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Abstract

This research investigates the fabrication and characterization of ER-4043 aluminum alloy deposits
produced through Wire Arc Additive Manufacturing (WAAM) using a robotic Gas Metal Arc Welding
(GMAW) system. Aluminium beads were deposited on an Al 6061-T6 substrate following an L16
orthogonal array, with wire feed rate and travel speed varied as input parameters, while surface roughness,
toe angle, bead height, and depth of penetration were evaluated as output responses. A sustainability-based
ranking framework was applied to identify the optimal parameter combination, with Alternative 15 yielding
the best overall bead quality. Microstructural analysis using optical and scanning electron microscopy
revealed an Al-Si eutectic structure with columnar-to-equiaxed grain transition from the molten pool
outward, along with minor defects including porosity and a distinct heat-affected zone. XRD confirmed an
a-Al dominated matrix with minor B-Al.CuMg and y-Mg-Si intermetallic phases. Porosity analysis showed
an average pore area of 79.379 um?, while Vickers microhardness testing revealed a decreasing trend from
the bottom (76.6 HV) to the top (73.9 HV) of the deposit, with an average of 75.47 HV. These findings
establish process-microstructure-property correlations essential for optimizing WAAM-fabricated
aluminum components.

Keywords: Wire Arc Additive Manufacturing (WAAM), ER-4043 Aluminum Alloy, Microstructure,
Porosity, Microhardness

1. Introduction

Additive Manufacturing: Evolution, Principles, and Industrial Applications

Three-dimensional (3D) printing, widely known as additive manufacturing (AM), has evolved considerably
since its emergence in the 1980s. One of the earliest developments was reported by Dr. Hideo Kodama, who
filed a patent for a 3D printing technique in Japan in 1981. Subsequently, Dr. Charles Hull introduced the
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term stereolithography (SLA) and established 3D Systems Corporation in 1986, significantly contributing
to the development and commercialization of SLA technology. During the 1990s, several AM technologies,
including fused deposition modeling (FDM) and selective laser sintering (SLS), were developed and
initially employed primarily for rapid prototyping and product development.

With the advancement of the technology in the early 2000s, AM expanded beyond prototyping into high-
value industrial sectors such as aerospace, healthcare, and automotive manufacturing. The development of
metal-based processes, particularly direct metal laser sintering (DMLS) and electron beam melting
(EBM), further broadened the scope of AM by enabling the fabrication of functional metallic components.
According to the ASTM F42 Technical Committee, additive manufacturing is defined as a process of joining
materials to produce objects from three-dimensional model data, generally in a layer-by-layer manner, in
contrast to conventional subtractive manufacturing approaches [1]. AM is also referred to by terms such as
solid freeform fabrication, direct digital manufacturing, layer manufacturing, additive fabrication, and rapid
manufacturing. In a broader context, AM encompasses manufacturing approaches capable of producing
prototypes, tools, patterns, and functional components with properties suitable for direct industrial
applications.

A wide variety of materials can be processed using AM, including metallic alloys, thermoplastics,
thermosetting polymers, ceramics, and composite materials, depending on the specific process and intended
application. Although AM is relatively recent compared with conventional manufacturing technologies, it
represents one of the most versatile manufacturing approaches because of its ability to fabricate
geometrically complex components directly from digital models. Its application has expanded rapidly into
several industries, including aerospace, automotive, healthcare, dentistry, heavy machinery, oil and gas,
railways, marine engineering, and consumer products [2]. AM initially gained widespread acceptance in
aerospace and medical applications because of its ability to produce lightweight and  customized
components. Compared with subtractive processes such as milling, AM generally provides greater
geometric freedom and can significantly reduce material wastage. Furthermore, unlike conventional
forming and molding processes, 3D printing generally does not require dedicated molds or hard tooling for
producing individual components. Consequently, AM is particularly attractive for applications involving
complex geometries, low production volumes, rapid product development, and situations where
conventional tooling involves substantial cost and lead time.

The role of AM has now extended well beyond its original application in rapid prototyping. The technology
has become increasingly established for producing tooling, fixtures, molds, and functional components used
in conventional manufacturing operations. Moreover, manufacturers are progressively adopting AM for
large-scale production. The greatest potential of AM, however, lies in the development of components
specifically designed to exploit the capabilities of additive processing. Rather than simply reproducing
conventionally manufactured components, AM enables the realization of geometries and design concepts
that may be difficult or impossible to manufacture using traditional methods. The ability to produce
geometric complexity without a proportional increase in manufacturing cost allows components and
assemblies to be consolidated, lightweighted, and optimized for improved functional performance [3].

Several AM processes have been developed, each based on a specific material-processing mechanism and
targeted toward particular applications. In FDM, thermoplastic materials are deposited through a heated
nozzle in successive layers. SLA employs photopolymer resins that are selectively solidified using
ultraviolet radiation. In SLS, a laser selectively fuses powdered materials, whereas binder jetting utilizes a
liquid binding agent to selectively join powder particles. Metal-specific processes such as DMLS and EBM
employ laser energy and electron-beam energy, respectively, to consolidate metallic feedstock. Material
jetting produces components by depositing controlled droplets of material, while PolyJet technology
combines inkjet-based deposition with photopolymerization to fabricate components using different
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materials. These diverse processing capabilities have substantially expanded the application of AM in
aerospace, automotive, biomedical, and other advanced engineering sectors.

Another major advantage of AM is its ability to process materials that are difficult to manufacture using
conventional cutting, forming, or machining techniques. Materials such as ceramics, titanium alloys, and
nickel-based superalloys, including Inconel, can be challenging to process conventionally but can be
effectively fabricated using appropriate AM technologies. Furthermore, AM facilitates the development of
multi-material and functionally integrated components, allowing expensive or high-performance
materials to be strategically utilized only in regions where their specific properties are required. The
increasing availability of high-performance polymers and polymer composites has also enabled the
replacement of conventionally manufactured metallic components with lighter and, in some cases, more
economical additively manufactured alternatives.

AM can contribute to sustainable manufacturing by reducing material wastage during component production
and enabling on-demand manufacturing [4]. Instead of maintaining large inventories of physical
components, digital component models can be stored and used for production whenever required. This
concept of a digital inventory can reduce storage requirements and minimize the risk of obsolete physical
stock. AM also facilitates economical mass customization, since components can be individually designed
without requiring expensive dedicated tooling. This capability is particularly beneficial for products such as
footwear, furniture, hearing aids, dental mouthguards, orthotic devices, and customized medical splints,
where individual geometrical modifications can be incorporated without substantially increasing production
costs.

Metal additive manufacturing (MAM), commonly referred to as metal 3D printing, is an advanced
manufacturing approach in which metallic components are fabricated incrementally from digital three-
dimensional models. MAM encompasses several technologies, including DMLS and EBM, which utilize
different energy sources and processing mechanisms to consolidate metallic feedstock. In DMLS, a high-
power laser selectively melts or sinters metal powder to produce dense and geometrically complex
components. In contrast, EBM utilizes a focused electron beam within a vacuum environment to melt and
consolidate metallic powder, offering high processing temperatures and the potential for producing
components with desirable mechanical properties. MAM has gained significant attention in aerospace,
automotive, biomedical, and other high-performance applications because it enables the production of
complex geometries, customized components, lightweight structures, and rapidly developed prototypes
while potentially reducing material consumption and manufacturing lead time [5]. Continuous advances in
feedstock materials, process control, energy sources, and dimensional precision are further expanding the
industrial potential of metal additive manufacturing.

2. Literature Review

Ahsan et al. [34] investigated wire-feed additive manufacturing (AM) as an advanced approach for
fabricating complex-shaped functional metallic components with improved geometrical accuracy, surface
quality, and material properties, particularly for demanding applications in the aerospace, automotive, and
rapid tooling sectors. Compared with conventional subtractive manufacturing techniques such as CNC
machining, AM offers several advantages. The complete manufacturing sequence, from component design
to final fabrication, can be automated through an integrated CAD/CAM system. This significantly reduces
human intervention for producing new components and can also decrease overall manufacturing time.
Although CNC machining programs can be generated automatically from CAD models, complex
geometries often require multiple re-fixturing operations, resulting in additional calibration, setup time, and
manufacturing costs.
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Sood et al. [77] examined the effect of key Fused Deposition Modeling (FDM) process parameters on the
dimensional accuracy of ABSP400 components. The study evaluated the influence of raster angle, layer
thickness, air-gap orientation angle, and raster width on the dimensional performance of printed parts.
Taguchi's design of experiments, combined with the Grey Taguchi optimization method, was used to
identify the optimum parameter settings for minimizing dimensional variations in length, width, and
thickness. Their findings revealed that material shrinkage was the dominant factor contributing to
dimensional inaccuracies in the fabricated components.

Zhang and Peng et al. [78-83] applied Taguchi-based optimization methods to determine the optimal
processing conditions for the FDM process. Their investigation focused on four principal parameters: wire-
width compensation, extrusion speed, layer thickness, and filling speed, while dimensional error and
warpage were selected as the response variables. Using an L9 orthogonal array, Taguchi analysis, and fuzzy
comprehensive evaluation, they concluded that wire-width compensation exerted the greatest influence on
the overall performance index, followed sequentially by extrusion speed, layer thickness, and filling speed.

M. D. Barath Kumar et al. [43] presented a comprehensive review of WAAM processes and associated
techniques, with particular emphasis on residual stresses, microstructural characteristics, and mechanical
properties of as-fabricated and post-processed WAAM components. Their review highlighted that the
WAAM process can generate residual stresses, distortion, porosity, and cracking during metallic component
fabrication. Various approaches for reducing residual stresses and improving the resultant material
properties were also discussed. In powder-feed and powder-bed AM technologies, typical layer thicknesses
range from 20-100 um, while dimensional accuracy can reach approximately 0.05 mm and surface
roughness values can be in the range of 9—-16 pm. Studies comparing components fabricated using metal
wire and powder feedstocks have reported broadly similar microstructural characteristics; however, a
greater tendency for porosity was observed in some powder-deposited components.

Thrimurthulu et al. [84-85] investigated optimum component orientation in FDM with the objective of
simultaneously improving surface quality and reducing build time. A genetic algorithm was employed to
determine the optimum orientation. Two types of geometries, namely an axisymmetric component and a
three-dimensional component, were considered. The optimization involved two competing objectives:
minimizing build time and maximizing surface finish. The study also incorporated minimization of implicit
support structures. A mathematical model was developed to estimate average surface roughness and build
time, providing a useful approach for determining the optimum orientation of complex components.

Dharmendra et al. [86] investigated the microstructural characteristics of an additively manufactured
nickel-aluminium bronze alloy and reported pronounced grain coarsening near the melt-pool boundary
regions. Their observations demonstrated significant microstructural variations within the deposited
material. Periodic microstructural heterogeneities, commonly referred to as “layer bands,” were observed
near the melt-pool boundary and were associated with the layer-by-layer deposition sequence.

Nie et al. [87] examined the mechanical and metallurgical characteristics of a 4043 aluminium alloy
component fabricated using the CMT-based WAAM process. Their results demonstrated that process
parameters significantly affect the deposited bead geometry, hardness, surface roughness, and
microstructural evolution. These findings highlight the importance of controlling process conditions to
achieve consistent geometrical and material characteristics in WAAM-fabricated aluminium components.

Ortega et al. [88] reported that the initial deposited layer exhibited a relatively finer microstructure, which
gradually became coarser toward the upper regions of the build. This microstructural evolution was
attributed to the relatively low initial temperature of the substrate, which promoted a higher cooling rate
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during deposition of the first layer. As deposition progressed, heat accumulation increased, resulting in a
lower effective cooling rate and consequently promoting grain coarsening in the upper layers.

Langelandsvik et al. [89] reported that WAAM can provide improved mechanical characteristics compared
with conventional casting because of the relatively rapid cooling conditions associated with the deposition
process. Interestingly, their investigation of ER4043 aluminium alloy fabricated through WAAM revealed
relatively low levels of porosity. The study further emphasized that microstructural characteristics and
porosity are among the principal factors governing the tensile behaviour of additively manufactured
aluminium alloys.

Pramod et al. [90] compared the mechanical performance of components produced using different arc-
based welding approaches, including GMAW [65], GTAW [3], and CMT. Among the investigated
processes, CMT exhibited superior performance. This behaviour was primarily associated with the relatively
controlled heat input of the CMT process. Excessive heat input can increase thermal accumulation and
promote defects such as porosity, thereby adversely affecting the mechanical properties of the deposited
material.

Liu et al. [91] reported the presence of a considerable fraction of coarse grains in the interface regions of
transversely deposited weld beads in thick-walled structures. Grain refinement generally contributes to
increased microhardness and improved tensile performance. Consequently, the observed grain coarsening
in the transverse direction was associated with comparatively inferior tensile characteristics. However, the
relatively small differences in tensile properties between the horizontal and vertical orientations were
considered insignificant.

3. Experimental procedure
3.1 Materials and Machine setup

Bead deposition experiments were performed using a Gas Metal Arc Welding (GMAW) system integrated
with a 6-axis ABB industrial robot (ABB IRB 15201D), as illustrated in Figure 14. An ER-4043 aluminium
alloy wire with a diameter of 1.2 mm was employed as the filler material, while a 10 mm thick Al-6061
plate served as the substrate. Welding was carried out using a Kemppi KempArc SYN 500 power source
operating in the 1-MIG mode. The robotic motion and deposition parameters were programmed using
RAPID, ABB's proprietary programming language, and argon was used as the shielding gas throughout the
deposition process. Beads were fabricated according to an L16 orthogonal array, with wire feed rate and
travel speed selected as the variable process parameters, as summarized in Table 3. The remaining process
parameters, including current (50 A), voltage (16 V), shielding gas flow rate (20 L/min), and stand-off
distance (15 mm), were maintained constant during all experiments. The upper and lower limits of the input
parameters were established through preliminary trial experiments. The deposited beads were characterized
using surface roughness (Ra, pm), toe angle (°), bead height (mm), and depth of penetration (mm) as the
response variables. Surface roughness was measured using a Mitutoyo Surftest SJ-210 portable surface
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roughness tester, whereas the toe angle, bead height, and depth of penetration were determined using a
toolmaker's microscope.
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Figurel. Experimental setup of WAAM

Figure2. Image of deposited bead.
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The ER-4043 aluminium alloy deposit was fabricated using the Wire Arc Additive Manufacturing (WAAM)
process integrated with a robotic Gas Metal Arc Welding (GMAW) system. The deposition was performed
using the fixed process parameters listed in Table 1. Throughout the fabrication process, the wire deposition
frequency was maintained at 5 Hz with a 60% duty cycle, while a constant stand-off (working) distance of
13 mm was maintained between the welding torch and the deposited surface to ensure stable arc

characteristics and consistent material deposition.

Table 1. Deposition Parameters.

System Technical Specification Value

Wire Diameter 1.20 mm

Wire feeding rate (mm/s) 9.0

Shielding gas (Ar) flow rate (Ipm) 20.0

Contact tip to work piece distance (mm) | 15.0

Mode of Operation Constant frequency 5 Hz, and 60% duty cycle

Material deposition was performed on an Al6061-T6 aluminum alloy substrate plate measuring 100 mm x
100 mm x 20 mm. The chemical composition of both the filler wire and the substrate plate is presented in

Table 2. Deposition was carried out to build beads up to a height of 50 mm.

Table 2. Nominal chemical composition (wt. %) of filler wire ER4043 and substrate AI6061-T6.

Alloys Al Si Cu Mn Mg Fe Cr Zn Ti
ER4043 (9290 |5.60 |0.30 [0.05 [0.05 [0.80 |_ 0.10 |[0.02
Al6061 |97.60 |0.71 [(0.24 (0.02 |1.00 |0.20 |0.15 |0.06 |0.02
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Table 3. Experimental design and their output response.

Input parameter Output parameter
S.no Wire Welding | Surface Toe Bead Depth of

feed rate | torch roughness | angle height penetration

(m/min) | speed (um) (degree) | (mm) (mm)

(mm/s)

1 7.5 3.0 6.310 80.77 2.09 1.04
2 8.0 3.0 8.937 89.64 291 1.91
3 8.5 3.0 11.984 103.16 3.57 2.31
4 9.0 3.0 14.259 120.36 3.88 3.66
5 7.5 3.5 5.392 61.22 3.21 1.51
6 8.0 3.5 7.519 71.64 3.63 2.16
7 8.5 3.5 10.902 85.65 3.74 3.69
8 9.0 3.5 11.982 102.67 4.1 3.89
9 7.5 4.0 3.652 58.95 3.93 2.81
10 8.0 4.0 4.874 61.07 4.01 3.18
11 8.5 4.0 6.891 70.41 4.22 3.68
12 9.0 4.0 9.691 83.69 4.37 4.01
13 7.5 4.5 2.019 46.74 3.95 3.11
14 8.0 4.5 2.931 50.08 4.16 3.45
15 8.5 4.5 4.644 61.14 4.57 3.91
16 9.0 4.5 6.987 68.91 4.62 4.32

3.2 Materials Characterization

The polished specimens were chemically etched using Keller's reagent, consisting of 95 mL distilled water
(H20), 2.5 mL nitric acid (HNOs), 1.5 mL hydrochloric acid (HCI), and 1.0 mL hydrofluoric acid (HF). The
microstructural characteristics of the WAAM-fabricated ER-4043 aluminium alloy specimens produced
using robotic GMAW were examined using an optical microscope (Leica DM 2500) and a field-emission
scanning electron microscope (FE-SEM, Supra 40, Zeiss SMT AG, Germany). Phase identification of the
deposited samples was performed by X-ray diffraction (XRD) using a D8 Advance diffractometer (Bruker
AXS, Germany). The microhardness of the deposited beads was measured using an automatic Vickers
hardness tester (Mitutoyo HM-200 Autovik) under a load of 0.05 kgf with a 10 s dwell time. Hardness
measurements were taken perpendicular to the grain growth direction to evaluate the variation in hardness
across the deposited bead from the bottom region to the top region.
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4, Results and Discussions

The ranking outcomes were finalized based on a sustainability-driven framework. Benefit and cost criteria
for the output responses were selected based on the experimental results, which in turn were governed by
the corresponding input parameters. These findings carry significant implications for large-scale
manufacturing industries and hold considerable relevance for future applications.

The results summarizes the input parameters along with their corresponding output responses for the
WAAM process. Four output criteria: surface roughness, toe angle, bead height, and depth of penetration
were evaluated across the different process alternatives, along with the materials characterization in terms
of microstructure, porosity, phase analysis, and mechanical properties in terms of hardness has been
evaluated at optimized parameter.

4.1 Microstructure Analysis

Figure 3 presents cross-sectional micrographs of the ER-4043 aluminum alloy specimen deposited at a travel
speed of 4.5 mm/s, wire feed rate of 8.5 mm/s, and constant current of 50 A. Optical micrographs recorded
from top to bottom of the specimen are shown in Figure 17(a, b). The deposited material displays a
characteristic Al-Si solidification structure, with grains comprising a dendritic aluminum solid solution
separated by an Al-Si eutectic phase. A few minor defects were observed, including porosity, hot cracks,
and a heat-affected zone (HAZ). The HAZ was evident as a distinct layer between the substrate and the
bead, where the material underwent partial melting without full fusion. The microstructure within this zone
differs from that of both the base metal and the weld bead. Notably, the morphology and size of the dendritic
structure varied depending on the location within the bead.

Grain boundary

-\
30 " G

Figure 2. (a-b) is optical micrograph image of the cross section of a bead sample of ER 4043 aluminum
alloy, (c-d) Scanning electron micrographs of the cross section of a deposited bead.
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High-magnification scanning electron microscopy (SEM) was further employed to examine the grain
structure in detail, confirming that the microstructure varies progressively from the top to the bottom of the
specimen. These microstructural variations across the deposited bead are governed primarily by the
temperature gradient and solidification rate, both of which are strongly influenced by the input process
parameters—an important consideration in WAAM processing. Owing to the high solidification rate and
steep thermal gradient near the molten pool, grains adjacent to the pool exhibit a columnar morphology,
which progressively transitions to an equiaxed structure with increasing distance from the molten pool.

4.2 Porosity analysis

Porosity was identified within the deposited bead. While the AA4043 alloy exhibits low susceptibility to
hot cracking, the deposit instead showed relatively large and numerous pores. Pore diameters predominantly
ranged between 23 and 60 micrometers, with some reaching up to 90 micrometers; the largest measured
89.639 um and the smallest 14.551 um, while the average pore area was calculated as 79.379 um?. Porosity
in WAAM-deposited beads typically arises from voids or gas pockets becoming trapped within the molten
metal during deposition [92]. Mitigating such defects requires several approaches, most notably optimized
gas shielding to limit atmospheric entrapment, along with precise regulation of welding parameters such as
voltage, current, and wire feed speed to maintain a stable molten pool [93].

Figure3. Porosity defect in deposited bead.

4.3 XRD Phase Analysis

The X-ray diffraction (XRD) pattern of the wire arc additive manufactured (WAAM) ER-4043 aluminium
alloy is shown in the provided Figure 18. The diffraction profile indicates that the deposited material
predominantly consists of a face-centred cubic (FCC) a-Al matrix, together with minor intermetallic
phases formed during solidification. The intense diffraction peaks located approximately at 20 = 38.5°,
44.7°,65.1°, and 78.2° can primarily be associated with the characteristic reflections of the a-Al phase. The
strong intensity of the a-Al peaks confirms that aluminium constitutes the dominant crystalline phase in the
deposited structure.
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Figure 4. Analysed X-ray diffraction pattern of deposited bead of ER-4043 Aluminium alloy by using
WAAM with robotic GMAW.

In addition to a-Al, relatively weak reflections corresponding to B-Al.CuMg and y-Mg:Si phases are
indicated in the XRD pattern. These secondary phases are likely associated with the alloying elements and
their redistribution during the rapid, repeated melting and solidification cycles inherent to the WAAM
process. The presence of Mg and Si-containing phases can influence the mechanical and corrosion behaviour
of the deposited alloy. The comparatively lower intensity of the intermetallic peaks suggests that these
phases are present in relatively small quantities compared with the a-Al matrix. Overall, the XRD analysis
confirms that the WAAM ER-4043 deposit possesses an a-Al dominated matrix with minor intermetallic
constituents, demonstrating the phase constitution developed during the WAAM deposition process.

4.4 Microhardness Analysis

Figure 5 illustrates the microhardness profile along the bottom-to-top direction of the ER-4043 aluminum
alloy bead deposited via WAAM. Hardness was found to be elevated in specific regions of the deposit when
a high tool travel speed and constant current were employed. This variation arises because the bottom of the
bead, being in direct contact with the substrate, experiences a faster heat dissipation rate, whereas the top
region cools more slowly. Consequently, the differing solidification rates and thermal gradients across the
bead height produce a corresponding variation in microstructure, which in turn causes the observed change
in microhardness from top to bottom.

Vickers microhardness testing of the AA4043 deposit was carried out using a diamond pyramid indenter
under a controlled applied load, with hardness values derived from the measured diagonal lengths of the
resulting indentations. Measurements taken across different zones of the bead revealed a consistent
decreasing trend in hardness from the bottom to the top (76.6, 75.8, 75.6, and 73.9 HV, respectively), with
an average hardness of 75.47 HV recorded across the deposit. This characterization approach proves
valuable for evaluating the mechanical properties of the alloy and supports broader efforts in material quality
assessment.
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Figure 5. Variation of microhardness of deposited bead of ER 4043 aluminium

5.1 Conclusion

This study conducted mechanical and metallurgical characterization of the wall structure deposited using
optimized process parameters. Hardness values were observed to vary along the bottom-to-top direction of
the deposit. SEM analysis revealed a predominantly equiaxed grain structure, along with the presence of
some porosity attributed to entrapped atmospheric oxygen. Based on these findings, the following
conclusions were drawn:

(a) It is identified that the surface roughness as the most influential criterion affecting deposition quality,
whereas toe angle had the least impact on the quality of WAAM-deposited beads.

(b) Alternative 15 emerged as the optimal deposition parameter set, yielding the lowest surface roughness
alongside the highest toe angle, bead height, and depth of penetration.

(c) Porosity analysis of the bead deposited under optimal parameters revealed an average pore area of 79.379
um?, Pore diameters ranged predominantly between 23 and 60 micrometers, with the largest pore measuring
close to 90 um and the smallest measuring 14.551 um.

(d) Cross-sectional micrographs of the ER-4043 aluminum alloy specimen, deposited at a travel speed of
4.5 mm/s, wire feed rate of 8.5 mm/s, and constant current of 50 A, were obtained using optical and scanning
electron microscopy. The resulting microstructure exhibited features characteristic of Al-Si solidification,
with the microstructural evolution of the deposited beads shown to be governed by the input process
parameters.

(e) Microhardness testing across different zones of the bead cross-section revealed higher hardness values
at the bottom of the specimen and lower values toward the top, with an average hardness of 75.47 HV
recorded across the deposit.
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