloys [12-14], nickel alloys [15, 16] and steel [17, 18].
Compared to subtractive manufacturing, WAAM can reduce
the fabrication time by 40-60% and post-machining time by
15-20% depending on the component size [19]. Similarly,
the energy needed to fabricate WAAM components is 85%
less than in the powder-based additive process [20]. Not only
that wire feedstock is more economical than powder feed-
stock [21] but also using wire as feedstock eliminates the
use of powder recycling processes [22]. Moreover, the high
deposition rate of 5-6 kg/h [23] makes it a promising tech-
nology for large structures. Therefore, WAAM has gained
huge popularity among additive manufacturing researchers
due to its many advantages.

Although the WAAM process is based on traditional
welding technology, the desired outcomes are different than
those in welding. As shown in Fig. 1, deep penetration and
low reinforcement height is desirable in welding to fill the
joint between two metal parts or to fuse them overlapped,
while in additive manufacturing, it is desirable to have a
lower penetration and higher layer height. In traditional
welding, deep penetration is desirable to ensure a strong
fusion and hence durability and structural integrity, but a
lower weld height is needed for a smooth and seamless joint.
On contrary, the additive manufacturing demands a lower
penetration in the substrate or previously deposited layers
to avoid the excessive heat input and the potential residual
stresses, while a higher reinforcement height is necessary

Fig. 1 a Deep penetration in
welding [37], b partial penetra-
tion in a single-track WAAM
deposit
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in the layer-by-layer process to ensure a controlled mate-
rial buildup. This is very crucial for additive manufacturing
where a layerwise deposition is carried out to manufacture
a complex product. Therefore, in conventional welding pro-
cess, priority is given to joint strength and fusion depth,
while in additive manufacturing, a controlled layering is
needed for a precise deposition of a complex structure and
at the same time ensuring the structural integrity of the prod-
uct and avoiding the excessive heat which not only alters the
mechanical properties but may also jeopardize the geometri-
cal accuracy of the additively built structures. Therefore, it
is important to understand and realize these differences to
optimize the WAAM process parameters and provide the
intended results. To obtain optimal performance in terms of
structural integrity, surface finish, and overall quality, care-
ful inquiry is required into the intricate interactions between
variables such as welding parameters, deposition speed, and
hatch distance to mention a few. Similarly, the characteristics
of the geometry are linked to the process parameters [24].
The layer wise deposition in WAAM causes heat accumula-
tion which in turn modifies the bead morphology, micro-
structural characteristics and hence the mechanical prop-
erties. The main parameters directly responsible for heat
input are deposition current, voltage, travel speed (TS), and
wire feed speed (WFS) which cumulatively vary the heat
input and ultimately the other properties [25-27]. The ratio
of WFS/TS is the most significant process parameter for
controlling heat input where heat input influences the bead
dimensions, including weld width, weld height, penetration
depth, penetration area, and reinforcement area [17]. Moreo-
ver, cyclic heating and uneven solidification rates from the
center of each melt-pool towards solidified regions results
in contrasting microstructures [28] and grain size [29]. The
voltage and the travel speed significantly affect the bead
width, while the travel speed and welding current have evi-
dent influence on the bead height [30].

Another important aspect in WAAM deposition is the
metal transfer mode [31, 32]. WAAM is useful in high
deposition metal additive manufacturing, which usually
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corresponds to high heat input that can cause geometrical
inaccuracies, lower surface finish and other metallurgical
concerns. However, such problems can be resolved with
high performance metal transfer processes. For example,
controlled short-circuiting metal transfer process with
modified waveforms improves geometry preservation sta-
bility at high process rates [33]. Similarly, for multi-bead
deposition, suitable overlapping distance between adjacent
beads can minimize the valleys between layers [34]. Hence,
selection of optimal hatch distance is also significant. Daniel
Ramos-Jaime et al. [35] designed a three factors three lev-
els experiment with a single replicate to study the effect of
wire feed speed, welding speed and welding voltage on bead
cross section. In this study, they concluded that the factors
under study influence the bead area in gas metal arc weld-
ing (GMAW) process. They also developed a mathematical
model to predict the effect of process parameters on bead
dimensions within 0 — 20% accuracy. Paul et al. [36] var-
ied the travel speed (mm/s) and eventually the heat input (j/
mm) while keeping voltage and current constant to deposit
ER70S-6 wire with a Fronius (TPS320i). They found that an
optimal heat input exists to reduce deposition time.

WAAM technology is still pre-mature and needs com-
prehensive studies to unleash the complex process. Many
researchers have investigated the process parameters for
individual metal transfer modes. However, there is a lack
of studies in the literature that elucidate these parameters
across different metal transfer modes with a comparative
approach based on detailed statistical analysis. Moreover,
the existing literature usually covers only the bead shapes.
Therefore, this study investigates various metal transfer
modes to realize their influence and interactions with the
deposition current on bead characteristics, dilution, macro
and microstructure and microhardness. Similarly, the com-
bined effects of hatch distance and current are investigated
on bead formation in multi-bead deposits. Eventually, the
work was extended to understand the microstructural evolu-
tion and hardness profiles for larger scale structures. Hence,
this study seeks to contribute to valuable insights into these
knowledge gaps.

The following sections will present the materials and
methods, explaining the methodology, experimental design,
and scientific approaches utilized in this work. Next, the
results and discussions will provide a critical assessment of
the findings. Finally, the conclusions will highlight the most
significant discoveries.

2 Materials and methods

The experiments were performed using a synergic controlled
GMAW-based heat source (Selco Genesis 352 GSM), inte-
grated with a wire feeder (Selco WF104), in direct current

=
Build Platform
=

Fig.2 WAAM process experimental setup

Table 1 Chemical composition

Constituents Mass %
of ER70S-6 [38]
C 0.06-0.15
Si 0.8-1.15
Mn 1.4-1.85
0.025 max
S 0.035 max
Ni 0.15 max
Cr 0.15 max
Mo 0.15 max
Cu 0.5 max
\'% 0.03 max
Fe Bal

electrode positive (DCEP) polarity. The path planning was
executed by a 6-axis welding robot (Yaskawa Motoman
HP20). The WAAM setup is shown in Fig. 2. The welding
torch was moved precisely by the robot arm to deposit suc-
cessive layers of molten material on a mild steel substrate,
while the wire was continuously supplied by the wire feeder
and fused across the arc generated by the welding source.
The wire feedstock used for the deposition was AWS A5.18
ER70S-6 with a diameter of 1.2 mm. The chemical compo-
sition of wire is reported in Table 1. To prevent the process
from oxidation and ensure a good quality deposit during the
WAAM process, argon with 20% carbon dioxide was used
as shielding gas at a flow rate of 18 1/min. In the first part of
the experiment, bead-on-plate tracks were deposited using
three levels of deposition current and three different metal
transfer modes. The current levels used included 100, 200
and 300 A in short/spray transfer mode, pulse mode and dou-
ble pulse transfer mode. These input variables were set on
the WAAM heat source before depositing the corresponding
beads. The travel speed (TS) was kept constant at 11 mm/s
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of robot movement, while the voltage and wire feed speed
(WFS) were obtained on the screen of synergic controller
based on the nominal input current. The input variables with
calculated heat input are shown in Table 2. These parameters
were selected to incorporate a range of heat input for each
metal transfer mode. The response variables include the bead
morphology, macrostructure, microstructure, microhardness,
and dilution of single beads. Heat input was calculated based
on the actual current obtained on the synergic controller
from the formulae shown in Eq. 1. After the deposition,
samples were cut using a metallographic cutting machine
(Remet TR60). Bead-on-plate tracks were cut at 3 different
sections (i.e., top, middle and end) and a total of 27 samples
were prepared. All the specimens were mounted on resins
and polished on a polishing machine (Remet RS2) from
80 — 2500 abrasive grits, followed by polishing with dia-
mond spray of 6 and 1 microns, respectively. For macro- and
microstructural analysis, the samples were etched with 4%
Nital and analyzed with an optical microscope (Carl Ziess
Stemi 508 doc). Macrostructural images were obtained from
a macroscope (Vert.Al Ziess Axio). Similarly, to assess the
mechanical properties, microhardness tests were performed
on a Vickers hardness tester (Leitz) for a load of 1 kg and
an indentation time of 15 s. After the data were collected,
the statistical analysis was performed using Python 3.12 in
visual studio code editor. The data were imported utilizing
the Pandas library, while the Statsmodel library was used for
ANOVA and regression analysis.

. J IV
Heat inpu| | =
eat inpu p—— 7S (1)

The second part of the experiment was conducted by
depositing multi-bead samples at various current levels and
hatch distances between the adjacent beads to study their
combined effects on bead morphology. For these samples,

a hatch distance of 2, 3 and 4 mm were repeated 3 times
each for 80, 120 and 160 A current in pulse transfer mode.
Hence, nine samples were obtained to analyze the combined
effects of current and hatch distance on bead formation. All
the deposited multi-bead samples were cut in the middle,
perpendicular to the deposition direction for further analysis.

The third part of this study consists of depositing a thin
wall for realizing WAAM’s capability for larger structures.
The thin wall consisted of ten stacked layers in which all
the layers were started and ended from the same point, i.e.,
in a parallel deposition strategy. In addition, pulse trans-
fer mode was used with a deposition current of 150 A and
with a constant travel speed of 11 mm/s, controlled by robot
movement.

Finally, a cubic structure was deposited with 100A
current in pulse transfer mode with a deposition speed of
11 mm/s. The hatch distance between the adjacent beads was
maintained at 4 mm. An optimized deposition strategy was
adopted for the deposition of cubic structure for homogene-
ous heat distribution. The strategy deposits a single pass
shell as the outer perimeter of the cubic structure followed
by zigzag infill passes inside the perimeter. For each succes-
sive layer, the starting point of deposition head was rotated
90° clockwise for the outer shell and infill passes.

At the end of each layer, the material was left to cool
down to room temperature before starting the subsequent
layer. After the deposition, the samples were cut extracted
from the structures in the middle section along the building
direction. For sample preparation, the same metallographic
approaches for cutting, polishing, and etching as used in
previous sections were applied. Similarly, same hardness
equipment and microscope were used for microstructural
analysis and hardness tests. For further microstructural
characteristics, scanning electron microscopy (SEM) was
performed with a Tescan Mira3 SEM machine.

Table 2 Process parameters of

bead-on-plate depositions Metal transfer mode Nominal cur-  Voltage (V) WES (m/min) TS (mm/s) Heat
rent (A) input (J/

mm)
Short/Spray 100 16.7 2.1 11 158
Short/Spray 200 20.7 54 11 369
Short/Spray 300 28.5 9.3 11 757
Pulse 100 22 2.7 11 116
Pulse 200 26.7 6.4 11 417
Pulse 300 29.7 10.4 11 751
Double pulse 100 22 2.7 11 116
Double pulse 200 26.7 6.4 11 417
Double pulse 300 29.7 10.4 11 751
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3 Results and discussion

After the depositions were concluded, a detailed analysis on
the collected data was carried out to understand the complex
WAAM process. The discussion is comprised of quantita-
tive and qualitative aspects to understand the experimental
findings. In the following sections the results are discussed
in detail.

3.1 Bead-on-plate analysis

Figure 3(i and ii) shows the as-deposited beads and cross-
sectional images taken in the middle section of each sample.
It is obvious to identify the shape characteristics for each
transfer mode at various current levels. The choice of pro-
cess parameters and metal transfer modes depends on the
end user and specific applications. For example, in additive
manufacturing a lower penetration could be desirable that
is sufficient to ensure the structural integrity of the build
instead of a very deep penetration which causes more heat
accumulation in the layer-by-layer process. The short circuit
mode at low current level seems to produce a small bead
with minimal penetration, which increases with higher cur-
rent. This could be attributed to the transition between the
transfer modes from short-circuiting to spray mode. That is
because, at lower current, the standard metal transfer mode
employs a short-circuiting transfer mode in which the cur-
rent is not sufficient to detach the droplet owing to lower
electromagnetic forces. The driving force for droplet detach-
ment becomes the surface tension when the wire touches

(i)

Pulse mode Double pulse mode

Short/spray mode

50 mm

the melt-pool. However, at high current, the metal transfer
mode changes to spray transfer. This in turn, changes the arc
behavior, heat input and the melt-pool, leading to a deeper
penetration. Moreover, pulse and double pulse modes also
seem to yield a deeper penetration at high current level. The
reason that a lower penetration is desirable in additive manu-
facturing is to avoid remelting deep within the previously
deposited layers. The reason is the corresponding heat accu-
mulation and a possible tempering effect which can alter the
microstructure, mechanical properties and induces residual
stresses. However, the penetration should be deep enough to
ensure the structural integrity of the components under man-
ufacturing. The pulse and double pulse modes seem to have
produced an acceptable compromise between the reinforce-
ment height and penetration. However, for high level of cur-
rent the penetration is too much for additive manufacturing.

In short, it is crucial in additive manufacturing to achieve
an optimal balance between the penetration, height and
width in multilayer deposits. Therefore, understanding the
bead morphology of single beads is crucial, since they act
as building blocks for larger structures. Short/spray mode
at low current produces shallow penetration and moderate
height that can be useful for achieving layer uniformity.
However, the reduced bead width in this mode decreases the
overall bead size, potentially lowering the material buildup
rate for larger structures. Similarly, high current level shows
a deep penetration with respect to its height. This can be det-
rimental for large structural deposits due to excessive remelt-
ing, potentially causing a tempering or annealing effect on
the previously deposited layers, inducing high residual
stresses. Research indicates that increased residual stresses

(i)

Fig.3 (i) As-deposited beads at 100, 200, and 300 A (left to right), (ii) macrostructural images (middle section) at 100, 200, and 300 A (left to

right): a short/spray mode, b pulse mode, ¢ double pulse mode
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alter the microstructure, results in cracking and distortion
in large structures [39]. Conversely, pulse and double pulse
modes show larger bead widths at low current compared
to short/spray mode without affecting the penetration. This
characteristic can be desirable in additive manufacturing.
Additionally, a reasonable balance between the bead width,
height and penetration exists at intermediate current level
for both pulse and double pulse modes. However, signifi-
cantly higher penetration results at high current which is
not desirable.

From the visual interpretation it seems that intermediate
current in short/spray transfer mode and lower to interme-
diate current in pulse and double pulse transfer modes can
produce optimal bead shapes. This ensures a sound structure
with an expected smoother and efficient buildup, which is
desirable for larger structures. Apart from the visual inter-
pretation of the macrostructural images, statistical analysis
is performed in the next section to reveal such effects and
interactions in detail.

An analysis of variance (ANOVA) was performed using a
general linear model (GLM) with 95% confidence interval,
and the corresponding results are summarized in Table 3.
The “Mode” in ANOVA table represents the metal transfer
modes. In short, the sum of squares (sum_sq) represents the
variability of data and helps in determining the contribu-
tion of an independent variable against a dependent variable.

Consequently, a higher sum of squares represents a larger
contribution of the independent variable.

The ANOVA analysis was performed for penetration,
width, height, and hardness to be the response (depend-
ent) variables, while deposition current and metal transfer
modes were taken as input (independent) variables. The sta-
tistical significance was checked for each response variable
against the individual input variables and their interactions
by analyzing the P values. The ANOVA analysis revealed
the statistical significance of all response variables against
individual input variables except the height. However, in
practice, we assume a direct correlation of height with depo-
sition current. It is possible that the statistical insignificance
of height against the input variables corresponds to process
instability during WAAM deposition. We have discussed
the potential reason in the following section. Moreover, the
interaction terms of transfer mode and current is significant
for width and hardness but shows no significance for pen-
etration and height.

Following the ANOVA analysis, a detailed regression
analysis was also conducted in Python using the statsmod-
els library, which is based on the Ordinary Least Squares
(OLS) method. The regression model includes the main
effects of current and metal transfer mode, being the input
variables (hereafter referred to as “current” and “mode”). It
also includes the interaction terms of these input variables.

Table 3 ANOVA table: showing significance of transfer mode and current on bead penetration, width, height and hardness

Penetration

Sum_sq Df F P value
Mode 6.311 2.0 5.29 0.016
Current 48.058 2 40.27 0.000
Mode x Current 2.912 4 1.22 0.337
Width

Sum_sq Df F P value
Mode 11.64 2.0 3.52 0.05
Current 87.64 2.0 26.5 0.000
Mode x Current 25.89 4 391 0.019
Height

Sum_sq Df F P value
Mode 0.379 2.0 0.30 0.745
Current 3.179 2 2.51 0.110
Mode x Current 3.0745 4 1.21 0.340
Hardness

Sum_sq Df F P value
Mode 2525 2.0 4.65 0.024
Current 11,118 2 20.47 0.000
Mode x Current 3856 4 3.55 0.026
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The model formula for each response variable is specified
in the following equation:

Response ~ C(mode) + C(current) + C(current) . C(mode)
@

In the equation, C(...) represents the categorical encod-
ing of input variables. While the ANOVA analysis revealed
the significant factors for each response variable and their
interactions, the regression analysis highlighted a more
nuanced and detailed understanding of such relationships
by providing the estimates of effect sizes and interactions
between the factors at each level. The double pulse and
100 A current were automatically selected alphabetically/
numerically as baseline in the regression analysis, serving
as reference points. This selection provides an explicit com-
parative analysis between different metal transfer modes and
current levels, allowing a clear interpretation of how each
input variable effects the response variables. The results of
regression analysis for the response variable and their inter-
actions are reported in Table 4 and Table 5, respectively. The
tables summarize the statistical metrics for each variable/
interaction at various levels with respect to the baseline. The
metrics include the coefficient, standard error, P value, and
confidence intervals. The coefficient represents the effect
size, quantifying the expected changes in the corresponding
response variables with respect to the baseline. The inter-
cept shows the predicted value of the respective response
variables at baseline, i.e., at 100 A in double pulse transfer
mode. The standard error is the standard deviation of the

coefficient. Similarly, the P value represents the significance
of the factors at a certain level, indicating whether the results
are likely due to chance. The lower and upper bounds of
the confidence intervals provide more detailed information
than P values alone. They estimate that the effect size (coef-
ficient) lies between the upper and lower bounds with 95%
confidence.

The regression analysis showed thorough and important
findings to underscore the individual main effects and the
interaction of input variables on bead morphology and hard-
ness at various levels. For instance, the baseline value for
penetration resulted in 1.22 mm at a P value of 0.013. When
the current is increased to 300 A, the penetration increases
by 3.34 mm with respect to baseline value with a P value
less than 0.001, indicating a direct relationship of penetra-
tion with current. The current and mode do not show sig-
nificant interactions, suggesting that beyond the influence of
current, the mode alone does not greatly affect the penetra-
tion. This result agrees with ANOVA analysis. Moreover,
the baseline value for the width resulted in 7.59 mm. At 300
A, it increased by 2.42 mm, making the width to around
10 mm at this current level. This is almost 24% larger width
compared to baseline current of 100 A, indicating that width
is directly proportional to the current. The pulse and short/
spray modes reduced the width by 2.65 mm and 4.72 mm,
respectively. All these results are statistically significant,
with P values lower than 5%. Furthermore, the interactions
between modes and current are also significant, suggesting
that the combined higher currents and specific modes can

Table 4 Summary of regression

h . . Responses Input variables Coefficient Std. error P value 95% Confidence interval
analysis for input variables
at various levels relative to Penetration  Intercept 1.2217 0.446 0.013  [0.285,2.159]
;ﬁi%a;:;;;eeiiggzt(g.oguﬁl) Current (200A)  0.8357 0.631 0202 [-0.489,2.161]
against each response variable Current (300A) 3.3403 0.631 <0.001 [2.015, 4.665]
Mode (Pulse) —0.4753 0.631 0.461 [-1.800, 0.850]
Mode (Short) —-0.6701 0.631 0.302  [-1.995,0.655]
Width Intercept 7.598 0.742 <0.001 [6.038, 9.158]
Current (200A) 0.061 1.05 0.954  [-2.145,2.267]
Current (300A) 2.4237 1.05 0.033  [0.218, 4.630]
Mode (Pulse) —2.6583 1.05 0.021 [—4.864, —0.452]
Mode (Short) —4.7203 1.05 <0.001 [-6.926, —2.514]
Height Intercept 1.554 0.46 0.003 [0.588, 2.520]
Current (200A) 0.6377 0.65 0.34 [—0.729, 2.004]
Current (300A) 0.946 0.65 0.163 [-0.420,2.312]
Mode (Pulse) -0.211 0.65 0.749  [-1.577,1.155]
Mode (Short) -0.1377 0.65 0.835 [-1.504, 1.229]
Hardness Intercept 201 9.514 <0.001 [181.01, 220.98]
Current (200A) -7 13.455 0.609  [-35.26,21.26]
Current (300A) —22.6667 13.455 0.109  [-50.93,5.60]
Mode (Pulse) 25.6667 13.455 0.073 [-2.60, 53.93]
Mode (Short) 63.3333 13.455 <0.001 [35.06, 91.60]
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Table 5 Summary of regression
analysis for the interactions of

Responses  Interactions

Coefficient Std. error P value 95% Confidence interval

input variables at various levels

: 1 Penetration Intercept
relative to the baseline current

1.221 0.446 0.013 [0.285, 2.159]

(100 A) and baseline mode (D. Current (200A) X Mode (Pulse) 0.617 0.892 0.498 [—1.257, 2.491]
Pulse) against each response Current (300A) X Mode (Pulse) 0.715 0.892 0.433 [—1.158, 2.590]
variable Current (200A) x Mode (Short) 0.012 0.892 0.989 [—1.861, 1.886]
Current (300A) X Mode (Short) —1.124 0.892 0.224 [-2.998, 0.750]
Width Intercept 7.598 0.742 <0.001 [6.038,9.158]
Current (200A) X Mode (Pulse) 3.129 1.485 0.049 [0.010, 6.249]
Current (300A) X Mode (Pulse) 2.059 1.485 0.182 [—1.060, 5.179]
Current (200A) X Mode (Short) 5.820 1.485 0.001 [2.701, 8.940]
Current (300A) x Mode (Short) 3.536 1.485 0.028 [0.417, 6.656]
Height Intercept 1.554 0.46 0.003 [0.588, 2.520]
Current (200A) X Mode (Pulse) —0.171 0.92 0.855 [-2.103, 1.761]
Current (300A) X Mode (Pulse) 0.207 0.92 0.824 [—1.725, 2.139]
Current (200A) X Mode (Short) 0.539 0.92 0.565 [—1.393, 2.471]
Current (300A) X Mode (Short) —0.974 0.92 0.304 [—2.906, 0.958]
Hardness Intercept 201 9.514 <0.001 [181.01, 220.98]
Current (200A) X Mode (Pulse) —21.666 19.028 0.27 [-61.64, 18.31]
Current (300A) X Mode (Pulse) —22.333 19.028 0.256 [—62.31, 17.64]
Current (200A) X Mode (Short) —67 19.028 0.002 [-106.97, —27.02]
Current (300A) X Mode (Short) —52 19.028 0.014 [-91.97, —12.02]

substantially influence the bead width in the WAAM pro-
cess. For example, at 200 A, the width increased by 3.12 mm
in pulse mode and by 5.82 mm in short/spray mode, whereas
at 300 A the width increased by 3.53 mm in short/spray
mode with respect to baseline value of width. The regression
results for height conform to the results of height obtained
from ANOVA analysis, showing no significance for input
variables and their interactions. In addition, we obtained
201 HV for hardness at baseline, i.e., at 100 A and double
pulse mode. This was significantly increased in short/spray
mode by 63 HV with a P value of less than 0.001. Besides,
significant interaction between the short/spray mode and
current were observed. At 200 A the hardness decreased
by 67 HV and at 300 A it decreased by 52 HV, respectively.
This reveals that the short/spray mode generally increases
the hardness compared to pulse and double pulse transfer
modes; however, this is mitigated at higher current levels.
Following the statistical significance of interactions
between current and transfer mode for bead width and
hardness from ANOVA and regression analysis, the inter-
action plots were obtained for these significant response
variables which are shown in Fig. 4. The non-parallel lines
reveal that an interaction exists between the independent
variables against the dependent variables at various factor
levels. Focusing on the bead width, the short/spray trans-
fer mode represents a sharp increase from 100 to 200 A;
however, it diminishes beyond 200A but stays within the
values obtained for 200A. On the other hand, pulse transfer
mode at 100A starts at an intermediate width with respect

@ Springer

to the other two transfer modes and exhibits a more gradual
increase with higher currents.

Moreover, double pulse transfer mode starts with a higher
width at 100A with a negligible increase at 200A and further
increases to the highest with respect to other transfer modes
at 300A. However, the important thing to notice is the range
within which the value of width lies for a certain current
and transfer mode. For example, at 100 A the mean width
differs significantly in different transfer modes but at higher
current values, i.e., 200 and 300 A, mean width falls within
a range not so different in three transfer modes, nevertheless,
a distinction exists between them.

The interaction plot for hardness shows the highest
hardness in short/spray mode at 100A which significantly
decreases for increasing current levels and remains relatively
stable between 200 and 300 A. One possible explanation for
this trend could be attributed to the transition between the
short-circuit transfer mode to spray mode at higher current
levels where the spray mode incorporates a higher heat input
as compared to short-circuit mode and ultimately changing
the material characteristics. Pulse transfer mode starts with
a moderate hardness at 100 A, while double pulse yields
the lowest hardness at the same current of 100 A. Similarly,
pulse and double pulse modes show a more uniform decrease
when increasing the current to 200 and 300 A, respectively.
Furthermore, at 200 and 300 A all the transfer modes show
a difference of + 10-15 HV.

In addition, the interaction of input variables, i.e., current
and transfer modes, did not show statistical significance for
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bead penetration and height from ANOVA and regression
analysis. To verify these results graphically, the interac-
tion plots for height and penetration are shown in Fig. 5.
An increasing upward trend for penetration is evident from
100 to 300 A, indicating a direct relationship between the
current and bead penetration. However, the lines represent-
ing each mode remains substantially parallel, representing
non-significant interactions. Thus, irrespective of the metal
transfer mode, the current yields similar penetration depth
at a certain level; however, an increased current results in
higher penetration. Similarly, looking at the interaction plot
of height, one can observe an increasing trend in general.
Nevertheless, this trend vanishes tremendously when the
current is increased from 200 to 300 A in short/spray transfer
mode. For each deposit, the samples were cut at three dis-
tinctive locations: at the start, in the middle and at the end of
each bead, and their values were averaged for each response
variable. In WAAM deposits, typically the bead height tends
to reduce at the last section of the bead compared to the rest

Current [A]

of the deposit. We observed a severe height reduction at
300 A at the last section of the bead, reducing the average
height significantly. This could be attributed to the fact that
during the sample preparation, the third sample of the bead,
deposited under 300 A in short/spray mode, was cut much
closer to the cross section with reduced height. We assume
this phenomenon has resulted in the statistical non-signifi-
cance of height. However, in practice we expect a positive
relationship between the current and height [40] which is
also reflected in the pulse and double pulse transfer modes,
as well as from 100 to 200 A in the short/spray mode in our
study.

The scatter plots of actual data with predicted regres-
sion lines are shown in Fig. 6. The shaded areas around
the regression lines indicate the certainty of the estimated
relationships with a 95% confidence interval. A narrower
area, closer to regression lines suggests a higher precision
of the estimated relationships. The graph further supports
the obtained results and interpretations. For example, the
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graph represents a positive and consistently increasing trend
between the current and penetration. The highest penetration
for each mode can be observed at 300 A. At 100 and 200 A,
the penetration depth does not deviate significantly across
different modes. Similarly, the width shows a rising trend
with increased current which is more evident in case of pulse
and short/spray modes, showing a more robust relationship
between the current and width across these transfer modes.
As seen before, height represents high variability which is
represented by larger shaded area around the regression
lines. The highest height is shown at 200 A in short/spray
mode with huge variability of data, while other modes show
less fluctuations. The graph shows a relatively more evi-
dent decreasing trend in pulse and short/spray modes as the
current is increased; however, double pulse demonstrates a
more stable trend at various current levels. The highest cur-
rent is observed in short/spray mode at lowest current level.

Figure 7 represents the results of shape characteristics
for bead-on-plate deposits, including the penetration, width,
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Current (A)

and height. Deposition current at different levels exhibits
considerable effects on dependent variables. Similarly, the
metal transfer mode also plays a vital role. In fact, changing
the deposition current changes the penetration and width
but also the mean values are varied with different transfer
modes used in this study. The global trend for these values
increased for all metal transfer modes when the deposition
current was increased from 100 to 200 and then further to
300 A except for height where the increasing trend dimin-
ishes between 200 and 300 A. This could be the reason for
the statistical insignificance of height in ANOVA analysis.
WAAM is a complex process and sometimes the arc instabil-
ity causes inconsistency in bead characteristics of deposited
beads which might be the case here. However, an increasing
trend is expected for the height as the current increases from
200 to 300 A. Furthermore, for the same current levels, the
transfer modes play their respective role for the response
variables under study. For instance, at 100 A current the pen-
etration slightly increased from short-circuit to pulse mode
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Fig. 7 Chart of means of bead characteristics against deposition current and metal transfer modes

and then further to double pulse mode. The same phenom-
enon can be observed for width and height.

Figure 8 contains the main effects plots, showing a con-
clusive overview of the main effects of independent vari-
ables for each response variable without considering their
interactions. In short, the “Mode” column takes the aver-
age of the response variable for each mode, irrespective
of the current level and plots them. Similarly, the “Current

(A)” column takes the average of the response variable at a
certain current level irrespective of the transfer mode. This
gives a clear understanding of the effects of current and
transfer mode individually. For instance, width is linearly
increasing between the current levels but at the same time
we can observe a declining trend between the metal trans-
fer modes. The highest width value was recorded in double
pulse transfer mode and short/spray mode resulted in the
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Fig. 8 Main effects plot of width, penetration, hardness, and height for deposition current and transfer mode

lowest, while pulse mode showed intermediate width. A
similar trend can be seen for height with the only excep-
tion that a decline is observed between 200 and 300 A
which was discussed earlier. Moreover, a deeper penetra-
tion is observed with increasing level of deposition cur-
rent, while a decreasing trend is seen across transfer modes
but pulse, and double pulse modes show similar penetra-
tion range, while short/spray mode contributed for the
lowest. Finally, hardness decreases continuously with the
increase of current level where short/spray transfer mode
resulted in highest hardness, while double pulse produced
the least hard samples.

WAAM process is still premature, and there is no uni-
versally common heat source; control parameters differing
across various WAAM systems. Some older WAAM power
sources allow the selection of the main input variables indi-
vidually. These variables on the heat source include the
deposition current, voltage and wire feed speed (WFS).
The advancement in heat sources with improved electron-
ics introduced the synergic control heat sources where only
one of these variables is set on the controller, and the other
two input variables are automatically adjusted according to
a synergic curve. This curve is based on factors such as the
chosen metal transfer mode, wire material and diameter, and
the selection of shielding gas and its composition. Moreover,
these input variables are usually proportional to each other,
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meaning that any increase in one variable would lead to a
corresponding rise of the others.

However, considering the effects of these input vari-
ables on bead morphology, we observe similar trends when
comparing the existing results from various researchers in
the literature. In a relevant study [41], Taguchi technique,
analysis of variance (ANOVA), regression modelling, and
gray relational analysis (GRA) were used to investigate the
bead morphology with respect to wire feed speed, deposition
speed, and voltage. They found that wire feed speed propor-
tionally increased the bead height, bead width and penetra-
tion depth. That makes sense, because increasing the wire
feed speed increases the amount of material deposited from
the filler wire. This in turn, causes a rise in current and volt-
age in the heat source. If the deposition speed is kept con-
stant, any increase in current and voltage rises the heat input,
subsequently increasing the bead width and penetration. The
literature further revealed in another study [42] that bead
width increases with the increase of wire feed speed and
voltage within specified ranges of 5-8 m/min and 18-24 'V,
respectively. This is because the higher voltage leads to an
expansion and spread of electric arc, creating larger beads.
However, bead height exhibited variations where an elevated
wire feed speed increased the deposition of material per unit
length, contributing to higher bead height. Conversely, volt-
age and deposition speed ranging from 18 to 24 V and 0.3
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to 0.6 m/min reduced the bead height. As mentioned above,
higher voltage results in a larger arc spread and increased
amplitude, leading to increased heat input. This results in a
flatter bead and reduced bead height. A.L.B. Novelino et al.
[43] also found similar relationships for bead morphology
by investigating the deposition parameters on bead geometry
with a cold metal transfer (CMT) power source. The study
revealed an explicit correlation of input variables with bead
morphology where increasing the wire feed speed, current
and voltage resulted in an increase of bead width and height.

In our study we used a synergic control heat source where
the wire feed speed is directly proportional to the deposition
current. Hence, we can relate the observed trends from the
literature with our study where we found that a positive pro-
portionality existed between the current and the bead shapes;
however, considering the interactions between the current
and various transfer modes, a more complex phenomenon
establishes, needing proper tuning and trials of the input
variables based on specific bead characteristic requirements.

A detailed analysis of the hardness profiles of the bead-
on-plate deposits was carried out from top to bottom in each
sample which are reported in Fig. 9. Metal transfer modes
and deposition current were explored while keeping the
deposition speed constant at 11 mm/s. The Vicker’s hard-
ness indentations were started at the top edge of the single
beads leaving a 0.5 mm tolerance from the top edge and
extending across the middle zone, HAZ and base metal for
all beads. A distinctive variability was realized for hardness
in short circuit, pulse, and double pulse transfer modes at the
three levels of deposition current. This is understandable,
since various transfer modes and current levels can incor-
porate varied heat inputs and ultimately result in dissimilar
hardness values. In our study, the highest hardness values
were found for short-circuit transfer mode and increasing
the deposition current resulted in lower values of hardness
in all transfer modes. Hardness decreases from the top of the
single beads towards the base metal, and this is more evident
especially at lower and intermediate current levels. Similar
results were observed for hardness in another study [44] with
AISI 410 steel. The peak hardness value was observed in
the upper edge of the samples deposited with short-circuit
transfer mode at the deposition current of 100 A; however,
the short-circuit mode produced more spatter during the
deposition.

The variability of hardness profiles across various metal
transfer modes and current levels results from arc behavior,
melt-pool dynamics and relevant cooling rates. The higher
hardness profile near the top of the bead at lower currents
can be attributed to faster solidification and lower heat input,
leading to finer microstructure. For example, in short/spray
mode, lowest current level produced a smaller melt-pool
and a corresponding smaller bead size. Considering its size
and the cold substrate, this might have experienced very
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Fig.9 Hardness vs deposition current in different metal transfer
modes

fast cooling during solidification. The faster cooling nor-
mally results in finer microstructure, subsequently leading to
higher hardness. However, with higher current, the wire feed
speed increases. That means a larger melt-pool and higher
heat input. As a result, the solidification becomes slower and
causing the annealing effect and grain coarsening, which
causes a lower hardness. Moreover, short-circuiting trans-
fer mode typically operates at a lower voltage and higher
actual current compared to the nominal current supplied to
the heat source. Consequently, creating a more turbulent arc,
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causing a localized higher heating and corresponding rapid
cooling. The frequent contact between the electrode and the
workpiece further contributes to this phenomenon, making
an unstable melt-pool.

On the other hand, pulse transfer mode exhibits hardness
profiles that reflect a more consistent heat input and con-
trolled cooling rates. This is attributed to the pulsed nature
of the arc that helps in achieving a more stable melt-pool and
better heat distribution. Similarly, for double pulse mode, the
hardness profiles suggest severe thermal cycle effects due to
alternating high and low current pulses, promoting refine-
ment of microstructure at lower current level. However, at
higher current levels the hardness reduces due to prolonged
exposure to high temperatures.

It is important to note that at lower current, the hardness
profiles in all transfer modes start at a high peak hardness at
the top of the beads; however, it undergoes a sharp reduc-
tion from top to bottom. Such a hardness profile has been
reported in the literature [45] for a bead-on-plate deposit.
However, as the deposition current increases, instead of a
steep curve, the hardness profile shows a gradual decrease
from top to bottom. This indicates slower cooling at higher
currents, resulting in a coarser microstructure that reduces
the hardness. Nonetheless, such a profile reflects a more
homogenous grain structure from top to bottom of the depos-
ited beads.

Fig. 10 Optical microscopic
images of the fusion zone for
100, 200 and 300A current
from left to right, respectively:
a short/spray mode, b pulse
mode, ¢ double pulse mode
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Figure 10 represents the optical microscopic images for
the microstructure of bead-on-plate depositions. At low level
current, all metal transfer modes show a fine and lamellar
microstructure due to low heat input and corresponding
faster cooling with cold substrate. The microstructure then
tends to form polygonal and columnar grains or a compro-
mise between them when the current is increased to 200 and
further to 300 A. In case of short/spray transfer mode, the
microstructure shows a lamellar appearance and finer micro-
structure in the matrix when the deposition current is 100
A. In the sample where the deposition current was increased
to 200 A, a similar microstructure that was seen for 100
A except that grain coarsening is evident and interlamellar
spacing became larger; led to less densely scattered lamellae
within the ferrite matrix. Polygonal ferrite grains appear at
300 A and show some pearlite islands at grain boundaries.
In this case explicit grain coarsening is observed. Moreo-
ver, in pulse transfer mode at 100 A, randomly oriented
cementite plates with slightly longer lamellae are present
as compared to short/spray transfer mode. Substantial grain
coarsening is observed at 200 and 300 A and some small
pearlite islands can be seen at grain boundaries at 300 A.
Furthermore, a polygonal grain structure is observed at 300
A, while a partly columnar grain structure appeared at 200
A. Similarly, at low current in double pulse mode, a finer
microstructure is produced at low current level which is not
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significantly different from pulse mode. However, a coarse
columnar microstructure can be observed at 200 A where
grain coarsening increased further when the deposition cur-
rent was increased to 300 A. In all metal transfer modes, the
increasing deposition current increased the volume fraction
of ferrite phases and probably leading to a softer material
which was observed in the microhardness.

Research [46] shows that thermal gradient and lower
cooling rates, which are both influenced by higher currents,
result in grain growth in fusion-based additive manufactur-
ing processes. Similarly, it was shown that the percentage
of smaller grains increased as the current was raised from
120 to 170 A, keeping the voltage and deposition speed con-
stant [47]. In summary, the tendency of the microstructure to
show marginally enlarged grain size as the deposition cur-
rent increased suggests a direct correlation between current
level and corresponding heat input and solidification rate.
This relationship indicates that the microstructure of the
deposited material can be tailored by carefully controlling
the deposition parameters, particularly the current levels for
a certain metal transfer mode. A sophisticated approach is
necessary to optimize deposition settings for specific appli-
cations, as such a control offers important implications for
achieving desired material properties.

Furthermore, Fig. 11 reports the dilution, which offers
important insights into the re-melting regions of substrate (or
previously deposited layers) in WAAM under various metal
transfer modes and current levels. Dilution resulting from
short/spray, pulse, and double pulse transfer modes at differ-
ent current levels is investigated, and the results shed light
on the intricate dynamics of WAAM process. As the current
level rises, the short/spray transfer mode results in a notice-
able increase in dilution. At 100 A, a 27% dilution suggests a
somewhat regulated fusion-to-penetration ratio. On the other
hand, dilution increases to 31% and 66%, respectively, as
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the current increases to 200 and 300 A, respectively. The
dilution profile of the pulse transfer mode is different from
that of the short/spray transfer mode. At 100, 200, and 300
A, the dilution percentages are 46%, 47%, and 55%, respec-
tively. These comparatively constant dilution levels at differ-
ent currents imply a more stable fusion-to-penetration ratio
in the pulse transfer mode. The controlled pulsing of arc in
pulse transfer mode could lead to a more even distribution
of energy, which in turn affects the interaction between the
penetration and fusion areas. This can be useful where pre-
serving a constant dilution is necessary to obtain a specific
outcome. The dilution percentages in the double pulse trans-
fer mode exhibit a pattern that is comparable to that of the
pulse transfer mode, but with comparatively smaller values.
The dilution is 41% at 100 and 200 A. Nevertheless, the dilu-
tion rises to 56% at 300 A. This implies that the double pulse
transfer mode provides somewhat consistent and controlled
dilution levels, just like the pulse transfer mode.

3.2 Multi-track deposits

Wire arc additive manufacturing process has the potential
for depositing large parts which are based on single beads
deposited side by side or overlapped with a certain hatch dis-
tance and then layered in the build direction. It is crucial to
select the right parameters to obtain a structurally sound part
with desired geometry. Figure 12 represents the as-deposited
samples and the cross sections from macroscopic images,
showing the bead morphology of multi-track deposits. The
deposition was conducted with different hatch distance and
deposition current without stacking but partially overlapping
the layers to study the combined effects of current and hatch
distance. From top to bottom, 80, 120 and 160 A currents
were used and for each current level from left to right a hatch
distance of 2, 3, and 4 mm were used, respectively.
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Fig. 11 Showing a schematic for dilution measurement, b dilution for bead-on-plate depositions under each transfer mode at three current levels
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Fig. 12 Multi-track deposits with various combinations of current and hatch distance: a as-deposited samples, b macroscopic images of cross

sections

From the macroscopic images, an evident effect of depo-
sition current and hatch distance is observed. It is shown that
the ratio of the height between the first and the adjacent bead
depends on proper overlapping or hatch distance [48]. More
specifically, a low current level combined with high hatch
distances results in valleys between the adjacent beads. Con-
versely, higher current combined with low hatch distances
leads to elliptical shapes instead of flat surfaces. A lower
hatch distance decreases the cooling rate during solidifica-
tion by increasing the overlapping and melt-pool size [49].

Moreover, the shape of the individual bead penetration
also modified depending on various combinations of current
and hatch distance. For instance, at 80 A current and higher
hatch distances of 3 and 4 mm, valleys are formed and sig-
nificant unevenness on the surface takes place. This happens
due to a lower wire feed speed corresponding to the low cur-
rent level, resulting in insufficient material deposition. This
further exacerbates when the hatch distance is increased and
filling the material too thinly, failing to completely cover the
gaps between the adjacent beads. Such geometrical inho-
mogeneity and irregularity not only influence the geometry
of the product [50] but also effects the microstructure and
induced welding defects [S51].
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Increasing the current to 120 A and 160 A, the valleys
between the beads become less pronounced. The higher
current increases the wire feed speed and more material
deposited, leading to comparatively smoother surfaces. The
higher current also increases the heat input that improves the
melting and flow of material to effectively fill the gap with
more material feed rate. The higher heat input also increases
the penetration and the corresponding dilution ratio, which
can influence the microstructure and mechanical properties
of the deposited structure. Hence, requiring proper tuning
of these parameters. For example, higher current levels with
low hatch distance produces unwanted material buildup,
forming a circular cross section. This phenomenon is par-
ticularly evident at a 2 mm hatch distance with 120 and 160
A of current, respectively.

Thus, the interaction between the current and hatch dis-
tance is very crucial. At a constant deposition speed, lower
current levels minimize the heat input that is normally desir-
able for microstructural characteristics. However, lower cur-
rent would result in poor surface quality if not optimized
with an appropriately small hatch distance. Conversely,
higher current increases material deposition, effectively
filling the gaps between the adjacent beads to produce
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smoother surfaces. However, proper interactions of current
and hatch distance are needed to obtain an acceptable trade-
off between surface characteristic requirements, penetration
depth, heat input and corresponding mechanical properties.
Considering the visual aspects of the deposited multi-track
deposits, we observed a comparatively smoother surface at
160A current with a hatch distance of 3 mm.

3.3 Thin wall

The thin wall was deposited in pulse transfer mode, which is
desirable for many reasons. It produces a lower heat input at
moderate current levels, provides more consistency for pen-
etration depth and dilution, results in lower spatter genera-
tion and offers better arc stability. The deposition direction
was fixed for all layers, as shown in Fig. 13.

The as-deposited thin wall, its macroscopic cross section
and the microstructure along the building direction is shown
in Fig. 14. The underlying microstructure shows distinctive
morphology across the thin wall. At the top section of the
wall the microstructure consists of a mixture of plate-like
and randomly oriented nonlamellar cementite lamellae,
partially present as embryonic lamellar grouping across the
ferrite matrix such that forming a spheroidite microstructure.
This is particularly associated to a slower cooling when the
cementite lamellae partly break down into irregular mor-
phology. The presence of allotriomorphic ferrite is also
evident. As we move in the building direction from top to
middle, the microstructure tends to form a predominantly
elongated appearance and partially presents coarse ferrite
grains. Very small pores can also be seen in the middle of
the wall. The presence of defects was also reported by [52]

Fig. 13 Deposition strategy
used for thin wall
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along-with certain impurities and lack of fusion by image
analysis where they calculated 0.15% porosity, 0.08% impu-
rities and 0.04% lack of fusion, respectively. Moreover, at
the bottom region the transition from fusion zone to re-melt
area is shown, revealing a more uniform structure with finer
grains. However, the heat effected zone (HAZ) consisted of
coarser polygonal and partly columnar grains. The underly-
ing microstructure for thin wall ER70S-6 was also reported
in previous studies [53-55].

The observed variations of the microstructure are attrib-
uted to the inherent thermal history in the WAAM process.
The typical factors influencing the microstructure of a thin
wall include the heat input, cooling rate and the thermal
cycles. Each of the newly deposited layer experiences a cer-
tain heat input associated to the input variables on the heat
source and the deposition speed controlled by the motion
system. As the number of layers increase in the building
direction, a subsequent thermal cycle is experienced by the
previously deposited layers. Consequently, the continuous
heating and cooling cycles induce a tempering or annealing
effect and may lead to grain growth and phase transforma-
tion. Furthermore, the associated cooling rates also influence

the overall build structure where faster cooling results in
finer grains and the formation of martensite and bainite
structures. Similarly, a slow cooling during the solidifica-
tion causes grain coarsening and favors ferrite and pearlite.
In short, the microstructure of a material responds based on
its composition, build size, thermal history, and deposition
parameters. A proper inter-layer delay time could also be
beneficial for certain microstructural requirements [56].
Apart from the microscopic study, scanning electron
microscopy (SEM) analysis was performed on the thin
wall in the building direction, focusing primarily at three
distinctive locations, i.e., at bottom, in the middle and at
the top sections of the wall. SEM analysis is represented in
Fig. 15, further enhanced the understanding of the underly-
ing microstructure, revealing certain details that could not
be seen in the microscopic study. A well-defined grain struc-
ture with uniform distribution can be seen at the bottom of
the wall, as shown in Fig. 15a. The higher magnification
of segment “A” in the bottom region as shown in Fig. 15d
illustrates the presence of equiaxed polygonal grains. This
kind of a microstructure is beneficial for the mechanical
properties as they enhance the toughness and ductility of
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the deposited material. Such a microstructure in WAAM
process is attributed to a more stable and consistent thermal
mechanism due to faster cooling with the substrate during
the initial deposited layers. Moreover, very small voids can
also be seen along the building direction with varying pro-
portions; representing slightly lower concentration at the
bottom compared to the middle and top regions of the wall.
Presence of such pores are likely due to continuous depo-
sition in multi-layer structures where contaminations after
previously deposited layers are trapped within the melt-pool,
potentially leading to such defects [57]. In addition, pores
are considered as material-induced or process-induced.
Material-induced pores are produced due to contamination
of wire or substrate with moisture, grease and certain hydro-
carbon compounds that are hard to extract completely, while
process-induced pores occur due to poor path planning or
unstable deposition and are usually non-spherical [58]. The
observed pores across the wall appear to be non-spherical.
However, the pore sizes are very small, typically less than
3 microns. Moving to the middle section of the wall, shown
in Fig. 15b, the microstructure changes, exhibiting elon-
gated grains. A magnified segment, represented with “B”
in the middle part, is shown in Fig. 15e, further detailing
the corresponding microstructure. The dark region probably
resulted from over etching during the sample preparation.
The presence of small porosity is also evident in the middle.
Furthermore, an SEM image of the top section is shown in

Fig. 15¢c. A more detailed and magnified segment from the
top section is also represented in Fig. 15f. These images
present a heterogeneous and coarser morphology compared
to the middle and bottom regions. Particularly, equiaxed and
elongated grains are dominant, and an evident increase of
size is observed in some grains. Such a variation of micro-
structure is likely due to slower cooling, causing a reduced
thermal gradient at the top section of the wall.

Figure 16 shows the microhardness graph of the thin
wall representing the hardness profile from the top edge of
the wall passing through the middle zone, remelting zone,
HAZ until the unaffected substrate has reached. This gives
an interesting perspective of the hardness behavior across
the deposited wall that ranges between 173 and 263 HV
with an average hardness of 203 HV. The highest hardness
can be seen on the top edge of the wall which decreases to
minimum once reached at the middle of the wall probably
due to heat accumulation that corresponds to the micro-
structural changes, as already shown in Figs. 14 and 15.
Then the hardness gradually increases as it approaches
the substrate probably because of faster cooling taking
place due to conduction heat transfer with colder substrate
across the initial layers above the substrate. Moreover, the
hardness slightly decreases again when reached in the re-

melting zone and HAZ due to the thermal cycle experi-
enced during the layer-by-layer process.
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The three distinct locations in the fusion zone along the
building direction experienced different thermal cycles dur-
ing the deposition and the corresponding microstructural
changes took place, resulting in the underlying hardness pro-
file. Interestingly, literature has shown a similar hardness
pattern across these specific zones on the wall when deposit-
ing an ER70S-6 wire using cold metal transfer (CMT) [59].
Such a hardness profile was attributed to the microstructure
and the grain size which slightly reduced from top to bot-
tom. This can be better explained by building a relationship
between the number of layers vs heat input, heat input vs
grain size, and finally grain size vs material hardness. As the
number of layers increase in a multilayer structure, the heat
accumulation increases which as a result increases the aver-
age grain size due to slower cooling. Therefore, the hardness
profile of a thin wall tends to show a reduced hardness at
sections where a high thermal cycle and slower cooling rate
is experienced.

During the solidification, a significant heat transfer occurs
through conduction, passing through the previously depos-
ited layers and dissipated across the substrate. The inter-
face of the substrate in direct contact with the fusion zone
undergoes partial remelting. Likewise, the heat effected
zone (HAZ) in the substrate also experiences huge thermal
shocks in continuous layer wise deposition. Therefore, not
only the deposited material but different sections of substrate
in closer proximity with fusion area undergo microstructural
changes and hence influence the hardness of the material
(Fig. 16).

3.4 Cubic structure

A cubic structure was deposited with optimized parameters
which are mentioned in materials and methods. The selec-
tion of parameters was based on prior trials to produce a
defect-free and structurally sound deposition. The deposi-
tion strategy for the cubic structure is shown in Fig. 17. The
adopted deposition strategy has a higher deposition effi-
ciency for directed energy deposition (DED) process [60].
Figure 18 shows the actual cubic deposit and the micro-
structural evolution across the deposited block obtained
from the optical microscope. As opposed to the thin wall,
the microstructure seems to be more homogeneous and

comparatively a cleaner microstructure can be seen across
the bulk of the cubic structure in the fusion zone. No defects
and impurities were found and no proof of lack of fusion
were observed from these images. This can be attributed to
a more homogeneous heat distribution due to the nature of
the build structure with the corresponding scanning strat-
egy. The underlying microstructure is based on lamellar and
columnar structure with the presence of allotriomorphic fer-
rites across the middle and upper sections of deposited cube.
Similarly, the microstructure also consists of some acicular
ferrites at the upper section. A similar microstructure was
reported in a previous study for WAAM structures depos-
ited using an ER70S-6 wire [61, 62]. The microstructure
shows a slight increase in the volume fraction of ferrite in
the middle section of the cubic structure. As a result, we
can assume that the material in that zone could be slightly
softer, considering the characteristic properties of ferrite
phase. Moreover, the heat effected zone (HAZ) consists of a
coarse microstructure with equiaxed ferrites and a few small
pearlite islands.

As the solidification proceeds to the center of the over-
lapping region, it decreases the cooling rate, changing the
microstructure to an irregular lath-type morphology [63].
This happens because of more heat accumulation in the cen-
tral sections of cubic structures, leading to the observed phe-
nomena. We can see such lamellae of lath structure across
our samples in the upper and middle sections of the build
structure. Employing the same metal transfer mode, i.e.,
pulse transfer mode and ER70S-6 wire, study has shown
a columnar microstructure, exhibiting allotriomorphic and
acicular ferrite phases [64]. As the solidification starts from
molten material, allotriomorphic ferrites nucleate at the
austenite grain boundaries, since these boundaries provide
lowest energy barrier. Their nucleation occurs at relatively
high temperatures during the initial cooling. Then they grow
in thin plate-like structures in an irregular morphology. On
the other hand, acicular ferrites usually for at lower tempera-
tures, relating a more complicated nucleation. Their growth
is relatively rapid and represents a needle-like shape, form-
ing a finer structure compared to allotriomorphic ferrites.
The presence of such a microstructure can be beneficial
for structural applications, since they can impart a balance
between the strength and toughness of material.

Fig. 17 Scanning strategy used r— A
for the deposition of cubic l
structure
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Fig. 18 a Actual deposited
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solidification. Hence, it results in a uniform grain growth
and finer grains due to faster cooling.

An analysis of the middle zone reveals a significantly
different microstructure compared to the bottom zone. The
microstructure in the middle zone shows a coarse structure.
The elongated and less uniform grain structure is further
highlighted in the image with higher magnification. Such
a change of microstructure is attributed to the complex
WAAM process, experiencing varied thermal cycles in
multilayered structures. As the number of layers increase,
the WAAM structures experience various thermal gradients
at different sections, hence incorporating varied micro-
structures across the WAAM deposits. Typically, the heat
accumulation keeps increasing as we move along the build-
ing direction from bottom to upper zones, especially when
continuous deposition is carried out in the WAAM process.

Looking at the SEM images of upper zone, we can clearly
see a different microstructure. Compared to the middle zone,
it shows an even coarser microstructure with larger and elon-
gated grains. The larger and columnar grain structure was
also evident in the microscopic images that is an indicative
of a slower cooling. The heat transfer in metals primarily
occurs through conductive heat transfer. Consequently, less
heat dissipation is experienced in the upper zone where a
very low thermal gradient exists between the uppermost lay-
ers and the lower sections. Since heat is conducted through
the previously deposited layers and dissipated from sub-
strate, a lower thermal gradient results in slower cooling at

Fig. 20 Microhardness profile 300

the upper zone which yields a microstructure with elongated
and less refined grains. Such a progression in microstructure
is typical for larger deposits in the WAAM process.

However, significant wait time between subsequent lay-
ers might be necessary if a strictly finer and homogeneous
microstructure is needed. In such, a condition, indeed a
trade-off between the manufacturing time and microstruc-
tural properties, could be possible.

Figure 20 shows the microhardness profile of the cubic
structure, starting from the uppermost section of the depos-
ited cube and extending through the middle and bottom,
passing through the heat effected zone until reaching the
substrate. The hardness moderately decreases from top to
bottom with a minimum and maximum hardness of 152
and 210 HYV, respectively. An average hardness of 182 HV
was calculated from top to bottom. It represents a fairly
consistent hardness in the initial segments relative to the
top, maintaining the values close to 200 HV. Beyond that,
a slight reduction is observed where hardness values drop
below 200 HV. As we move further down, small variations
are observed; however, the graph remains at around 180
HV. Altought trivial variations can be observed from top to
bottom, the overall trend of hardness graph does not show
significant variations and aligns well with the underlying
microstrucutre. Thus indicating a reasonably uniform hard-
ness from top to bottom with a slight softening in the bottom
layers. These small changes are attributed to the microstruc-
tural changes and the thermal history during the deposition.
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Based on these results, it is safe to assume that the selection
of the parameters with the applied depositon strategy results
in a homogeneous heat distribution, leading to a fairly uni-
form hardness profile.

WAAM possesses huge potential for many applications,
yet detailed assessments are needed to ensure the long-term
durability of WAAM manufactured components. It still lacks
quality assurance (QA) standards and methods to guarantee
the fitness of WAAM components during operation [59].
However, researchers have investigated the suitability of
WAAM components for various engineering applications
and compared the properties of deposited components
with existing traditional manufacturing technologies. For
instance, in such a study it was shown that the average hard-
ness of WAAM deposit was greater, while wear rate was
lower than that produced by conventional methods [65].
Reliable methods were used in durability analysis of WAAM
products to predict small crack growth which are essential
for assessing the long-term durability of additively manufac-
tured parts in critical applications like military aircraft [66,
67]. WAAM fabricated parts can withstand very high cycle
fatigue load of 390 MPa up to 2 x 10° cycles [68] which is
crucial for long-term durability of WAAM products. How-
ever, such benefits are limited for very rough surfaces [69].

Owing to its many benefits, WAAM process finds its
applications in various sectors. This includes the success-
ful fabrication of a ship’s propeller in Netherlands, called
the “WAAMpeller” with the collaboration of a group of
companies, including Damen shipyards group, RAMLAB,
Promarin, Autodesk and Bureau Veritas [70]. Moreover,
WAAM has been employed to print a large-scale stainless-
steel bridge [71], in the fabrication of complex fuel nozzles
[72], for landing gear assembly and wing spar [73]. These
studies indicate the capability of WAAM, representing a
promising technology in modern manufacturing practices;
however, it still lacks in-depth research and quality assess-
ment standards to be adopted globally to realize the many
advantages of WAAM process.

4 Conclusion

In this study, ER70S-6 wire was deposited using robotic-
WAAM under various metal transfer modes with bead-on-
plate trials, followed by fabricating multi-bead and multilay-
ered structures in pulse transfer mode.

Metal transfer modes show significant influence on bead
geometric features, dilution, microhardness, and micro-
structure. A low-level deposition current resulted in higher
hardness in all transfer modes, while an increase of cur-
rent decreased the average hardness. Each transfer mode
showed distinct hardness profiles at various current levels.
The global trend of hardness decreased from top to bottom

in bead-on-plate deposits. The short/spray transfer mode
exhibits lowest dilution for low and intermediate current,
while it escalates at high current value. Pulse and double
pulse transfer modes show comparatively higher dilution
for low and intermediate current levels; however, they
demonstrate comparatively stable and controlled dilution,
indicating a better arc stability.

The interaction between the hatch distance and cur-
rent have significant effects on the bead formation in
multi-track deposition. The unfavorable combination of
these parameters resulted in valleys and uneven surfaces
between the adjacent beads. However, an optimization
level exists for appropriate overlapping; for instance, 160
A current and 3 mm hatch distance resulted in a compara-
tively smoother surface.

The microstructure of bead-on-plate trials consists of a
finer lamellar morphology at low current level which tends
to form polygonal and columnar grains with explicit grain
coarsening when the current is increased to intermediate
and high levels. Similarly, the microstructure of thin wall
showed a slight anisotropy in the building direction, with
a mixture of plate-like and randomly oriented cement-
ite lamellae, partially forming spheroidite morphology
in the top section of the wall. In the middle section, the
microstructure changed to a coarse and elongated ferritic
structure, while the bottom represented a coarse polygonal
microstructure. Moreover, the cubic structure showed acic-
ular ferrites at the upper zone with the presence of some
allotriomorphic ferrites in the middle and upper zones.
The heat effected zone consisted of equiaxed polygonal
ferrite with small pearlite islands at grain boundaries.
Very small pores were observed in the thin wall, while
the cubic structure showed a more homogeneous micro-
structure with much lower porosity compared to thin wall.
The microstructural morphology, phase orientation and
the presence of porosity were further verified by the SEM
analysis. The hardness in thin wall decreased from top
to the middle and then slightly increased near the bot-
tom zone with small fluctuations in the remelt and HAZ.
On the other hand, the cubic structure showed a relatively
uniform hardness profile.
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