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Abstract: In recent years, additive manufacturing of products made from 5000 series alloys has
grown in popularity for marine and automotive applications. In this work, we compare of
mechanical properties characteristics of aluminum alloy 5056 material produced by wire-arc
additive technology and rolling. We carried out tension tests under quasi-static loading and impact
toughness tests under impact loading. The results show that upon similar ultimate tensile strength
and ductility, material after additive manufacturing demonstrates decreased resistance against
dynamic loading than material manufactured by the typical method of casting and rolling. This
decrease in properties was explained through macro- and microstructure analysis.
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1. Introduction

In recent years, Wire and Arc Additive Manufacturing (WAAM) has emerged as a
groundbreaking and revolutionary technique in the world of advanced manufacturing processes.
WAAM effectively combines the benefits of traditional casting technology while significantly
reducing the necessity for machining monolithic wrought materials [1-4]. This innovative method
has gained recognition for its cost-effective production of large-scale structures, particularly in the
context of aluminum materials. The WAAM process is centered around the melting of a feed wire
under the influence of an electric arc, resulting in the deposition of metal droplets in layers. The
distinctive melting and solidification characteristics of WAAM play a vital role in determining the
final material's properties, including process-related defects such as porosity, cracking, and
microstructure formation.

The research and development of various aluminum alloys using WAAM technology have
accelerated in recent years, with several studies being conducted to explore their potential
applications and benefits [5-7]. Among these alloys, the Al-Mg system, specifically the 5000 series
aluminum alloys, has attracted significant interest from the scientific and industrial communities due
to their remarkable strength and functional properties. The primary alloying element in the 5000
series aluminum alloys is magnesium, which enhances corrosion resistance in marine environments,
making it a highly suitable candidate for applications in the shipbuilding industry and other sectors
requiring corrosion-resistant materials. The extraordinary properties of 5000-series alloys in WAAM
materials have been reported by numerous scientific groups, with studies focusing on 5056[8,9], 5087
[10,11], 5183 [12-15], and 5356 [16-18] alloys.

One of the most critical concerns in additively manufactured aluminum alloys is porosity, which
can negatively impact the material's mechanical properties. Pores reduce the effective loading area
and the material's bearing capacity, serving as nucleation sites for crack initiation during fracture
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[19]. As a result, understanding porosity and its effects on mechanical properties has become a central
focus in the research of additively fabricated aluminum alloys. A recent study [20] investigated the
influence of WAAM + in-situ interlayer rolling hybrid technology on defect formation and
mechanical properties of Al-4.5MgMn aluminum alloy. The findings showed that interlayer rolling
effectively reduced porosity, resulting in defect counts being four times lower than in conventional
WAAM production. Additionally, interlayer rolling contributed to a decrease in grain size from 59
pm to 23 pm, leading to a 30% increase in relative elongation while maintaining comparable strength
properties. The fatigue limit of the material subjected to interlayer rolling was determined to be 86
MPa with a 95% survival rate. Numerical modeling revealed that "non-melting" defects exhibited a
more detrimental effect on final material properties due to their irregular shape and consequent
higher stress concentration.

Despite the promising findings in the aforementioned studies, it is essential to recognize that the
majority of experiments supporting the superior properties of these materials have been conducted
under quasi-static loading conditions, with dynamic loading being largely overlooked. A
comprehensive evaluation of the potential applications of AM materials necessitates the
determination of their strength properties and an in-depth examination of their fracture behavior
under various loading conditions, including dynamic loads.

The present study's motivation is to broaden the understanding of aluminum alloys produced
through WAAM under different loading scenarios. Specifically, 5056 aluminum wire was chosen as
the raw material to assess strength characteristics under static and dynamic loading modes for both
WAAM and rolling samples. The additive manufacturing material (AA5056_AM) is compared to the
industrial material produced using the conventional method of rolling (AA5056_IM). The primary
objective of this research is to elucidate the fundamental understanding of the influence of WAAM
material's microstructure features on dynamic strength, as well as to examine the effect of different
manufacturing techniques on the mechanical behavior of aluminum alloys.

By achieving a more profound understanding of the mechanical characteristics and behavior of
aluminum alloys produced using WAAM under different loading conditions, this study aims to
contribute significantly to the knowledge base in this area. This insight is of paramount importance
for the widespread adoption of additively fabricated aluminum alloys using WAAM technology in
applications that may involve impact loading modes or require enhanced mechanical performance.

In addition to the investigation of static and dynamic loading modes, this research aims to
explore the potential for optimizing the WAAM process parameters to achieve improved mechanical
properties in fabricated materials. This involves a detailed examination of the relationships between
process parameters, microstructure development, defect formation, and material performance. An
in-depth analysis of the effects of process parameters on the microstructure and porosity will provide
valuable information for optimizing the WAAM process, ultimately leading to materials with
superior mechanical properties.

2. Materials and Methods

2.1. WAAM process

The samples were manufactured using a WAAM installation produced by Institute of Laser and
Welding Technology (Saint Petersburg Marine Technical University, Russia). The WAAM
installation consists of a Kuka KR 60 HA 6-axis robot with a EWM 4X HP drive feeder. The welding
source was an EWM alpha Q 551 Expert 2.0 puls MM FDW. The wire was fed to the work area via a
TBi AUT-8W torch. The welding source, wire feeder, and robot arm are coordinated through an I/O
module Busint X11. A schematic representation of the direct arc growth process is shown in Figure
1.

The presented technology of additive manufacturing is based on the principles of electric arc
welding in a protective gas consumable electrode (MIG). For the most stable transfer of the electrode
material through the arc gap, the pulse mode of the source was used.
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Figure 1. The WAAM station. (a) Appearance with components. 1 - arc source, 2 - arc torch, 3 - the
wire feeder, 4 — robot, 5 - robot controller, 6 - welding table; (b) Connection diagram.

The most stable mode of arc welding deposition was chosen during preliminary experiments.
Welding current, voltage and travel speed were equal to 150 A, 22 V and 20 mm/s, respectively. The
pulse parameters were set automatically according to the internal program of the EWM source. The
interpass temperature was controlled, and the production of the next layer began once the previous
bead had cooled to 50 °C. Dry compressed air was used to remove excessive temperatures.

2.2. Tension and impact toughness tests

Tension tests were performed on a testing machine Shimadzu AG-50kNX at a strain rate of 0.001
1/s. Plane dog-bone samples with the gauge length of 5 mm and width of 2 mm were use (Figure 2,
b). According to the tensile tests, the average values of the yield stress (o, ,) corresponding to 0.2% of
deformation, the ultimate tensile strength (oyrs), the relative elongation to failure (9), and the relative
uniform elongation (d1) were determined.

a)

Building direction

10.m Deposition layer

Figure 2. Schematic diagram of shape and proportions of samples: (a) impact toughness; (b) tension;
photo of the manufactured sample (c).

The impact toughness was tested by the Charpy test using an Instron CEAST 9350 drop hammer
according to standard GOST 9454 [21] on samples with V notch. The samples size with length 55 mm,
height 8 mm (working part 6 mm), width 5 mm (Figure 2, a) were used. The speed upon impact was
5 m/s corresponding to an impact energy of ~68 J. KCV* is the specific work before fracture initiation;
KCVr is the specific work after fracture initiation; KCViun is the total specific work were determined.
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The sample surface was polished to a slurry particle size not higher than 1 um. To confirm the
repeatability of the results, at least three samples were considered for each type of test.

2.3. Structural investigation

Fracture surfaces were examined using the scanning electron microscope (SEM) Zeiss AURIGA
at the accelerating voltage of 10 kV. Electron backscatter diffraction (EBSD) patterns were obtained
using Tescan Mira 3 scanning electron microscope with an Oxford Instruments EDX analysis
attachment, and an EBSD attachment at the voltage of 20 kV. The scanning step was 7 um, and the
percentage of zero solutions was 2.46% for the deposited sample and 1.26% for the sample obtained
by rolling.

3. Results and Discussion

3.1. Material and microstructure parameters

The studies were performed with commercially aluminum alloy 5056 produced by the typical
method of rolling and manufactured by WAAM. The initial material for WAAM was supplied in the
form of wire with a diameter of 1.2 mm. Chemical composition of aluminum alloy 5056 in different
conditions according to EDX analysis (in %) is shown in Table 1.

Table 1. Chemical composition of materials in initial condition and manufactured by WAAM method
according to EDX analysis (in Al balance, wt.%).

Material Mg Si Ti Mn Fe Cu Zn
Wire 4.98 0.21 0.08 0.61 0.19 0.04 0.19
AA5056_AM 4.94 0.11 0.14 0.14 0.09 0.02 0.02
AA5056_IM 4.13 0.21 0.06 0.53 0.42 0.02 0.07

The results of the EBSD analysis are illustrated in Figure 3, which provides a visual
representation of the grain structure and orientation in both AA5056_AM and AA5056_IM materials.
The images in Figure 3 reveal the distinct differences in grain size and morphology between the two
materials, highlighting the impact of the manufacturing method on the microstructure of the
aluminum alloy.

3
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(a)
Figure 3. EBSD maps. (a) AA5056_AM; (b) AA5056_IM.

Table 2 complements Figure 3 by presenting quantitative data on the grain size and shape factors
for AA5056_AM (bead boundary and bead body) and AA5056_IM materials. This information allows
for a more detailed comparison of the grain structure between the two manufacturing methods. To
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determine the degree of grain elongation, the shape coefficient h was calculated, which is the ratio of
grain length to width. The closer / is to one, the more equiaxed the grain shape. The average values
of grain size and shape coefficients were calculated from at least 150 measurements.

Table 2. The results of grain size measurements of AA5056_AM and AA5056_IM.

Material Grain size, pm Shape factor h
AA5056_AM, bead boundary 114 2.4
AA5056_AM, bead body 70 1.5
AA5056_IM 52 3.3

To further elucidate the grain size distribution in the two materials, Figure 4 displays histograms
that showcase the frequency of occurrence of various grain sizes in the AA5056_AM and AA5056_IM
samples. These histograms enable a comprehensive understanding of the variations in grain size
within each material and provide a visual representation of the statistical distribution of grain
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Figure 4. Grain size distribution a) AA5056_AM, bead boundary; b) AA5056_AM, bead body; c)
AA5056_IM.

The grain structure of the sample obtained by the WAAM technology has a periodic character.
The grains at the bead boundary have a size of 114 pm and have a columnar character with a shape
coefficient of 2.4. In general, the grains formed at the bead boundary are oriented toward the center
of the cladding beads. As they move away from the bead boundary, the grains become finer and in
the bead body they are 70 pm in size. In addition, the grains in the bead body are nearly equiaxial in
shape, with a shape coefficient of 1.5. The formation of an uneven grain structure is typical of samples
obtained by direct arc growth. High heat input, high temperature gradients and repeated cyclic
heating are associated with the WAAM technique. The formation of coarse grains at the interface is
promoted by the high heat input combined with repeated cyclic heating of the previous layer. The
high temperature gradient is responsible for a certain direction of grain growth, resulting in the
formation of columnar grains at the boundary, oriented toward the center of the roll. The grain
structure of the rolled product is represented by columnar grains of 52 um in size, elongated in the
direction of processing. Compared with the grain structure of the WAAM samples, the grain shape
coefficient was 3.3, indicating the formation of more elongated grains.

3.2. Tensile tests result

From the in-depth analysis of the data presented in Table 3 and the stress-strain diagram shown
in Figure 5, it can be observed that the AA5056 aluminum alloy material produced by additive
printing utilizing the WAAM technology exhibits mechanical properties that are strikingly similar to
those of the industrial alloy manufactured through conventional casting and rolling methods.


https://doi.org/10.20944/preprints202305.1034.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2023 d0i:10.20944/preprints202305.1034.v1

Table 3. Mechanical properties of materials in initial condition and manufactured by WAAM method.
0y is the yield stress, oyrs is the ultimate tensile strength, & is the relative elongation to failure, §;
is the relative uniform elongation.

Material o2, MPa oyrs, MPa 8, % 84, %
AA5056_IM 128+4 277+1 33+3 22+1
AA5056_AM 111 +4 273+4 331 23+1
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Figure 5. Stress-strain diagrams of AA5056_AM and AA5056_IM.

Although the strength and ductility values are closely related, there are noticeable differences in
the fracture surface of the samples subjected to uniaxial tension. The industrially manufactured
material AA5056 is characterized by a uniform distribution of pits on the fracture surface formed
during the plastic flow of the metal (Figure 6a, 6b). In this case, particles of secondary dispersed
phases Al6(Fe, Mn) [22] are responsible for the formation of microcavities. In contrast, there are
significant differences in the fracture surface of the samples produced using the WAAM technique.
Apart from micropores formed during the plastic flow on the concentrator as a secondary phase,
there are larger pits (Figure 6¢, 6d) which are a result of manufacturing defects.

It is important to consider these differences in fracture surface morphology when assessing the
mechanical performance and reliability of additively manufactured components. The presence of
manufacturing defects such as larger pits can potentially lead to premature failure or reduced fatigue
life in the material, impacting its suitability for various applications.
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Figure 6. Fracture surface after tension fracture. (a), (b) AA5056_IM; (c), (d) AA5056_AM.

3.3. Impact Toughness Tests result

The detailed analysis of the fracture behavior during impact toughness testing offers valuable
insights into the materials' performance under dynamic loading conditions. The use of force sensors
on the drop weight impact testing machine ensures accurate measurements of load variations
throughout the testing process, allowing for a better understanding of the materials' response to these
dynamic conditions. In-depth examination of these measurements highlights the differences between
AA5056_IM and AA5056_AM samples, providing a comprehensive comparison of their performance
under similar testing conditions. This information is crucial for understanding the mechanical
behavior of additively manufactured materials and identifying areas for potential improvement.

The load and deformation work profiles presented in Figure 7 display the dynamic behavior of
both AA5056_IM and AA5056_AM samples during impact toughness testing. The solid lines
correspond to the load, while the dashed lines represent the deformation work (A) normalized by the
cross-sectional area of the sample (S). The diagrams show an initial increase in load, reaching a
maximum at time * when the stresses within the sample cause the material to fail. This fracture
results from the development and propagation of micro and macro defects, which significantly
reduce the specimen's resistance to the applied load. Determining the time of fracture onset allows
for the estimation of both prefracture work and fracture work, as illustrated in Table 4.
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Figure 7. Diagrams of impact toughness testing of (1)- AA5056_IM, (2) - AA5056_AM for samples
with concentrator of V type. Solid lines are the loads; dashed lines are deformation work A related to
cross sectional area of sample S.

The data presented in Table 4 demonstrates that the AA5056_AM samples required only half the
energy to fracture as compared to the industrial aluminum alloy AA5056_IM samples.
Simultaneously, the energy before fracture for the AA5056_AM samples was 2.5 times lower,
indicating the significantly reduced performance of the additively manufactured samples in
comparison to their industrially produced counterparts. This observation is further supported by the
fact that even when the AA5056_AM samples had already failed, the AA5056_IM samples
maintained their stability, emphasizing the superior performance of the latter.

Table 4. Charpy impact toughness testing of AA5056_IM and AA5056_AM

Material KCV*, kJ/m? KCVF, kJ/m? KCVray, kJ/m?
AA5056_IM 166+5 229+1 39546
AA5056_AM 661 122+3 190+3

A closer examination of the fracture surfaces formed during the three-point bending tests of
notched AA5056_IM and AA5056_AM specimens (Figure 8) reveals differences in their fracture
behavior. The vertical dotted lines in Figure 8a and 8c represent the notch boundary. The fracture
surface of the AA5056_IM sample (Figure 8a) is characterized by a shallow dimpled microrelief,
which, upon magnification (Figure 8b), displays a uniform distribution of pits that are indicative of
ductile fracture. The bottom of these pits contains second-phase inclusions that led to their formation,
contributing to the overall ductility of the material.

In stark contrast, the fracture surface of the AA5056_AM sample (Figure 8c) significantly differs
from that of the AA5056_IM sample. Numerous pores, cracks, and large pits with an average
diameter of 80 pm are visible on the fracture surface, occupying approximately 20% of the total area.
These features collectively result in the poor impact toughness performance of the AA5056_AM
samples due to the presence of interlayer defects. The surface of these pits appears smooth, devoid
of visible defects, unlike those observed in the uniaxial quasi-static specimens.

This observation leads to the hypothesis that the micropores formed during the material
deposition process may act as fracture concentrators under impact loading conditions. These defects,
associated with high stress concentrations, could potentially accelerate crack nucleation, leading to a
reduced impact toughness performance. Inclusions or voids can also introduce local variations in
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material properties, such as density, stiffness, or toughness, resulting in an uneven stress distribution
throughout the material. This non-uniformity in stress distribution could cause localized
deformation, plastic flow, and ultimately, crack nucleation at a lower energy level than that observed
for the rolled samples.

L -

(d)
Figure 8. Fracture surface after impact toughness tests. (a), (b) AA5056_IM; (c), (d) AA5056_AM.

Thus, the findings of this study underline the importance of understanding the impact of
additive manufacturing on the mechanical properties of materials, especially under dynamic loading
conditions. Identifying and addressing the factors that contribute to the reduced impact toughness
performance of additively manufactured materials is critical for their widespread adoption across
various industries and applications. The results of this study demonstrate that the WAAM technique
holds promise for the production of aluminum alloy components with mechanical properties
comparable to those of conventionally manufactured materials. However, the presence of
manufacturing defects, such as larger pits, underscores the need for a better understanding of the
relationship between the additive manufacturing process, material microstructure, and resulting
mechanical properties. Further research is required to optimize the WAAM process and minimize
the occurrence of defects to ensure the production of high-quality, high-performance aluminum alloy
components. Another aspect to be considered in future research is the investigation of the long-term
performance of additively manufactured aluminum alloy components, including fatigue behavior
and corrosion resistance. It is important to understand how the unique microstructures and defect
characteristics of additively manufactured materials influence their long-term durability and
resistance to environmental degradation. This information will be crucial for ensuring the reliability
and safety of components produced using WAAM technology in various applications and
operational environments.
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4. Conclusions

In conclusion, this comprehensive study has investigated the mechanical properties,
microstructure, and fracture behavior of AA5056 aluminum alloy produced using Wire Arc Additive
Manufacturing (WAAM) technology in comparison to the industrially manufactured AA5056 alloy
via conventional casting and rolling methods. Through a series of experiments, the characteristics of
both materials were thoroughly analyzed, with the aim of understanding the potential advantages
and limitations of the WAAM technique for manufacturing high-performance aluminum alloy
components.

The microstructure analysis revealed significant differences between the two AA5056 materials.
The additively manufactured material displayed a periodic grain structure with columnar grains at
the bead boundary and finer grains within the bead body. In contrast, the industrially manufactured
material exhibited elongated columnar grains in the direction of processing. This difference in
microstructure is attributed to the high heat input, temperature gradients, and repeated cyclic heating
associated with the WAAM technique, which contribute to the formation of an uneven grain
structure.

Despite the differences in microstructure, the quasi-static mechanical properties of the additively
manufactured AA5056 material were found to be similar to those of the industrially manufactured
alloy. Both materials exhibited comparable yield stress, ultimate tensile strength, and elongation
values, indicating that the WAAM technique is capable of producing aluminum alloy components
with quasi-static mechanical properties comparable to those of conventionally manufactured
materials. However, it was noted that the fracture surfaces of the samples exhibited noticeable
differences. The industrially manufactured material displayed a uniform distribution of pits on the
fracture surface, formed during the plastic flow of the metal and related to the secondary dispersed
phases Al6(Fe, Mn). On the other hand, the additively manufactured material exhibited larger pits in
addition to micropores, which were identified as manufacturing defects. These defects can have
significant implications for the mechanical performance and reliability of components produced
using WAAM, potentially leading to premature failure or reduced fatigue life.

Despite close quasi-static properties of the materials, the study of the impact toughness behavior
of the AA5056 materials revealed that the additively manufactured material required half the energy
to fracture as the industrially manufactured alloy. This difference in impact toughness performance
can be attributed to the presence of interlayer defects, such as pores and cracks, in the additively
manufactured material. These defects, which act as fracture concentrators under impact loading, can
accelerate crack nucleation and lead to uneven stress distribution across the material.

Future work should focus on developing strategies to mitigate the formation of defects and
optimize the grain structure in the additively manufactured material. This could include refining the
processing parameters, such as heat input and temperature gradients, as well as exploring post-
processing techniques, such as heat treatments or hot isostatic pressing, to improve the material's
microstructure and mechanical properties. Additionally, more in-depth studies should be conducted
to understand the influence of different process variables on the resulting material properties and to
develop predictive models for the optimization of the WAAM process.
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