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Abstract

Unsupported rods as the basic element of lattice structure, improving their forming
quality and deposition efficiency still poses a challenge in wire arc additive
manufacture (WAAM) due to the significant thermal accumulation and high heat input.
Comprehending the impact of process parameters is paramount in optimizing the
WAAM process, enhancing the quality of manufactured parts, and maximizing
deposition efficiency. This paper investigated the influence of arc parameters on the
deposition process of unsupported inclined rods fabricated by WAAM and revealed the
mechanism by which process parameters affect the forming quality. The results found
that high peak current and low duty cycle in pulse current resulted in rapid solidification
and favorable morphology. In contrast, using lower or higher arc frequencies led to
poor forming quality. While increasing voltage can enhance the distance between the
tungsten electrode and the molten pool, it may consequently cause instability in the arc
and affect the forming process. The deposition efficiency has been greatly improved
(from 15 mm/min to 48 mm/min) by appropriately increasing torch travel speed and
wire feeding speed, which can also reduce the arc heat input, refine grains, and enhance
mechanical properties. In summary, this study contributes to the understanding of
process parameters in wire arc additive manufacturing, enabling the production of high-
quality lattice structures and maximizing deposition efficiency.
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1 Introduction

The complex spatial structure of lattice structures render them particularly
amenable to fabrication via additive manufacturing (AM) [1-4]. Burton et al. [5]
designed a range of intricate lattice structures for medical implant applications,
subsequently realizing these designs through the selective laser melting (SLM). Cheng
et al. [6] presented a topology optimization strategy for functionally graded lattice
structures in the design of AM components, which were then fabricated through various
AM techniques. However, metallic lattice structures are typically manufactured using
powder-based AM technologies [7,8], which are limited to small-scale components due
to their significant spatial dependence [9,10].

Wire Arc Additive Manufacturing (WAAM) offers the advantage of spatial
independence, along with high deposition rates and cost-effectiveness [11-13], making
it particularly well-suited for the fabrication of large-scale lattice structures. Abe et al.
[8] developed a computer-aided manufacturing (CAM) system specifically designed for
the fabrication of lattice structures using gas metal arc welding (GMAW)-based
WAAM. Radel et al. [ 14] introduced a closed-loop control method to fabricate skeleton
structures using GMAW-based WAAM. Li et al. [15] successfully fabricated a three-
layer pyramid aluminum alloy lattice structure using the cold metal transfer (CMT)
based WAAM.

Furthermore, Xu et al. [16,17] and Zhang et al. [ 18] employed the plus arc method
to fabricate pyramidal lattice structure panels using gas tungsten arc welding (GTAW)-
based WAAM, with titanium alloy and 304L stainless steel as the respective materials.

Unsupported rod serves as the basic element of lattice structure. The process



parameter plays a crucial role in fabrication of unsupported rod using WAAM. While
previous study has successfully fabricated the unsupported rod, a comprehensive
understanding of the influence of process parameters on the forming process remains
limited. Understanding the impact of process parameters is essential for optimizing the
WAAM process, enhancing the quality of manufactured components.

Moreover, when compared to traditional fabrication techniques such as investment
casting [19-21], extrusion [22], cutting and assembly [23-26], and weaving [27],
WAAM exhibits relatively low deposition efficiency, which hinders its industrial
applications. In the fabrication of lattice structures or truss structures using GMAW-
based WAAM, a droplet-by-droplet approach is employed, requiring intermittent arc
extinguishing to cool down the molten pool after depositing each layer or droplet
[8,15,28]. This process consumes a significant amount of time. Although other rods can
be produced during the idle cooling period, each layer or droplet still requires additional
time. Silvestru et al. [29] reported that, for fabricating steel rod, each droplet
necessitates 2.5 seconds for approach motion, 1-1.5 seconds for travel time between
rods, 3.5 seconds for gas pre and post flow for each droplet, and 1 second for welding
time per droplet. Utilizing the full idle cooling time for the production of other rods can
result in a deposition efficiency of 7.5 mm/s. Similarly, Yu et al. [30] stated that for
aluminum alloy rods, each layer requires 5 seconds for deposition, which includes 1
second for stabilization time before welding, 1 second for welding time, 1 second for
stabilization time after welding, and 2 seconds for idle period time. Fabricating multiple
rods simultaneously can increase the deposition efficiency to 12 mm/s. On the other
hand, Xu et al. [16,17] and Zhang et al. [18] have utilized the plus arc method to cool
down the molten pool, eliminating the need for arc extinguishing and reducing idle
cooling time, as well as the time required for starting and extinguishing the arc. This
approach has resulted in a deposition efficiency of 15 mm/min. Nonetheless,
considering that a lattice structure is composed of multiple rods, further enhancements
in rod fabrication efficiency are still necessary.

To enhance the deposition efficiency of WAAM, it is necessary to increase the rate

of wire feed. Previous studies, such as the one conducted by Wang et al. [31], have



explored methods to enhance deposition efficiency by increasing the arc current and
wire diameter. However, when the wire feed rate is increased, it becomes crucial to also
raise the heat input to ensure complete melting of the wire within a short timeframe.
This elevated heat input, may not be suitable for fabricating unsupported rods as it can
result in molten pool collapse. Moreover, higher heat input can lead to the formation of
coarse grains and compromise mechanical properties. Another approach, as suggested
by Yu et al. [30], involves optimizing the processing time to improve deposition
efficiency. However, this method is specifically applicable to GTAW-based WAAM for
fabrication of unsupported rod and cannot address the issue of start and end arc time
for each layer, limiting its potential to further enhance deposition efficiency.

Previous studies have demonstrated that the use of a hot-wire can effectively reduce
the heat input from the arc [32-34]. However, the impact of the heat generated by the
hot-wire on the molten pool has not been thoroughly investigated in prior research. This
is primarily because the hot-wire serves the purpose of preheating the wire, and its
contribution to the heat of the molten pool is significantly smaller compared to the heat
input from the arc. Nevertheless, by increasing the power of the hot-wire, it is possible
to decrease the heat required for melting the wire, thereby resulting in a reduction of
the arc heat input. This innovative approach presents a promising opportunity for
enhancing deposition efficiency in WAAM.

In this study, a comprehensive analysis of the influence of process parameters on
the fabrication of unsupported rods using GTAM-based WAAM was presented. A novel
approach was proposed to improve the deposition efficiency of unsupported rod
production. Specifically, the effects of arc current, pulse frequency, arc length-voltage,
and wire feed speed on deposition process and geometry of the deposited rods was
investigated. Optimal process parameters were identified to improve the quality of the
fabricated rods. Additionally, a new approach based on arc-assisted hot-wire AM was
introduced, showcasing the transformation from hot-wire assisted wire arc AM to arc-
assisted hot-wire AM through the fabrication of four inclined unsupported rods with
different deposition efficiencies. Finally, the macro-morphology, microstructure, and

mechanical properties of the rods produced at the varying deposition efficiencies were



thoroughly examined and evaluated.

2 Material and methods

This section provides a concise introduction to the equipment employed in Wire
Arc Additive Manufacturing (WAAM), and the wire material utilized in our research.
Then, the deposition principle of unsupported rods fabricated by WAAM is described.
Next, the experiment set and the deposition process parameters are demonstrated.

Finally, the method of characterization used in this research is introduced.

2.1 Equipment and material

In this work, the GTAW-based WAAM equipment developed by the Beijing
Institute of Technology was utilized, as illustrated in Fig. 1. The equipment primarily
consisted of a GTAW power supply (WSM-400R, AOTALI, China), a wire heating power
supply (HW-200, AOTA, China), and a three-axis machine tool capable of driving the
torch in the X, Y, and Z directions. The GTAW power supply and wire heating power
supply can collect real-time data on arc current, arc voltage, wire feeding speed, and
hot-wire current, which could be stored in a computer. A numerical control (NC) system
was developed to control the machine tool movement and depositing parameters of AM.
Additionally, a charge-coupled device (CCD) camera (avA1900-50gm, Basler,
Ahrensburg, Germany)) was fixed with the torch and wire feed nozzle to observe and

record the deposition process.
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Fig. 1. Schematic of GTAW-based wire additive manufacturing system.

For this research, a 316L stainless steel (316L SS) wire with a diameter of 1.2 mm
was employed. This specific type of stainless steel was selected due to its excellent
corrosion resistance, weldability, and mechanical properties, making it highly versatile
in various applications. The chemical composition of the wire, which was provided by
the material supplier, is listed in Table 1. The substrate material was 316L SS with

dimensions of 300 mm % 150 mm X 5 mm.

Table 1 Chemical composition (wt.%) of 316L SS wire as declared by the material

supplier.

Flement Fe C Cr Ni Mo Mn Si Cu S P

Wt. (%) Bal. 0.023 19.00 11.70 2.12 1.85 0.51 0.10 0.013 0.016

2.2 The deposition principle

In this work, pulse arc heating and Joule heating of the hot-wire were both used as
the heat sources to fabricate the unsupported rod. Consequently, the heat input to the
molten pool was divided into two components: arc heat input and hot-wire heat input.
The deposition process is illustrated in Fig. 2. During the peak time, the arc peak current
melts the base material, creating a molten pool, and simultaneously melts the wire into
the pool. Throughout the base time, the base current remains minimal and is insufficient
to melt the wire. However, the Joule heat generated by the hot-wire continues to melt

it into the molten pool. At the same time, the molten pool undergoes partial cooling and



solidification, causing its size to decrease. With the arrival of the subsequent peak time,
the peak current reheats up the molten pool and enlarges its size. This cyclic process
continues with each pulse arc until the unsupported inclined rod is completely

fabricated.

Pulse Period

Arc current

Base current :

Peak Time Base Time Time

Fig. 2. The deposition process of unsupported rod fabrication using GTAW-based
WAAM.

Typically, the arc plays a crucial role as the main heat source responsible for
creating the molten pool and facilitating the fusion of the wire and base material. On
the other hand, the hot-wire contributes energy primarily to preheat the wire and has
limited influence on the molten pool. In this work, the heat input per unit length is
adapted to discuss the heat absorbed by the molten pool. The arc heat input per unit

length can be calculated by Eq. (1) [35-37]:

Un X1
Hy = ——<—=x7n (1
T

where H, denotes the arc heat input, with U,, and I,, representing the mean value
of arc voltage and current, respectively. Additionally, Sy is the torch travel speed, and
n 1s the arc efficiency, which is assumed to be 0.83 [38] for GTAW. When the arc

current is pulse current, the mean current is driven by Eq. (2):
Ly =L, XA+, x(1-2) (2)

where I, represents the average value of the arc current, with I, and I, denoting

the peak and base currents, respectively. Furthermore, the duty ratio is expressed as A.



The hot-wire heat input includes the Joule heating and the arc heating produced between

the end of wire and the molten pool. The hot-wire heat input can be determined by Eq.
3):
Uy x1,

where H,, represents the hot-wire heat input, with U,, denoting the average voltage

X ¢ (3)

of the hot-wire between the end of wire and the molten pool when the hot-wire current
is conducting. Similarly, I, represents the average hot-wire current, S represents
the torch travel speed, and ¢ means the heat efficiency of hot-wire.

Above all, the deposition process is influenced by several key factors, namely the
arc current, arc voltage, torch travel speed, peak current, and base current. Consequently,
this study aims to examine the impact of arc current, arc pulse frequency, arc voltage,
and torch travel speed on the deposition process while maintaining a consistent rod

diameter.

2.3 The experiment setup

To explore the influence of process parameters on the deposition quality, a series
of experiments were conducted in this study to fabricate unsupported rods. Inclined
rods are more sensitive to heat input compared to vertical rods, making them a suitable
choice to study the influence of process parameters on deposition quality. Our previous
research [39] has demonstrated that when employing the continuous deposition method
for producing positive angle rods, the inclination angle of the rod does not exert a
noteworthy influence on the process parameters, rod morphology, microstructure, and
properties. Therefore, inclined unsupported rods of 45 degrees were used to evaluate
the impact of these parameters. The fabrication process followed a specific sequence
outlined as follows:

(1) Initially, a gas pre-flow was initiated and maintained for 3 seconds, after which
the arc was ignited.

(2) Following the arc ignition, the substrate was preheated for 10 seconds using a

duty ratio of 50%, based on the predetermined parameters.



(3) Once the preheating was completed, wire feeding commenced, and the torch
remained stationary for 2 seconds before initiating movement along the axis of the rod.
The duty ratio was gradually and swiftly reduced to the predetermined value.

(4) The wire feeding and torch movement continued until the termination point
was reached.

(5) Upon reaching the termination point, both wire feeding and torch movement
were halted, and the arc was extinguished. A gas post-flow was sustained for 3 seconds

following the arc termination.

2.3.1  Arc current

To examine the impact of arc current on deposition quality, a study was conducted
using unsupported rods inclined at 45 degrees and with a height of 50 mm and a
diameter of 7.8 mm. These rods were labeled as A1, A2, and A3, corresponding to three
different arc currents. To maintain the average current as a constant, the peak current
and the duty ratio of these three rods were changed as variables. The Al rod was
fabricated using an arc peak current of 100 A, a base current of 5 A, and a ratio of 8%.
For the A2 rod, an arc peak current of 50 A, a base current of 5 A, and a duty ratio of
17% were utilized. The A3 rod, on the other hand, maintained a constant arc current of
12.6 A. It is worth noting that the average arc current for all three rods remained
approximately the same at 12.6 A. All other deposition parameters were kept constant

and are detailed in Table 2.

Table 2 Deposition parameter of unsupported rods fabricated by GTAW-based WAAM

with different arc current.

Process parameters Al A2 A3
Rod diameter (mm) 7.8 7.8 7.8
Inclination angle (degrees) 45 45 45
Peak current (A) 100 50 12.6

Base current (A) 5 5 12.6




Duty ratio (%) 8 17 /

Hot-wire current (A) 150 150 150
Arc frequency (Hz) 0.5 0.5 0.5
Wire feed speed (mm/min) 1000 1000 1000
Torch travel speed (mm/min) 24 24 24

2.3.2  Arc pulse frequency

To explore the impact of arc current frequency on the quality of deposition, a study
was conducted using unsupported rods inclined at 45 degrees, with a height of 50 mm
and a diameter of 7.8 mm. Five different arc frequencies (0.25 Hz, 0.5 Hz, 1 Hz, 2 Hz,
and 4 Hz) were employed for this investigation and denoted as F1, F2, F3, F4, and F5,
respectively. All other deposition parameters were held constant and are listed in Table

3.

Table 3 Deposition parameter of inclined unsupported rod fabricated by GTAW-based

WAAM with different arc current frequencies.

Process parameters Values

Arc frequency (Hz) 0.25,05,1,2,4
Rod diameter (mm) 7.8

Inclination angle (degrees) 45

Peak current (A) 100

Base current (A) 5

Duty ratio (%) 8

Hot-wire current (A) 150

Wire feed speed (mm/min) 1000

Torch travel speed (mm/min)

2.3.3  Arc voltage

The arc voltage is influenced by the distance between the tungsten electrode and

the substrate or the top of the molten pool, directly impacts the arc length. To examine



this influence, two sets of experiments were conducted. The first set was carried out on
the substrate, while the second set was performed on the top of a 45-degree inclined
rod, as shown in Fig. 3. In both sets of experiments, the initial position of the tungsten
electrode was set at a distance of 1 mm from either the substrate or the top of the rod.
Subsequently, the electrode was incrementally moved upward by 1 mm every minute,
utilizing an inching speed of 240 mm/min, until the arc was extinguished. Notably,
these experiments were conducted without wire feeding or hot-wire involvement. The

experimental parameters are listed in Table 4.

Table 4 experiment parameters of measuring the voltage with different distance

between the tungsten electrode to the substrate and the top of the rod.

Substrate Substrate

Process parameters Values

Peak current (A) 100

Base current (A) 5

Duty ratio (%) 8

Frequency (Hz) 0.5

Torch inching speed (mm/min) 240

Torch travel distance (mm) 1

Torch movement interval time (min) 1

@ O i
E E E 'é l l Torch E
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% l | . Inclined rod
= . \ e

Fig. 3. Schematic of measuring the voltage with different distance between the tungsten



electrode to the (a) substrate and (b) the top of the rod.

2.3.4  Torch travel speed

To examine the impact of torch travel speed on the quality of deposition, four rods
were fabricated at varying speeds of 12 mm/min, 24 mm/min, 36 mm/min, and 48
mm/min. The torch travel speed also represents the deposition rate of the rod fabrication.
To maintain a consistent diameter for the rods, the wire feed speed was set at 500
mm/min, 1000 mm/min, 1500 mm/min, and 2000 mm/min, respectively. Each rod had
a height of 200 mm, an inclination angle of 45 degrees, and a diameter of 7.8 mm, as
depicted in Fig. 4 (a). It is worth noting that the diameter is also related to the heat input
[16]. To control the arc heat input, the duty ratio was adjusted while keeping the arc
peak current constant at 100 A and the base current at 5 A. The duty ratio values (12%,
8%, 5%, and 2%) were determined through a series of attempts and explorations. All
other deposition parameters were listed in Table 5. It is important to mention that the
minimum available duty ratio value for the equipment used was 2%. The hot-wire

current was fixed at 150 A for all experiments.

Table 5 Deposition parameter of inclined unsupported rod fabricated by GTAW-based
WAAM with different torch travel speed.

Process parameters R1 R2 R3 R4
Torch travel speed (mm/min) 12 24 36 48
Rod diameter (mm) 7.8 7.8 7.8 7.8
Inclination angle (degrees) 45 45 45 45
Peak current (A) 100 100 100 100
Base current (A) 5 5 5 5
Duty ratio (%) 12 8 5 2
Frequency (Hz) 0.5 0.5 0.5 0.5
Wire feed speed (mm/min) 500 1000 1500 2000

Hot-wire current (A) 150 150 150 150
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Fig. 4. (a) The unsupported rods fabricated by GTAW-based WAAM with different
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torch travel speed; (b) The metallographic specimen cut with X-Z plane, and the tensile

specimen cut with X-Z plane; (c) Dimensions of the tensile test sample.

2.4 Characterization

During the manufacturing process of the rod, a Basler ace Gige CCD camera model
acA1920-50gm with a frame rate of 46 fps and an exposure time of 50 ps was employed.
The lens used was the ML-M3520HR, and the aperture was set to f/16. Additionally, a
filter with a wavelength of 660 nm and a bandwidth of 30 nm was integrated. Notably,
no additional light source was utilized during the imaging process.

Considering the variation in heat input resulting from the fabrication of the four
rods at different torch travel speeds, it is expected that the resulting microstructure and
mechanical properties would also differ [32-34]. To investigate the impact of these
diverse torch travel speeds on the microstructure and tensile properties of the rods, tests
were conducted.

When the fabrication of these four rods finished, the profile of each rod was

scanned using a three-dimensional scanner (FreeScan X5, SHINING 3D, China) with



an accuracy of 0.02 mm. Using the resulting digital model, the radial cross-sectional
area of each rod was measured at 0.1 mm intervals along the axial direction.
Metallographic specimens and tensile samples were then cut from the rods using wire-
electrode cutting at the positions indicated in Fig. 4 (b). The metallographic specimens
were polished and etched with a FeClz: HCI: H20O solution (1:10:20) for 30 seconds,
after which optical micrographs were captured using an OM (DM4000 M, Leica,
Germany). The secondary dendrite spacing was quantified by measuring the grain size
using ImageJ 1.53C software according the method proposed by Hu et al.[40]., with 30
random measurements performed for each micrograph to obtain an average value and
standard deviation. To investigate the differences in mechanical properties of the
inclined rods with varying torch travel speed, a series of room-temperature tensile tests
were conducted. The tensile samples were prepared as shown in Fig. 4(c) and three
samples were tested for each rod. The tests were performed at a constant loading rate
of 0.01 mm/s using an Instron 5966 electronic universal material testing machine

(Instron, Boston, MA, USA).

3 Results and discussion

In this suction, the results of the above-mentioned experiments are present,
analyzed and discussed. Specifically, the rods fabricated at different torch travel speeds
will be discussed in detail to evaluate the impact of improving efficiency on heat input,

macrostructure, microstructure, and mechanical properties.

3.1 The influence of arc current on the deposition process

Fig. 5 illustrates the inclined rods fabricated with varying arc currents. Although
all three rods were successfully fabricated, there were significant differences in their
deposition quality. The A1 rod (Fig. 5(a)), fabricated with a peak current of 100 A,
exhibited superior quality with a straight body and a smooth surface. In contrast, the

A2 rod (Fig. 5(b)), fabricated using a peak current of 50 A, exhibited slight bending at



the top half and a rippled surface, indicating a lower quality of formation. The A3 rod

(Fig. 5(c)) had the poorest formation quality, exhibiting severe bending and an uneven

surface.

Fig. 5. The inclined rod fabricated with different arc current: (a) A1 with a peak current
of 100 A, base current of 5 A, and ratio of 8%; (b) A2 with a peak current of 50 A, a
base current of 5A, and ratio of 15%; (c) A3 with a constant current of 12 A.

Fig. 6 shows the molten pool of three rods during deposition at the base current
time. The molten pool of A1 shown in Fig. 6(a) appears smooth and neat with a smooth
transition at the point of contact with the rod, which can be attributed to the higher
temperature of the molten pool during the peak current. This higher temperature
decreases the surface tension and increases the fluidity of the metal solution, allowing
the surface to self-adjust by balancing surface tension and gravity. The molten pool of
A2 in Fig. 6(b) is slightly inclined downward, indicating minimal collapse. This can be
attributed to an increase in the ratio of peak current time to base current time at 50 A,
which results in a shorter base current time. As a result, there is insufficient cooling and
solidification, and the molten pool gradually expands, ultimately leading to slight
collapse. The molten pool of A3 in Fig. 6(c) remains in a molten state without cooling
and solidification. As the molten pool moves away from the substrate, thermal transfer
reduces, leading to an accumulation of heat, which gradually increases the size of the
molten pool. The sagging of the molten pool due to gravity results in an increase in
surface area and enhanced heat dissipation. The molten pool then becomes smaller and
returns to its original state, causing the rod to fluctuate. In addition, due to the small arc
current, it is not possible to fuse the wire material, which can cause contact between the

wire material and the molten pool, thereby disturbing the molten pool and resulting in



poor morphology of the molten pool.

5 mm

5 mm

Fig. 6. The molten pool of rod fabricated with different arc current during the deposition

at the base current time; (a) Al; (b) A2; (c) A3.

3.2 The effects of arc pulse frequency on deposition process

The inclined rods fabricated with different arc pulse frequencies are shown in Fig.
7 (a)-(e). The F1 rod (Fig. 7(a)) fabricated at a frequency of 0.25 Hz, exhibits partial
bending and fluctuations in rod diameter. Conversely, the F2 rod (Fig. 7(b)) fabricated
at a frequency of 0.5 Hz, appears very straight and smooth. The F3 rod (Fig. 7(c)),
fabricated at a frequency of 1 Hz, is relatively flat but exhibits one uneven section.
Upon increasing the frequency to 2 Hz, the F4 rod (Fig. 7(d)) remains relatively flat but
with additional uneven sections (three in total). Further increasing the frequency to 4
Hz, the F5 rod (Fig. 7(¢)) exhibits even more unevenness, resulting in a rougher surface
appearance. It is evident that as the arc pulse frequency rises, the quality of rod

formation declines, with F3 to F5 rods exhibiting inferior quality.
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Fig. 7. The inclined rod fabricated with different frequencies: (a) F1, 0.25 Hz; (b) F2,
0.5 Hz; (c) F3, 1 Hz; (d) F4, 2 Hz; (e) F5, 4 Hz, and the corresponding molten pool
during the deposition at the base current time: (f) molten pool of F1; (g) molten pool of

F2; (h) molten pool of F3; (i) molten pool of F4; (j) molten pool of F5.

Lower frequencies result in longer peak current and base current times within a
single pulse period. This extended heat absorption by the molten pool can cause
expansion and potential collapse during the peak current time. The longer cooling time
during the base current time causes the molten pool to shrink. Furthermore, the
extended base current time causes the torch to move further away from the contracted
part of the rod diameter, which cannot be remelted by the peak current. Consequently,
the F1 rod exhibits an uneven surface and fluctuating diameter. Conversely, as the
frequency increases, the pulse period shortens, leading to a reduced cooling time for
the molten pool. This accumulation of heat, similar to the behavior observed in the A3
rod fabricated with constant current, causes periodic collapse of the molten pool to
dissipate the accumulated heat. Higher frequencies result in more frequent occurrences
of this phenomenon. Thus, both lower and higher frequencies contribute to poor

formation quality of the rod.

3.3 Arc voltage

The impact of distance between the torch and the molten pool (DTM) on arc

voltage was investigated under two conditions. The change in voltage with respect to



DTM on the substrate is shown in Fig. 8(a). The arc was extinguished when the DTM
reached 9 mm. Within a DTM of 5 mm, the voltage remained relatively stable and
increased linearly. As the DTM ranged from 6-7 mm, voltage fluctuations slightly
increased but remained within acceptable limits. However, beyond a DTM of 7 mm,
voltage fluctuations intensified and became more pronounced, reaching a violent level
at9 mm DTM.

The voltage variation with DTM on the top of the rod is represented in Fig. 8(b).
The voltage exhibited a gradual increase as the DTM increased, and it extinguished
when the DTM reached 11 mm. In comparison to the voltage on the substrate, the
voltage on the top of the rod displayed more severe fluctuations. Within a DTM of 6
mm, the voltage remained relatively stable but had two sharp increases. Once the DTM

exceeded 6 mm, these sharp increases occurred more frequently.
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Fig. 8. The curve of voltage and the of torch to the molten pool, (a) on the substrate; (b)
on the top of a rod.

When the arc length remains constant, there exists a linear relationship between
the arc and voltage. The slight fluctuations in the arc are caused by periodic variations
in pulsed currents. It is worth noting that the voltage fluctuations occur randomly, even
when the DTM is fixed. This randomness is due to the arc path being curved and
unpredictable, as well as the contact location with the molten pool being random, as
depicted in Fig. 9. These factors influence the length of the arc, ultimately affecting the

arc voltage. When the DTM is small, the range of arc length variations is also small,



resulting in minor voltage changes. Conversely, as the DTM increases, the range of arc
length variations expands, leading to more significant fluctuations in voltage. As for the
substrate, since it is a flat surface, the changes in voltage are relatively minimal.

On the other hand, when the arc is on the rod, the molten pool surface is curved.
As the arc contacts different locations on this surface, the difference in arc length
becomes more pronounced. This explains why the voltage fluctuation on the top of the
rod is greater than on the substrate. Additionally, there are instances where the arc
bypasses the molten pool, resulting in a sudden increase in both arc length and voltage,

as shown in Fig. 9 (f).

5 mm 5 mm 5 mm

5 mm

Fig. 9. Different shape of arc at the DTM is 9mm. (a)-(c) on the substrate; (d)-(e) on

the top of a rod.

3.4 Torch travel speed

3.4.1 The heat input

In the context of this study, the deposition efficiency corresponds to the torch

travel speed, and it was found that the deposition rate of unsupported rods reached up



to 48 mm/min. Typically, enhancing deposition efficiency leads to an increase in arc
heat input. However, in this work, the duty ratios decreased significantly as the torch
travel speed increased, resulting in a significant reduction in the arc heat input.

The arc heat input plays a critical role in the manufacturing process as it has a
profound impact on the morphology, macrostructure, microstructure, and mechanical
properties of the molten pool [41,42]. The arc heat input per unit length of the rods was
calculated using Eq. (1) and presented in Fig. 10. It is evident that the deposition process
had a higher heat input at lower torch travel speeds. However, as the torch travel speed
increased, the arc heat input decreased. Additionally, the reduction in average arc
current, caused by a significant decrease in the duty ratio with increasing torch travel
speed, further contributed to the decrease in arc heat input. This decrease in average arc
current also indicated a decline in arc power, resulting in less heat being absorbed by
the molten pool per unit time from the arc. To maintain the size of the molten pool, the

hot-wire attribute additional heat.
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Fig. 10. The curve of arc heat input, hot-wire current, and hot-wire conductivity with
different wire feed speed.

The hot-wire heat input is a combination of Joule heating and arc heating, which is
generated between the end of the wire and the molten pool. The calculation of hot-wire

heat input is driven by Eq. (3), but accurately obtaining the value of hot-wire voltage



and heat efficiency poses challenges, making it difficult to calculate the precise value.
Therefore, to indicate the change in hot-wire heat input for the four rods fabricated with
varying torch travel speeds, the hot-wire current is utilized.

Fig. 11 displays the instantaneous hot-wire current during the deposition process at
varying wire feed speeds. Despite the hot-wire equipment being set to a current value
of 150 A, the maximum instantaneous current during the deposition process did not
exceed 100 A. This can be attributed to the characteristics of the hot-wire equipment,
where a higher voltage leads to a lower current. The frequent disconnection of the hot-
wire circuit creates a higher voltage between the end of the wire and the molten pool.

When the circuit is reconnected, the voltage decreases, resulting in an increase in

current.
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Fig. 11. The hot-wire instantaneous current with different wire feed speed: (a) R1, 500

mm/min; (b) R2, 1000 mm/min; (c) R3, 1500 mm/min; (d) R4, 2000 mm/min.




Fig. 10 provides a summary of the average hot-wire current and conductivity at
various torch travel speeds. It is evident that the average hot-wire current rises with
increasing torch travel speed. Additionally, the hot-wire conductivity exhibits a linear
increase in relation to the torch travel speed. This behavior can be attributed to the fact
that at higher wire feeding speeds resulting by higher torch travel speeds, the arc is
unable to melt the wire within a shorter time period. As a consequence, the wire remains
in contact with the molten pool for longer durations. This leads to the hot-wire
supplying more heat to the molten pool. To prevent the collapse of the molten pool, the
arc heat input is reduced. Hence, as the wire feeding speed increases, the arc heat input

decreases while the hot-wire heat input increases.

3.4.2 Macrostructure

Four inclined unsupported rods fabricated by GTAW-based WAAM with different
torch travel speed are shown in Fig. 12. All the rods were formed well during the stable
step. Comparatively, the surfaces of rods R1, R2, and R3 appear smoother than that of
R4. Rods R3 and R4 exhibit slight collapses at the bottom. This can be attributed to the
adoption of a larger duty ratio during substrate preheating, which was not timely
decreased due to the faster torch travel speed. A larger duty ratio results in a higher heat
input, leading to a larger molten pool that may be prone to collapse under the influence
of gravity. To address this issue, a lower torch travel speed can be initially used during
deposition, gradually increasing it until the desired duty ratio is reached. This approach
ensures successful deposition of the rods when the duty ratio is reduced to the
predetermined value.

The surface of R4 displays unevenness, but the top of the rod is relatively flat. This
is because despite the duty ratio being reduced to the minimum value of the equipment,
the heat input for rod deposition still remains relatively large. In an experimental
exploration, the peak arc current was reduced to 30 A while keeping the other deposition

parameters of R4 unchanged. Surprisingly, the state of the molten pool did not change



significantly, indicating that the arc heat input has minimal effect on the molten pool.
Meanwhile, other rods were also manufactured using the parameters of R4, resulting in
random occurrences of both flat and uneven surfaces. This suggests that the heat input

may reach a critical value, leading to an unstable molten pool.

A

12 mm/min 24 mm/min 36 mm/min 48 mmin

e g

Fig. 12. Four inclined unsupported rods with different efficiency fabricated by GTAW-
based WAAM.

Fig. 13 depicts the cross-section area of rods R1, R2, R3, and R4. The fluctuation
in the cross-sectional area is not significantly different between R1, R2, and R3. In
contrast, R4 exhibits greater fluctuations in its cross-sectional area compared to the
other rods. The figure demonstrates that the cross-sectional area of the R4 rod
experiences relatively small fluctuations at both ends, while the middle section displays
larger fluctuations. Table 6 lists the average cross-sectional area and standard deviation

of the rods. The theoretical value is calculated by Eq. (3).

B vrd?
48,

Where A is the cross-section area, v is the wire feeding spped, d is the wire diameter,

€)

and S; is the torch travel speed.
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Fig. 13. The cross-section area of R1, R2, R3, and R4

Table 6. The average cross-section area of R1, R2, R3, and R4.

Rod R1 R2 R3 R4

Average value (mm?) 43.82+0.91 46.94+0.71 47.49+0.87 47.73+1.71

The theoretical value of the cross-sectional area for all four rods is 47.12 mm?. The
cross-section area of R1 rod is smaller than other rods and the theoretical value. As the
deposition efficiency increased, the average cross-sectional area of the rods increased
slightly. This attribute to the wire feeding speed error of the wire feeder, which has a
higher negative relative error at lower wire feeding speeds. However, as the wire
feeding speed increased, the relative error decreased. As a result, increasing the torch
travel speed led to an increase in the wire feeding speed and, subsequently, an increase
in the cross-sectional area.

The difference in the standard deviation of the cross-sectional area for R1, R2, and
R3 is not significant, while the standard deviation for R4 is twice as high as the other
rods. This could be attributed to the heat input in R4, which was mainly from the hot-
wire, with minimal contribution from the arc. As the sustained heat input from the hot-

wire prevented the molten pool from cooling and solidifying, the accumulated heat



caused the molten pool to expand, as depicted in Fig. 14(a). However, when the volume
of the molten pool reached a certain extent, it experienced a slight collapse, as shown
in Fig. 14(b). This collapse resulted in an increased surface area of the molten pool,
leading to increased heat dissipation. Consequently, the volume of the molten pool

decreased, returning to normalcy, as illustrated in Fig. 14(c). This repetitive process

caused significant fluctuations in the cross-sectional area of the R4 rod.

Fig. 14. The Process of the molten pool change of R4 Rod: (a) the molten pool expands
with the accumulated heat; (b) the molten pool collapses slightly; (c) the volume of

molten pool decreases; (d) the molten pool expands again.

3.4.3 Microstructure

Fig. 15 compares the microstructure of inclined rods fabricated with different torch
travel speeds at the rod middle position of the rods. The grains in all the rods primarily
consist of austenite with some ferrite. In R1, the grains are predominantly columnar and
grow along the axial direction. Similarly, R2 also exhibits columnar grains growing
along the axial direction, with the presence of small grains having random orientations

In contrast, R3 and R4 display equiaxed grains that are randomly distributed.
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Fig. 15. Microstructures of the 316L SS rod fabricated with different wire feed speed

at the middle position: (a) R1; (b) R2; (c) R3; (d) R4.

To assess the grain size, the secondary dendrite spacing was measured and is listed

in Table 7. The average secondary dendrite spacing of R1, R2, R3, and R4 are 22.9 pm,

21.5 um, 17.2 pm, and 15.5 pum, respectively. Notably, the average secondary dendrite

spacing decreases as the wire feed speed increases.

Table 7 The secondary dendrite spacing of 316L SS rod fabricated by WAAM with

different wire feed speed.

2 R3 R4

R

R1

Rod

+3.6

155

5.3

17.2

+4.1

215

22.9+4.5

Average value (um)

The microstructure of the material is primarily influenced by the temperature

In this

34,43,44].

b

gradient and solidification rate during fabrication process [33

particular process, the stability of the molten pool allows us to approximate the

speed. When the torch travel speed is slow,

solidification rate as equal to the torch travel



resulting in a smaller solidification rate of the molten pool. This slower solidification
rate creates a conducive environment for the growth of grains along the maximum
temperature gradient direction, which is the axial direction. Therefore, when the wire
feed speed is slow, the grains primarily grow in a columnar manner along the axial
direction.

On the other hand, as the wire feed speed increases, the torch travel speed also
increases, resulting in a larger solidification rate of the molten pool. This faster
solidification rate hinders the growth of the grain. Additionally, the arc heat input
decreases with an increasing torch travel speed, leading to a decrease in the temperature
gradient along the axial direction and reducing the disparity in temperature gradient
across all directions. As a result, the grains tend to grow in multiple directions and

assume an equiaxed shape.

3.4.4  Tensile properties

To evaluate the mechanical properties of the fabricated rods at different torch
travel speeds, a room temperature tensile test was conducted. Table 8 presents the mean
values and standard deviations of the ultimate tensile strength (UTS), yield strength
(YS), and elongation (EL) for R1, R2, R3, and R4. The average UTS values for R1, R2,
R3, and R4 are 519.0 MPa, 521.6 MPa, 531.2 MPa, and 539.4 MPa, respectively. The
average YS values range from 245 MPa to 254 MPa, and the elongation values range

from 42% to 51%.

Table 8 The room temperature tensile properties of R1, R2, R3, and R4.

Rod UTS (MPa) YS (MPa) EL (%)
R1 519.0+3.7 248.1+10.9 50.7+3.3
R2 521.646.9 250.042.1 48.5+1.6
R3 531.2+7.8 244.8+1.6 43.242.7

R4 539.4+4.2 253.8+6.0 42.0+4.1




Fig. 16 illustrates the mechanical properties of the unsupported 316L SS rods with
varying torch travel speeds. It can be observed that the UTS of the rods increases as the
torch travel speed improves, while the elongation decreases. However, the yield
strength does not demonstrate a significant change with an increase in deposition rates.
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Fig. 16. The mechanical properties of 316L SS unsupported rods fabricated with the
different deposition rate; (a) Ultimate tensile strength; (b) Yield strength; (c) Elongation.

The microstructure of a material has a significant impact on its mechanical
properties [32—34]. A smaller heat input during fabrication leads to a lower temperature
gradient, which, in turn, promotes the grain refinement. Finer grains contain more grain
boundaries, which can resist grain dislocation and slip, and hinder crack propagation,
ultimately improving the strength of the material [45,46]. Therefore, as the torch travel
speed increases and the arc heat input decreases, the resulting smaller grain size
contributes to an increase in tensile strength.

Above all, in comparison to other manufacturing methods for rods, the present
study employs a pulsed approach to control the cooling and solidification of the weld
pool, significantly reducing the time spent on frequent arc ignitions and extinctions.
Furthermore, by increasing the torch travel speed and wire feeding speed, the hot-wire
electrification rate is enhanced, leading to a further reduction in arc heat input. This
results in a significant enhancement in the deposition rate of unsupported rods. A
comparison of the deposition efficiency achieved in this study and those reported in

other literature is presented in the Table 9.



Table 9 Review of deposition efficiency of unsupported rod fabricated by WAAM.

References Methods Materials Arc Deposition

extinguishing  efficiency

This work GTAW-based 316L SS No 48 mm/min
WAAM

Abeetal. [8] GMAW- Mild steel Yes, 60 s >1.5 mm/min
based (single rod)
WAAM

Silvestru et CMT-based Union SG 2-H Yes, 33~58.5s 1.8 mm/min
al. [29] WAAM (single rod),
75 mm/min

(Multiple rods)

Yuetal. [30] CMT-based ER 4043 Yes, long 12 mm/min
WAAM aluminum enough (Multiple rods)
alloy
Zhang et al. GTAW-based 304L SS No 15 mm/min
[18] WAAM (single rod)
Xuetal [16] GTAW-based TAL5 No 15 mm/min
WAAM (single rod)

4 Conclusion

In this study, the influence of arc parameters on the deposition process of
unsupported inclined rods fabricated by GWAM-based WAAM was investigated, and
the deposition efficiency were significant improved. Furthermore, the relationship
between arc heat input and the thermal wire during manufacturing were symmetrically
analyzed. The conclusion can be drawn as follows:

(1) Utilizing high peak current and low duty cycle in pulse current leads to rapid



solidification of the molten pool, resulting in favorable morphology. Arc pulse
frequency significantly affects the forming quality of rods. Higher pulse
frequencies prevent the molten pool from solidifying properly, leading to poor
forming morphology. Conversely, lower pulse frequencies result in excessive
melting of the molten pool during the peak period, causing collapse and reduced
volume due to solidification during the base period.

(2) Increasing the distance between the tungsten electrode and the molten pool elevates
the arc voltage. However, this increase can induce instability in the arc, causing
significant voltage fluctuations and unstable heat input during the manufacturing
process, ultimately affecting the forming process.

(3) Increasing the torch travel speed and wire feeding speed led to a significant
increase in deposition efficiency (from 15 mm/min to 48 mm/min) of unsupported
rods. Higher wire feeding speeds enhance the conductivity and current of the hot-
wire, thereby increasing the heat input. To maintain stability in the molten pool, it
is necessary to reduce the arc heat input. This approach results in refined grains

and improved mechanical properties of the fabricated rods.
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