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ARTICLE INFO ABSTRACT

Received: 26 Dec 2024 Metal Inert Gas (MIG)-based weld deposition process, a subset of wire arc additive

manufacturing (WAAM), has received significant attention in the field of additive manufacturing

(AM). This technique is favored for its ability to efficiently produce complex, dense and fully

Accepted: 22 Feb 2025 functional metallic components. Its key benefits include high deposition rates, material and
energy efficiency, lower investment costs, and simplified setup requirements, making it an
attractive option for metallic AM. This study focuses on exploring the synergistic effects of
combining two processing practices: additive manufacturing and hot forming with varying
hammer strokes (3HS, 5HS, and 7HS) on steel components. The investigation utilizes the WAAM
technique with a MIG setup to create components on a low alloy steel substrate, employing
diverse deposition patterns. Experiments were conducted using fully automated MIG welding on
a low alloy steel substrate with ER70S-6 copper-coated steel wire. Samples were built using five
different deposition patterns: longitudinal, transverse, right network, oblique, and oblique
network. To evaluate the samples, various examinations were performed, including optical
microscopy and scanning electron microscopy. The results revealed that the samples built with
the different deposition patterns showed a diversity of microstructure in different regions along
the cross-section of the additives. Microscopy generally showed that the primary constituent of
the dominant structure in the additive material was lamellar pearlite with grain boundary ferrite,
accompanied by a smaller fraction of ferrite grains. Hot forging led to a notable reduction in the
interlamellar spacing within the pearlite colonies, and in both grain boundary ferrite and ferrite
grains across the additives.
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1. INTRODUCTION

Wire and Arc Additive Manufacturing (WAAM) is a transformative technology that constructs metal components
layer by layer using an electric arc to fuse a continuous wire feed. This method is particularly advantageous for
producing complex geometries and customized designs, making it applicable across various industrial sectors. Key
aspects of the WAAM process include the optimization of process parameters, the influence of wire types, and the
innovative use of variable layer heights [1]. WAAM has a rich history, dating back to the 1920s, as the process of
depositing weld metal to fabricate entire components began. According to ASTM F2792-12a, WAAM is classified as
a wire-feed AM method that involves DED and utilizes an electric arc heat source along with metal wire as a raw
material. The fundamental concept of WAAM is rooted in automatic welding processes. Over the years, WAAM has
been referred to by various names such as rapid prototyping (RP), shape melting (SM), shape welding (SW), shape
metal deposition (SMD), solid freeform fabrication (SFF), and even 3D welding, showcasing its versatility and broad
applications in AM [2]. Based on the nature of the heat source used in WAAM, there are three primary approaches,
as outlined in Figure (1) [3].
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Fig. 1. Typical classification of WAAM [3].

In WAAM, commercially available wires designed for the welding industry are utilized. These wires are typically
provided in spooled form and offer a diverse selection of alloys like feedstock materials [4]. Common metals used in
WAAM processes, as depicted in Figure (2), include a variety of alloys tailored to meet specific application
requirements. These alloys may encompass materials such as stainless steel, aluminum, titanium, nickel-based
superalloys, and other specialized alloys suitable for AM through wire arc techniques. The availability of a wide range
of feedstock materials in spooled wire form enhances the flexibility and adaptability of WAAM processes, enabling
the production of components with varying material properties and characteristics to meet the demands of diverse
industrial applications [5]. Gas Metal Arc Welding (GMAW) is a versatile welding process characterized by the
continuous feeding of consumable wire electrode and shielding gas through a welding gun. This method, also known
as Metal Inert Gas (MIG) or Metal Active Gas (MAG) welding, employs various metal transfer techniques, including
globular, short-circuiting, spray, and pulsed spray, each with unique advantages and limitations [6].

Metals Used In WAAM

Other
Titanium- Nickel-Based Akamindum Magnesium Functional Materials
Alloys Alloys Steels Alloys oys Graded and
— Materials Dissimilar
Depositions

Fig. 2. The metals that are commonly used in WAAM [5].
2. EXPERIMENTAL

Experiments were carried out using an automated MIG welding system shown in Figure (3) to build the samples.
Lincoln Electric Power MIG (350MP) machine was utilized as a source of energy. In this work, a CNC (computer
numerical control) machine was fabricated to make the welding process fully automated. The experimental procedure
started by creating a detailed computer-aided design (CAD) model of the part to be manufactured. Computer-aided
manufacturing (CAM) software (3D) was used to generate the corresponding G-code that defines the machining
operations.
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Fig. 3. An automated MIG welding machine.

Three layers were deposited onto a (12x80x100) mm low alloy steel substrate using Wire Arc Additive Manufacturing
(WAAM). The deposition employed 1 mm diameter ER70S-6 filler wire as feedstock and pure CO2 as a shielding gas.
The resulting build had dimensions of (9x80x100) mm, as illustrated in Figure 4. The specific WAAM parameters
used are detailed in Table 1. Five different deposition patterns are shown schematically in Figure 5. The first pattern
was longitudinal, in a direction parallel to the X-axis of the substrate (Figure 4), the second pattern was transverse,
in a direction parallel to the Y-axis, and the third pattern was a right network of sequentially longitudinal and
transverse lines. The fourth deposition pattern was an oblique at an angle of 45°, while the last pattern was an oblique
network at an angle of 45° as well.

/A

4 Y
o deposited layers X )
o substrate ®

l 100 l/

Dimensions in mm

Fig. 4. Deposited layers on the substrate.
Table 1. MIG parameters used with the WAAM process.

Parameters Value
Welding current 136 A
Welding Voltage 25V

Wire feeding rate 8 m/min
Travel speed 375 mm/min
Shielding gas pure CO,
Gas flow rate 10 I/min

Bead type Stringy bead
Bead width 9 mm
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Fig. 5. Deposition patterns of WAAM.

Hot forging was carried out by using the electric forging hammer KALININ (MA-417) with a forging temperature of

about 700°C. The forging process was open die schematically shown in Figure 6.
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Fig. 6. (a) Schematic representation of open die forging process (b) Open die forging process.

Samples were hot-forged using three different hammer strokes of hot-forging: three, five, and seven hot-forging
hammer strokes (HS). The sample was placed in the furnace and heated to the forging temperature, monitoring the
temperature with a pyrometer. Once reaching the specified temperature, the sample was carefully transferred from
the furnace to the forging hammer. After forging, the sample was allowed to cool gradually in air. All the experimental

parameters of the hot forging process of the current study are shown in Table 2.

Table 3. explains the experiments of the current study.

Table 2. Experimental parameters of hot forging.

Parameters Value
Forging 0.750 Ton
Force 75
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Stroke Rate 70
(Frequency) | impacts/min

Die Space 800 mm
Stroke
Length 600 mm
Die
Geometry Octagonal

Table 3. Experiments of the current study.

Longitudi | Transver | Right | Obliqu | Oblique

Pattern nal se Networ e Networ
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3. Characterization And Microscopy

3.1 Optical Microscopic Inspection

Specimens for microstructural analysis were prepared following the standard metallographic techniques, which
include the steps outlined below:

1. Cutting: The specimens were cut to an appropriate size to facilitate handling and to detect microstructural
variations across different zones.

2. Wet Grinding: The specimen surface was subjected to wet grinding using a rotary disc and emery papers of silicon
carbide (SiC) in a sequential order of grades (80 to 1500). After grinding, the specimen was washed with water and
dried using hot air.

3. Mechanical Polishing: To remove finer scratches introduced during the grinding process, diamond particle pastes
were employed. Polishing was performed sequentially with pastes of 3, 1 and 0.25 um on specially designed clothes
attached to electrically powered rotary discs.

4. Etching: Nital (a mixture of 2% nitric acid and 98% methanol) was used as an etchant to reveal the phases by
chemically interacting with different phases at various levels. After etching, the prepared surface was cleaned with
alcohol. Finally, an optical microscope was utilized to examine the microstructure and topography of the various
regions of both the additive metal and the substrate.

3.2 Scanning Electron Microscopy

SEM images were captured for all prepared specimens to achieve a detailed investigation of microstructures at higher
magnifications. The specimens underwent preparation involving suitable paper grinding, polishing and etching with
nital solution, following the same procedures used for optical microscopy. Three distinct regions of the additive metal,
upper, middle and lower, along with the substrate metal, were analyzed.

4. Results And Discussion
4.1 Microstructure
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Microscopic examination along the cross-section of the longitudinally deposited additive material (P1 in Table 3)
reveals in Figure 7 a variety of microstructures across various regions (upper, middle and lower regions). The primary
constituent of the dominant structure in the additive material is lamellar pearlite with grain boundary ferrite,
accompanied by a smaller fraction of ferrite grains. It is clear from Figure 7 that the grain size across the various
regions of the three deposited layers was almost similar. However, it is noticed that the ferrite content in
microstructure of the lower region was significantly greater than that of the middle and upper regions. This is due to
the effect of dilution by the substrate material, which has a higher amount of ferrite content. The dilution effect with
the substrate material was evidenced by the study of Al-Roubaiy et al. (2023) [7]. Microscopy across the different
regions demonstrates that the filler material used in the AM process encourages the appearance of pearlite despite a
low carbon percentage in its chemical composition. This could be attributed to the increased content of alloying
elements such as manganese and silicon, leading to an increased fraction of pearlite in the microstructure [8,9]. This
is clearly shown in the built-up layer/substrate interface region (Figure 8) which contains more pearlite than the
substrate, as a result of dilution. The pearlite colonies in this region appear to have been partially spheroidized as a
result of heat required to deposit AM material.

The microstructural analysis conducted through the cross-section of the transversely deposited additive material
(P2), depicted in Figure 9, reveals a variety of microstructures in the different regions. Like P1, the microstructure of
the additive metal in P2 mainly comprises pearlite colonies with small amounts of grain boundary ferrite, in addition
to a smaller fraction of ferrite grains. The structure shape and size in the various regions of this sample, compared to
those observed in P1, appeared somewhat coarser. This difference could be attributed to the fact that the increased
number of AM runs required to construct layers in the P2 sample (Figure 5) leads to heat accumulation and
subsequently lower cooling rates, providing more time for the structure to grow as suggested by Le and Paris (2020)

[10].

Microscopic examination of the P3 sample across the various regions reveals in Figure 10 significantly finer
microstructures compared to P1 and P2 samples. This could be attributed to the deposition technique employed
during AM; this finding aligns with the results reported by Aldalur et al. (2020) [11]. Depositing metal transversely,
which requires an increased number of AM runs to be achieved, over the longitudinally deposited metal, enhances
heat accumulation, promoting recrystallization. This is consistent with that revealed by Al-Roubaiy et al. (2023) [7].
The transverse deposition leads to increased thermal cycling, allowing partial remelting of the previous longitudinally
deposited layers, thus refining the microstructure [12]. The recrystallization process allows the columnar grains to be
transformed into fine, equiaxed grains, which benefits the performance of the material [13]. Conversely, while the P3
sample exhibits improved microstructural characteristics, it is essential to take into account that excessive heat
accumulation can also lead to undesirable effects, such as some defects like porosity, oxidation and hot cracks if not
properly managed. This highlights the delicate balance required in AM processes.
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Fig. 8. Microstructure of the built layer/substrate interface region of P1 sample using (A): OM and (B): SEM.
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Fig. 9. Micrography of the different regions along the cross-section of the P2 sample using (a): OM and (b): SEM.

The deposition strategy described above, i.e. the repeated heating and cooling cycles of layered deposition in
alternating directions, significantly influences the resulting microstructure. This is because each subsequent layer of
deposition introduces a thermal cycle that can temper (reheat) and potentially alter the previously deposited layers.
With each layer, the material does not have sufficient time to cool down completely before the next layer is deposited.
This leads to a gradual increase in temperature in the underlying layers.
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P
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Fig. 10. Micrography of the different regions along the cross-section of the P3 sample using (a): OM and (b): SEM.
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Micrography in Figures 11 for the P4 sample reveals that the structure across the different regions was somewhat
similar to that of the P1 sample. The primary constituent of the dominant structure along the cross section of the
additive material in this sample is also lamellar pearlite with grain boundary ferrite, accompanied by a smaller
fraction of ferrite grains.
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Fig. 11. Micrography of the different regions along the cross-section of the P4 sample using (a): OM and (b): SEM.

The size of the lamellar pearlite colonies across the different regions of this sample is almost similar to that observed
in the P1 sample but varies from layer to layer. The lamellar pearlite in microstructure of the additive material of the
first layer is noticeably coarser than that of the second layer, which in turn is coarser than that of the third layer. In
addition, the pearlite lamellar spacing in this sample is significantly larger than that appeared in pearlite colonies of
the previous samples. The variation in size and morphology of the pearlite colonies (and the spacing of the ferrite and
cementite lamellae within them) across this additively manufactured sample depends heavily on the cooling rates
and recrystallization. In the initial layer, fast cooling by the substrate would indeed result in the formation of coarser
pearlite (larger colonies, potentially with wider spacing between the ferrite and cementite lamellae) within larger
columnar grains. The subsequent deposited layers provide heat that can cause recrystallization of the columnar grains
into equiaxed grains. This heat can also temper the pearlite, potentially coarsening it further.

The preheating effect of the initial layer slows down the cooling rate. This would lead to the formation of finer pearlite
(smaller colonies, potentially with narrower lamellae spacing) initially within finer columnar grains. The heat from
the third layer recrystallizes these finer columnar grains into finer equiaxed grains. This heat can also temper the
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pearlite, but because the starting pearlite was finer, the final pearlite in the equiaxed grains will likely be finer than
in the lower region. The size of the prior austenite grains plays a crucial role in the final pearlite structure.

Micrography of the P5 sample, depicted in Figure 12, displays similarities with the P4 sample in terms of phase
composition and grain morphology. This is in line with what was reported by [7]. However, the lamellar spacing of
pearlite colonies in the P5 sample looks like finer than that in the P4. The difference in grain size observed in some
layers could be due to factors like cooling rates or specific processing conditions that influence solidification and
microstructure development. In general, such observations are important to understand how various processing
conditions can affect material properties at microscopic levels. This knowledge is key for optimizing manufacturing
techniques to achieve desired mechanical or thermal properties in materials produced through AM methods.

The increased energy input to certain microstructural regions leads to distinct changes in the structure. Even minor
variations in energy input can markedly alter the microstructure morphology [14,15]. This sensitivity highlights how
critical process parameters are in controlling microstructural evolution during AM.
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Fig. 12. Micrography for the P5 sample in the different regions along the cross section using (a): OM and (b): SEM.
4.2 Effect of Hot Forging Process on Microstructure
To verify the effect of simultaneous forming and heating, hot forging was applied to the P4 additive. Hot forging of
the P4 sample derived from the use of 3HS resulted in a significant reduction in the interlamellar spacing within the
254
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pearlite colonies through the cross-section of the additive material (P436), as illustrated in Figures 13. These figures
also depict a reduction in both grain boundary ferrite and ferrite grains, which is attributed to plastic deformation.
Additionally, a portion of the microstructure revealed partially spheroidized pearlite. This phenomenon can be
explained by the fact that hot forging at 700 °C induces plastic deformation while providing sufficient heat to facilitate
the partial transformation of cementite into a semi-spherical shape within the pearlite, which occurs in the

intercritical temperature zone.
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Fig. 13. Micrography for P436 (3HS) sample in the different regions along the cross-section using (a): OM and (b):
SEM.

Hot forging causes thermo-mechanical changes that alter the microstructure. According to Micenko et al. (2013) [16],
at the intercritical zone (close to A1), the microstructure of pearlitic steel undergoes partial transformation into
austenite during heating. As the peak temperature decreases while moving away from A1, spheroidization of
cementite within pearlite occurs. The researchers proposed that in this zone, cementite within pearlite colonies
undergoes tempering, along with potential spheroidization. Consequently, the microstructure of the additive material
contained a notable proportion of spheroidized pearlite. They further hypothesized that the degree of cementite
dissolution and spheroidization is influenced by both the peak temperature reached and the duration of exposure to

these conditions.
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Figure (4.48): Micrography for P456 (5HS) sample in the different regions along the cross-section using (a): OM
and (b): SEM.

Increasing the number of hammer strokes to five in P456 resulted in a microstructure similar to that observed in
P436, as shown in Figures 14. However, Figures 15 revealed that the content of partially spheroidized pearlite in the
microstructure produced with 7HS was noticeably higher. This increase is attributed to the greater number of
hammer strokes, which intensified the thermo-mechanical cycle experienced by this sample. Enhanced hammering
increases the intensity of the thermo-mechanical cycles, facilitating the transition from lamellar to spherical pearlite

structures [17].
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Fig. 15. Micrography for P476 (7HS) sample in the different regions along the cross-section using (a): OM and (b):
SEM.

5. CONCLUSIONS

The WAAM samples, built by different deposition patterns, including longitudinal, transverse, right network, oblique
and oblique network showed a diversity of microstructure across different regions of the additives in terms of size
and morphology. Microscopy generally showed lamellar pearlite as a primary constituent with grain boundary ferrite,
accompanied by a smaller fraction of ferrite grains, while some samples showed partially spheroidized pearlite across
different regions of the additives. Hot forging introduced a significant reduction in the interlamellar spacing within
the pearlite colonies, and in both grain boundary ferrite and ferrite grains, through the cross-section of the additives,
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due to plastic deformation. Microscopy has not revealed any defects such as cracks or porosity across any of the
additives under study.
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