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Abstract

Aluminum alloy lattice structures have important application prospects in modern engineering,
construction, and lightweight manufacturing of key industrial components. The current “dot-by-dot”
manufacturing method, using Wire Arc Additive Manufacturing (WAAM) with Cold Metal Transfer
(CMT) as the heat source is an important way to achieve integrated manufacturing of large-sized and
complex aluminum alloy lattice structure. In this paper, a detailed study is conducted on the design
and prototype manufacturing of aluminum alloy dot-by-dot deposition process. Single strut design,
“X lattice unit” design and geometric parameter design are explored through characterization of both
microstructural and mechanical properties. The porosity, microstructure, and mechanical properties
of the lattice strut in different areas were studied. The majority of pores were present between each
layer deposition and accumulated in the line bridge area. A detailed discussion was then conducted
on the formation mechanism of pores in aluminum alloy struts and the deposition strategy of the so-
called X lattice unit. Finally, the manufacturing of a circular lattice structure composed of X lattice
unit was achieved through deposition strategies control.

Keywords
Wire Arc Additive Manufacturing, lattice structures, Aluminum alloy, Microstructural analysis,
Mechanical properties.



1. Introduction

Metal lattice structures have broad application prospects in fields such as construction [1, 2],
vehicles [3], and aircraft[3] due to their lightweight and high-strength functional characteristics.
However, due to its complex configuration, traditional processing methods for lattice structures have
limitations. On the other hand, additive manufacturing (AM) has outstanding advantages and broad
application prospects in the manufacturing of lattice structures due to its integrated forming ability
with complex configurations. Aluminum alloy is a lightweight metal with low melting point and high
thermal conductivity, making it widely applicable in weight reduction of industrial parts, such as
aircraft frame[4], turbojet engine blades[5], and hollow components[6]. Aluminum alloy lattice
structures combine the excellent material characteristics of aluminum alloy with the functional
characteristics of lattice structure. This combination enables further lightweight manufacturing of
parts and offers a very broad application prospect [7, 8]. Compared with traditional machining
techniques, its characteristics enable it to have the ability to fabricate complex spatial structures, thus
gradually becoming the most suitable manufacturing method for various types of lattice structures.

Today the most established process for obtaining lattice structures and fine features is the powder
bed process, mainly laser powder bed fusion (LPBF) [9-11] and Electron Beam Powder Bed Fusion
(EBPBF) [12-14]. Both LPBF and EBPBF have the unique advantage in manufacturing lattice
structures due to the characteristic of small size of spot, the thin layer thickness. These characteristics
and advantages are not present in Directed Energy Deposition (DED) processes, but it is worth noting
that in recent years, DED has gradually been applied to manufacture lattice structures, especially
large-sized metal truss structures [7, 15, 16]. Although there is some literature evidence of lattice
structures obtained with laser metal deposition (LMD) [17], they are mainly manufactured through
Wire Arc Additive Manufacturing (WAAM) processes. According to the different types of heat
source and deposition mode of the WAAM, it can be referred to either Gas Tungsten Arc Welding
(GTAW)[18-20], Plasma Arc Welding (PAW)[21, 22], Gas Metal Arc Welding (GMAW)[23, 24] or
Cold Metal Transfer (CMT)[25, 26]. This technology has recently been intensively studied for
producing wall structures from various alloys such as Al-alloys, Mg-alloys, stainless steels and Ni-
based superalloys[27-35]. In the GTAW process, the heat source is stable due to the use of side-axis
wire feeding, which is conducive to reducing spatter, but it is currently difficult to finely control the
heat input. GMAW uses a coaxial wire feeding mode, the metal wire is both the heat source and the
material, which has a higher deposition efficiency, but the droplet transition is more sensitive and
prone to spatter. PAW is suitable for precise and fine deposition due to the concentrated arc, and has

higher deposition accuracy, but the overall deposition efficiency for large-scale structures is low.
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CMT is a variant of GMAW that offers controlled heat input by intermittently pulling back the wire,
reducing spatter and heat distortion[36, 37].

Presently, WAAM is the predominant method for fabricating lattice structures within all various
DED processes [38-43]. This is due to its capability to employ a so-called “dot-by-dot™ printing
strategy, which offers precision and control of the material drop and consequent thermal load[38, 39].
In detail, the dot-by-dot printing strategy consists of layering subsequent drops of molten metal to
create bar-like and lattice parts [39].

Metal lattice structures fabricated by WAAM have gradually become a research hotspot, as
shown in Table 1. Compared with other AM methods (such as LPBF), it uses an arc as the heat source
and metal wire as the material, which melts through the metal wire and deposits droplets dot by dot.
At present, the metal lattice structures manufactured by WAAM mainly include stainless steel,
titanium alloys, aluminum alloys. Researcher effort was primarily focused on the mechanical
characterization and design developments, with special effort on features like material properties,
manufacturing characteristics, and architectural design. Radel et al. [44] used the WAAM-CMT
method to manufacture spatial bars and proposed a manufacturing strategy for dot-by-dot automatic
manufacturing of complex spatial truss structures using Computer Aided Manufacturing (CAM)
technology. Silvestru et al. [45] achieved WAAM of stainless steel metal rods through a multi axis
welding robot by employing the so-called “point-by-point” strategy (assimilated as dot-by-dot).
Laghi et al. [38, 39] explored a novel unsupported WAAM technology for manufacturing stainless
steel lattice structures, which can be applied in the construction field. Wang et al. [46] also studied
the forming process of spatial bar structures using the WAAM-GMAW (CMT) method. Their
investigation encompassed several key components, such as point-by-point deposition manufacturing
strategy, mechanical analysis model in WAAM, path optimization method, and interference
adjustment strategy based on collision detection method. Wu et al. [47] also conducted multiple
explorations in the field of spatial member structure manufacturing. For this aim, the team proposed
a Skeleton Arc Additive Manufacturing (SAAM) for skeletal structures. Xu et al. [41-43] used the
WAAM-GTAW method to manufacture unsupported spatial rod structures and achieved multi angle
spatial rod unsupported manufacturing from 0 ©to 90 < Y. Li et al. [7] used the WAAM-GMAW
(CMT) method to manufacture aluminum alloy multi angle tilted rods and large multi-layer lattice
structures using a multi axis welding robot. Yu et al.[8, 16, 48] achieved the manufacturing of
aluminum alloy pyramid lattice using the WAAM-GMAW (CMT) method based on the
manufacturing of suspended rod structures. Abe et al. [15] studied the influence of process parameters

on the macroscopic morphology of formed specimens during the manufacturing of spatial rods, and
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ultimately achieved the manufacturing of multi-layer pyramid lattice structures. Zheng et al. [49,
50]explored the detailed fabrication mechanism and microstructure and properties of aluminum alloy
lattice structure as well as the curved-generatrix-shell pyramid lattice structure by WAAM-CMT.

It can be seen that through the exploration of lattice structure AM technology, the current
WAAM process can achieve preliminary metal lattice structure deposition. However, due to the low
melting point and high thermal conductivity of aluminum alloys, controlling heat input is one of the
research difficulties in subsequent WAAM processes. At present, the analysis of WAAM dot-by-dot
deposition process for aluminum alloy is still not systematically conducted. The research on internal
pores defects, microstructures, and mechanical properties of different forms of dot-by-dot aluminum
alloy strut samples lacks comprehensive coverage.

This paper investigates WAAM aluminum lattice structures fabricated by CMT method and dot-
by-dot technique. The fabrication process involved designing the geometric parameters of a single
droplet, designing the deposition path, and exploring the manufacturing process through experiments.
Furthermore, the macroscopic and microscopic morphology of the strut at different positions was
characterized and internal defects were detected and analyzed using X-ray Computed Tomography
(XCT). The study also explored the mechanisms of porosity formation in the dot-by-dot process for
creating aluminum alloy struts. Finally, the microhardness and tensile properties of different rods
were compared, resulting in a detailed and comprehensive exploration of deposition strategies and
design for aluminum alloy lattice structure. Notably, this study further investigated the manufacturing
of both “X lattice unit” and lattice structure, particularly focusing on the manufacturing strategy of

joint areas and analyzes the effects of the different shapes of the joint area.

Table 1 A summary of literature state of art on lattice structure fabricated by WAAM
WAAM-GTAW WAAM-CMT

] Machine tool [8, 16]
) Machine tool [41, 42, 51]
Equipment Robot [7, 15, 38, 39, 45, 47, 48]

Dot-by-dot [16, 48-50]

Methodology Dot-by-dot [41, 42, 51]
Pyramid lattice [8, 16, 46, 48-50]
Pyramid lattice [41-43, 51] Inclined rod [7, 8, 16, 38, 46, 49, 50]
Lattice types Inclined rod [41-43, 51] Curve rod [8]

Kagome lattice [15]
Spatial other types [8, 16, 38]
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Stainless steel [51, 52] Aluminum alloy [7, 8, 16, 48-50]
Titanium alloy [41-43] Stainless steel [15, 46]

Materials

2. Experimental tests

2.1 Materials and Process
Commercially available ER2319 aluminum welding wire of nominal diameter 1.2 mm supplied by
Bohler (Vienna, Austria) was used as feedstock wire, and a 20-mm thick AI5083 (AlMg4.5Mn) block
was used as substrate. The nominal chemical composition of the wire feedstock is seen in Table 2.

Table 2: Nominal chemical composition of feedstock wire (wt%)

Al Mg Ti \% Mn Cu Zr
Bal. <0.02 0.1-0.2 0.05-0.15 0.2-04 5.8-6.8 0.10-0.25

The WAAM system was established at Caracol AM SRL (Barlassina, Italy) [64]. The schematic
diagram of the manufacturing system is shown in Fig.1(a), using a welding robot as the main carrier
for WAAM. The system comprises a six-axis robotic arm (KR 12, KUKA, Augsburg, Germany) and
a Gas Metal Arc Welding (GMAW) setup provided by Fronius (Pettenbach, Austria), which included
a power source, rear wire feeder, torch wire feeder, and a welding torch, as shown in Fig.1(b). A
software framework consisting of a 3D modeling package Rhinoceros3D with Grasshopper extension

was used to program the deposition path.

CMT equipment Workbench
WAAM robot

Fig.1 WAAM system and equipment: (a) Schematic diagram of WAAM equipment. (b) Photo of WAAM
equipment of Caracol
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2.2 Experimental design

Single struts of 5-mm nominal diameter and 210-mm height were deposited with the dot-by-dot
deposition strategy, as seen in Fig.2(a). The process parameters utilised in this study were determined
based on preliminary experiment exploration. These parameters were then adjusted to align with the
point-wise deposition strategy employed in this study, as shown in Table 3. The Cold Metal Transfer
(CMT) module was used, and the process parameters were fixed during the deposition: the wire feed
rate was set at 2.7 m/min, voltage and current maintained at 10.8 V and 41 A respectively, and the
stand-off distance (the distance between the torch tip and substrate) was held at 15 mm. Additionally,
99.99% pure Argon was used as shielding gas with a flow rate of 16 I/min. In a dot-by-dot strategy,
the critical parameter is the “arc-on” time which governs the drop dimension. For the single strut in
Fig.2(a), after preliminary experiments (not reported for the sake of brevity) the arc-on time was set
to 0.5 seconds. In the case of the columnar lattice structure in Fig.2(b), the arc-on time was set to 0.8
seconds for the cross joint and 0.5 seconds for all the remaining parts. Consequently, the nominal
drop diameter and height of the single strut in Fig.2(a) were equal to 5 mm and 1 mm, respectively,
while the drop height (hence the layer height for dot-by-dot process) was equal to 1.3 mm in the case
of the columnar lattice structures. Before analysing the microstructure and mechanical properties of
the specimens, the density of the single struts was evaluated.

Following the study of the single strut, the columnar lattice structure in Fig.2(b) was then deposited.
The fundamental lattice unit of the columnar structure is shown in Fig.2(b). The unit cell can be
regarded as “X lattice unit”, formed by two distinct inclined rods meeting at a cross joint, as depicted
in Fig.2(c). This cross joint can be visualised as a cluster of different droplets. It should be noted that
the building direction was kept always vertical (i.e. the welding torch was always perpendicular with

respect to the substrate, as shown in Fig.2(a)).

Table 3: Process parameters employed for the dot-by-dot lattice manufacturing

Parameter Value
Wire feed rate, m/min 2.7
Current, A 41
Voltage, V 10.8
Stand-off distance, SOD, mm 15
Shielding gas Argon
Shielding Gas flow rate, I/min 16
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Arc on time, s (in Fig.2 (a)) 0.5

Arc on time, s (in Fig.2 (b), cross joint dot, in blue) 0.8
Arc on time, s (in Fig.2 (b), except for cross joint dot) 0.5
Arc wait time, s (in Fig.2 (a)) 15
Arc wait time, s (in Fig.2 (b)) 10
Nominal layer height, h, mm (in Fig.2(a)) 1

Nominal layer height, h, mm (in Fig.2(b)) 13
Nominal bead diameter, d, mm (in Fig.2) 5

(a) (b) / \‘ (c) \

Wire )

""J"l_
_

dusy),

0\ Cross joint =

| v \/ |

“X” lattice unit

SN

'“‘.“““‘IN‘I |

BD

Fig.2 Design of the experimented lattice unitary geometries: (a) single strut, (b) columnar lattice structure
and single lattice unit of the lattice columnar structure, (c) cross joint located at the intersection of the “X

lattice unit”.

3. Material characterization
3.1 Microstructure characterization
For the microstructure analysis, the longitudinal cross-section of the single strut was considered.
Initially, the single strut was cut into two parts along its central axis, as illustrated in Fig.3(a).
Subsequently, one half of the metal strut was further divided for metallographic observation into three
sub-sections (namely the top, the middle and the bottom sections) measuring 30 mm each, as shown
in Fig.3 (b). These cross-sections were then prepared by grinding with 180, 320, 600, 800, 1200, and
2500 abrasive papers respectively, followed by polishing with 6 pm, 3 pm, and 1 pm diamond paste.
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Fig.1: Preparation of single strut for metallographic analysis: (a) cross section plane, (b) three regions of the
single strut used for metallographic and XCT characterization.

Porosity and microstructure analysis were conducted on the polished cross-sections obtained using
an optical microscope (Leitz Ergolux 200). ImageJ software (U.S. National Institutes of Health,
Bethesda, Maryland, USA) was employed to calculate porosity. Chemical etching was performed
with Keller’s solution (95% H20, 2.5% HNO3, 1.5% HCI, and 1% HF). To obtain a comprehensive
3D characterization of the internal structure of the samples, two X-ray computed tomography (XCT)
scans were conducted. The first scan aimed to characterize the porosity distribution within the single
strut, employing high magnification acquisition. The second scan focused on characterizing the global
distribution of porosity within the lattice structure. The NSI X25 XCT scanner (Nort Star Imagining,
USA) was used with the scan parameters detailed in Table 4. Subsequently, the acquired images were
analysed using VGStudio Max 3.4 (Volume Graphics, USA).

Table 4: Scan parameters employed for acquisitions of images for XCT.

Parameter Value
Voltage, kV 100
Current, pA 25-40
Acquisition, FPS 5-15

No. of averaged images 10
No. of projections 2000
Physical filter, mm 1.3 Al
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Magnification-strut, X 2.2
Magnification-lattice, X 13.5

Physical pixel size, pm 75

Voxel size-strut, pm 34

Voxel size-lattice, pm 5.7

Image size-strut, voxel ~ 1706x1522x2804
Image size-lattice, voxel 1021x1014x1238

3.2 Mechanical characterization
Vickers hardness analysis was conducted on the polished cross-section under a loading of 200GF and
dwell time of 15 s using a microhardness indenter (MH3, Metkon®, Bursa, Turkey) in accordance
with ASTM E384 — 17 standard. Tensile tests were carried out on the as-deposited strut using a
universal testing machine with 500 kN load capacity.
The tensile specimens, as depicted in Fig.4, were tested under displacement control with a loading
rate of 2 MPa/s. In this study, two types of tensile specimens were tested.
A first batch of specimens were tested with as-built geometry without machining processing as shown
in Fig.4(a), to assess the mechanical performances of the tested parts accounting for the inherent
geometrical irregularities typical of the dot-by-dot process. From these tests, the key mechanical
properties were extracted as effective properties, i.e. considering the volume-equivalent (or effective)
cross-sectional area, as also applied in [39, 53].
A second batch of specimens were tested on machined samples to avoid the effect of the geometrical
irregularities and hence capture the essential mechanical properties (Fig.4(b)). Machined samples
were fabricated by CNC lathes and milling machines.
The tests were carried out using a Universal testing machine with 100 kN load capacity at the
Mechanical Engineering Labs at Politecnico of Milan. A linear deform meter (with a nominal length

of 50 mm) was also used to detect the global strain of the specimens up to yielding.
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Fig.4 Tensile test specimens: (a) specimen dimensions for as-deposited strut (Hn is the nominal height, Dn is

the nominal diameter), (b) specimen dimensions for machined strut.

4. Results and discussion
4.1 Single strut
The deposited single struts, as depicted in Fig.5, exhibited a measured height of 210 mm, with
significant variation observed in the cross-section, as expected in the deposition employing dot-by-
dot strategy. As shown in Fig.5, for the as-built tests, three of the single struts (number 1-3 in Fig.5)
were utilized. Additionally, one strut was machined to obtain three tensile test samples (number 4),

while the remaining one (number 5) was used for density and microstructural characterization.
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Fig.5 Single struts deposited with WAAM

4.2 Porosity analysis

The cross-section acquisitions of the three regions of the single struts captured by an optical
microscope are shown in Fig.6. Higher porosity was observed in the top section, while the lowest one
was in the bottom region, with the overall porosity of the entire strut being on average 1.6 0.8 %.
In order to further analyze the distribution of pores and clarify the morphology and number of pores,
XCT was used to characterize the pores of the strut sample.

The XCT image underwent thorough analysis to determine the distribution and sizes of the pores
present. Fig.7(a) shows a single strut sample at high magnification from an XCT image, where
individual drops are distinguishable from the alternate dark (low X-ray attenuation) and light layers
(high X-ray attenuation). The difference in the X-ray attenuation typically arises from the differences
in material composition and crystalline structure. The presence of microporosity further diminishes
the attenuation. Fig.7(b) and (c) reveals that pores tend to aggregate in the darker areas, which
indicates the presence of pores between deposited layers. As microporosity (with a pore size lower
than the resolution of the XCT image is undetectable) is also expected to be present, the lower

attenuation in this area is justified. Also, the expected presence of lightweight aluminium oxides
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justifies the attenuation. The average pores radius is 96.1pm, and the average sphericity (ratio
between the surface of a sphere with the same volume as the pore and the surface of the pore) is 0.5
#0.1, indicating that both regular and irregular pores are present. Fig.7 (d) and (e) shows the number
and percentage of pores in different diameter ranges, indicating that pores with diameters between
0.05 and 0.1 have the highest number. Fig.7 (f) shows the number and percentage of pores under
different sphericity ranges. It can be seen that pores were mainly concentrated in the region with
sphericity ranging from 0.4 to 0.65, with the highest number of pores occurring in the region with
sphericity ranging from 0.45 to 0.5. Box plot distribution of pore diameter and sphericity was showed
in Fig.7(g). It can be clearly seen the average values of sphericity and diameter, as well as the data

distribution.

Bottom Middle Top 3 D

Fig.6 Porosity of three regions of the single strut cross-section by optical microscope: bottom area, middle
area and top area

12
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4.3 Formation mechanism of gas pores

As shown in Fig.7 (b) and (c), the distribution of gas pores followed a certain pattern. Most of the gas
pores were distributed along the fusion line of the as-built strut, showing a clear corresponding
relationship with Fig.7 (a). According to relevant research, it has been shown that the porosity
distribution of aluminium alloy WAAM samples deposited in multiple layers and weld beads mainly
occurs in the overlapping areas of the melt bead, but there are also pores in the interlayer area of the
aluminium alloy [54-56]. Therefore, the formation and distribution mechanism of gas pores of
aluminium alloy struts manufactured by WAAM with dot-by-dot can also be explained by the fluidity
of the melt pool and the force analysis on the pores.
Fig. 8 offers a graphical explanation of the formation mechanism of gas pores in dot-by-dot strut. Fig.
8 (a) shows a photo of the solidification of the first melted droplet formed on the substrate during the
actual deposition process. Due to the surface tension, the droplet appears spherical on the substrate,
and after bonding with the substrate, it becomes the basis for subsequent dot-by-dot deposition. As
shown in Fig.8 (b), the build direction (BD) is vertical upwards. The state of the top droplet is shown
in Fig.8 (c), and there is supersaturated gas in the melt pool. Grains grow at the bottom of the melt
pool. Gas nucleates on the surface of grains because the energy consumed by grain surface nucleation
is much lower than that of spontaneous nucleation[57, 58]. Spontaneous nucleation is the initial form
of gas pores. After nucleation, pores need to grow under the following conditions (Eq.(1)), as shown
in Fig.8 (i).

N >1+2F,R™ (1)
where N (N) is the force exerted on the pores by the surrounding liquid, F, (N/m) is the surface

tension between the pore and the liquid, and R (m) is the curvature radius of pores.

After the nucleation of the pore, it grows and moves in the melt pool. The pores move and diffuse
with Marangoni convection, and move along the direction of fluid flow, as shown in Fig.8 (c). The
difficulty of pore separation is mainly evaluated by the contact angle, as shown (Eq.(2)):

-F

E
cos@ =~ Lt (2)

P

where 6 (<) is the contact angle, cos @ is the cosine value of the contact angle. F, (N/m) is the
surface tension between solidified materials and pores, F,, (N/m) is the surface tension between melt

pool liquids and solidified materials. As shown in Fig.8 (d), the pores continuously move in the melt
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pool, gradually moving from the bottom to the top of the melt pool. As shown in Fig.8 (e), During

the initial movement of the pores, due to the small size, they are subjected to little buoyancy F; (N),
that makes impossible for them to escape from the melt pool solely through buoyancy. During the
movement, the pore is also affected by the force F, (N) of the surrounding fluid and the thermal
capillary force f (N) caused by the surrounding temperature gradient[57, 58]. During the flow
process, F, < F, Fy <« f , so the small pore will continue to move in the melt pool but will not

escape[57, 58]. Another part of small pores continuously converges during the flow process, forming
larger pores. As shown in Fig.8 (d) some pores will escape from the melt pool at a certain speed under
the conditions shown in follows (Eq.(3))[58]:
20R°
B 9r

v

(p—x) 3)

where Vv (m/s) is the escape velocity, g (m/s?) is the gravitational acceleration, R (m) is the curvature
radius of pores, 7 (N s/m3is the viscosity, p (N/m3Fis the density of liquid, & (kg/m?®) is the density
of gas. In fact, there are still many pores that cannot meet the escape conditions and ultimately remain
in the melt pool, becoming gas pores after solidification.

After completing the deposition of the N layer, the schematic diagram of the deposition of the Nin+1
layer is shown in Fig.8 (f). In dot-by-dot deposition process, each dot approximates a droplet, and in
the manufacturing of struts, a droplet is a layer. When the droplet falls and comes into contact with
the deposited material (the N layer), some of the material remelted, as shown in the Fig.8 (g). At
this point, the pores in the solidification area that have not reached the remelting boundary cannot
escape. In the remelting area, some new pores are generated and move due to meeting the nucleation
conditions, and finally escape. As the melt pool gradually solidifies, the pores that cannot escape also
remain in the remelting zone that has already solidified and become gas pores, as shown in the Fig.8
(h). In the subsequent continuous deposition process, multiple remelting zones will always appear,

so the internal gas pores of aluminium alloy struts are mainly concentrated near the remelting zone.

15



~N o oA W DN B

10
11
12
13
14
15
16
17
18
19
20
21
22
23

Deposition of the N dot (droplet) e ;‘ e el
— ores moving

E(e)xﬂ/f?

\ goni

: Pores at the bottom
1 ()

|

I Nl

|

| —\:2R .
:\\Ep /'T'\ ,//
|
|

Droplet bottom

Pores in solidification

L e,

Fig.8 Formation mechanism of gas pores in dot-by-dot strut: (a) first droplet deposited on the substrate, (b)
deposition of the Nth dot, (c) nucleation of pores in melt pool, (d) pores moving, converging and escaping,
(e) force analysis of pores moving in melt pool, (f) deposition of the Ni-+1 dot, (g) remelting area in the
deposition of the Nn+1 dot, (h) pores in solidification and in remelting area, (i) force analysis of pores at the

bottom of droplet

4.4 Microstructural analysis

Microstructural acquisitions were taken at different regions of the single struts in Fig.9. Fig.9 (a)
show the cross-section of the dot-by-dot strut in three areas (the area-bottom, the area-middle and the
area-top). Fig.9 (b) ~ (e) display the microstructure at lower magnification, while Fig.9 (f) ~ (h) show
the microstructure at higher magnification. Columnar grain structures, aligned parallel to the build
direction, were observed in the section nearest to the substrate, as shown in Fig.9 (b), while the grains
generally exhibited equiaxed shapes in the middle and top areas, as shown in Fig.9 (c) ~ (e). The
average grain sizes of the equiaxed grains were measured using the line intercept method according
to ASTM 112, as shown in Table 5. Grain sizes tend to be larger in the bottom region, decreasing in
size towards top region.

As shown in Fig.9 (f), the microstructure of the aluminum alloy ER2319 strut manufactured dot-by-
dot is composed of a(Al) as the matrix, dissolved with a certain amount of Cu, forming an a(Al) solid
solution. In the bottom region, a(Al) mainly appears in the form of equiaxed grains, with clear grain
boundaries and the presence of a second phase inside the grains, mainly 8(Al.Cu). 8(Al.Cu) mainly
precipitates in eutectic form with a(Al), and its size is relatively large, which can be clearly observed
inside the grains. The microstructure of the middle region is more irregular in shape compared to the

bottom, and there are more second phase distributions at grain boundaries and inside the grains, as

16



o o1 AW N

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

shown in Fig.9 (g). As the deposition process continuing, irregular dendritic grains begin to appear
in the top area of the strut, and the grain size is uneven, as shown in Fig.9 (h).

The changes in grain morphology and size in different regions of the same strut can be explained by
the criterion of constitutional supercooling. Currently, researchers have explored the relationship
between supercooling and grain morphology by studying the thin-walled and bulk deposition
processes of aluminum alloys [59-61], as shown in Eq. (4).

VDRD @
where G (K/m) is the temperature gradient, V (m/s) is the solidification rate, Q is the growth inhibition
factor, AT is the solidification temperature range, D is the solute diffusion rate. The ratio of G to V
has a decisive effect on the morphology of grains. Usually, the larger the ratio of G to V, the grains
are columnar grains. If the ratio of G to V is small, the grain morphology is mainly equiaxed. In the
initial stage of dot-by-dot process, the melt pool is overlapped and solidified on the substrate, which
absorbs a large amount of heat to form a large degree of undercooling. At this time, the G and V are
both large. However, compared to the WAAM with thin-wall or bulk deposition, the process of dot-
by-dot deposition of strut has a smaller heat input, a smaller temperature gradient, and a relatively
faster cooling rate. Therefore, the grains at the bottom appear as columnar grains. As the deposition
process progresses, the temperature gradient and cooling rate decrease, resulting in equiaxed grain
morphology. In addition, as the dot-by-dot progresses, the melt droplets continue to stack and solidify,
and the decrease in temperature gradient and cooling rate can also easily lead to a decrease in the
viscosity of the top melt pool. The speed of the pores at the top of the aluminum alloy strut are
generated and moved in the melt pool increases (Eq.(3)), and the number of pores increases compared
to the initial stage of deposition, resulting in a phenomenon where the porosity in the top region is

greater than that in the bottom region during pore observation in Fig.6.
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Fig.9: Microstructure at different regions of the single strut: (a) cross-section of the dot-by-dot strut in three
areas. (b)~(e) microstructure at lower magnification of areas in Fig.9(a). (f)~(h) Microstructure of areas in
different areas (bottom, middle and top)

Table 5: Average grain size of different aeras

Bottom Middle Top

Average grain size (including standard deviation)/um  24.0+2.9 20.8+1.6 184+1.1

4.5 Microhardness and tensile properties
The microhardness measurements of the three sections are shown in Fig.10. The microhardness
values exhibited slight variation both between and within each section at different locations, with the
overall average being 63 5.5 HV. The microhardness of the top area is the highest, while the
microhardness values of the middle and bottom areas are approximately equal. This is due to the
presence of numerous Al>Cu intermetallic compound phases within the grains and at the grain

18



© 0O N o o A W DN B

=
_ o

12
13

14

15
16
17
18
19
20
21
22
23

boundaries in the top area, as observed in the microstructure image, which results in a relatively high
microhardness. The presence of pores usually reduces the microhardness of as-built aluminum
materials. This is because pores reduce the effective load-bearing area of the material and cause stress
concentration, weakening the local deformation resistance of the material. The distribution of pores
is not completely uniform, so different regions of the material may exhibit differences in
microhardness. In some areas, although the porosity is low, the concentrated distribution of pores can
still lead to a decrease in microhardness. The formation of pores in aluminum alloy dot-by-dot strut
is closely related to manufacturing process parameters. Optimizing process parameters can reduce
the generation of pores, thereby improving microhardness. Excessive heat input or scanning speed
can easily lead to incomplete or excessive melting, resulting in an increase in porosity and a decrease

in microhardness.
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Fig.10 Microhardness of the single strut regions (bottom, top and middle) and comparison with

literature

Fig.11 presents the stress-strain plots of the different specimens tested under tensile load, and Fig.11(e)
shows the photo of the as-built samples during the tensile experiment. AB-1 ~AB-5 are the as-built
tensile samples, while M-1 ~ M-3 are the machined tensile samples. Due to the high variability in the
cross-sectional area of the stretched struts typical of the dot-by-dot printing strategy, two different
cross-sectional area (the effective area Aerf and the minimum area Amin) measures were used to assess
the stress-strain behavior under tensile loading. Specifically, Fig.11 (a) displays the plots considering
the effective cross-sectional Aefr, calculated as an equivalent value from volume measures[38, 39].

Conversely, Fig.11 (b) depicts the same plots using the minimum cross-sectional area Amin Obtained
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from manual measurements on each strut. Table 6 compares the two different values of cross-
sectional area and the corresponding values of ultimate tensile strength (UTS). On average, the
minimum cross-sectional area is 15% less than the practical value taken from volume equivalency.
Table 7 shows the UTS referred to machined samples. Additionally, Fig.11 (c) reports the stress-
strain plot for machined tensile samples. As depicted in Fig.11 (d), the machined samples display
higher strength values, indicating a significant detrimental effect of the cross-section irregularity of
the as-deposited struts. Due to the inevitable presence of errors in the straightness of the as-deposited
rods during the manufacturing process, there were protrusions on the surface of the rod, which can
easily lead to stress concentration when subjected to tensile loads, resulting in the actual UTS at
fracture being smaller than the standard tensile specimen after processing. In addition, when the as-
built sample is clamped onto the tensile testing machine, due to the irregular geometric dimensions
of the surface at both ends of the sample, there is no fully compatible fixture compared to the standard
tensile specimen. Therefore, further tension loss caused by friction is prone to occur during the tensile

process, which is reflected in the final difference in tensile performance, as shown in Fig.11 (e).
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Fig.11 Stress-Strain curves assuming: (a) result of the 5 as-built tensile samples based on the effective area,
Aeri, (b) the tensile results are recalculated based on minimum area Amin, (C) the tensile result and photos of 3
machined tensile samples, (d) comparison of different types of result, () photo of the as-built samples

Table 6: Ultimate tensile strength (UTS) refers to each WAAM aluminum bar considering both effective and

minimum areas.
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H Aeff Amin Amin/ Aeff UTS (Aeff) UTS (Amin)

Specimen [mm?] [mm?] [MPa] [MP3]
AB-1 (as-built sample) 22.90 19.09 0.83 119 143
AB-2 (as-built sample) 22.99 20.27 0.88 117 133
AB-3 (as-built sample) 23.07 18.70 0.81 119 146
AB-4 (as-built sample) 22.99 18.55 0.81 104 128
AB-5 (as-built sample) 24.37 20.27 0.83 69 83

Average (including
23.2640.55 19.384#0).75 0.8340.03 10619 127423

standard deviation)

Table 7: Ultimate tensile strength (UTS) refers to WAAM aluminum bar (machined sample)

Specimen UTS [MP3]

M-1 (machined sample) 180.5

M-2 (machined sample) 239.8

M-3 (machined sample) 180.5
Average (including standard deviation) 210.2429.7

The fracture photos of two types of tensile specimens (as-built sample and machined sample) are

shown in the Fig.12. By taking scanning electron microscope (SEM) images of the fracture surface,

Fig.12 (a) and (b) show the fracture surface of the as-built sample. It can be seen that the fracture

surface has obvious ductile dimples and pore characteristics, indicating that the fracture mode is

mainly plastic fracture. Fig.12 (c) and (d) show the fracture surface characteristics of the machined

tensile specimen, which are similar to those of the unprocessed fracture surface, and also exhibit more

ductile dimples, which is a typical plastic fracture characteristic.
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Fig.12 Fracture photos of tensile samples: (a) and (b) photos of as-built strut samples, (c) and (d) photos of

machined strut samples

4.6 Deposition strategies for lattice structures
The “X lattice unit”, the unit cell of the designed lattice structure was deposited adopting the same
WAAM dot-by-dot strategy but employing droplet overlap on the joint, as shown in Fig.13(a).
The same set of process parameters as shown in Table 3 and adopted for the strut were also employed
for the lattice structures. Primary defects were observed in the deposited lattice unit cell in Fig.13(a).
Firstly, the bottom two struts were not joined to each other. Secondly, due to the proximity of the two
points of the two struts, a single undesigned and undesired structure was formed after the cross-joint.

23



A w0 DN B

© 00 N O O

10
11
12
13
14
15
16
17
18
19
20

(a) (b)

> S
2, % desired
7 3 ndesir
Cross
. structure

-joint

;?a -

droplet

Kx
~

Line point 7

distance |

: . The position
4 ;c::\ de‘. iati

Transition based on Line bridge Transition based on overlap

Fig.13 “X lattice unit” design and deposition: (a) single “X lattice unit” deposited with WAAM. (b) redesign
of single “X lattice unit”, (c) the cross joint of “X lattice unit”, (d) schematics of the deposition of the line at

the cross joint, (e) cross joint based on line bridge, (f) cross joint based on overlap

In order to solve the deposition issues in the cross-joint area, smooth deposition of cross-joint can be
achieved by adjusting and designing dot-by-dot deposition strategies and paths. As shown in
Fig.13(b), the strategy of line bridge connection was adopted. This strategy provides a line bridge
between the two struts, upon which the diverging struts are deposited, as shown in Fig.13(c). In
addition, after the deposition of the line bridge, the welding torch should be moved to the center
position to deposit a larger droplet (node) as the foundation for the subsequent two inclined struts, as
shown in the Fig.13(c). Therefore, the actual sedimentation strategy for the entire process is shown
in the Fig.13(d). Firstly, the welding torch moves linearly at a speed of v from P1 to P2, and then
moves to the midpoint P3 of the line bridge for the deposition of large-sized droplets. The cross-joint
of lattice cell fabricated by different deposition strategies is shown in the Fig.13(e)~(f). The
deposition of the cross-joint area manufactured based on the line bridge strategy is smooth, as shown
in Fig.13(e), the deposition quality of the subsequent two inclined struts also has advantages.
However, manufacturing defects occurred in the cross-joint area based on overlapping dot-by-dot
processes, which affected the subsequent deposition position of the strut, resulting in position
deviation, as shown in Fig.13(f). The parameters during the actual manufacturing process for each
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bead type are shown in the Table 8. The line bridge is 4.6 mm in Fig.13(c). In fact, in order to solve
cross joint connection problems, the specific steps of the connection strategy in the line bridge area
are as follows, when the horizontal distance between the top of the two inclined rods is 5 ~ 10mm,
the robot pose should be adjusted to prepare for depositing the line bridge. Then, by extending the
arc on time, ensure that the formed droplet size is larger than that of the depositing strut, the purpose
is to avoid the continuous overlapping of small sizes in a short period of time, which ultimately makes
it difficult to form a line bridge. When depositing line bridges, it is necessary to ensure that the droplet
transition is a short-circuit transition and avoid splashing that affects the deposition quality of the
cross joint area. After the deposition of the line bridge is completed, large-sized droplets are used to
deposit at the center of the line bridge, which can reinforce the intersection node area to maintain its
integrity.

After these preliminary tests, the “X lattice unit” was manufactured as shown in Fig.14. Through the
deposition of the line bridge (Fig.14(a)), large-sized droplets (nodes) were deposited at the midpoint
of the line bridge (Fig.14(b)), and finally the entire sample was gradually fabricated (Fig.14(c)).

Table 8: Varying process parameters for each bead type.

Varying parameter
@ oo
- 5 -

Robot linear speed, v, mm/s

Arc on time, s 0.5 1.3 0.8
Arc wait time, s 10 - 1
Line point distance, mm - 4.5 -
Nominal Width/Diameter, mm 5 9~10 6
() (b) (c) o &
L s’
Line bridge Node - d
S P4 L} Diverging

\
. f “)’; struts
MQ , : 2,

Fig.14 Single “X lattice unit” showing: (a)Line bridge, (b)node dot, (c) diverging struts
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The final lattice structure, composed of “X lattice unit” deposited with WAAM dot-by-dot optimized
strategy is shown in Fig.15 (a). Porosity analysis was carried out, as shown in Fig.15 (b), revealing
that porosity was concentrated just before the inclined rod of the “X lattice unit”. This observation is
further confirmed by the detail provided in Fig.15 (c). In the area of the line bridge, the gas pores
were clustered and showed a clear regional distribution. The reason for this distribution is attributed
to the deposition strategies adopted in the experiment of the line bridge. The specific reasons for the
aggregation of gas pores are shown in the Fig.15 (d)~(f). In fact, during the dot-by-dot deposition
process, the line bridge can be seen as a lateral stacking of multiple molten droplets, as shown in
Fig.15 (d). During the deposition of the first droplet, the growth, flow, and escape of pores inside the
melt follow the criteria mentioned in Eq.(1) ~ Eq.(3). However, due to the horizontal building
direction (BD) of the line bridge, the direction of the bottom of the melt pool is different from that of
the vertical struts, showing a significant inclination, as shown in Fig.15 (e). There are residual gas
pores near the bottom boundary of the melt pool that have not escaped, so a more obvious boundary
of pore aggregation area can be observed on XCT images, as shown in Fig.15 (c). As the deposition
continues along the BD, the second droplet deposits to form a new melt pool, and the range of residual
pore aggregation areas move along the BD, as shown in Fig.15 (f), until the line bridge is

manufactured.
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Fig.15 Final aluminum alloy lattice structure deposited with dot-by-dot WAAM. (a) photo of the aluminum
alloy lattice structure, (b) Porosity analysis based XCT of lattice structure, (¢) XCT enlarged image of the
line bridge area, (d) Schematic diagram of deposition in the line bridge area, (¢) Schematic diagram of the

formation mechanism of pores in the melt pool during the deposition of the first droplet, (f) Schematic
diagram of the formation mechanism of pores in the melt pool during the deposition of the second droplet
along the BD.

Outlook
This study used dot-by-dot WAAM method to manufacture aluminium alloy strut and lattice structure.
This manuscript focused on researching and discussing deposition strategies, processes, internal
defect formation mechanisms, and mechanical properties, providing a basic process foundation and
case study for the efficient and high-quality manufacturing of dot-by-dot aluminium alloy lattice
structures in the future. Future research will further expand on the basis of this study, focusing on the

mechanical properties of lattice structures and combining finite element simulation methods to
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analyse failure modes and compare them with the actual load-bearing capacity of aluminium alloy

structures in engineering, in order to further optimize deposition processes.

Conclusions

In this work, the deposition of aluminum (ER 2319) lattice structure by the Wire and Arc Additive

Manufacturing (WAAM) process was studied in detail. The porosity, microstructure, and mechanical

properties of the lattice structure in its composing elements were studied.

The following conclusions are drawn:

1. Aluminum alloy struts manufactured with WAAM dot-by-dot methods present many internal gas
pores, mainly distributed in the interlayer area (remelting zone). The formation mechanism of
pores follows the principles of nucleation, growth, flow, and escape. The overall porosity of the
single strut considering the three sections is 1.6 0.8 %. The average pores radius is 96.1 pm, and
the average sphericity is 0.5 £0.1. Pores are mainly concentrated in the region with sphericity
ranging from 0.4 to 0.65, with the highest number of pores occurring in the region with sphericity
ranging from 0.45 to 0.5.

2. The grain morphology of aluminum alloy struts varies in different regions. The grains in the
bottom region are mainly columnar, while the middle and top regions are equiaxed. The
microstructure characterization results show that the secondary phases inside the grains of the strut
gradually become apparent from the bottom to the top. Microhardness values ranged between 50-
75 HV. The higher content of the second phase has an impact on microhardness, while the higher
content of the second phase at the top area results in a relatively higher microhardness.

3. Tensile strength was measured for both as-built and machined strut samples. The effective UTS
on as-built samples (considering the effective cross-section area) was 106 19 MPa, while the
minimum UTS on the same samples (considering the minimum cross-section area) was 127 +23
MPa. The UTS of machined samples was 210.2 +29.7 MPa, confirming the detrimental effect of
the geometrical irregularities proper of the WAAM dot-by-dot process.

4. In order to avoid manufacturing defects when manufacturing “X lattice unit”, a line bridge
connection path and deposition strategy were designed. Through experiments, it was confirmed
that the line bridge connection process produces better cross-joint node morphology than the
original droplet stacking deposition process. Through XCT characterization of the circular lattice

structure, it was found that there is a significant accumulation of pores near the line bridge.
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