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An innovative Wire and Arc Additive Manufacturing combines the well-studied process of arc welding with
direct energy deposition. Effect of travel speed 5.0 and 7.5 mm/s on the microstructure and mechanical
properties of 5087 aluminum alloy was investigated. Five thousand eighty-three aluminum alloy was used as
a substrate material and 5087 aluminum alloy was utilized as a filler material for the walls fabrication. The
presence of pores reducing the strength of the overlay weld metal was detected on both overlay welds. The
lower welding speed (5 mm/s) resulted in the smaller amount of porosity in comparison to higher welding
speed (7.5 mm/s). Average pore area of wall No. 1 was 0.66% and wall No. 2 was 1.13%. It was found that
higher welding speed affected the wall width and overlay weld bead geometry. Increase in welding speed led
to a narrowing of wall width from 10.23 to 8.44 mm. The microstructure of weld metal matrix consisted of a
o-Al substitution solid solution. The tensile strength of parallel to welding direction removed samples
exceeded the tensile strength of perpendicular removed samples. It is a result of the cohesion of the layers in
the overlay welding direction compared to the non-uniformity of the layers in the perpendicular direction.
Furthermore, the tensile strength was higher in the case of travel speed of 5 mm/s in comparison to that of

7.5 mm/s.
Keywords 5087 aluminium alloy, mechanical properties,
porosity, travel speed, wire and arc additive

manufacturing

1. Introduction

Nowadays, when it is necessary to develop more econom-
ical and flexible methods of metal components production, the
wire and arc additive manufacturing technique (WAAM) is
becoming more popular. Advanced WAAM method as a part of
the additive manufacturing (AM) has been widely studied and
applied over the last decade (Ref 1-3). It uses a metal welding
wire as the feedstock (welding process side), electric arc as the
heat source (AM technology side), and computer control base
(automatization side). Metal products made with conventional
AM technology are often porous and cannot be fully utilized.
Thus, mentioned technology can offer a solution for these
problems (Ref 4, 5). Furthermore, components with relatively
complex geometries can be produced with high deposition rate
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and fewer restrictions in material-intensive industry by using
additive technologies (Ref 6, 7).

Lin et al. (Ref 8) summarized current overview included
processing possibilities, automatized extension of the method,
and applications focused on outputs in the WAAM field using
titanium alloys. A similar review of the properties of aluminum
alloys produced by the WAAM was provided by Tawfik et al.
They found out that, the unsteady weld pools, wrong program-
ming strategies and inappropriate selection of welding param-
eters are the main reasons of presence of defects in aluminum
alloys (Ref 9-11). Aluminum alloys with its relatively low
melting point are of high interest in production of structural
parts (Ref 12, 13). Combination of this advantage in conjunc-
tion with WAAM allows improving cost-effective production,
e.g., automotive, shipbuilding, and aerospace industries (Ref
14, 15). Hauser et al. investigated multi-material WAAM of
6060 and 5087 aluminum alloys with in-situ material analysis.
The authors found that, in the case of 6060 aluminum alloy the
tensile strength was limited, however the 5087 aluminum alloy
with higher Mg content shows a higher hardness (Ref 16).
Zhou et al. studied the influence of travel speed (TS) on
mechanical properties of WAAM 2219 aluminum alloy,
namely, ultimate tensile strength (UTS) and yield strength
(YS). When TS increased from 150 to 350 mm/min, the UTS
value increased from 216.7 to 273.5 MPa, as reported by
authors. The YS presented the same trend (Ref 17). Effect of
utilization of a wire with a good surface finish on the resulting
porosity was evaluated in the study of Ryan et al.

Higher levels of porosity can lead to lower values of critical
material properties. Thus, the micropores were considered as
the predominant hydrogen traps and crack initiation and spread
sites (Ref 18, 19). The authors also demonstrated that the used
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wire batch had the main effect on porosity in AA2319 alloy
(Ref 19-21). Zhang et al. (Ref 22) studied microstructure and
properties of ER5183 aluminum alloy parts deposited by CMT
method. The authors found that the decrease in microhardness
from 98.7 to 76.4 HV was accompanied with increase in grain
size from 37 to 65 um. By using of CFD simulations, Hauser
et al. suggested two main oxidation effects, namely, the
oxidation anomalies such as pores, cracks, and oxidation and
the surface oxidation of AW4043/AlSi5 aluminum parts during
WAAM. A monitoring method based on light emission
spectroscopy was used to detect oxidation anomalies. The
most significant oxidation anomalies were detected in the
ultraviolet wavelength ranges, from 220 to 240 nm and from
300 to 320 nm. The decreasing thickness of the surface oxide
layer on aluminum parts can be mainly clarified by the existing
surface oxidation before processing (Ref 23). Yongjie et al.
tested the compression properties of ER2319 aluminum alloy at
room temperature. The average compressive strength was
58.53 MPa, and the compression performance was stable,
which determined that the diameter and angle of the struts were
accurate. Mechanical properties and microstructure of Al-Zn-
Mg (7xxx series) alloy samples with high processability,
strength and weldability produced by WAAM technique were
examined by Li et al. (Ref 24, 25). The horizontal elongation of
the samples was 9.66% and average tensile strength was
324 MPa, while the vertical elongation was 8.98%, the average
tensile strength was 299 MPa, and the average microhardness
112 HV (Ref 25). GTAW method (gas tungsten arc welding) is,
due to the high melting temperature of tungsten (about
3420 °C) characteristic as highly efficient to produce near-net
structures in comparison to other WAAM methods (Ref 26, 27).
Conversely, CMT (cold metal transfer) has the advantages of
stable arc, and low heat input, which results in low deforma-
tions of parts (Ref 28). Mechanical properties of 2219
aluminum alloy components fabricated with GTAW method
were studied by Bai et al. (Ref 29). Similarly, microstructure
and mechanical properties of 2219 aluminum alloy parts
deposited with CMT process were studied by Gu et al. As
observed by the authors, inter-layer cold working can eliminate
creation of pores and improve the mechanical properties (Ref
30). Influence of heat treatment on microstructure and mechan-
ical properties of 2024 aluminum alloy was documented by Qi
et al. (Ref 31). In that case, the microhardness was enhanced,
from 95 HV up to 138 and 146 HV. The microstructure mainly
consisted of equiaxed and columnar dendrites, which morphol-
ogy changed after the heat treatment.

The paper deals with the depth-in analysis of wire and arc
additive manufactured (WAAMed) aluminum alloy walls by
means of their chemical composition, microstructure, porosity,
and mechanical properties analyses. The walls were fabricated
at different travel speeds.

2. Materials and Methods

In this study, the 5xxx aluminum alloys were used. Thanks
to the magnesium, these types of aluminum alloys possess good
mechanical properties and high corrosion resistance (Ref 32).
AWS5083-H111 aluminum alloy was used as a substrate
material and AW5087 aluminum alloy was utilized as a filler

material for the walls fabrication. The substrate plates had the
dimensions of 100 x 200 x 20 mm, and the wire had a
diameter of 1.2 mm. Chemical compositions of base materials
are given in Tables 1 and 2 (Ref 33, 34). Mechanical properties
of base plates are given in Tables 3 and 4 (Ref 35, 36). Prior to
deposition, surface of substrates was cleaned by steel brush and
cleaned with acetone to achieve required contact area with filler
material. Fronius TPS600i welding source was used. Two
planar walls with 55 and 70 WAAMed layers were made. To
obtain a higher accuracy, the preheating temperature was
measured with a thermocouple during the oxy-acetylene
preheating. Preheating temperature was set to 350 °C.

Argon 4.6 (99.996% purity) shielding was utilized for
overlay weld bead layer protection. Shielding gas flow rate was
20 /min. The distance of the torch from the substrate was
18 mm, and torch angle was 90° (perpendicular to the
substrate). Overlay welding parameters are given in Table 5.
Heat input in MIG-WAAM welding was calculated according
to the following equation (Ref 38):

V x I x 60

Q=g Tooo * "kJ/mm)

(Eq 1)
where V'is welding voltage in U, [ is welding current in A, S is
travel speed (mmy/s). The efficiency 1 of MIG process is 0.8.

The cross-sections of overlay welding walls were investi-
gated using ZEISS LSM 700 laser scanning confocal micro-
scope. After grinding and polishing the samples, etching by
Keller’s reagent (95 ml H,0/2.5 ml HNO5/1.5 ml HCI/1 ml
HF) was used to reveal the microstructure. Measurements of
porosity on the cross-sections after polishing were made with
the ImageJ software to use the appropriate representation of the
porosity content in various areas of the walls. Each measured
value is the arithmetic mean of five measurements. Experiments
were carried out with JEOL JSM 7600 F high-resolution
scanning electron microscope fitted with Oxford Instruments X-
Max 50 mm’ EDS Si(Li) detector to characterize the
microstructure and elemental composition of the individual
layers of the component. Tinus Olsen 300 ST universal testing
machine was used for measurements of tensile strength of
walls. Tensile strength test was carried out at room temperature
in accordance with STN EN ISO 6892-1:2019 to obtain stress—
strain curves. The temperature of each layer was measured by
K-type thermocouple immediately after deposition of each
layer in the center of length of weld bead by contacting the
thermocouple tip with the surface of deposited weld bead.
Waiting time between deposition of each layer was 120 s. 3D
schematic diagram of WAAM workplace is shown in Fig. 1(a)
and schematic overview of overlay welding of aluminum alloy
is given in Fig. 1(a). Alternating directions strategy direction
was used.

Table 1 Chemical composition of 5083 aluminum alloy
(in wt.%)

Mg Mn Zn Cr Si Fe Cu Ti Al

4.5 1.0 025 025 04 04 0.1 0.15 Balance
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Table 2 Chemical composition of 5087 aluminum alloy (in wt.%)

Mg Mn Zn Cr Si Fe Cu Ti Zr Al
52 1.1 0.25 0.25 0.25 0.4 0.05 0.15 0.2 Balance
Table 3 Mechanical properties of 5083 aluminum alloy (Ref 37)
Yield strength Rp0.2, MPa Tensile strength Rm, MPa Ductility, %
125 275 16
Table 4 Mechanical properties of 5087 aluminum alloy (Ref 37)
Yield strength Rp0.2, MPa Tensile strength Rm, MPa Ductility, %
130 280 18
Table 5 Overlay welding parameters
Wall Welding Welding Wire feed speed, Travel speed, Pulse/ dynamics Preheating Heat input,
no. current, A voltage, V m/min mm/s correction temperature, °C J/mm
1 85 13.9 5 5.0 0.2 350 189
85 13.9 5 7.5 0.2 350 126
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Fig. 1
3. Results and Discussion

3.1 Visual Inspection

Geometry, surface, integrity, and defects of the walls were
investigated. Visual inspection of the wall No. 1 (Fig. 2a)
revealed more uneven formation of the wall geometry. Higher
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(b)

(a) Schematic diagram of WAAM system, (b) scheme of the overlay welding strategy

corrugation along the length of the wall No. 1 was found. In
this case, the travel speed was set to 5 mm/s. There was non-
constant time between the overlaying process of the individual
layers. No cracks or pores were observed. In some places of the
wall No. 1 weld spatter was documented. The width of the weld
deposit was non-uniform. The average wall width was
10.2 mm. The height in the center of the wall No. 1 was
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Fig. 2 (a) Visual inspection of planar wall No. 1 (b,c) No. 1 in more detail and (d) planar wall No. 2 (e,f) No. 2 in more detail

100.1 mm. The height of the start and end of the wall was
lower than the central part. The difference in height was about
15 mm as can be seen in Fig. 2(a). Figure 2(b), and (c) shows
part of the planar wall No. 1 in more detail. During the
fabrication of the planar wall No. 2, the travel speed increased
to 7.5 mm/s. In the case of planar wall No. 2, the heat input
decreased from 189 to 126 J/mm. More even formation of the
wall geometry at the surface was documented. Less corrugation
along the length of the wall No. 2 was identified. Significant
decrease in the wall height 18.2 mm in comparison to wall
height was observed. Causes of height drop of the end needs to
be further examined. Weld spatter was observed in some places
as well. No cracks or pores were identified. Due to the heat
input, the substrate deformed during the formation of the wall
No. 2 as can be seen in Fig. 2(d). Figure 2(e), and (f) shows part
of the planar wall No. 2 in more detail. The layer geometry
relates to the conditions of heat dissipation from various layers.
The bead geometry in one welding pass is not uniform,
especially at its beginnings and ends. At the start of the bead
(the arc-igniting phase), the profile is wide and high, while the
end of the bead is small and sloping where the arc ends (Fig. 2a,
and d).

The MIG-WAAM pulse mode was selected for the fabrica-
tion of planar walls. The pulsed electric arc is made up of a
low-power base current phase and a high-power pulsed current
phase without short circuits material transfer. Optimal melting
pool control reduces heat input, spatter, deformations, and
stresses. Contamination of a welding nozzle by spatters can
reduce shielding gas flow, which may then become turbulent.

The stability of the welding process depending on the
composition of used shielding gas was investigated by Suban
and Tusek (Ref 39). Figure 3 shows the dependence of welding
current on time in different phases of single-layer overlay
welding. The dependence of welding current on time at the
beginning of the overlay welding is given in Fig. 3(a). The
course of the welding current as a function of time from the
start of welding to 0.013 seconds is given. The beginning of the
overlay welding process is characterized by a higher current of
around 600-650 A. Subsequently, there is a gradual current
decrease, then the process settles down. Figure 3(b) shows the
dependence of welding current on time during the process of
overlay welding at period from 14.135 to 14.156 seconds, i.e.,
time interval 21 ms. Based on the contour created by the
selected points the MIG pulse process appeared stable. The
welding current fluctuated uniformly with the welding time as
can be seen. The steady period of the pulse welding current is
around 325 A. The base current was about 50 A. No significant
deviations were monitored. Dependence of welding current on
time at the end of the process is given in Fig. 3(c). The graph
demonstrates the waveform in period from 28.6 seconds to the
end of the overlay welding.

3.2 Analysis of Overlay Weld Cross-Sections

Individual weld beads were deposited at various travel
speeds. The influence of the travel speed on the geometry of
single beads is evaluated (Fig. 4). The travel speeds ranged
from 3.5 to 13 mm/s. The application of travel speed of
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Fig. 3 Dependence of welding current on time (a) at the beginning
of the process, (b) during the process and (c) at the end of the
process

3.5 mm/s resulted in the bead width of 15.3 mm. In the
remaining weld beads, the higher the travel speed the narrower
the deposited weld bead (Fig. 5a). The widest weld bead was
observed at the travel speed of 5 mm/s reaching the value of
19.7 mm. As it was expected, the narrowest weld bead was
observed at the travel speed of 13 mm/s, i.e.,, only about
13.4 mm. Similar trend was observed also in the case of weld
bead height (Fig. 5a). Except of 3.5 mm/s, the higher the travel
speed used the smaller the height of weld bead. The highest
weld bead was observed when 5 mm/s travel speed was used
and the lowest one in the case of application of 13 mm/s travel
speed.

Furthermore, the depth of penetration of the deposited weld
bead and penetration area as well, were analyzed (Fig. 5b).
Increase in travel speed from 3.5 to 7.5 mm/s resulted in the
increase in penetration depth from 2.6 to 4.4 mm. Further
increase of travel speed to 10 and 13 mm/s resulted in the
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decrease in the depth of penetration. Similar situation was
recorded in the case of penetration area. The increase in travel
speed from 7.5 to 10 mm/s gave the drop of penetration area
from 25.8 to 9 mm?.

The presence of internal defects, the depth, and the width of
the overlay welds were examined by means of cross-sectional
study. Penetration depths of first layers were investigated as
well. Each value represents the arithmetic mean of the five
measurements. The macrostructure of the wall No. 1 is shown
in Fig. 6(a). Figure 6(c) shows the substrate—first layer
connection of the wall No. 1. The first layer penetration depth is
3.1 mm. No angular deformations of the base metal were
observed. Cross-section of the planar wall No. 1 is character-
ized by visible lateral z-axis misalignment. The sufficient layer
connection of the next overlay weld layer was discovered. The
width of the wall No. 1 has not been narrowed or widened. No
cracks are visible in Fig. 6(c). Due to the supposed presence of
hydrogen, the presence of pores was observed. In the case of
the wall No. 2 (Fig. 6b), travel speed increased from 5 to
7.5 mm/s. Other parameters were constant. It resulted in a
reduction in heat input during the process of wall No. 2
production. In the first third of cross-section slight misalign-
ment from z-axis was identified (Fig. 6b). However, the wall
geometry has not been changed. Furthermore, the presence of
pores was detected (Fig. 6d). Lower heat input affected the
geometry of the overlay weld and resulted in the first layer
penetration depth up to 3.63 mm.

The temperature in the middle of each layer was measured
by thermocouple during the process. Inter-operational time
between deposition of each layer was 120 s. With the increase
of the wall height, i.e., the number of deposited layers, the
lower temperature was detected. Layer temperature interval for
wall No. 2 ranged from 76 to 200 °C (Fig. 7). Due to the
applied preheating temperature of 350 °C, the temperature of
the first layer was the highest up to 200 °C. The heat input and
preheating temperature had a great impact on the geometry of
the welds and the connection of the first layer to the base metal.
The highest temperature measured after deposition of the first
weld bead is affected also by the mentioned preheat of the base
material. Preheat helped to accumulate the heat and slow down
the cooling rate. The second layer was deposited after 120 s
waiting time after deposition of the first bead. During this
period, cooling in terms of heat dissipation toward thick base
plate occurred. The temperature immediately after deposition of
the second layer was 110 °C. Again, the waiting time was set to
120 s and the measured temperature at the center of the third
layer immediately after its deposition was 115 °C. The decrease
of the bead temperature is associated with better heat dissipa-
tion toward the lower parts of deposited wall. After the
deposition of 26th layer, the measured temperature directly
after deposition of layer dropped below 90 °C. This is
attributed with the fact, that the heat was more effectively
conducted along the height wall toward lower parts of the
deposits. A narrower wall width was observed when the heat
input decreased. Furthermore, the height of the wall was lower
with a lower heat input.

The dependence of layer width on layer number is shown in
Fig. 8. The width of the widest layer of wall No. 1 was
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Fig. 4 The cross-section of weld bead schematically sketched with measured dimensions and deposited at travel speeds of 3.5, 5, 7.5, 10 and

13 mm/s

11.05 mm, and vice versa the narrowest width was 9.4 mm.
The average width of the layers of wall No. 1 was 10.23 mm.
The width of the widest layer of wall No. 2 was 9.33 mm, and
the narrowest width was 7.75 mm. The average width of the
layers of wall No. 2 was 8.44 mm. It is obvious, that the
welding speed was a significant parameter for the layer width
value of the overlay welded beads (Fig. 8).

The experimental results (Fig. 9) showed that the height of
the wall No. 1 fabricated with travel speed of 5 mm/s is almost
the same as the wall No. 2 produced with travel speed of
7.5 mm/s. Compared to the wall No. 2 with 70 layers, the wall
No. 1 only consisted of 55 layers. The height of both walls
increased linearly with number of layers. Total wall height of
No. 1 sample was 105.83 mm and total wall height of No. 2
was 105.12 mm. The height of 55 layers of wall No. 2 was
about 22.51 mm lower than the height of 55 layers of wall No.
1. It is obvious, that the walls height control can be realized by
changing the travel speed, which has a substantial effect on it.

3.3 Microscopic Analysis

The changes of individual overlay weld areas microstruc-
tures were investigated in detail. The base material was
delivered in annealed and slightly hardened condition. The
microstructure of 5083 aluminum alloy (base metal) possessed
a polyhedral character (Fig. 10a). Because of application of
preheating the surface to 350 °C the slight deformation
disappeared. The microstructure consists of a a-Al substitution

solid solution. First overlay weld layer (FOWL)—heat-affected
zone (HAZ)—base material transition of wall No. 2 (travel
speed of 7.5 mm/s) is documented in Fig. 10(b). The
microstructure of weld metal consists also of a-Al solid
solution according to binary phase diagram Al-Mg.

The equilibrium binary phase diagram of Al-Mg (Fig. 11)
indicates two solid solutions, i.e., Al(Mg) and Mg(Al) and three
other different phases at room temperature. If an equal content
of both elements are presented in the overlay weld metal, it
leads to the formation of mixture of AlsMg, (B) and Al;,Mg;,
(7) phases, which reflected in the mechanical properties can
cause low overlay weld quality (Ref 39, 40).

The segregation of the Al;Mg, phase in the interdendritic
areas can be assumed based on binary phase diagram of Al-Mg
(Fig. 12a). The microstructure of deposited layers of wall No. 1,
namely layer 1 designated as inner-layer, inter-layer consisiting
of second layer HAZ and next inner-layer being layer 2 is given
in Fig. 12(a). Columnar dendritic zone was observed in the
inner-layers 1 and 2. Columnar grains grew perpendicular to
HAZ grains (Fig. 12b). The microstructure of deposited layers
of wall No. 2, namely layer 2 designated as inner-layer, inter-
layer consisiting of third layer HAZ and next inner-layer being
layer 3 is given in Fig. 12(c). The higher welding speed resulted
in this case to formation of equi-axed dendrite microstructure
given in Fig. 12(d). On the other hand, the presence of pores
reducing the strength of the overlay weld metal was detected on
both overlay welds.
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Fig. 5 The influence of travel speed on the (a) bead width and
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3.4 Ultimate Tensile Strength Test

The presence or the absence of surface and internal defects,
as well as the temperature of the test environmental and
material may be crucial factors for the correctness of ultimate
tensile strength (UTS) testing results. Based on data provided
by the manufacturer, the 5087 aluminum alloy weld consum-
able is expected to give typical tensile strength of 280 MPa.
Figure 13 shows ductility calculations for wall No. 1 and wall
No. 2, which were measured from the extension of the entire
test specimen Ly, =40 mm. The test specimens were cut
perpendicularly and parallel to the direction of overlay welding.
In Fig. 13, the test specimens cut in the parallel direction
achieved a higher ductility compared to those cut in the
perpendicular direction. For the wall No. 1 in the perpendicular
direction, it was 0.33% less in comparison with the wall No. 2.
In parallel direction, the wall No. 2 possessed higher ductility
by 2.12% compared to the wall No. 1. For ductile materials,
contraction (Z) depends on the material type and the test
conditions, and its value increases faster than the ductility due
to the formation of the neck, i.e., A < Z (Ref 41). A higher
welding speed (7.5 mm/s) caused higher ductility in both
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Fig. 6 Cross-section of (a) wall No. 1 (b) wall No. 2, penetration
depth of the first layer for (c) wall No. 1 (d) wall No. 2

perpendicular and parallel directions compared to a lower
welding speed (5 mm/s). The average value of the contraction
of the wall No. 1 parallel specimen was 30.4% and for the
perpendicular specimen 29.31%. For the parallel and perpen-
dicular specimens of the wall No. 2 specimen, the contraction
was 37.63 and 31.17%, respectively. The contraction Z was
obtained by the formula:
7= "5, 100(%)
So

(Eq 2)
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where S is the area of the neck before the UTS and S,, equals to
the area of the neck after the UTS.

It can be deduced that the mechanical properties (contrac-
tion) decrease with the increasing value of the content of
impurities and other admixture in the metal, which cause the
formation of voids in the neck during plastic deformation. It
also applies that the contraction value decreases with increasing
strength (Ref 42).

Furthermore, it is possible to see in Fig. 14 that the higher
tensile strength was measured in the samples removed in the
direction of welding. Tensile strength of sample removed in the
direction perpendicular to welding direction was 261 MPa
(wall No. 1). The tensile strength of sample removed in the
direction parallel to welding was to 276 MPa (the wall No. 1).
Similar trend was recorded also in the case of wall No. 2.
Tensile strength of parallel sample was 262 MPa and that of
perpendicularly oriented sample was 246 MPa (the wall No. 2).
Application of a lower welding speed resulted in an increase in
tensile strength by 6% in average. The dashed line at 280 MPa
represents the tensile strength of the pure weld metal.

3.5 Porosity Level Measurement

Porosity, as one of the adverse and most occurring factors, is
a key issue and a major challenge in WAAM of aluminum
alloys. Porosity is caused by very different solubility values of
hydrogen, either in liquid or solid state. As illustrated by Boeira
et al. the solubility of hydrogen is 0.65 and 0.034 m1/100 g for
solid and liquid pure aluminum, respectively (Ref 43). Porosity
control is considered as one of the areas potentially suitable for
new developments in the WAAM method (Ref 44). Fig-
ure 15(a), (b), and (c) shows the cross-sections of the wall at
different locations, namely at the bottom of the wall, at the
central part of the wall and on the top of the wall deposited at
the travel speed of 5 mm/s. Spherical porosity was observed at
mentioned locations. The porosity measured at the bottom of
the wall produced with the travel speed of 5 mm/s reached
almost 0.8%. In the central part of the wall, the porosity of
0.58% was measured ant at the top of the wall, the porosity of
0.6% was attained. The mean porosity of the wall is 0.66%.

Due to the higher welding speed, the pores do not have time
to diffuse out of the molten pool. As a result, a higher degree of
porosity occurred after solidification of wall No. 2 leading to
lower mechanical properties.

Figure 16(a), (b), and (c) shows the cross-sections of bottom
of the wall, central part of the wall and top of the wall deposited
at the travel speed of 7.5 mm/s. Larger amount of spherical
porosity was observed at mentioned locations in comparison to
wall deposited with the travel speed of 5 mm/s. The porosity
measured at the bottom of the wall produced with the travel
speed of 7.5 mm/s reached 1.25%. In the central part of the
wall, the porosity of about 1% was measured ant at the top of
the wall, the porosity of about 1.1% was attained. The mean
porosity of the wall is 1.13%.

Porosity below 1% does not affect mechanical properties of
2319 WAAM walls, whereas the as-built microstructure and
applied heat treatment highly influence the properties obtained,
as reported by Arana et al. (Ref 45). The lower welding speed
(5 mm/s) in our study resulted in the smaller amount of
porosity in comparison to higher welding speed (7.5 mm/s).

Distribution of pores in wall No. 1 (TS 5 mm/s) according
to the pore diameter is given in Fig. 17(a), and (b). Based on the
measured results, it can be stated that 72% of all detected pores
have diameter up to 100 um (Fig. 17a). The share of pores with
diameter larger than 100 up to 200 um was about 10%. In the
case of wall No. 2 produced at the travel speed of 7.5 mm/s, the
share of the pores with the diameters up to 100 ym was almost
77%. The content of pores with the diameter greater than 100
up to 200 um was 4.5% (Fig. 17b).

Journal of Materials Engineering and Performance



Fig. 10 Microscopic analysis of (a) BM and (b) FOWL-HAZ-BM interface
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Fig. 11 Binary phase diagram of Al-Mg

3.6 EDS Analysis

Microstructure and chemical composition of the overlay
weld of wall No. 1 at individual places was documented by
scanning electron microscopy (SEM). EDS analysis (Fig. 18)
was performed for quantification of chemical elements pre-
sented in the overlay welds and their distribution at different
sites (wall No. 1).

No chromium and a reduced manganese value in Spectrum
1 were observed. 0.10 at.% chromium was detected only in
Spectrum 3. In brighter sites (Spectra 1, 3 and 6), lower
magnesium values (4.39, 4.53 and 3.98 at.%) were indicated.
Circular darker sites were characterized by higher magnesium
content. Black sites (Spectra 7, 8 and 9) indicated inter-
dendritic region caused by faster subcooling. The highest level
of magnesium (6.30 at.%) in Spectrum 7 was found. Chemical
composition results of wall No. 1 in local sites are shown in
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Table 6. In addition to reduced levels of chromium, manganese,
and zirconium large differences of chemical composition
between manufactured components and filler material were
not confirmed by EDS point analysis.

Elemental maps of Mg, Mn, Al with color definition can be
utilized to differentiate chemical elements of overlay weld
metal which is apparent in Fig. 19. The chemical element
mapping provided further evidence that the increased amount
of manganese in individual places resulted in the absence of
magnesium and aluminum.

3.7 Fracture Morphology

SEM images of fractured surfaces of different processed
samples after tensile testing showed various dimples sizes. In
addition, more fine pores were found. It may be caused by the
effects of Mg volatilization, porosity formation or alloying. In



Fig. 12 Microstructure of deposited layers of (a) wall No. 1, (b) interface between columnar dendritic zone and HAZ (No. 1) and
Microstructure of deposited layers of (c) wall No. 2, (d) equi-axed dendrite zone (No. 2)
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Fig. 13 Influence of overlay welding direction and travel speed on ductility

addition, the fracture surface of the applied alloy in Fig. 20(a),
(c) and 21(a), (c) shows coarser and cracked second phase
particles embedded in the dimples, that can reduce the tensile
strength. This is because in the case of ductile materials, the
crack is formed by the coalescence of micropores that can be
formed as a result of cracking the second phase particles. The
cracks may initiate from micropores and then expand to
macrocracks. It can be found that test samples yield with a
ductile failure appearance, showing predominant presence of

dimples with tearing morphology in the deposited metal (Ref
34).

Most induced pores in aluminum weld metal are formed by
undissolved hydrogen, which is due to a large solubility
difference between the liquid and solid phases. Most of the
excess hydrogen in aluminum applied by WAAM exists as
molecular hydrogen in pores. Hydrogen elements mainly come
from the surface of the aluminum substrate, welding wire, and
protective gas atmosphere (Ref 21). Majority of the residual
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results (travel speed 5 mm/s)

hydrogen atoms are located at pores interior regions, that are
depicted as a darker area (Fig. 22). Brighter areas are
characterized by lower oxygen content and higher aluminum
content (up to 90.89 at.%), based on the lateral distribution of
elements from the imaged area named as Spectrum 2 (Table 7).

Journal of Materials Engineering and Performance

4. Discussion

The influence of the orientation of deposition direction
(perpendicular and parallel direction) of test specimens for
tensile testing is evident. Also, lower travel speed (5 mm/s)
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results (travel speed 7.5 mm/s)

caused an increase in tensile strength in comparison with higher
travel speed (7.5 mm/s), by approximately 5.5%. Sinha et al.
evaluated the effect of travel speed on the mechanical
properties of 2319 aluminum alloy. Deposition speeds of 2.5,
5.8 and 7.5 mm/s were analyzed. With an increase in process-
ing speed from 2.5 to 5.8 mm/min, the UTS recorded an
increment from 216.7 to 273.5 MPa. However, it declined to
259.6 MPa for the deposits made at deposition speed of
7.5 mm/s. Too high value of the travel speed can lead to non-
uniform defective deposit with deteriorated mechanical prop-
erties. The microstructural properties of 2319 aluminum alloy
were characteristic up to a travel speed of 5.8 mm/s by finer
grains. Subsequently, increasing the speed resulted in a
coarsening of the structure. (Ref 46). Welding current was set
to 85 A. Deposition speed of overlay welding (5 mm/s)
fabricated perpendicularly reached a magnesium content of up
to 5.53 at.%. Which is up to 6.87% more compared to the
deposition speed of 7.5 mm/s (perpendicular), when reached a
value of 5.15 at.%. In the parallel direction, a decrease of Mg
by 2.83% was detected (Fig. 23c). At an increased travel speed
(up to 7.5 mm/s) and a current set at a mutually dependent

value, there was a slight decrease in the magnesium content
both in the parallel and in the perpendicular direction, by
approximately 4.82%. It must be considered that 70% of the
heat generated during MIG process is on the electrode (which
forms the main component of the overlay welding) and thus
there is a possibility for higher Mg loss rate (Ref 47). This
directly affected the deterioration of mechanical properties. Ren
et al. refer to the reduction of Mg, which affected the
mechanical properties. Increasing the Mg content will reduce
the nucleation probability of pores and hinder their growth,
which is the reason of decrease in the number and size of pores
while the Mg content increases from 5 to 6% that correlates
with Fig. 14 (Ref 48). Mg evaporation occurs especially while
metal transferred the area where the temperature was higher
than the boiling point Mg, namely 1107 °C, what directly
affected the deterioration of mechanical properties.

The influence of welding current and deposition speed on
Mg loss rate in WAAM processed aluminum alloy was
investigated by Yuan et al. Authors found that the Mg loss
rate (Fig. 23a, and b) that causes substitutional hardening of the
alloys and improves their strain hardening ability (magnesium
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Table 6 Chemical composition of individual locations
(at.%)

Spectrum Mg Al Cr Mn Zr
1 439 95.22 0.31 0.08
2 5.71 93.95 0.34
3 4.53 94.96 0.10 0.31 0.09
4 5.19 94.48 0.33

5 5.33 94.46 0.20
6 3.98 95.66 0.29 0.07
7 6.30 93.51 0.19
8 5.26 94.31 0.30 0.13
9 5.63 94.00 0.37

content > 3 wt.%) occurs by increasing the deposition speed.
The higher the speed was set, the higher the magnesium content
was documented. On the other hand, the higher the current
used, the higher the losses were observed (Ref 49). The
aluminum alloys are melted repeatedly as the heat source
moves back and forth during WAAM process. Thus, the
element loss of Mg in WAAM is like multi-pass welding but
different from the single-pass welding (Ref 50). When the
current increased, the loss of Mg was close to 1/5 of the Mg
element content of the wire. When the deposition rate increased
from 1.7 to 3.3 mm/s a loss rate of elemental Mg of about 5.5%
(from 16.88 to 11.32%) was observed (Ref 51). Figure 24
shows the fracture area from which the magnesium content
from Fig. 23(c) was evaluated.

A main role is played by the type of aluminum alloy and its
susceptibility to porosity, which directly effects the mechanical
properties. Higher strength of parallel overlay welding direction
test specimens (approximately 6%) was achieved. The parallel
tension generally resists grain boundary forces, whereas the
perpendicular tension mainly resists the forces inside the grains
and the bonding forces between deposited layers (Ref 52). In
the specimens investigated in this study, the tensile strengths of
parallel removed samples exceeded the tensile strengths of
perpendicular removed samples. This finding indicates that the
interlaminar combination was poorer and that the forces inside
the grains exceeded the forces at the grain boundary. This
indicates that the tensile strength between the grain boundaries
exceeded that inside the grains derived from the growth
direction between the grain boundaries (Ref 53). There was
crack dissemination along the region of minimum energy
consumption. Properties of samples produced by additive
manufacturing are affected by anisotropy, the degree of
anisotropy is characterized using the following equation (Ref
54):

Pmax - Pmin

P x 100%

4y = (Eq 3)
where A4, is the anisotropic percentage, Prax and Pp,
represents the maximum and minimum strengths of the
horizontal or vertical samples, respectively.

Also, it is necessary to consider the cohesion of the layers in

the welding direction compared to the non-uniformity of the
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Fig. 19 SEM-EDS elemental mapping of wall No. 1

Fig. 20 Fracture surfaces after tensile testing wall No. 1 (a, b) in perpendicular direction, (c, d) in parallel direction
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Fig. 21 Fracture surfaces after tensile testing wall No. 2 (a, b) in perpendicular direction, (c, d) in parallel direction
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Fig. 22 Locations of measurement of local chemical composition
by means of EDS analysis (wall No. 1 parallel)

Table 7 EDS point analysis in local sites (in at.%)

Spectrum o Mg Al Mn Fe Zr

Spectrum 1 6.18 7.15 81.31 2.98 2.38
Spectrum 2 2.86 5.66 90.89 0.39 0.09 0.11
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layers in the perpendicular direction. To improve the cohesion
of the layers in the perpendicular direction, resistance heat
helps improve the melting of the wire and reduces the arc
energy input, thereby removing hydrogen impurities on the
surface of the individual layers and improve deposition
efficiency (Fig. 25) (Ref 55). Klein at el. observed that
difference in mechanical properties in perpendicular and
parallel direction is dedicated to the location and concentration
of the porosity. In the case of perpendicular samples, the crack
propagation was due small distances between pores (Ref 56).

The welding parameters like welding current, voltage, wire
feed speed (WFS) and travel speed (TS) have important effect
on the porosity. The welding current and voltage were used the
same, i.€., 85 A and 13.9 V. Thus, the influence of WFS and TS
is evident. Ayarkwa analyzed in his study the influence of
WFS/TS ratio on the porosity of weld metal. Higher ratio of
WEFS to TS resulted in higher amount of material to be
deposited increasing the cross-section and size of the deposited
weld bead. Larger molten metal area limits the escape velocity
for the hydrogen from the molten pool which raises the
porosity. This is in accordance with the research performed.
Wall No. 1 deposited with the travel speed of 5 mm/s possesses
the WFS/TS ratio equalling to about 17. The wall No. 2 which
was deposited by TS of 7.5 mm/s was characterized by the
WFS/TS of about 11. As it was mentioned above the cross-
sectional area of the single bead deposited by the TS of 5 mm/s
was 110 mm?” and that produced with the TS of 7.5 mm/s was
140 mm? (Fig. 4). Higher WTS/TS ratio means the higher heat
input that will increase the cooling time and enables more time
to escape the hydrogen from the molten pool during solidifi-
cation (Ref 57).
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Higher strength at a higher travel speed, when the grains are
finer, was expected. Since a concentration of porosity was
found at the layer boundaries, the anisotropy between the
vertical and horizontal directions can be attributed to the cross-
sectional weakening by the pores, and crack initiation by stress
concentration at the pores, and inhomogeneity of microstruc-
tures (Ref 58). Due to the occurrence of greater porosity, test
specimen made at a lower welding speed achieved higher
strength. Theories of the formation of pores at a higher travel
speed were addressed by Fu et al. (Ref 59). The conditions of
pores growth are expressed by equation:

P> 1+ 200, /r (Eq 4)

where P, is the pressure inside the pore, o,, is the surface
tension between the pore and the liquid, and r is the curvature
radius (Ref 60).

When the arc energy is decreased, the melt temperature
decreases and the cooling rate increases, so ¢,, value was
higher, and P, was lower. At a higher travel speed (7.5 mm/s),
less heat was supplied. The escape velocity decreased due to

the increase in liquid viscosity and the decrease in the radius of
curvature, i.e., more pores were discovered (Fig. 16). The lower
heat input limited the growth and separation of the pores, thus
their ability to escape was limited (Ref 59).

5. Conclusion

The study presents analysis of the properties of 5087
aluminum alloy components produced by MIG-based WAAM
technique. Two walls were made at different welding speeds (5
and 7.5 mm/s). The WAAMed components were analyzed by
visual inspection, macroscopic and confocal microscopic
analysis, EDS chemical composition analysis and mechanical
properties testing. The influence of travel speed on the walls
properties was evaluated. The work conclusions are as follows:

e Higher travel speed affected the wall width and overlay

weld geometry. Increase in welding speed led to a narrow-
ing of wall width from 10.23 to 8.44 mm,
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Fig. 24 Fracture areas from which the magnesium content was measured
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Fig. 25 Schematic representation of the forces within the grains (perpendicular and parallel direction) of the test specimens

e Higher travel speed caused the increase in the number of e Higher travel caused increase in the porosity amount in
layers from 55 to 70 being necessary to manufacture the weld metal. The porosity levels for different locations
wall with the height of about 105 mm, were 0.66% for weld metal produced with travel speed of

e Higher travel speed resulted in the decrease in tensile 5mm/s and 1.13% in the case of higher travel speed
strength from 276 to 261 MPa (parallel samples) and from 7.5 mmy/s.

262 to 246 MPa (perpendicular samples),

e Higher travel speed had almost no effect on the ductility
of perpendicular samples and led to the increase in ductil-
ity from 16.96 to 17.32% of parallel samples,
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