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Abstract

Additive manufacturing (AM) of metals attracts attention because it can produce
complex structures in a single step without part-specific tooling. Wire arc additive manufacturing
(WAAM), a welding-based method that deposits metal layer by layer, is gaining popularity due
to its low cost of operation, feasibility for large-scale part fabrication, and ease of operation. This
article presents the fabrication of cylindrical-shaped mild steel (ER70S-6) samples with a gas
metal arc (MIG) — based hybrid WAAM system. A mechanism for actively cooling the substrate
is implemented. Deposition parameters are held constant to evaluate the impact of active cooling
on deposition quality, inter-pass cooling time, and internal defects. Surface and volume defects
can be seen on the cylindrical sample fabricated without an active cooling setup. Defect
quantification and phase analysis are performed. The primary phase formed was a-iron in all
samples. Actively cooled deposition cross section showed a 99% decrease of incomplete fusion
or porosity, with temperatures 60s after deposition averaging 235°C less than non-cooled.
Microstructural analysis revealed uniformity along the build direction for actively cooled
deposition but nonuniform microstructures without cooling. Hardness decreased by
approximately 22HV from the first layer to the final layer in all cases. Property variation can be

attributed to the respective processing strategies.

Keywords: Additive manufacturing (AM); Wire arc additive manufacturing (WAAM); Directed
energy deposition (DED); Metal inert gas (MIG); Mild steel.
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Introduction

Additive manufacturing (AM) or 3D printing has found widespread enthusiasm in
various industrial sectors because of its low cost of operation, minimal part-specific tooling
requirements, and the ability to produce near-net shape parts in a single step. With the
advancement of technology in the field of AM, application-specific structures have gained
popularity in industries ranging from aerospace to defense [1]. Directed energy deposition
(DED) is one of the seven AM processes specified by the ASTM that use wire or powder as
feedstock [2]-[4]. The energy source for any DED process can be a laser, electric arc, or electron
beam to melt the feedstock [5]. The wire arc additive manufacturing (WAAM) process is a type
of DED process that uses wire as feedstock and an electric arc as the energy source to melt the
feedstock. WAAM is a low-cost method for manufacturing metal 3D structures one layer at a
time using welding technology. The origin of wire arc-based welding dates back to 1920 [6], but
the application of this process to additive manufacturing is recent. Researchers are now exploring
this approach for manufacturing near-net shape metallic parts in aerospace, automotive industry,
the energy sector, the defense industry, and even marine applications, as demonstrated by a ship
propeller manufactured via WAAM, known as the "WAAMpeller" [7]-[9]. Due to wire feed
mechanisms, WAAM is a more cost-effective and clean AM metal technology than powder-
based DED processes [10]. WAAM is also versatile for manufacturing large parts — unlike metal
powder bed fusion and powder-based laser DED processes, WAAM can provide a higher
deposition rate without a build chamber size constraint. It has been reported that WAAM-based
processes can reduce printing time by 40-60% and post-processing time by 15-20% [11]. There
are additional reports in the literature of recent research on the WAAM technique for several

metals, focusing on titanium, aluminum, and both mild and stainless steels [12]-[14].

Several welding techniques are employed in the development of WAAM systems,
including gas metal arc welding (MIG), gas tungsten arc welding (TIG), and plasma arc welding
(PAW). These systems have been investigated and paired with various motion kinematics units,
such as computer numerical control systems (CNC) or industrial robotic arms. Most recently, the
MIG-based WAAM system has seen the most advancement, with a high degree of freedom
making this approach easier to manipulate [15], [16]. MIG-based WAAM has also gained
significant interest over TIG and PAW-based systems due to increased bonding strength, higher

energy efficiency, and a faster metal deposition rate that results in a reduced printing time [17].
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The feasibility of printing steel parts using a MIG-based dual electrode WAAM system [18], as
well as the impact of the critical deposition process parameters on the surface roughness of low-
carbon steel parts manufactured using a MIG-based WAAM, have been investigated [19]. Chen
et al. investigated the microstructure and tensile properties of 316 L austenitic stainless steel
manufactured by MIG-based WAAM [20]. Conventional MIG welding and MIG-based WAAM
share several similarities from the manufacturing perspective. For both, structure quality is
dependent on heat input and control. For typical MIG-based WAAM systems, however, thermal
energy is particularly critical, as adverse effects of repeated thermal loads on the strength-
ductility combinations in steels are due to the formation of localized brittle zones [21] along the
inter pass regions and softening of the heat-affected zones [22]. As a result, adopting an arc

welding method with a low-heat input is advantageous for WAAM.

ER70S-6 wire, a commercially available feedstock widely used for welding mild steel, is
commonly selected in many industrial welding applications [16]. Structural MIG welds in
general fabrication, automotive, oil and gas applications, shipbuilding, and marine applications
using this wire are widespread. The behavior of ER70S-6 wire applied to a butt joint made of
panel edges in Australian navy shipyards was evaluated in one such application. Weld quality
was a concern, with weld-end solidification cracking a challenge [23]. Alloying elements,
cooling rates, and compositional variations such as carbon concentration for ER70S-6 weld
depositions can develop several microstructures that influence weld quality, such as polygonal
ferrite, Widmanstétten ferrite (ow), bainite (B), martensite ("), or acicular ferrite (o). Beyond
traditional MIG welding, this adds another layer of complexity to the WAAM of ferrous alloys
[24]. Naturally, the optimization of the process parameters [25] must be performed to achieve the
preferred microstructure with desirable mechanical properties in a MIG-based WA AM process

[26].

In MIG-based WAAM, this ER70S-6 feedstock was used to produce a wall-shaped
sample fabricated by successive deposition of weld beads and characterized by Liberini et al.
[27]. Results showed a nonuniform microstructure along the build direction. The wall had a
series of bainitic lamellar structures in the upper zone, equiaxed ferrite grains in the center, and a
ferritic structure with pearlite strips in the lower zone. The variation in microstructure is

attributed to the complex thermal cycles associated with each deposition layer. Rapid cooling



and large temperature gradients during the additive manufacturing process control the orientation
and morphology of the grains, producing heterogeneous microstructures and anisotropic
mechanical properties [28]-[30]. Despite this pattern, WAAM processes with low heat input,
such as cold metal transfer (CMT) can produce a more homogenous microstructure and reduce
anisotropy in mechanical properties [31]. Additionally, DED-based AM of stainless steel 304-L
by Wang et al. [32] demonstrated that reducing heat input led to a finer microstructure and, thus,
superior yield and tensile properties over methods with a high thermal input. This high thermal
input is known to cause coarsening of ferrite grains in steels due to recrystallization or aberrant
phase transformation from austenite during welding [33]. In WAAM-based processes with multi-
pass processing, this is a critical problem. A fast-cooling variant of the MIG WAAM technology,
therefore, has the potential to enhance the HAZ toughness of steels produced via WAAM.

This study intends to provide a clear and deeper understanding of actively cooled wire
arc additive manufacturing of mild steel using ER70S-6 in a MIG-based hybrid WAAM system.
To that end, solid cylindrical structures were produced, with and without active cooling.
Deposition welding parameters such as wire speed, power input, shielding gas, and torch travel
speed are held constant to isolate and evaluate the influence of active cooling. Key parameters of
interest are deposition quality measured by internal defects, deposited surface uniformity, and
inter-pass cooling time. The impact of active cooling on surface defects was quantified. Various
sections of the cylindrical components were also analyzed to understand the influence of active
cooling on microstructure and phase formation. In addition, the hardness profile of the solid
cylindrical ER70S-6 samples manufactured with and without the active cooling setup was also

investigated.

2 Materials and methods

2.1 WAAM of mild steel samples

The schematic and the experimental setup established for the gas metal arc welding-
based hybrid-WAAM (H-WAAM) are shown in Fig. 1. The H-WAAM system primarily
consists of a 3-axis CNC milling machine and a direct current (DC) welding power source, Fig.

1. The welding torch of the MIG equipment was mounted on the Z-axis spindle of the CNC



machine for the printing process, as shown in Fig. 1¢c. An in-house active cooling heat exchanger
is designed, manufactured, and fixed on the CNC table, Fig. 1d. This heat exchanger consists of
a series of passageways that route a constant flow of coolant back and forth under a thin plate,
before being conducted into a storage tank below. The dimensions of the exchanger matched the
substrate used in the study, but the design is parametric. Larger iterations are envisioned with
greater cooling capacity available through higher flow rates, additional passages, or reduced
coolant temperature. The coolant temperature for this study was 20.5°C. A commercial mild steel
substrate with dimensions 150 x 150 x 12.5 mm? (length x breadth x height) was clamped on top
of the heat exchanger. The CNC table moves in X and Y directions, while the welding torch can
move in Z to build near-net-shape 3D parts. Table 1 shows the chemical composition of mild
steel wire (ER70S-6) with a diameter of 0.90 mm used as the filler material. The ER70S-6 wire
was used because of its extensive applications, including welding structural steel components,

automobiles, and pipelines.
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Figure 1. (a) Schematic representation, (b) the H-WAAM setup illustrating the coupling of a DC
welder and CNC machine tool, (c) welding torch and milling cutter assembly, and (d) active

cooling heat exchanger.



Table 1: Chemical composition of the ER70S-6 mild steel wire [16]

Elements C Mn Si P S Ni Cr Mo \% Cu Fe
Weight% 0.15 1.85 | 1.15 | 0.025 0.035 0.15 0.15 0.15 0.03 | 0.50 | Bal.

2.2 Bead geometry optimization

The fabrication of parts using WAAM is referred to as a near-net-shape method since
the as-deposited manufactured parts are almost in their final shapes, although minimal post-
processing, such as machining, may be needed to achieve desired dimensional tolerances. The
WAAM process parameters are broadly categorized into two types: fixed parameters and
variable parameters. Table 2 shows the fixed parameters used for the single bead prints for

process optimization.

Table 2: Fixed process parameters for single bead prints.

Parameters Values

Gas Composition | Argon 80% + CO, 20%
Gas Flow rate 18 liters per minute
Standoff distance | 10 mm
Welding mode | Direct Current Electrode Positive (DCEP)
Voltage 18V
Torch Speed 400 mm/min
Wire Diameter | 0.90 mm

After performing a set of single-bead experiments, the heat input (J/mm) was calculated

using the formula [34]
Heat Input = (n XV X1 x60)+S§

Where 1 is the welding efficiency in percent (for GMAW, n =0.8), V is the arc voltage in volts, |
is the average current in amperes, and S is the torch speed in millimeters per minute. The optimal
print parameter is decided based on a stable penetration depth, consistent bead height, and the
weld bead width. Fig. 2 shows the single-bead experiments performed as part of the weld bead
optimization. The final deposition parameters used for printing the 3D structures are given in

Table 3.



Figure 2. (a) Single bead parametric printing for optimization of process parameters with bead

#1 exhibiting the most desirable characteristics, and (b) an enlarged view of an isolated bead

produced using the optimized settings.

Table 3: Optimized print parameters used for solid structure printing via WAAM

Avg Voltage Wire Impedance Torch Average Average Heat
Current V) Feed () speed (mm/ | Bead Height | Bead Width Input
(A) (inch/min) min) (mm) (mm) (J/mm)
87 18 180 5 400 2.01 5.94 188

Solid cylindrical structures with a height of 65 mm and a nominal diameter of 30 mm

were deposited on a mild steel (MS) substrate with and without an active cooling heat exchanger.
The printing process was performed using the following process parameters, optimized
experimentally to provide minimum heat input, consistent penetration, and an even ratio between
bead height and bead width: an arc voltage of 18V, an average arc current of 87A, a wire feed
rate of 180 inch/min, an impedance of 5C2, and all the fixed parameters given in Table 2. The
heat input for this optimal set of parameters was calculated to be 188 J/mm. Before deposition,
the substrate was cleaned and fixed to the CNC table, while the MIG welding gun was fixed
perpendicularly to the substrate. The CNC table moved in the X- and Y-axis during deposition.
The H-WAAM processing of the solid cylinders is shown in Fig. 3.



* 30 mm

Figure 3. H-WAAM processing of solid cylinder - (a) Schematic of the toolpath strategy used
for printing; (b) first layer deposition displaying desirable bead overlap, (¢) printed solid
cylinder, (d) printed cylinder mounted for a turning operation, (e) and (f) machined solid

cylinder.

After each X-Y layer was finished, an interlayer dwell time was added to minimize the
effect of successive thermal cycles on the microstructure of the previously deposited layers. At
the completion of each of these additional layers, the temperature of the structure was monitored
using an infrared thermometer, with readings recorded at 0 seconds, 30 seconds, and 60 seconds.
These periodic time intervals allowed each layer to cool to temperatures below 165 °C [35]
before depositing a new layer. The ambient air temperature was 20.5°C, with no cooling methods

utilized other than the chill plate in the case of the actively cooled specimen.



2.3 Defect quantification, phase analysis, microstructural characterization, and hardness

measurement

The printed cylindrical samples were cut using a JET horizontal bandsaw lubricated and
cooled by mineral oil along the longitudinal cross-section after the outer surface had been turned
in a Tormach lathe chucker machine tool. Images were taken using a digital camera, and then the
visible defects on the exposed inner surface of the solid cylindrical structures were quantified
using open-source image processing software (GIMP 2.10.32). Surface imagery was converted to
a binary image, with defects assigned black pixels. The software used pixel density within the
region of interest to calculate the area. The longitudinally cut samples were then ground through
80-2000 grit size SiC sandpapers followed by polishing with 1 to 0.05 pm Al,O3/DI water
suspension for 15 minutes each. Further, these polished samples were cleaned ultrasonically with
ethanol for 30 min. Samples were scanned using Cu k-alpha radiation (1.54 angstroms at 40 kV
and 20 mA) on a Rigaku mini flex 600 X-ray Diffractometer equipped with a 2-D General Area
Diffraction Detector (GADDS) mounted on a theta-theta goniometer. The scanning speed per
sample was kept at 5° per min between the 0 to 100 degrees range of 26. The raw data were

processed with Rigaku PDXL software.

The microstructural analysis was performed on the mirror-polished surface of the
cylindrical samples. The macrostructure of the surface was assessed using a stereo microscope
(Carl-Zeiss Stemi 305). Prior to the microstructure analysis, the samples were etched by
submerging them in 2% Nital reagent for 30 s. Further, the etched metallographic samples were
analyzed under an optical microscope (Carl-Zeiss Axiocam ERc 5s). Vickers cross-sectional
hardness measurements were performed along the build direction (Z-axis) using a Phase II Plus
Micro Vickers hardness tester (Upper Saddle River, NJ, USA) with a load of 1.961 N (HVo.2)

and a dwell time of 15 s. Between 50 and 60 indents were taken per sample.

3 Results and discussion

3.1 Defect quantification
Fig. 4 shows the solid cylindrical sample produced by H-WAAM without active

cooling. A visible defect can be noticed on the top surface of the deposited sample in Fig. 4a and



b. However, no visible defects were observed on the cylinder's outer surface after machining. In
order to further analyze the presence of any visible defects on the inside of the cylinder, they
were cut longitudinally. Fig. 4c¢ displays the visible defect on the longitudinal section of the
cylindrical build. The net visible defect area was 10.5 percent of the total surface area when the
digital surface image was processed using GIMP software. The visible defects may be
categorized into incomplete fusion, porosity, or both [36]. Weld porosity is caused primarily due
to entrapped gases during solidification. Uneven weld areas, contamination, and insufficient
shielding can also cause porosity. As the deposition progressed one layer at a time, the
unevenness of the upper deposition surface was noted to increase. Due to this unevenness in the
top surface, the distance between the torch tip and the structure surface varied, thereby changing
arc length during deposition and diluting the shielding gas with atmospheric gases. With this
reduction in shield gas volume, porosity in the weld became increasingly observed as the number
of deposition layers grew. The variation in arc length, coupled with a constant wire feed speed,
may have caused unstable melting and incomplete fusion as weld puddle characteristics

fluctuated.

Figure 4. (a) WAAM printed cylinder without active cooling; (b) cylinder after the turning
operation and c) after longitudinal sectioning. A binary image was used for defect surface area

analysis.

Fig. 5 shows the solid cylindrical sample produced by H-WAAM with active cooling.
No visible defect can be seen on the top surface of the deposited sample in Fig. Sa and b. Also,

no visible defects were observed on the cylinder's outer surface after machining. In order to
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further analyze the presence of any visible defects on the inside of the cylinder, they were cut
longitudinally. Fig. Sc displays almost no visible defect on the longitudinal section of the
cylindrical build. The net visible defect was calculated to be 0.1 percent of the surface area. This
is attributed to the fact that active cooling helped reduce the overall temperature, reducing the
surface's unevenness. Further, each layer was cleaned with a wire brush to minimize the

contaminant's presence on the surface.

15 mm

Figure 5. (a) WAAM printed cylinder with active cooling; (b) cylinder after the turning

operation; (¢) after longitudinal sectioning. Binary image displays reduced pore defects.

When these two methodologies are compared overall, it is noted that the quality of
deposition in the actively cooled cylinder is clearly higher. A difference in defect area from
10.5% to 0.1% represents a 99% decrease, which suggests that the root cause of the defect was
essentially removed by application of active cooling. A consistent deposition height during
actively cooled deposition may have been the controlling variable that reduced instances of
incomplete fusion, which was not observed during experiments with that methodology. This
consistent deposition height is a direct outgrowth of accumulated thermal buildup in the

structure, which was seen to reach much greater levels with non-actively cooled depositions.

The temperatures over 30 s and 60 s are plotted for the cylinders printed with and
without the active cooling heat exchanger, as shown in Fig. 6. T at 0s W/O AC is the
temperature just after the deposition of the weld bead without active cooling, and T at 0s W AC
is the temperature just after the weld bead with active cooling, measured with an infrared

thermometer. As shown in Fig. 6, the temperature reduction over 60 s is higher in the case of
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using the active cooling setup. Also, the maximum temperature after the bead deposition without
active cooling is much higher than after the deposition with active cooling. The use of active
cooling helped to reach a temperature below 165 °C faster than without using active cooling.
This helps reduce the total deposition time and increase the production output, but more
importantly, it stabilizes the deposition weld pool. A geometrically stabilized weld pool
contributes to consistent deposition bead height, allowing welding arc length to remain constant
throughout the deposition path and preventing incomplete fusion and related internal porosity

defects.
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Figure 6. Temperature readings at 0, 30, and 60s of each deposited layer for the cylinder with

and without active cooling.

3.2 Phase analysis
The X-Ray diffraction was done on both H-WAAM samples for phase identification
from the bottom, middle, and top regions along the deposition direction, Fig. 7. Both samples

primarily showed a-iron (BCC, Ferrite). According to the JCPDS pattern 96-901-3474, the a-
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iron in the H-WAAM specimen without active cooling is located at 20 of 44.65°, 64.91°, 82.23°,
and 98.83°; and the a-iron with the active cooling is located at 26 of 44.67°, 64.92°, 82.2°, and
98.77°. Both showed a strong preferred orientation along the (011) plane at 26 values of 44.65°
and 44.67°, respectively. Other diffraction peaks (020), (121), and (022) with less intensity were
also observed. However, the relative intensity of the a-iron (011) increased from the bottom to
the top in both samples. Rapid cooling at the bottom zone is found to be less favorable for the
(110) orientation, while the equilibrium cooling at the top region promotes the (110) orientation.
Again, the relative intensity of the a-iron (020) peak varies from bottom to top in both samples
depending on the heat input. The sample fabricated without active cooling shows a gradual
increase in the peak intensity (020) from bottom to top with an increase in heat input. However,
the sample fabricated using active cooling shows a gradual decrease in the peak intensity (020)
from the bottom to the top with an increase in heat input. A possible result is increased retained
thermal energy and a return to near-equilibrium cooling and comparable peak intensity to the
XRD reference card. No peaks of the austenite (FCC-Iron) phase can be seen, suggesting the
absence of the retained austenite. Also, the volume fraction of the precipitated cementite phase in
the form of lamellar pearlites is not detectable. Other researchers have reported a similar trend

[371, [38].

13



(011)

———— e e e
o
<
)

>(020)
L. a21)

-
S

) (022)
\ X

~ 30mm

Normalized Intensity (A.U)

A A
A A
20 40 60 80
20 (Degree)
——Bottom without active cooling —— Middlie without active cooling 30mm
——Top without active cooling Bottom with active cooling
——Middle with active cooling —— Top with active cooling

Figure 7. X-ray diffraction spectrums of the cylindrical samples at three regions of interest for

fabrication — (a) with active cooling and (b) without active cooling.

3.3 Microstructural characterization

Fig. 8a demonstrates the stereoscope image of the etched solid cylindrical sample
fabricated by H-WAAM without using the active cooling setup. The weld layers can be seen
distinctly, and the weld beads are fused completely. However, a visible defect can be noticed in
the left upper area of the deposited sample. Factors leading to this defect are discussed in section
3.1 and include uneven weld areas, contamination, insufficient shielding, and variation in arc

length.
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Figure 8. (a) Etched sample produced without cooling; (b) microstructure of cylinder without

cooling; (c) acicular ferrite (o) along with bainite regions adjacent to the melt-pool boundary;
(d) Typical polygonal ferrite; (¢) Low-volume fraction of the lamellar pearlite phase, which has
primarily formed along the ferrite grain boundaries. (f) Etched sample produced with cooling, (g)
Microstructure of ER70S-6 cylinder with cooling, (h) fine polygonal ferrite (F) and a low-
volume fraction of the lamellar pearlite (P) along the newly deposited layer (Layer N) and HAZ,
(1) medium polygonal ferrite (F) and a low-volume fraction of the lamellar pearlite (P) in the

HAZ, (j) Coarse polygonal ferrite along the old, deposited layer (Layer N-1) and HAZ

Fig. 8b shows the microstructure of two consecutive weld beads without active cooling.
The melt pool center, melt pool boundary and the heat-affected zone (HAZ) in the previously
deposited layer are distinctly visible, Fig. 8b. The high magnification image along the melt pool
boundaries in Fig. 8c confirmed the formation of acicular ferrite (0..) along with bainite (B). This
microstructure transition is attributed to the overlapping of the weld beads and the solidification
of the individual melt pools, resulting in distinct thermal profiles from the core to the periphery

of its adjacent melt pools [39].
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During the solidification process, the fusion zones experience a much higher cooling
rate than the core region of the melt pool. Hence, non-equilibrium phases such as acicular ferrite
(0a) and bainite (B) are formed adjacent to the fusion zones. Similar results were reported by
Haselhuhn et al. [40] for the transition of polygonal ferrite (F) to acicular ferrite (0.) in a
WAAM-ER70S-6 wall from the core to the boundary of the melt-pool due to faster cooling rates
that the material experienced during solidification along the fusion zone. Fig. 8d shows the
formation of typical polygonal ferrite (F) structure at the core of the melt pool. Fig. 8e depicts
the formation of polygonal ferrite as the primary phase and a low volume fraction of the pearlite
(P) along the ferrite grain boundaries. Similar microstructural characteristics for a WAAM-

fabricated ER70S-6 wall were reported in an earlier work by Haden et al. [41].

Fig. 8f shows the stereoscope image of the etched sample with the active cooling setup.
The weld layers can be seen distinctly, and the weld beads are fused properly. The
macrostructure demonstrates that the weld is free from visible defects or imperfections. Fig. 8g
shows the microstructure of two consecutive weld beads. The melt pool center, melt pool
boundary and the HAZ in the previously deposited layer are distinctly visible in Fig. 8g. The
high magnification image along the melt pool boundaries in Fig. 8h shows the formation of
typical fine polygonal ferrite as the primary phase and low volume of lamellar P and acicular
ferrite along the fusion line. Fig. 8i and j depict the formation of a typical F structure at the core
of the melt pool. It has been observed that the size of the polygonal ferrite increases from the
fusion line toward the center of the melt pool (Fig. 8h to j). This can be attributed to the faster

solidification rate along the fusion line than the core of the melt pool.

The sample fabricated by H-WAAM without active cooling has a banded microstructure
comprised of polygonal ferrite and a mixture of acicular ferrite and bainite between two
consecutive layers, Fig. 8. Additionally, the cylindrical sample had an average dwell interval of
15 min. between two successive layers of depositions along the Z-direction, which caused
nonhomogeneous energy input and, as a result, the development of the periodic microstructure,
Fig. 8b. Similar findings were reported for a WAAM-2Cr13 thin wall with a high dwelling
period (210 s), which was characterized by a periodic microstructure made up of lathy martensite
in a ferritic matrix [42]. Sridharan et al. [24] reported that the prime reason for the non-

uniformity of microstructure along the build direction is the presence of various complex thermal
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cycles. However, the H-WAAM samples with active cooling have a more uniform
microstructure comprised of polygonal ferrite and a low volume of lamellar pearlite between two
consecutive layers, Fig. 8. This homogeneity in microstructure can be attributed to the low
average dwell time between two successive layers which were less than 4 minutes. Ge j et al.
[42] analogously reported that using a short dwelling period (30 s) during manufacture will result

in a homogenous ferritic microstructure.

The volume fraction of the pearlite phase developed along the ferrite grain boundaries is
quantified using detailed image analysis of the microstructure taken from different locations of
the samples. The inserted binary images in Fig. 9a and b were used to quantify the pearlite phase

present in the samples with and without active cooling.

Figure 9. (a) Microstructural analysis shows the volume fraction of pearlite in print to be

12.2+3% without active cooling (b) and 10.6+2% with active cooling.

The pearlite phases are represented in black color in the inserted binary image shown in
Fig. 9a and b. The total volume fraction of the pearlite phase in the sample fabricated without
active cooling is approximately 12.2+3%, and the same for the sample with active cooling is
10.6+2% of the total microstructure, both calculated using GIMP image processing software
(section 2.3). The low carbon content (0.15%) of the feedstock wire is the cause of such a low

volume fraction of the pearlitic phase in both samples [37].
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3.4 Hardness

Vickers hardness profiles of H-WAAM samples without and with active cooling are
shown in Fig. 9a and b, respectively. The indents were taken along the build direction, i.e., from
the first to the final deposited layer. The average microhardness of the sample fabricated without
active cooling is 168+8 HV0.2, and the same for the sample with active cooling is 172+9 HVy..
This hardness value in both samples showed a decreasing trend from the first layer to the final
layer. The initial layers exhibit a rapid solidification rate, leading to the formation of finer grains.
The finer grain size and the residual stress are the preliminary cause of this elevated hardness in
the initially deposited layers [43], [44]. Again, the effect of grain size on the mechanical

properties is usually represented in the form of the Hall-Petch equation shown below:

o

y = 0, + kd ™/

Where o is the flow or yield stress at a given plastic strain, g, and k are material constants, and d
is the average grain size. According to the Hall-Petch equation, smaller grain size attributes to a
higher strengthening parameter [44], [45]. The use of an active cooling setup enhanced the
solidification rate and gave rise to an even finer grain size, as evidenced by a 14% increase in
Average Grain Intercept (AGI) ratio between actively cooled and non-actively cooled
depositions measured at their cross-section midplane using AGI methodology and optical
morphology. Thus, the hardness of the sample with active cooling is higher than that produced

without an active cooling setup.
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Figure 10. (a) Micro Vickers hardness of the sample without active cooling, (b) Micro Vickers

hardness of the sample with active cooling.

4 Conclusions

In this research, cylindrical samples of mild steel were fabricated by MIG-based H-

WAAM with and without active cooling. Process optimization, defect quantification, phase

analysis, microstructural characterization, and microhardness measurements were performed.

The use of active cooling helped reduce the volumetric/surface defects by 99%.

The primary phase formed in both samples was a-iron.

The samples without active cooling showed a more diverse microstructure, with distinct
regions of polygonal ferrite grains formed in the core of the melt pools and a
combination of acicular ferrite (aa) and bainite (B) adjacent to the fusion zones.
Samples fabricated using active cooling demonstrated a homogenous microstructure
containing primarily polygonal ferrite grains and a small volume fraction of pearlites
along the grain boundaries.

Both the samples showed a decreasing trend in hardness from the first layer to the final
layer, but the microhardness of the samples fabricated using active cooling was higher

than those fabricated without.

These results indicate that directional heat transfer during fabrication can influence the

physical and mechanical properties of the final part. With deposition parameters held constant,

property variation can be attributed to the experimental process cooling strategy tested. The
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positive impacts of active substrate cooling on increased deposition quality, reduced inter-pass
cooling requirements, and minimized internal defects hold promising ramifications as H-WAAM
is pursued by researchers and further adopted by industry. These advantages are highlighted in
the potential to accelerate deposition time in parallel with a reduction in rework. The evidence
presented in this research for establishing active cooling as a critical factor during H-WAAM

applies directly to further study in WAAM materials and structural complexity.
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