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In this paper, the effects of wire-tungsten ( d1 ) and tungsten-tungsten ( d2 ) spacing on the forming characteristic
of twin tungsten electrode - wire electrode indirect arc (TTWIA) additive manufacturing were comprehensively
studied. The arc shape, droplet transfer, and molten pool behavior were recorded respectively. Results showed
that as d1 or d2 increased, the arc shape of TTWIA diverged and the coupling intensity was weakened. Besides,
the liquid stream became thick as well as the larger droplet diameter and lower transfer frequency, mainly
attributed to the reduced arc current density and detachment forces acting on the droplet. Additionally, on
account of the decreased arc pressure and droplet impingement force on the molten pool, the transverse flow
tendency of liquid metal was diminished, and the molten pool width of TTWIA decreased, which was adverse
to the spreading of the deposited layer. Moreover, the forming quality of the thin-walled part deteriorated,
together with the increased surface roughness and reduced material utilization rate, which mainly attributed
to the instability of the molten pool because of the lowered normal reaction acting on the molten pool of the
present deposited layer.
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1. Introduction

Wire and arc additive manufacturing (WAAM) offered ad-
vantages such as high material utilization, fast forming
speed, and low manufacturing cost, making it particularly
suitable for the rapid near-net shaping of large, complex
structural components [1, 2]. Tungsten inert gas (TIG) was
a typical arc heat source applied to WAAM, because of high
process stability and fabricating components with a wide
variety of metal materials [3, 4]. However, the deposition
efficiency in TIG process was only 1 − 2 kg/h, which was
difficult to satisfy the great demand for high productivity
in modern manufacturing industry [5]. In double-wire TIG
additive manufacturing [6], a 50% increase in deposition
efficiency and a 16.14% increase in tensile strength for the
component compared with single-wire TIG process. More-

over, the deposition rate during hotwire TIG process was
approximately twice that during cold-wire TIG [7]. Never-
theless, the lowresistance material could not be preheated,
and the magnetic blow also occurred during hot-wire TIG
process. To solve the above problems, an assistant arc
[8] and an induction heating system [9] were separately
brought in hot-wire TIG process. Additionally, in twin-
electrode TIG additive manufacturing [10], a 2.7 kg/h wire
deposition rate was achieved, which was nearly twice that
in conventional TIG.

Although the above advanced methods could enhance
the deposition efficiency to some extent, the wire still pri-
marily relied on absorbing heat from the molten pool to
complete melting. In other words, the arc energy and wire
deposition rate still remained coupled. In WAAM process,
excessive arc energy intensified heat accumulation during
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Fig. 1. Schematic diagram of TTWIA additive manufacturing and signal and image acquisition system.

deposition, resulting in various defects, namely high resid-
ual stress [11], layer collapse [12], cracking [13], porosity
[14], and coarse grain structure [15], which severely com-
promised the geometric accuracy and forming quality of
the components. In recent years, to address the severe
heat accumulation issue in WAAM process, researchers
had proposed several control strategies, namely adjusting
process parameters [16, 17] or introducing external auxil-
iary cooling [18, 19]. However, these methods inevitably
compromised the forming efficiency and limited the allow-
able deposition size. Therefore, developing advanced arc
heat source with low thermal input represented an effec-
tive solution to mitigate severe heat accumulation during
WAAM process.

Unlike conventional TIG arc, the arcing-wire TIG [20,
21] process not only maintained the main arc, but also es-
tablished a secondary arc between the tungsten electrode
and the filler wire, which could achieve a reasonable al-
location between the melting heat of welding wire and
workpiece heat input. Besides, in single tungsten electrode
- wire electrode indirect arc (STWIA) process, the tungsten
electrode and filler wire were respectively linked to the
negative and positive poles of the power supply, while the
workpiece was not linked to the circuit [22]. Notably, the
wire deposition rate of STWIA could reach 3.8 kg/h, which
was approximately equal to that of gas metal arc (GMA).
Notably, the heat input to the workpiece was extremely low,
along with a low dilution rate. However, the components

fabricated by STWIA additive manufacturing exhibited
relatively weak surface quality and dimensional accuracy,
mainly because of the poor wettability of the deposited
layer.

The authors proposed a twin tungsten electrode - wire
electrode indirect arc (TTWIA) [23, 24], in which the larger
distribution radius of the heat source could optimize the
magnitude and distribution of the arc force acting on
molten pool and the energy transmitted to it, thereby ob-
taining a more stable molten pool compared with that of
STWIA. Besides, the weld spreadability of TTWIA could be
enhanced by applying an alternating parallel magnetic field
[25]. Especially, the wetting angle of the single bead could
decrease 31.5% and the layer width could increase 20.2%
when the external excitation current was 39 A. Additionally,
the authors preliminarily investigated the forming charac-
teristics of multi-layer single-bead additive manufacturing
by TTWIA [26], and found that arc current had a significant
influence on molten pool behavior and forming accuracy.
In this study, the images and signals during TTWIA addi-
tive manufacturing process were acquired by correspond-
ing collection equipment, and the influence mechanisms
of process parameters on the geometric accuracy of the
components were analyzed in depth.

2. Experiment method

Fig. 1 illustrates the experimental setup of TTWIA addi-
tive manufacturing system consisting of two TIG power
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sources and an auxiliary wire feeder. The two tungsten
electrodes were separately linked to the negative poles of
both power supplies, and the wire electrode was simul-
taneously linked to the positive poles of both power sup-
plies, while the substrate was not linked to the circuit. The
current in the wire electrode was equal to the sum of the
currents in both tungsten electrodes (I = I1 + I2). A Q235
steel plate with dimensions of 200 mm × 150 mm × 10 mm
was employed as the substrate, and a ∅1.2 mm welding
wire (ER50-6) applied was also carbon steel. During de-
position, the welding torches remained stationary, white
the substrate moved along x direction, in a deposited di-
rection of wire electrode in front and tungsten electrodes
in back. Thin-walled component was formed using the
same-direction stacking method layer by layer, with a 60 s
interval between adjacent layers. The specific deposition
conditions in TTWIA additive manufacturing are listed
in Table 1. Besides, the electrode position parameters of
TTWIA and other experimental parameters were same as
reference [26].

The arc morphology and droplet transfer process of
TTWIA were collected by a camera 1. Notably, to better
observe the arc behavior of TTWIA, the arc was made burn
in the air rather than on the substrate. Besides, a xenon
lamp was employed as the backlight when collecting the
droplet behavior to remove the arc light disturbance. Ad-
ditionally, a camera 2 was employed to collect the molten
pool behavior of TTWIA. It should be noted that the pixel
resolution, exposure time, and acquisition frequency of
both cameras were set to 320 × 240 pixel, 500µ s, and 2000
fps separately. Two voltage sensors were used to measure
the output voltages of the two power supplies, and two
current sensors were used for the output currents, respec-
tively. Finally, the electrical signals were processed and
saved using a professional analyzer [27]. Metallographic
specimens were wire-cut from the as-built thin-walled com-
ponent along the direction perpendicular to the deposited
bead. The specimens were corroded by a mixture of 4vol%
nitric acid and 96vol% absolute alcohol for nearly 15 s , and
then a scanner was employed to capture the macroscopic
morphology of the specimen.

3. Results and discussion

3.1. Arc shape and droplet transfer

The typical arc shapes of TTWIA with different wire-
tungsten (d1) and tungsten-tungsten (d2) distances are
shown in Fig. 2. It could be seen that electrode spacing
had a significant effect on arc shape of TTWIA. When both
d1 and d2 were 2 mm (Fig. 2(a,e)), the arc shape was con-
centrated, with high straightness and coupling degree. As

d1 increased (Fig. 2(b,c)), the arc shape diverged and the
arc width obviously increased. Besides, the arc gradually
deflected toward the tungsten electrode sides. Likewise, as
d2 increased (Fig. 2(f,g)), the arc shape exhibited a similar
variation trend. Especially when d2 reached 5 mm (Fig.
2(h)), the arc presented excessive divergence, as well as
weak coupling intensity and apparent fluctuation.

Fig. 2(d,i) show analysis of the forces on the arc of
TTWIA. The arc conductive channel elongated and thus
the arc current density decreased when d1 increased, re-
sulting in a slower wire melting rate. Consequently, the
equilibrium position of the wire tip shifted toward the
lower-left side of the tungsten electrode tip. Therefore,
the resultant force direction of both the electromagnetic
force (Fe) and plasma flow force (Fp) acting on the charged
particles pointed toward the tungsten electrode sides. Sim-
ilarly, when d2 was relatively larger, the arc conductive
channel became more elongated, resulting in a lower arc
current density and weaker self-induced magnetic field
strength. Consequently, the electromagnetic force Fed act-
ing on charged particles became relatively lower, which
adversely affected the arc coupling interaction of TTWIA.

Fig. 2. Arc morphology of TTWIA under different
wire-tungsten (d1) and tungsten-tungsten (d2) distances.
(a) d1 = 2 mm; (b) d1 = 3 mm; (c) d1 = 4 mm; (e) d2 = 2
mm; (f) d2 = 3 mm; (g) d2 = 4 mm; (h) d2 = 5 mm; (d, i)

Acting forces on arc.

Fig. 3 shows typical droplet transfer behavior of TTWIA
under different wire-tungsten (d1) and tungsten-tungsten
(d2) distances. It could be seen that under different d1 and
d2, necking phenomena occurred at the wire tip, and the
diameter of the liquid stream was smaller than that of the
wire. Therefore, the droplet transfer mode of TTWIA could
be identified as streaming spray transfer in this experimen-
tal condition. When both d1 and d2 were 2 mm (Fig. 3(a,e)),
the liquid stream presented a thin diameter, with a droplet
diameter as small as 0.51 mm , while the droplet trans-
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Table 1. Deposition condition.

No. Arc current (A) Wire feeding speed (m/min) Travel speed (mm/s) d1 (mm) d2 (mm)
1 100 + 100 6.75 5 2 2
2 100 + 100 6.75 5 3 2
3 100 + 100 6.75 5 4 2
4 100 + 100 6.75 5 5 2
5 100 + 100 6.75 5 2 3
6 100 + 100 6.75 5 2 4
7 100 + 100 6.75 5 2 5

Fig. 3. Droplet transfer behaviors of TTWIA under
different wire-tungsten (d1) and tungsten-tungsten (d2)
distances. (a) d1 = 2 mm; (b) d1 = 3 mm; (c) d1 = 4 mm;
(e) d2 = 2 mm; (f) d2 = 3 mm; (g) d2 = 4 mm; (h) d2 = 5

mm; (d, i) Force analysis on droplet.

fer frequency reached up to 625 Hz . As the increase of
d1, the liquid stream became thicker, the droplet diameter
increased, while the transfer frequency decreased, which
indicated that the increasing d1 was adverse to the smooth
transfer process of the droplet. Likewise, as d2 increased
(Fig. 3(f, g)), the necking position on the wire tip con-
tinuously moved downward, while the droplet diameter
gradually increased and the transfer frequency gradually
decreased. Especially when d2 increased to 5 mm (Fig.
3(h)), the vertical distance between the wire tip and the
tungsten electrode tip further increased. In other words,
the location where necking occurred at the end of the wire
was farther away from the end of the tungsten electrode.
Additionally, the diameter of the liquid stream was also
thicker, with a droplet diameter of 0.76 mm and a transfer
frequency of merely 268 Hz .

Fig. 3(d,i) show acting forces on the liquid droplet of
TTWIA. The wire melting rate decreased owing to the re-
duced arc temperature caused by the increased d1, which
was prone to accumulate into a thicker liquid stream. More-
over, the heat absorbed by the droplet from the arc de-
creased, resulting in an increase in the surface tension Fσ

acting on the droplet, and thus the resistance of the droplet
detachment was enhanced. Additionally, the decrease in

arc current density due to the increased d1 reduced the
electromagnetic force Fem and arc pressure Fa acting on the
droplet, which suggested that the driving force for droplet
detachment was decreased. Therefore, as d1 increased, the
droplet detachment process became difficult, with longer
transfer period and larger droplet diameter. Likewise, the
arc expanded due to the increased d2, leading to a decrease
in both arc current density and arc temperature. On the one
hand, the wire melting rate decreased, which caused the tip
position of the wire moved downward and further away
from the tungsten electrode tip. On the other hand, the driv-
ing force of the droplet detachment decreased, primarily
including the electromagnetic force Fem and arc pressure
Fa , while the resistance of droplet detachment increased,
namely the surface tension Fσ, which was unfavorable for
the process of the smooth transfer of the droplet.

When the external of the power supply was a constant
current characteristic, the voltage variation coefficient [23]
could be used to evaluate the process stability according
to statistical theory. The arc voltages and its variation coef-
ficients of TTWIA under different wire-tungsten (d1) and
tungsten-tungsten (d2) distances are shown in Fig. 4.

It was evident that as d1 increased from 2 mm to 4 mm
, the arc voltage of TTWIA progressively rose from 16.2 V
to 19.8 V (Fig. 4(a)). The increase in d1 led to an increase
in arc width and arc energy dissipation, which caused the
electric field strength of the arc increased based on the min-
imum voltage fundamental of the arc [28, 29]. Additionally,
the arc voltage variation coefficient also increased as d1

increased, indicating that a larger d1 was adverse to the
process stability. It was closely related to the decrease in
the arc stiffness and the wire melting rate resulting from
a larger d1. Similarly, as d2 increased from 2 mm to 4 mm
(Fig. 4(b)), the arc voltage of TTWIA progressively rose
increased from 16.2 V to 17.6 V . The increase in d2 caused
the arc expansion, and thus the heat dissipation from the
arc to the surrounding environment increased, which con-
sequently resulted in an elevation of the arc electric field
intensity. Moreover, the variation coefficient of the arc
voltage also exhibited a rise trend with the increase of d2.
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Notably, when d2 reached 5 mm (Fig. 4(b)), a significant
rise in this coefficient was observed. This suggested that
the increment of d2 would degrade the process stability,
primarily because of the weaker coupling degree of the arc
and lower wire melting speed at larger d2.

Fig. 4. Electrical parameters of TTWIA. (a) With different
wire-tungsten (d1) distances; (b) With different

tungsten-tungsten (d2) distances.

3.2. Molten pool behavior

The molten pool behavior of TTWIA with different wire-
tungsten (d1) and tungsten-tungsten (d2) distances are
shown in Fig. 5. When both d1 and d2 were 2 mm (Fig. 5(a)),
the liquid metal achieved sufficient transverse spreading,
resulting in a molten pool width of 7.24 mm . The trans-
verse flow tendency of the liquid metal was diminished,
and the molten pool width decreased as the increase of d1

(Fig. 5(b)). However, when d1 further increased to 4 mm
, the liquid metal began to overflow from the deposition
channel (Fig. 5(c)). Furthermore, when d1 reached 5 mm
(Fig. 5(d)), the stability of the molten pool deteriorated with
apparent distortion, which was closely associated with the
unstable arc behavior and droplet transfer process induced
by the excessive d1.

Likewise, the molten pool behavior of TTWIA presented
a comparable variation pattern as the increase of d2 (Fig.
5(e)). However, a pronounced oscillation emerged in the
molten pool, and a surface depression was induced when
d2 reached 4 mm (Fig. 5(f)). Moreover, the stability of
the molten pool further deteriorated with stronger oscil-
lation and larger surface depression at a d2 of 5 mm (Fig.
5(g)). This phenomenon mainly resulted from the signifi-
cant instability of the arc shape and droplet transfer process
induced by the excessive d2.

Fig. 5(i,j) show the acting forces and convection pattern
of the liquid metal. In the front, the molten pool was made
flow outward and backward mainly by the action of arc
pressure FP and droplet impingement force FD [30]. In the
tail, the Marangoni force FM drove the molten pool to flow
from the boundary to the center of the molten pool [31].

As d1 increased, FP decreased because of the declined

Fig. 5. Molten pool shapes of TTWIA. (a) d1 = 2 mm,
d2 = 2 mm; (b) d1 = 3 mm; (c) d1 = 4 mm; (d) d1 = 5 mm;

(e) d2 = 3 mm; (f) d2 = 4 mm; (g) d2 = 5 mm; (h)
Schematic diagram of deposition process; (i,j) Acting

forces and convection pattern of liquid metal.

arc current density, and FD also decreased because of the re-
duced droplet transfer frequency, which suggested that the
increase of d1 minimized the driving force of the transverse
convection of the liquid metal. Moreover, the increase in
d1 meant that the arc was elongated along the deposition
direction, and thus the temperature distribution gradient of
the molten pool decreased along the deposition direction.
Therefore, FM decreased and the suppression effect on the
backward flow of the liquid metal was minimized, which
was adverse to the transverse flow of the molten pool. Sim-
ilarly, the driving force and the convection pattern of the
molten pool presented variation trend as the increase of d2.

3.3. Single-layer single-bead deposition process

Fig. 6 shows the appearances, cross sections, and geometric
dimensions of the single beads by TTWIA with different
wire-tungsten (d1) and tungsten-tungsten (d2) distances.
When d1 and d2 were both 2 mm (Fig. 6(a,b)), the sin-
gle bead was uniformly and smoothly formed with no
defect, and the height/width ratio and wetting angle of
the deposited layer were 0.45 and 80.2◦ respectively, which
mainly resulted from the sufficient transverse convection
of the molten pool(Fig. 5(a)). As d1 increased (Fig. 6(c-
f)), although a continuous deposited bead could still be
achieved, both the height/width ratio and the wetting an-
gle increased, which meant that the spreading of the single
bead deteriorated. This was primarily because the trans-
verse flow of the liquid metal in molten pool was reduced
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on the condition of the increased d1 (Fig. 5(b,c)). Specifi-
cally, the height/width ratio and wetting angle of the single
bead separately reached 0.60 and 100.4◦ as d1 was 4 mm
, with the appearance of the slight spattering. Moreover,
when d1 further increased to 5 mm (Fig. 6(g)), the deposited
layer became uneven with the large spatters and evident
porosity. This was closely related to the worse protection
and intensified oscillation in the molten pool caused by the
excessive d1.

Fig. 6. Deposition formation and cross sections of TTWIA
single-layer single-pass. (a,b) d1 = 2 mm, d2 = 2 mm; (c,d)

d1 = 3 mm; (e,f) d1 = 4 mm; (g) d1 = 5 mm; (h) Bead
parameters with different d1; (i,j) d2 = 3 mm; (k,l) d2 = 4
mm; (m) d2 = 5 mm; (n) Bead parameters with different

d2.

Likewise, the spreading of the deposited bead decreased
as d2 increased, even if a smooth and continuous deposited
bead could still be achieved, which was also mainly con-
tributed by the diminished transverse convection of the
molten pool in singled bead (Fig. 6(i,j)). Furthermore, the
single bead became asymmetric with the emergence of
apparent spatters when d2 reached 4 mm (Fig. 6(k,1)). Ad-
ditionally, when d2 further increased to 5 mm (Fig. 6(m)),
the amount of the spatter in the single layer increased sig-
nificantly, and large porosity also occurred, which was
mainly attributed to the significant instability and strong
oscillation of the molten pool owing to the excessive d2.

3.4. Multi-layer single-bead additive manufacturing

The final ten-layer thin-walled parts deposited by TTWIA
are shown in Fig. 7. Generally speaking, the part was de-
posited successively without the overflowing and collaps-
ing of the molten pool. In this section, the surface rough-

ness [18] and material utilization rate [32] of the component
were introduced aimed to quantitatively characterize the
geometric accuracy of the parts. When the wire-tungsten
distance (d1) and tungsten-tungsten distance (d2) were both
2 mm (Fig. 7(a-c)), the forming surface became smooth, and
the adjacent-layer boundary was clear, with a roughly con-
sistent overall height. In detail, the surface roughness and
material utilization rate of the deposited part were 1.21 mm
and 83.74% respectively. An irregular cross section and the
worse forming surface with mixed-twisted layers and large
protrusions were observed when d1 increased to 3 mm (Fig.
7(d-f)). The appearance of the protrusion resulted from the
solidification of the overflow of the molten pool. Specifi-
cally, the surface roughness of the formed part increased
to 1.47 mm , while the material utilization rate decreased
to 77.07%. It indicated that the increase of d1 reduced the
shape accuracy of the part deposited by TTWIA additive
manufacturing. Additionally, when d1 further increased to
4 mm (Fig. 7(g,h)), obvious pores and collapse were gener-
ated in the thin-walled part. This was mainly attributed to
the inadequate protective effect and unstable molten pool
on account of the excessive d1.

Similarly, when d2 increased to 3 mm (Fig. 7(i-k)), the
side surface quality decreased evidently with apparent
protrusions, even if no pore, inclusion, or lack of fusion ap-
peared on the cross section of the thin-walled part. Specifi-
cally, the surface roughness of the formed part increased to
1.84 mm , while the material utilization rate decreased to
74.72%. Besides, when d2 further increased to 4 mm (Fig.
7(1,m)), the tumor-like protrusions increased, and the pores
appeared in the thin-walled part. This phenomenon was
closely associated with the poor protection on the molten
pool caused by the excessive d2.

WAAM process was carried out through the transfer of
the high-temperature liquid metal droplets. As the num-
ber of the deposited layers increased, the heat accumula-
tion in the component increased, making it difficult for
the molten pool to solidify and complicating the control
of the deposited layer’s shape. Fig. 8 shows the driving
forces acting on molten pool in TTWIA deposition process.
According to previous analysis, these forces primarily con-
tained arc pressure FP, droplet impingement force FD, arc
shear force Fτ , gravity FG, Marangoni force FM, and normal
reaction FN, and each of them served a different function
[24, 33].

As d1 or d2 increased, the lateral flow tendency in the
molten pool was weakened due to the lower FP and FD,
caused by the decreased arc current density, which led to
the larger wetting angle and smaller width of the deposited
layer. Consequently, FN in the current layer was relatively
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Fig. 7. Surface morphology and cross sections of deposited parts of TTWIA multi-layer single-pass. (a,b,c) d1 = 2 mm,
d2 = 2 mm; (d,e,f) d1 = 3 mm; (g,h) d1 = 4 mm; (i,j,k) d2 = 3 mm; (l,m) d2 = 4 mm; (n) Deposited part parameters.

lower, which contributed to the process instability, and
thus the molten pool inevitably flowed down from the
component. Therefore, the surface finish and dimensional
accuracy of the deposited part were both deteriorated to
some extent.

Fig. 8. Schematic diagram of TTWIA deposition forming
and force analysis.

4. Conclusions

In this paper, the influences of wire-tungsten (d1) and
tungsten-tungsten (d2) spacing on the forming character-
istic of TTWIA additive manufacturing were separately
studied. The following conclusions were drawn.

1. As d1 or d2 increased, the arc shape of TTWIA diverged
and the coupling intensity was weakened, because of
the lower current density and smaller self-induced
magnetic field strength caused by the elongated con-
ductive channel of the arc. Besides, the liquid stream
became thick as well as the larger droplet diameter
and lower transfer frequency owing to the increased
surface tension and decreased electromagnetic force
and arc pressure acting on the droplet.

2. The transverse flow tendency of liquid metal was di-
minished, and the molten pool width of TTWIA de-
creased with the increase of d1 or d2, which caused that
the height/width ratio and the wetting angle of the
deposited bead increased. This was mainly because of
the decreased arc pressure, droplet impingement force
and Marangoni force, resulted from the declined arc
current and reduced droplet transfer frequency.

3. The surface quality and geometric accuracy of the thin-
walled part fabricated by TTWIA deteriorated as d1

or d2 increased, with the increased surface roughness
and reduced material utilization rate, which mainly
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resulted from the instability of the molten pool because
of the lowered normal reaction acting on the present
deposited layer, caused by the growing wetting angle
and reduced width of the deposited layer.
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