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Abstract
The current investigation was carried out to study themicrostructural andmechanical characteristics of the AA7075 fabricated
part by MIG arc additive manufacturing. It was observed that primary columnar grains and fine secondary phases form along
the grain boundaries to generate the solidification structures. Grain refining and particle uniform distribution were discovered
to be responsible for the increased mechanical characteristics. The porosity of the samples was found to be less than 2%.
The microhardness of the samples was found to increase with layer depth in the fabricated part. Comparatively, the average
fatigue strength of the bottom region samples increases by 16% compared with the other samples. The marginal increase
in fatigue strength is mainly caused by the formation of strengthening mechanisms due to the lower temperature gradient.
The fatigue fracture propagation behavior of fabricated parts was primarily influenced by dented plastic zones and stress
concentrations produced by impact-induced geometric changes. The reduced life of the fabricated part close to the middle
region was primarily due to tensile residual stress, leading to early fatigue crack initiation. The fatigue performance of the
fabricated part near the bottom region is attributed to the increase in surface hardness and beneficial compressive residual
stresses. Electron beam melted fatigue tested samples sustained a greater number of cycles due to the refinement of fine to
coarse precipitates, with crack initiation from the surface and crack propagation occurring with fatigue striations.

Keywords AA7075 alloy · MIG arc additive manufacturing · Microstructure · Phase analysis · Microhardness · Fatigue
analysis

1 Introduction

Aluminum and its alloys are widely used in marine indus-
tries, aircraft manufacturing, shipbuilding, automobile body
components, and other structural applications. They have
excellent strength-to-weight ratio, ductility, and corrosion
resistance [1, 2]. Comparatively, aluminum has a relatively
lower strength than many steels, which limits its appli-
cations in many industries. However, adding the alloying
elements, heat treatments, and nanofillers to the components
strengthen the components, thereby improving their over-
all performance and life. In recent years, aluminum alloys
have drawn much attention from researchers due to their
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improved mechanical properties like specific strength, den-
sity, wear, fatigue resistance, and thermal expansion. Among
all aluminum alloys, the 7000 series constitutes the preferred
group of materials in the aviation, space, and military indus-
tries owing to their higher strength. The preferred group of
industrial alloys of the 7000 series mainly contain zinc, mag-
nesium, and copper, with minor quantities of manganese,
chromium, and zirconium to control grain growth during
recrystallization. In the aerospace and automotive sectors, the
Al 7000 series was mainly used due to their better strength
and machinability characteristics, possibly due to zinc as the
primary alloying element. In commercial 7075 Al alloys,
fatigue cracks nucleate at the surface where intermetallic
particles or inclusions occur [3]. In many cases, silicon
impurities influence the reduction of fracture toughness and
fatigue strength. Improvements in mechanical performance
at higher loads are required in cyclic load-bearing compo-
nents ofmany engineering applications. Earlier, a few studies
focused on the structure and properties of aluminum alloy
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by ion implantation [4], shot peening [5], electron beam pro-
cessing [6, 7], vibratory stress relief [8], and by depositing
various coatings [9–14].

Additive manufacturing (AM) is revolutionizing the
industry due to its higher efficiency and flexibility for mass
production. In recent years, AM technologies have gained
much attention due to their multiple features, like their high
degree of freedom, net formation, and high degree of research
anddevelopment.As repeated thermal cycling during the fab-
rication of layers occurs in the deposition process, a complex
heat effect can be experienced at the local microstructure.
The development of multiscale microstructures is common.
Compared with conventional subtractive methods, additive
manufacturing offers attractive benefits like complex shape
production, lower cost, rapid processing time, etc. Mainly,
three AMmethods are widely used formetallic materials: arc
welding, laser, and electron beam. The laser-based process
has high precision but very pool energy efficiency. Elec-
tron beam-based processes have higher energy efficiency,
but the requirement of a high vacuum environment limits
their applications. Later, arc welding was studied for AM of
components due to its low processing cost and time. The
common AM methods based on arc welding are divided
into the following groups: tungsten arc welding (TAW),
plasma-transferred arc welding (PTA), and metal arc weld-
ing (MAW). In theMIG process, the produced arc was struck
between the wire, the substrate material, and the follow-
ing layers. Due to the electric arc, wires will be melted and
formed as layers at a higher deposition rate, which is benefi-
cial for building large three-dimensional metal parts. Earlier,
research studies based on automated MAW were developed
for fabricating three-dimensional structures [15, 16]. Then
increase the frequency of the droplet in order to improve
the forming quality [17]. In order to improve the quality,
Kim et al. [18] focused on optimizing welding parameters
using regression analysis and neural networks in the join-
ing applications. Also, a few studies focused on combining
MIG and metal active gas (MAG) with the integration of
CNC (computer numerical control) in order to manufac-
ture metallic dies and molds [19]. The GMAW-based AM
process can also be implemented with milling and hybrid
milling and welding, subsequently increasing the surface
quality. Xiong et al. studied the materials and energy sav-
ing while changing the deposition velocity with a passive
energy sensor in MAW [20, 21]. Few studies focused on the
forming characteristics of double electrode MIG developed
thin parts [22]. As the heat input is an important process
parameter for deposition efficiency, optimum control of the
heat input is necessary. However, the stability of the MIG
could be more accurate. The accumulation of heat developed
due to the MIG arc will increase with the number of layers in
the AM. It may affect the dimensional accuracy and surface
quality, limiting the MIG utilization of AM parts. However,

control of the process parameters of the MIG process would
give better results for AM-developed parts. The literature
shows that deposited samples with a finemicrostructure have
inferior mechanical characteristics compared to heat-treated
materials. Few researchers investigated the various post-
heat treatment methods for increasing microstructural and
mechanical characteristics [23–27]. Among those, electron
beam melting has significant advantages due to its capac-
ity to achieve superior grain refinement and homogeneity
compared to other approaches [28, 29]. The depth of sur-
face modification increases with an increase in beam energy
density. However, few researchers have studied the impact
of beam energy density on microstructural and mechanical
properties. At lower beam energy density, the surface mor-
phology is relatively uneven and extends into the depth of
intergranular cracks [30]. Although the phase composition
is not much affected, crystallization and tensile strength are
optimized at lower beam energy density (10 J/cm2). As the
beam energy density increases, the depth of surface modifi-
cation also increases, but the depth of intergranular cracks
reaches its maximum value [31, 32]. The additive manu-
facturing (AM) technologies are still emerging, and we still
need to fully understand how the high solidification rates and
thermal gradients involved in AM processing affect materi-
als. Additionally, there have been few studies on the effects
of post-processing using electron beam melting of AA7075
alloy fabricated using AM, and how it impacts the mate-
rial’s microstructure and mechanical properties still needs
to be discovered. The manufacturing industry requires inno-
vative technologies for better design and manufacturing. To
address the challenges faced in this industry, effective and
scalable solutions are needed for better collaboration and
coordination in manufacturing across the product life cycle.
The aim of this study was to develop AA 7075 alloy using
a MIG arc additive manufacturing method to enhance its
microstructural and mechanical properties as compared to
traditional techniques. The produced AA 7075 alloy was
then subjected to electron beam irradiation, which resulted
in improved hardness and fatigue analysis. In addition, MIG
arc additive manufacturing was explored for the develop-
ment of discrete objects. Various software tools were used
to analyze the microstructural and mechanical properties of
the AA 7075 alloy and to enhance the process outcomes.
Additionally, different computing software programs were
employed to choose the optimal electron beam irradiation
process parameters and evaluate their effects.

Hence, the present study is devoted to studying the
microstructure and fatigue analysis of additively manufac-
tured Al7075 parts developed by an optimized MIG process.
Further, specific microstructure details of fractured parts in
different layers are analyzed and explored. Further, the elec-
tron beam melted samples’ fatigue life was studied for their
potential use in cyclic loading applications.
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Fig. 1 Schematic representation of part fabrication by MIG arc additive manufacturing

Table 1 Chemical composition
of the wire and deposited layer Type Weight percentage (wt%)

Al Fe Mn Cu Mg Cr Zn Ti

Wire 88.87 0.1 0.3 1.6 2.51 0.18 6.02 0.02

Layer 86.08 0.27 0.47 2.8 2.15 0.18 8.05 –

Fig. 2 a Schematic illustration of deposition b Fabricated sample c sampling fashion for fatigue test and metallographic analysis

2 Materials andmethodology

Figure 1 shows the schematic representation of the part fab-
rication byMIG arc additive manufacturing. TheMIG/MAG
arcweldingmachine (AMIG500)was utilized to fabricate the
part layer by layer. The Al7075 aluminum wire of 1.2 mm
diameter was fed to form the layer deposition on the alu-
minum alloy plates with dimensions of 100 mm × 100 mm
× 6 mm. Ar (95%) and CO2 (5%) were applied to the MIG
welding torch with a flow rate of 20 L/min. The wire feed

rate is 6.1 m/min, 15.6 V voltage, and a current of 130–140 A
was maintained throughout the process. The nominal chem-
ical composition of the wire and deposited layer is shown
in Table 1. The deposition of layers was carried out slowly
on the welding plate with the optimum MIG parameters.
The torch angle with the substrate was kept constant dur-
ing the deposition of all layers. The temperature between
the layers was maintained and controlled at 100 °C. The
deposited layers were 100 mm in length, and the fabricated
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Fig. 3 Microstructure of the part
using Al7075 wire a top region
b middle region c area above the
bottom region d bottom region

part was a combination of 15 layers. The schematic repre-
sentation of deposition was shown in Fig. 2a. The fabricated
part with 15 layers of deposition is shown in Fig. 2b. Then
the samples were cut into cross-sections using the DK 7732
M11 machine, cleaned with acetone, and etched with reac-
tants: 1.5 mL HF and 3.5 mL distilled water. The sampling
fashion for metallographic tests, microhardness and fatigue
analysis was represented as a schematic in Fig. 2c. Later,
the samples were polished with emery papers of 500, 800,
1000, and 2000 grades. The cross-section of the samples
was observed using a scanning electron microscope (KYKY-
EM6900). The microhardness of the samples throughout the
thickness of the fabricated part was carried out using a Vick-
ers microhardness tester (HVS-1000 A) with a load of 100
gf and a dwell time of 10 s. The XRD analysis was carried
out to determine the crystal structure of the deposited layers
with a Shimadzu XRD-6000 unit. The fatigue samples were
cut vertically to the welding line according to ASTM E8.
The fatigue analysis was further studied using an asymmet-
ric cantilever bending setup. Later, few fatigue test samples
are remelted using an electron beammelting process (Arcam
EBM) at a constant accelerating voltage of 60 kV and the
optimum current and voltage.

3 Results and discussions

To understand the microstructure of fabricated part, SEM
images of etched samples were taken, and the morphology of

the top, middle, and bottom regions are shown in Fig. 1. Fab-
ricated parts are shown to have a dense and uniform structure
without visible defects or cracks. The forming dimensional
features, including width, height, and deposited dimension,
were measured using a vernier caliper. The deposited part’s
height and width are 165 mm and 8 mm, respectively. No
traces of solidification cracks were observed, and the aver-
age percentage of porosity was observed to be less than 2%.
During the fabrication of the x+1 layer, the top region of the x
layer was remelted, resulting in the formation of the interface
layer. As this region has a higher cooling rate due to interlayer
cooling, larger and equiaxed structures are formed (Fig. 1a).
Above the inter-layer or middle region, a mixing structure
of columnar and dendritic equiaxed structures was formed
because of the lower thermal gradient (Fig. 1b). Based on
the heat accumulation effect, heat dissipation becomes lower
with the increase in part height, resulting in a decrease in
the thermal gradient. Pure equiaxed grains were formed of
80–200 µm height near the top region of the solidified layer.
The columnar grain structure was obtained near the inter-
layer or bottom region, which is attributed to the lower heat
dissipation. During the fabrication of layer by layer, colum-
nar and equiaxed crystals are formed alternatively near the
interlayer boundary. Themorphology of the grains was good,
with aminor percentage of porosity. The grains formed in the
deposited layer havewell defined grain boundaries indicating
the alloy precipitation of secondary phase. This inhomoge-
neous second phase was formed around the grain boundaries,
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Table 2 EDS analysis of different regions in Fig. 3

Region Composition (wt%)

Al Fe Mn Cu Mg Zn

A 94.18 – 0.28 0.35 3.19 1.73

B 92.74 0.22 0.47 0.85 3.20 2.09

C 94.12 – 0.38 0.46 3.14 1.71

D 93.52 – 0.18 0.84 2.32 3.00

E 92.71 0.20 1.14 2.25 3.24

which can be dissolved during repeated heating in the fabri-
cation process. A lower percentage of the undissolved second
phase was obtained near the top and middle regions than the
bottom region, indicating less heat action. The secondary
phases are not well dissolved into the metallic matrix. The
precipitates formed in the part were smaller than 250 nm.
The top region of the sample, Fig. 3a reveals a large amount
of secondary phases on the grain boundary. These phases are
mainly composed of MgZn2 precipitates. These precipita-
tions are further impeding themovement of grain boundaries.
These precipitations are dissolved in the middle and bottom
regions due to the lower thermal gradient (Fig. 3b–d). The
secondary phase particles were slowly dissolved and mixed
well with the Al matrix. To identify the chemical composi-
tion of different phases in top, middle and bottom region of
the sample, EDS analysis was conducted and the results of
the chemical composition at various locations in Fig. 3 was
presented in Table 2. In terms of grain size, larger equiaxed
grains were produced near the bottom region than the top
and middle regions due to the repeated heat action. These
microstructural transformations during deposition may have
an impact on mechanical properties. The grain morphology
changes as the layer thickness changes, and columnar grains
predominate.A fewequiaxedgrains occur along layer bound-
aries. Although there is no appreciable change in grain size,
the microstructure close to the surface still exhibits some
degree of equiaxed crystal shape. The arch-shaped surplus
weld bead region has high levels in the center and low levels
on both sides. Furthermore, the grain size and form are not
greatly altered in HAZ, either in the top or bottom regions.
There was significantly less heat from subsequent layers near
the inter-layer region. A layer-type structure with a thickness
of roughly 0.3 mm is already present beneath the top melting
pool.

Defects in Al7075 MIG arc deposits can be classified as
material-related or process-related. Process-related defects
include inhomogeneous microstructure, deformation, and
residual stresses, whereas materials-related defects include
porosity, oxidation, and solidification cracking. The deposits
undergo non-uniform temperature cycles during MIG arc

fabrication of the part, resulting in a wide variation of grain
morphology, which further affects the mechanical character-
istics due to inhomogeneity [33].

The elemental mapping of the bottom region is shown
in Fig. 4a. It can be seen that Al, Mg, Zn, Cu, and O are
well distributed. The EDS spectra show a minor amount of
O, indicating the formation of oxides. The phases in the Al
alloy and their second phases are brittle and rigid (Fig. 4b).
Due to this, the plasticity of materials rises with a decrease
in coarse second-phase particles, which reduces the cracking
issue in the fabricated parts [34]. The distribution of elements
in the alloy, the thermal gradient, and the type of treatment
usually influences the microstructure, corrosion, and tribo-
logical properties [35–37]. It has been shown that precipitates
are formeddue to theMgandCunear the grain boundarywith
the Al grains. The grain size has been shown to vary with the
width of the fabricated part. Heat input may influence grain
formation and shape. The results showed that the presence
of Cu in the 7075 Al alloy would increase the thermal gra-
dient. That results in a decrease in dendrites and columnar
grains in equiaxed crystals. The component’s fatigue life can
be estimated with constant and varied amplitude loading. A
fewmechanical properties can be improved by strengthening
the surface properties of aluminum alloy. The formation of
various phases in AMed samples was analyzed using X-ray
diffraction (Fig. 5a). It was observed that the main phases
were found to be Al and Cu3Ti3O.

The microhardness of the fabricated Al7075 part across
the width is shown in Fig. 5b. It can be seen that the micro-
hardness of the top layer was found to be 100 HV0.1. With
the increase in the layer’swidth, themicrohardness of the part
decreased. The microhardness of the middle layer was found
to be in the range of 95–88 HV0.1. Due to the higher cooling
rates in the bottom region, the average microhardness of the
components in the bottom region was greater than that of the
top and middle regions. More indentations were performed
on the samples along their length and breadth to determine
the distribution of hard phases. A contour plot was created by
indicating microhardness values at various locations (Fig. 6).
The hardness representation was shown in scale (blue to red).
It can be seen that more hardness zones are present in the
bottom region than in the top and middle regions, indicat-
ing the formation of hard phases. The middle region has the
lowest hardness among the three regions due to intermedi-
ate cooling. The fatigue test samples conducted near the top,
bottom, and bottom regions are shown in Fig. 7. Samples 1,
2 were taken from top region, 3 and 4 samples were taken
from middle region, and 5 and 6 samples were taken from
bottom region. As shown in Fig. 7, the fatigue life of both
as-deposited and electron beam melted specimens near the
top, bottom, and center regions was analyzed, and the sus-
tainability of each specimen before failure was observed. It
was found that the middle region sample only sustained a
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Fig. 4 a Elemental mapping of fabricated part near bottom b EDS spectra

Fig. 5 a XRD anslysis of depsited AM part b Microhardness of the fabricated part on each layer

limited number of cycles. The sample extracted near the bot-
tom portion appeared to have more cycles than the others.
This could be due to grain refinement and a change in heat
input. The formation of phases due to secondary inclusions
results in the formation of cracks. It can be noted that cracks
arise primarily due to the formation of secondary phases and
lower energy grain boundaries. As shown in Fig. 8, fracture

typically starts as an intermetallic particle failure. Microc-
racks that start close to the intermetallic particles create the
softening phase (Fig. 8b and d). During this fatigue stage,
dislocation movements and pileups lead to the onset and
nucleation of fractures in intermetallic particles and phys-
ically small cracks [38]. The intermetallic particle-induced
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Fig. 6 Contour plot of microhardness of the fabricated part across the
cross section

Fig. 7 Fatigue analysis of the samples near the top, bottom, and middle
region

crack initiations occur between 15 and 20% before the life-
time of the material. Dimples can be seen on the fractured
samples, as seen in Fig. 8a and c. Surface cracks are shown
to occur around the top region, even at modest cycle counts.
Figure 8b depicts the surface cracks. However, fewer micro-
cracks can be seen in the samples separated near the bottom,
which may be attributed to the strengthening phases of the
formation.

At the constant stress amplitude, electron beam melted
samples showed a higher fatigue life in the top, middle, and
bottom regions. This should be attributed to the susceptibility
to fatigue cracking at the matrix interface region due to the
formation of coarser precipitates. As shown in Fig. 9, due to
the remeltingwith electron beammelting, surface cracks, and
material-related defects were reduced. The bonding among
the particles became stronger due to the dissolution of sec-
ondary phases, which strengthened the matrix phase. The

solid solution strengthening restricts the initiation of surface
cracks to the formation of secondary cracks (Fig. 9b and
d). The electron beam treatment led to stress relief in the
composition of the AA7075 alloy. The treatment reduces the
fine microstructure obtained during the fabrication and leads
to the coarsening and homogenization of the microstructure
(Fig. 9c). Several studies revealed that as-deposited parts
have a refined microstructure. Post-processing treatments
led to the coarsening of grains, which eventually showed
better fatigue performance. The electron beam treated sam-
ple had better mechanical properties and achieved better
fatigue resistance as compared to the untreated alloy. In fact,
when the heat-treated material regained its initial strength,
the highest stress applied was still below the yield stress of
the untreated material, which resulted in a delay in plastic
deformation. The irradiated specimens had a higher fatigue
life due to the delay in crack initiation, which was a result of
the delay in the destruction of the hardened surface layer.

The presence of heterogenous grain structures is crucial
for improving fatigue performance. These structures consist
of both fine and coarse grains, which can be observed near the
subsurface. Due to the higher tortuosity, cracks were stopped
from propagating in the fine-grained zone. The formation of
these heterogenous grain structures also helped to reduce the
potential risk ofmicrocrack initiation, thus further decreasing
the possibility of crack propagation.

4 Conclusions

In the present study, additively manufactured AA7075 alu-
minum alloy was successfully fabricated using the MIG
welding technique using constant optimum process param-
eters. The microstructural and fatigue properties of samples
along the width of the AMed part were systematically inves-
tigated. The conclusions can be drawn as follows:

1. The fatigue strength of the samples in the middle region
decreases by 16% compared to the top region sample
due to brittleness, microcracks, and pores. This decrease
can be attributed to grain refinement, which results in
increased density and stability of the dislocation struc-
ture.

2. The microhardness of the bottom region was 13% higher
than themiddle region due to the formation of strengthen-
ing phases resulting froma reduced temperature gradient.
On the other hand, the middle region sample had rel-
atively low microhardness, indicating the presence of
larger equiaxed grains.

3. During the fatigue test of top-layered specimens, crack
growthwasmainly attributed to the intermetallic particles
and microcracks that formed and cracked the oxide layer
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Fig. 8 SEM images of the
fractured samples after fatigue
test a, b top region c, d bottom
region

Fig. 9 SEM images of fractured
samples of electron beam melted
samples after fatigue test a, b top
region c microstructure of the
surface d bottom region
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near the surface. However, the occurrence of strengthen-
ing phases near the bottom prevented crack growth. This
was primarily due to the lower primary dendrite armspac-
ing in the Aluminum matrix, which had a positive effect
throughout the sudden loading.

4. The fatigue life of the electron beam melted samples
was found to be 18% higher than that of the as-
deposited samples. This was due to the formation of
coarse grains and homogenization. The primary charac-
teristic of fatigue crack propagation was ductile fracture,
which was accompanied by numerous secondary cracks
and occasional fatigue striations. On the other hand, the
fracture zone had a prevalence of dimples, which were
indicative of ductile fracture.
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