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Abstract

MIG welding still had a lot of potential in the titanium alloy industry with many advantages. How to achieve stable process
and forming was still a hard nut to crack for titanium alloy MIG welding. The conventional MIG welding torch had a small
coverage of shielding gas which causes an obvious insufficient capability of isolating air. Therefore, this study introduced the
fluid field composite MIG process, proposed a novel strategy of titanium alloy MIG welding process under the synergistic
effect of coaxial dual channel gas path, and had explored the impact of the synergistic effect of internal gas flow(Q) and
external gas flow(g) on the welding process from three aspects: droplet transfer characteristics and weld surface morphology,
weld cross-section. The results showed that the form of “one large droplet + several small droplets” was always maintained
during transition process. Q mainly impacted on the variation law of the droplet transition; however, the length of transition
period was mainly affected by g. In addition, the arc length was reduced meanwhile the geometric parameters of welds’
cross-section had more regular changes after adding g. The surface morphology was the worst when Q acted solely; however,
it was straight and uniform after adding g. When ¢ =40L/min and Q = 15L/min, the coverage and protective effect of shield-
ing gas was excellent, no turbulence was generated, and no pores generated in the cross-section of the weld. It was easier to
obtain a more stable forming of titanium alloy MIG welding when Q and g worked together.

Keywords MIG composite welding - Dual channel gas path - Droplet transfer - Welding forming - Titanium alloy

1 Introduction

Welding was a process of metal fusing and joining that
melts metals rapidly and then cools speedily to form a sturdy
welded joint [1]. The common welding processes included
gas metal arc welding (GMAW), shielded metal arc weld-
ing (SMAW), friction welding (FW), laser welding (LW),
tungsten inert gas welding (TIG), activated tungsten inert
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gas welding (A-TIG), etc. [2] Metal inert gas arc welding
(MIG) was a type of GMAW, which has great development
prospects as a common welding process for metal additive
manufacturing [3].

MIG welding has been extensively utilized in aerospace,
transportation, and other fields, possessing numerous com-
mendable traits such as high metal deposition efficiency,
simple operation, and high material utilization [4—7]. How-
ever, the drawbacks such as excessive spatter, high heat
input, low surface quality of welds, and poor microstructure
and properties of welded joints were attached to conven-
tional MIG welding typically, which limits the development
of MIG welding [8]. At present, the composite MIG pro-
cesses, such as ultrasonic-MIG composite welding and laser-
MIG composite welding, have been developed to address the
aforementioned defects and improve welding efficiency by
researchers [9-12]. Lin Shen et al. [13], for instance, used
laser MIG composite welding technology to weld 7B05-T5
aluminum alloy plates and analyzed the stress corrosion
behavior of the welded joints, explaining the propagation
mechanism of stress corrosion cracks in the welded joints.
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Liu et al. [14] used alternating magnetic field to assist laser
MIG composite welding, improving the penetration depth
of 316 stainless steel welding joints and achieving good
welding results. Yuji et al. [15] used plasma MIG compos-
ite welding to weld aluminum alloy A5052. The experiment
confirmed that plasma welding and MIG welding can form
a seamless integrated metal melt pool, and quantitatively
measured the part of flow field in the melt pool.

Ti and titanium alloys have been applied to many fields of
biomedical, aerospace, and marine engineering extensively,
which attributes to its many superiorities, high strength, low
density, excellent corrosion resistance, and strong resistance
to plastic deformation, for example [16-20]. In addition, if
there was not a good enough shielding atmosphere during
the welding process, the alloys were prone to embrittlement,
oxidation, and nitriding owing to its strong high-temper-
ature activity, which causes a weakening of weld quality
[21-23]. Therefore, shielding titanium alloys from the air
was an essential aspect that could not be ignored in MIG
welding process. Different titanium alloy welding processes
were also rapidly evolving with the speedy development
of related industries. Researchers continuously developed
innovative titanium alloy composite welding processes,
for instance, laser-MIG composite welding, to reduce pro-
duction costs and improve welding stability and quality,
increase production efficiency [16, 24-26]. Unfortunately,
MIG was not used as the main process for titanium alloy
welding on account of the inferiorities of poor arc stability,
excessive splashing, small shielding gas coverage and poor
shielding effect; instead, relatively stable welding processes
such as TIG welding and laser welding were preferred to
employ, which has severely limited the application of MIG

in the field of titanium alloy welding [27]. Therefore, it was
urgent to broaden the scope of Ti-alloy welding processes
and develop Ti-alloy-fit MIG welding processes with strong
process stability and excellent shielding atmosphere.

To develop a novel Ti-alloy MIG welding process, this
study proposed a new strategy of Ti-alloy MIG welding pro-
cess under the synergistic effect of coaxial dual channel gas
paths. It was noteworthy that current researchers were pri-
marily engaged in the Ti-alloy MIG composite welding add-
ing energy field and heat sources, neglecting the fluid field
conducted by shielding gas. Consequently, this technique
not only addressed the limited range of shielding gas in tra-
ditional MIG but also introduced a dual-channel gas flow
fluid field composite MIG welding process. We designed a
welding torch independently for the new composite process
and conducted experiments using the variable-controlling
approach to study the synergistic effect of the internal gas
flow rate (Q) and the external gas flow rate (¢) on the MIG
welding process.

2 Experimental process
2.1 Materials

The experimental platform of new MIG welding process is
shown in Fig. 1. The experimental system for new MIG weld-
ing process included a wire feeder (FastMig WFX300-T), a
MIG power source (FastMig X350), a welding torch, a linear
guide rail controller, samples, and a workbench. The welding
torch used in the experiment was developed independently.
In this study, the Ti-6Al-4 V (TC4) titanium alloy welding

Fig.1 Schematic diagram of the
experimental platform for new
MIG welding process
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wire with a diameter of 1.2 mm and the TC4 titanium alloy
plates with the dimension of 100 mm X 20 mm X 8 mm were
employed as welding materials. The elemental composition of
TC4 titanium alloy is shown in Table 1. The oxide layer and oil
stains on the surface of the base material could affect welding
quality seriously and cause welding defects. Therefore, before
the experiment, an angle grinder was used to polish the surface
of the base material to remove the oxide layer, and acetone
was used to clean the surface of the base material to remove
oil stains. The MIG welding power source was selected as the
direct current MIG mode. The transition mode was selected as
the droplet transfer to facilitate the observation of the droplet
transfer process. The basic process parameters are shown in
Table 2.

2.2 Experimental methods

Three sets of experiments were set up to study the effects of
internal gas flow rate (Q) and external gas flow rate (g) on the
MIG welding process, namely the control group and experi-
mental group I and experimental group II, respectively. The
control group studied the effect of changes in single factor
internal gas flow rate on the stability of the welding process,
i.e., the conventional MIG welding; here the external gas flow
rate was 0, and the internal gas flow rate was changed by equal
span, which is in three groups: 10L/min, 15L/min, 20L/min.
Experimental group I studied the effect of single factor exter-
nal gas flow rate on the stability of the welding process. At this
time, the internal gas flow rate was 0, and the external gas flow
rate was changed by an equal span, in order of five groups:
10L/min, 20L/min, 30L/min, 40L/min, 50L/min. Experimental
group II studied the effect of the combination of internal and
external gas flow rates on the welding process. At this time,
the fixed external gas flow rate was 40L/min, and the inter-
nal gas flow rate was changed with equal span, which were
sequentially divided into four groups: SL/min and 10L/min,
15L/min, 20L/min.

Argon gas (Ar) was employed as the welding shielding
gas. A high-speed camera was used for capture of the welding
process, with a frame rate set to 2000 fps, which means the
time interval between taking two photos was 0.5 ms. When
observing the cross-section of the weld seam, metallographic
samples were prepared using a wire cutting machine and were
polished until there were no obvious scratches. Then, the met-
allographic surface was corroded with a corrosion solution (a
solution of 5% HF, 10% HNO; and rest water by volume), and
finally the cross-sectional morphology of the weld seam was
captured by a stereomicroscope.

Table 2 Welding process parameters

Wire feeding speed Welding voltage Welding speed
8 m/min 30V 5 mm/s
3 Results

3.1 Droplet transfer

The control group studied the effect of changes in single factor
internal gas flow rate (Q) on the stability of the welding pro-
cess. At this time, the external gas flow rate (¢) was 0, and the
internal gas flow rate was changed at an equal span, in order
of 10 L/min and 15 L/min, and 20 L/min.

During the stable transition phase, we selected a transition
cycle precisely as a representative of the entire process; the
images of droplet transfer are shown in Fig. 2. It found that in
the new device, the droplet transfer process exhibited a regular
transfer pattern of “one larger droplet+ several smaller drop-
lets” in one cycle under the ordinary MIG process (with an
external gas flow rate of 0). The transition period of large drop-
lets was longer, while the transition period of small droplets
was shorter. During the welding process, short-circuit transi-
tion was prone to occur during the transition of large droplets,
while the transition of small droplets always maintained a typi-
cal droplet transition. After statistical analysis, it was found
that within 5 s, there was one large droplet short-circuit transi-
tion at Q= 10L/min (as shown in Fig. 2a), three large droplet
short-circuits transitions at Q= 15L/min (as shown in Fig. 2b),
and nine large droplet short-circuits transitions at Q=20L/
min (as shown in Fig. 2c). When a short-circuit occurred, the
current had an upsurge while the voltage instantly decreased
to 0, and then returned to normal, as shown in the schematic
diagram of current—voltage waveform (Fig. 3d). According to
Fig. 3, the transition period of large droplets decreased first
and then increased with the raising of internal gas flow rate,
while the transition period of small droplets increased first
and then decreased with the increase of internal gas flow rate.
At Q=15 L/min, the transition period for large droplets was
the shortest, about 118 ms, and the transition period for small
droplets was the longest, about 22.5 ms. As Q increased, the
overall size of large droplets increased. When Q =20L/min,
the maximum size of large droplets was 3.3 mm, but the size
of small droplets remained basically unchanged.

Within a transition period, the arc with the maximum
length and energy concentration was selected as the

Table 1 The composition of
TC4 alloy

Element Al \%

Fe (0] Si C N H Else Ti

Content 5.5-6.8

3.545

0.3 0.2 0.15 0.1 0.05 0.01 0.5 Rest
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Fig.2 Images of droplet transfer with different welding conditions (¢=0)

representative of the arc for this transition period. PS
software was utilized to measure the distance between the
bottom of the wire and the molten pool, which is the arc
length. The measurement of MIG arc length under dif-
ferent internal gas flow rates is shown in Fig. 3c. As Q0
increased, the arc length during the transition of large
droplets reached its maximum at Q =15 L/min, which is
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10 mm, but it decreased slightly at 0 =20 L/min. There-
fore, there was no significant linear relationship between
the arc length and Q during the transition of large drop-
lets. The arc length during the transition of small droplets
decreased with the growth of Q. The maximum arc length
was 8.2 mm when Q =10 L/min, and the minimum arc
length was 6.7 mm when Q =20 L/min.
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Fig.3 Characteristic parameters
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Experimental group I studied the effect of single factor
external gas flow rate (g) on the stability of the welding
process. At this time, the internal gas flow rate (Q) was 0.
Changing the external gas flow rate resulted in five groups:
10L/min and 20L/min, 30L/min, 40L/min, SOL/min. The
images of droplet transfer are shown in Fig. 4. Analysis
showed that the addition of external gas flow did not change
the transition form of “one larger droplet + several smaller
droplets” mentioned above, and the transition period of
larger droplets was still longer, while that of smaller droplets
was shorter. The transition period of large droplets showed
an overall increasing trend with the growth of external gas
flow rate. At g=10 L/min, the transition period of large
droplets was the smallest, which is 141.5 ms. At g=40 L/
min, the transition period of large droplets fluctuated with
a smaller value of 144 ms. The transition period of small
droplets decreased first and then increased with the raising
of external gas flow rate. The minimum was 17 ms when
g =20 L/min, and the maximum was 26 ms when ¢=40
L/min. However, compared with the control group, the
change in droplet transition period in this group was not
significant, and the maximum value was lower than that in
the control group. As g increased, the size of small droplets
remained largely unaffected, while the size of large droplets

20 U |
(d)

underwent slight changes. The maximum size of large drop-
lets was 3.3 mm, and the maximum size of small droplets
was 2.1 mm, both obtained at ¢ =30L/min. And according
to statistics, only one large droplet short-circuit transition
occurred within 5 s when ¢ =30 L/min, as shown in Fig. 4c.

The length of MIG arc was measured under different
external gas flow rates in experimental group I, and the
results are shown in Fig. 5c. During the transition of large
droplets, the arc length became unstable with the increase
of g. When ¢=10 L/min, the arc length was maximum at
12.5 mm, and when ¢ =20 L/min, the arc length was mini-
mum at 10.1 mm. During the transition of small droplets, as
q increased, the arc length first increased and then reduced.
When ¢g=30 L/min, the arc length was maximum at 9.4 mm,
and when ¢ =50 L/min, the arc length was minimum at
7 mm. By observing the transition photos of the droplets,
it was found that compared to the control group, the arc
shape in this group was more chaotic, the arc direction was
unstable, and the arc length was generally higher than that
in the control group.

Experimental group II studied the effect of the combi-
nation of internal and external gas flow rates on the weld-
ing process. At this time, the external gas flow rate (g)
was fixed at 40L/min, and the internal gas flow rate (Q)

@ Springer



Welding in the World

Fig.4 Images of droplet
transfer with different welding
conditions (Q=0)

short-circuit

L 3

was changed, followed by four groups: 5L/min and 10L/
min, 15L/min, 20L/min. The photos of droplet transition
are shown in Fig. 6. Through comparative analysis, it was
found that when adding internal gas flow based on an
external gas flow rate of ¢ =40 L/min, the transition form
of “one larger droplet + several smaller droplets” found
in the control group was still maintained, and the rule of
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“longer transition period for larger droplets and shorter
transition period for smaller droplets” was not affected.
According to statistics, no short-circuit transfer occurred
within 5 s. As the internal gas flow rate increased, the
transition period of large droplets first decreased and then
increased, while the transition period of small droplets
fluctuated up and down in a small range. When Q=15 L/
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Fig. 8 Droplet transfer cycle with different welding conditions for dif-
ferent group

min, the minimum transition period of large droplets was
130.5 ms, and when Q=10 L/min, that of small droplets
was 17 ms.

Compared with the control group, it was found that when
Q=20 L/min, the addition of external gas flow ¢g=40 L/
min reduced the transition period of large droplets, but still
increased the transition period of small droplets. Moreover,
at 0=10 L/min and 15 L/min, there was an increasing trend
in the transition periods of both large and small droplets
compared with the control group. Excluding accidental fac-
tors, it was found that at the same Q value, the addition of
external gas flow would increase the transition period of
both large and small droplets to a certain extent. However,
the addition of g did not affect the variation pattern of the
two, as shown in Fig. 8. According to Fig. 7b, it could be
observed that the synergistic effect of the internal gas flow
and the external gas flow had little effect on the droplet size.
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Fig.9 Arc length with different welding conditions for different
group

The length of MIG arc was measured under different
internal gas flow rates in experimental group II, and the
results are shown in Fig. 7c. At g=40 L/min, as Q increased,
the arc length of both large and small droplet transitions
decreased steadily (Fig. 8). When Q=35 L/min, the maxi-
mum arc length was 12.1 mm and 8.3 mm, respectively.
When Q=20 L/min, both were the smallest, 8.7 mm and
5.8 mm respectively. Compared with the control group,
it was found that under the action of Q, the addition of ¢
slightly reduced the arc length, as shown in Fig. 9.

3.2 Surface morphology of weld seam

The surface morphology of the weld seam in the control
group is shown in Fig. 10. The overall surface morphology
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Fig. 10 Surface morphology of welds under different welding parameters (g=0). a Q=10 L/min. b Q=15 L/min. ¢ Q=20 L/min

of the control group welds was poor. As Q increased, there
were more and more weld nodules (as indicated by the red
arrow in the Fig. 10), which made the welds increasingly
uneven. All welds exhibited bending, and the surface mor-
phology of the welds was the worst when Q =20L/min. In
the above welding process, the droplet was subjected to
the combined force exerted by the arc and Q on it before
falling into the molten pool, as well as the upward surface
tension and the downward gravity of the droplet itself. In
the experiment, it was found that the arc formed between
the welding wire and the molten pool rotated irregularly
around the surface of the droplet, while the horizontal
component of the combined force exerted by the arc and
0 on the droplet did not reach equilibrium at this time.
Consequently, there would be a horizontal offset during
the droplets fell into the molten pool, which causes the
molten pool to also shift, resulting in a curved morphology
of the weld seam. And the MIG arc was unstable, which
is manifested in the occurrence of arc extinction during

_'mmlllllllllllIlllIlIIIII'IIIIIII||||||||||

arc initiation and termination, resulting in discontinuous
welds.

The surface morphology of the weld seam in experimen-
tal group I is shown in Fig. 11. In this group, the surface
morphology was relatively uniform, and there was no sig-
nificant change in width. Surprisingly, the problem of weld
seam bending was improved, which indicates that the exter-
nal gas flow could effectively improve the trouble of hori-
zontal force imbalance during the process of droplet falling.
And compared with the control group, there were almost
no weld nodules in the welds of this group, and the sides of
the welds were relatively neat, indicating that the welding
process was relatively stable and there was almost no short-
circuit transition. When ¢ =40L/min, there was a narrowing
phenomenon of the weld seam at the arc stopping position,
which is caused by the instability of the MIG arc.

The surface morphology of the weld seam in experi-
mental group II is shown in Fig. 12. The weld seam was
relatively uniform with no significant changes in width,

Fig. 11 Surface morphology of welds under different welding parameters (Q=0). a g=10 L/min. b ¢=20 L/min. ¢ ¢=30 L/min. d ¢=40 L/

min. e g=50 L/min
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Fig. 13 Weld cross-section under different welding parameters (g=0). a Q=10 L/min. b Q=15 L/min. ¢ Q=20 L/min

and the spreading state of the weld seam was almost con-
sistent with the previous two sets of experiments. Com-
pared with the control group, there was no significant
bending in the weld morphology of this group, which
confirms the conclusion drawn in experiment group I that
the addition of external gas flow could effectively reform
the issue of horizontal force imbalance while the droplets
fell and verifies that the addition of external gas flow could
obtain better weld surface morphology.

The images revealed that all weld surfaces were oxi-
dized, lacking a silver-white metallic luster. This was
due to the fact that titanium alloys required a protective
atmosphere not only during welding but also post-welding
until the temperature decreased. A laminar flow net was
installed within the tail cover, ensuring a uniform flow of
shielding gas within the tail hood, which prevents negative
pressure caused by excessive gas flow by which air was
potentially sucked in the hood and compromised the pro-
tective atmosphere. The observed oxidation in the experi-
ment was due to the workpiece’s brief stay in the tail cover
after welding: it came into contact with air before the tem-
perature had a chance to drop, leading to oxidation—not
due to any flawed design in the tail cover structure.
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Fig. 14 Geometric parameters of weld cross-section under different
welding parameters (g =0)

3.3 Cross-section of weld seam

The cross-section of the weld seam in the control group is
shown in Fig. 13, and the geometric parameters of it are
provided in Fig. 14. Through analysis, an increasing trend



Welding in the World

could be observed in weld width with the growth of internal
gas flow rate (Q). At Q=20L/min, the weld width reached
its maximum, about 10.3 mm, with a change rate of about
22.6% compared to Q = 10L/min. In terms of weld penetra-
tion, the weld penetration decreased obviously continuously
as Q growing. At QO =10L/min, the maximum penetration
depth was about 2.8 mm, and then decreased continuously.
At Q=20L/min, the minimum penetration depth was about
2.1 mm, with a change rate of 25%. Within the allowable
range of measurement error, it could be inferred that the
changes in internal shielding gas flow rate (Q) had a slightly
stronger impact on the weld penetration than on the weld
width under conventional MIG. There were a handful of vis-
ible small pores in the cross-section of the weld seam, and
these pores were mostly located near the edge of the melt
pool, as indicated by the red circle mark.

The cross-section of the weld seam in experimental group
I is shown in Fig. 15, and Fig. 16 provides the geometric
parameters of the weld seam cross-section. It could be famil-
iarized that the weld width first increased and then decreased
with the growth of external gas flow rate (¢) when Q was
0. When g =20L/min, the weld width was maximum, about
9.5 mm, and the change rate was about 20.3% compared
to g =10L/min. Within the range of g=20~50L/min, the
weld width was greater than that at ¢ = 10L/min. It could
be also seen that as g increased, the fusion width of the
weld seam tended to increase. When g =40L/min, although
the melt width slightly grew, there was still a decreasing
trend compared to the melt width of g=20L/min, and it was
close to the melt width of g=50L/min, with a change rate
of about 3.8% compared to ¢ =10L/min. In terms of weld
penetration, the overall penetration depth of the weld seam
tended to decrease as g raised. The maximum melting depth
was about 2.9 mm when g = 10L/min, and then it decreased
to the minimum melting depth when g =50L/min, which is
about 2.2 mm, with a change rate of about 24.1%. Within the
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Fig. 16 Geometric parameters of weld cross-section under different
welding parameters (Q =0)

allowable range of measurement error, it could be inferred
that the changes in external gas flow rate had also a slightly
stronger influence upon the weld penetration than on the
weld width.

The cross-section of the weld seam showed that a large
single hole appeared at ¢ =10L/min, and the holes decreased
with the growth of ¢. No holes appeared at g =40L/min, but
small pores appeared again at ¢g=50L/min. Pores of all were
also mostly located near the edge of the melt pool.

The cross-section of the weld seam in experimental
group II is shown in Fig. 17, and the geometric parameters
of the weld seam cross-section are provided in Fig. 18. It
was obviously that the weld width first decreased and then
increased as the internal gas flow rate (Q) increased, when
the external flow rate was ¢ =40L/min. The weld width
was about 10.1 mm while Q =5L/min, and when Q =15L/
min, the weld width was the smallest, about 8.0 mm, with

base material

Fig. 15 Weld cross-section under different welding parameters (Q=0). a ¢=10 L/min. b ¢=20 L/min. ¢ ¢=30 L/min. d ¢=40 L/min. e ¢g=50

L/min
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Fig. 17 Weld cross-section
under different welding param-
eters (=40 L/min). a Q=5L/
min. b Q=10 L/min. ¢ Q=15
L/min. d Q=20 L/min
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Fig. 18 Geometric parameters of weld cross-section under different
welding parameters (¢ =40 L/min)

a change rate of about 20.8%. The weld width was the
largest when Q =20L/min, which is about 10.5 mm, with
a change rate of about 31.3%. In terms of weld penetra-
tion, when the external gas flow rate was ¢ =40L/min, the
weld penetration first increased and then decreased as the
growth of the internal gas flow rate. When Q = 10L/min,
the maximum weld penetration was about 2.6 mm, with
a change rate of about 13.0% compared to Q =5L/min.
Compared with the control group, the variation character
of weld penetration and width was not changed basically
by the addition of external gas flow rate under the same
parameters. However, the values of weld penetration depth
and width slightly decreased after adding ¢, as shown in
Fig. 19. At Q=10L/min and 20L/min, a single visible
small pore emerged in the weld cross-section near the edge
of the melt pool.

@ Springer

T T T T T 3.0
— Weld Width
10.5 + — Weld Penetration
] Experimental Group 11
/\ Control Group 2.8
10.0 4 —~
g
—
g L2
; 9.5 1 2
8 g
= L4 2
=t 9.0 4 g
L ]
= 5
854 Lo B
8.0 F2.0
T T T T T T
10 12 14 16 18 20
Q (L/min)

Fig. 19 Geometric parameters of weld cross-section with different
welding conditions for different group

4 Discussion
4.1 Droplet transfer and weld surface morphology

In the control group of the internal gas flow (Q) acting
alone, as Q increased, the transition period of large drop-
lets sharply increased to 190.5 ms at Q =20L/min, with a
change rate of 47% compared to Q = 10L/min. The droplet
size and arc length also increased during the transition of
large droplets. The images of the droplet transfer exposed
that most of the transition process was occupied by the
transition of large droplets, and with the increase of Q, a
short-circuit transition appeared in the large droplets, but
the transition of small droplets always maintained a typi-
cal droplet transition. Generally, short-circuit transition
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18 a transition mode in which, in the case of a short arc, a
short-circuit occurs in contact with the molten pool dur-
ing the process of droplets growth, and then the arc extin-
guishes, the droplets transfer to the molten pool under the
action of electromagnetic force (necking effect) and sur-
face tension [28]. Obviously, the short-circuit transition
phenomenon that occurred in the control group did not
follow this pattern. The mechanism of the short-circuit
transition phenomenon when the internal gas flow acted
alone was as follows.

During the process of falling, droplets were subjected to
gravity, plasma flow force, surface tension, and electromag-
netic force [29, 30]. In the vertical direction, it was mainly
subjected to the combined force of downward gravity F,,
upward surface tension F,, the longitudinal component £, of
electromagnetic force, and the longitudinal component F; of
plasma flow force, which can be expressed using Formulas (1)
to (4) [31-34]. Due to the influence of arc shape, there were
two situations where the electromagnetic force hindered or
promoted the transition of droplets in the vertical direction,
and the component force, while in the horizontal direction,
was manifested as necking effect at the connection between
the droplets and the wire on the one hand, and on the other
hand, compressing the droplets to contact with the molten
pool, forming a liquid bridge.

4
F, = gzrri,pg 1

Fig.20 Schematic diagram of
the force acting on a large drop-
let: a Q=10L/min; b Q=20L/
min
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where r, is the droplet radius, p is the density of liquid metal,
g is the gravitational acceleration, r,, is the radius of the
welding wire, y is the surface tension coefficient, / is the
welding current, y, is the vacuum magnetic permeability, 6
is the half cone angle of the arc, C, is the drag coefficient, Ap
is the area of action of the plasma gas flow, p, is the protec-
tive gas density, and v, is the gas flow velocity.

When Q = 10L/min, the force acting on the large droplets
is shown in Fig. 20a. The arc position was in the upper mid-
dle part of the droplets in this moment, and the electromag-
netic force promoted the transition of the droplets, leading
a shorter transition period; frequency of the short-circuit
transition for the droplets was also diminished accordingly.
As Q increased to 20L/min, the force acting on the droplets
is shown in Fig. 20b. The arc could not cover the droplets
at this time, causing a hinderance of the electromagnetic
force to the transition, which makes the transition of large
droplets difficult, resulting in an increasing transition period;
therefore, there was enough time for them to grow fully (the

current I8 Y

base metal

@ Springer



Welding in the World

transition period reached 190.5 ms when Q =20L/min). The
arc space was exceeded gradually as the size of the large
droplets continued to increase, followed by direct contact
of the droplets with the molten pool, leading to the occur-
rence of short-circuit transition. And with the growth of Q,
the obstruction of electromagnetic force caused a continu-
ously increasing transition period (Fig. 3a), and then, the
size of large droplets also became larger and larger (Fig. 3b);
therefore, the frequency of short-circuit transition increased
naturally. Within the same time (5 s), nine short-circuit tran-
sitions occurred at Q =20L/min.

The force on the droplets in the horizontal direction was
unbalanced, causing a deviation in this direction when it
grew and fell, which leads to the bending of the weld seam
in turn. The welding process became increasingly unstable
with the growth of Q. The surface morphology of the weld
seam also accounted for the instability. There were more and
more weld nodules as Q increased. When Q =20L/min, there
were the most weld nodules, and the surface morphology of
the weld seam was the worst.

In the experimental group I of the external gas flow (g)
acting alone, only at ¢ =30 L/min, a short-circuit transi-
tion merely occurred once within 5 s. According to Fig. 5,
both the transition period and the size of the large drop-
lets reached their maximum value. However, the arc length
did not increase significantly, so the large droplets grew
fully, leading to short-circuit transitions. Surprisingly, no
short-circuit transition occurred under other external gas
flow parameters, illustrating that the external gas flow had
an effectively suppression to short-circuit transition. After
elaborating the area of action of the plasma gas flow A, in
formula (4), the plasma flow force F,; can be expressed as
formula (5).

22 e
Fy=0.5Cpvimry| 1 - 22 5
Ta

By analyzing Figs. 3 and 5, it could be confirmed that the
droplets’ radius r,; generally increased when g acting alone
compared to the control group. According to formula (5), the
plasma flow force acting on the droplets also increased with
the growth of droplets’ radius, which promotes the transition
of the droplets. According to Fig. 4, it was found that even
though the arc morphology was unstable and irregular, it
could cover the droplets basically. Therefore, the electro-
magnetic force F,, also promoted the transition of the drop-
lets (analogous to Fig. 20a) at this time. Whilst the arc length
was also increased generally compared to the control group,
therefore, after the droplets grew, it detached smoothly from
the welding wire and entered into the molten pool under
the combined force, and no short-circuit transition occurred.
There was no short-circuit transition during the experimental
process with g acting alone, so the surface morphology of
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the weld seam was better compared with the control group,
with almost no weld nodules and higher quality of forming.
The external gas flow could improve the imbalance of the
horizontal component of the resultant force mentioned in the
control group during the falling process of droplets, which
contributes to the positive welding outcome that the weld
seam was relatively straight and almost not bent.

In the experimental group II of the synergistic effect of
internal gas flow (Q) and external gas flow (g), there was
no short-circuit transition phenomenon during the weld-
ing process according to the images of the droplet trans-
fer (Fig. 6). When Q and g work together, the overall gas
flow rate increased, resulting in an increase in the gas flow
velocity v,. As v, increased, the plasma flow force F, also
increased sharply according to formula (4), which further
promotes the droplet transition process and suppresses the
occurrence of short-circuit transition. Under the premise of
g =40L/min, the droplet transition period generally showed
a decreasing trend with the increase of Q, but the trans-
ferring period slightly increased overall compared to the
control group, and the overall droplet transition period was
slightly reduced compared to experimental group I. At the
same time, there was almost no change in droplet size; how-
ever, the overall droplet size slightly increased compared
to the control group, while the overall droplet size slightly
decreased compared to experimental group I. There were
similarities between experimental group II and I in surface
morphology of the weld seam, with a relatively uniform and
straight weld seam formation. And the surface morphology
of the weld seam was better than that of the control group
since there was no short-circuit transition and no weld nod-
ules. This further demonstrated that the addition of external
gas flow could improve the state of force imbalance during
the droplet falling process, making the weld seam straight.

4.2 Cross section of weld seam
4.2.1 Pores

Several visible pores could be clearly observed by inspecting
Figs. 13, 15, and 17. This study utilized Fluent software to
numerically simulate the synergistic effect of internal and
external Ar gas flow to assist in explaining the reasons for
the formation of these pores.

We simplified the structure of the MIG welding torch and
established an equivalent two-dimensional model as shown
in Fig. 21a. The mesh partitioning results of this model are
shown in Fig. 21b, with a mesh size of 0.3 mm. The volume
of fluid (VOF) model was utilized for numerical simulation
of two-phase gas flow. Before the simulation, it was neces-
sary to simplify the arc plasma as a high-temperature and
high flow rate argon ion flow, without taking the influence
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Fig.21 Simplified numerical simulation model diagram: a equivalent two-dimensional model; b grid partitioning diagram

of electromagnetic force on it into consideration, to improve
computational efficiency.

During the calculation process, the temperature of the arc
argon ion flow was set to 8000 K, the flow rate was set to
80 m/s [35]. Both internal and external gas flow inlets were
velocity inlets, with the inlet velocity converted based on the
corresponding flow rate, and all outlets were pressure outlets.
Since this experiment primarily focused on the impact of com-
posite internal and external gas flow on titanium alloy MIG
welding, and the shielding gas within the tail cover remained a
uniform, stable, and low-velocity laminar flow, its effect on the
molten pool could be negligible during welding. Consequently,
the tail cover was not taken into account in the simulation.
During the simulation process, the control equations followed
between argon, air, and boundary substances included the
mass-conservation equation, momentum-conservation equa-
tion and energy-conservation equation, as shown in Egs. (6)
to (8)[36].

The mass-conservation equation is:

ap + d(pu) + o(pv) _
ot ox dy

0 (6)

where p is density of the fluid, ¢ is time, and u and v are the
velocity component.
The momentum-conservation equation is:

9ry o 9%

+
AN
a(pv) . — _E Xy Y

T div(pvu) = % -+ > +F,

9pu) ; —_or
paas div(puu) = Pl +F,
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where p is the pressure on flowing microelements, 7; is the

components of viscous force 7 in all directions (i,j = x,y),

and F, and F| are the volume forces on the fluid element.
The energy-conservation equation is:

9(pT)

t

+ div(puT) = <

Cp

L3 gradT

> +S5r ®)

where T is the fluid temperature, cp is the specific heat
capacity, k is the fluid thermal propagation coefficient, and
Sy is the viscous dissipation term.

In the numerical simulation process, the air and argon were
taken into consideration as main gases, and their physical

parameters are shown in Table 3.

Reynolds number was usually used to determine the lami-
nar and turbulent state of the fluid when selecting the physical
model of fluid flow state in the computational domain. Reyn-
olds number R, is shown in formula (9).

R

e

_ puL

)

where p is the fluid density, u is the flow velocity, L is the
feature length, and p is the dynamic viscosity.

Table 3 Gas physical parameters

Type Density  Viscosity Thermal conduc- ~ Specific
(kg/m®) (X107 Pa-s) tivity coefficient  heat capac-
[W/(m-K)] ity
[kJ/
(kg0
Air 1.225 1.7894 0.0244 1.00643
Argon  1.782 2.0900 0.0173 0.51916
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The corresponding Reynolds number was calculated
based on the internal flow rate Q and the external flow rate
g, as shown in Table 4. Generally, when R, was less than
2000, the fluid flow state was considered laminar, while R,
>4000, the fluid flow state was considered turbulent, and it
was the region of transition from laminar to turbulent flow
when 2000 < R,<4000. It was evident that the calculation
results of R, in Table 4 demonstrated that a portion of Reyn-
olds numbers for the flow velocity were in laminar flow,
whilst another was in the transition region, indicating that
not all flow states in the computational domain belonged to
laminar flow. Therefore, the k-omega SST turbulence model
was utilized for this numerical simulation.

The schematic diagram of the welding process under
the independent action of the internal gas flow is shown
in Fig. 22a. It was evident that the cover range provided by
shielding gas Q was limited based on the numerical simula-
tion results (Fig. 22b), forming a poor shielding coverage.
Therefore, air was easily mixed into the molten pool during
the welding process, resulting in porosity defects in the weld
seam.

The schematic diagram of the welding process under the
separate action of external gas flow is shown in Fig. 23a.

Table 4 Reynolds number corresponding to different gas flow rates

Argon gas flow /(L/  Argon gas flow rate R,
min) (m/s)
0 10 0415 1061.524
15 0.622 1591.008
20 0.829 2120.491
q 10 0.161 411.820
40 0.645 1649.839
50 0.807 2064.217
a

@nal gas flow path
Droplet —_ Air

W

Arc — 8

Metal pool\_

Base metal—

Internal shielding gas

When ¢ acted alone, it was observed that a large single
porosity appeared at the cross-section of the weld seam when
g=10L/min. This was because the external shielding gas at
this time failed to cover the molten pool, causing a large
amount of air to enter the molten pool and form porosity fol-
lowed, based on the numerical simulation results (Fig. 23b).
However, the porosity decreased with the increase of ¢, and
no porosity appeared at g=40L/min. This indicated that the
external shielding gas could cover the molten pool entirely
at this moment. Unfortunately, as ¢ further increased, the
excessive shielding gas flow in the external path accounted
for the turbulence’s inhaling air and damaging the shielding;
consequently, the small pores generated again in the cross-
section when ¢ =50L/min. As shown in Fig. 23b, when
q=40L/min, while the external shielding gas could cover the
molten pool, the small diameter of the gas flow enveloping
the welding wire (approximately twice the wire’s diameter)
still failed to provide adequate protection.

The schematic diagram of the welding process under the
synergistic effect of internal gas flow (Q) and external gas
flow (g) is shown in Fig. 24a. A single small pore appeared
in the cross-section of the weld seam when Q = 10L/min,
which is due to the turbulent flow generated by Q and
g, causing air to be drawn into the molten pool; thereby,
pores followed. When Q = 15L/min, the disappearance
of pores was owing to the fact that a completely cover-
age for the molten pool was formed by Q and ¢ and did
not generate turbulence, resulting in better shielding. But
as Q increased to 20L/min, small pores began to appear
again, which is due to the turbulent flow occurred again
drew a small amount of air into the molten pool, forming
pore defects. The numerical simulation results shown in
Fig. 24b were exactly consistent with this experimental
phenomenon. As shown in Fig. 24b, when ¢ =40L/min
and Q = 15L/min, the shielding gas not only effectively

Poor
shielding

Volume fraction (air)

Q=10L/min
q=0L/min

Fig.22 a Schematic diagram of welding process and b numerical simulation results under individual action of internal gas flow Q
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Fig. 24 a Schematic diagram of welding process and b numerical simulation results under the synergistic effect of internal gas flow Q and exter-

nal gas flow ¢

covered the molten pool but also significantly increased
the diameter of the shielding gas flow around the wire
(compared with Fig. 23b). Furthermore, there was no tur-
bulence, indicating that the protective effect was optimal
at this condition.

It was found that all the pores appearing in the cross-
section of the weld seam were located near the edge of
the molten pool through the observation in Sect. 2.3. In
response to this experimental phenomenon, the following
theoretical analysis was made. The speed at which pores
float and escape in the welding pool can be characterized
by formula (10).

2
K (prG)gr
n

(10)

where v is the escape velocity of the bubbles, K is a constant,
p; 1is the density of liquid metal, p; is the gas density, g is
the gravitational acceleration, r is the pores’ radius, and # is
the viscosity of liquid metal.

It could be inferred that the viscosity of liquid metal 5
had a significant impact to the speed at which bubbles float
and escape according to expression (10). During the welding
process, a large temperature gradient was formed in front
of the solid—liquid interface [37], and the temperature near
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the solid-liquid interface area (i.e., the edge of the molten
pool) was lower, resulting in the viscosity # in this area large
relatively, which reduces the upward velocity of bubbles,
coupled with the fast solidification speed of the molten pool
that was not conducive to the upward movement of bubbles.
So, when air was drawn into the edge area of the molten
pool, the viscosity and the solidification speed of the molten
pool accounted for the bubbles’ untimely floating upward
and escaping, which are retained in the edge area of the
molten pool to form pores. This explained why most of the
pores found in the cross-section of the weld existed near the
edge of the molten pool.

4.2.2 Weld penetration and width

The greater the constraint on the arc, the more concentrated
the energy of the arc when conducting a titanium alloy
MIG welding. The dynamic pressure of the arc acted on the
molten pool, and the depth of it became greater, making it
easier to form a finger-shaped penetration. The small cur-
rent, small heat input and increasing static pressure of the
arc accounted for the semi-circular penetration obtained in
this experiment, which is a typical geometric shape of the
weld cross-section generated by “droplet” transition. Even if
0 continued to increase, when the internal gas flow Q acted
alone, a state of insufficient shielding still was remained for
the molten pool (Fig. 22b). A slight turbulence disturbance
was produced gradually by internal gas flow as it increased,
which reduces the constraint effect on the arc and disperses
the arc energy, followed by a continuous decrease in the
penetration and an increase in the fusion width. The con-
straint effect on the arc was the best when Q = 10L/min,
achieving the maximum depth and the minimum width of
fusion. Currently, the arc during the transferring of large
droplets was also the shortest, which further indicates that
the compression and constraint effect of the internal gas flow
on the arc was the most significant at Q = 10L/min. The arc
length during the transition of small droplets decreased con-
tinuously with the increase of Q, indicating that the increase
of O had a stable compression effect on the arc. However,
during the entire transition process, the transition of large
droplets occupied the vast proportion of the whole time, so
the compression effect of Q on the arc during the transition
of small droplets could only have a small impact. Finally, the
result was the experimental phenomenon dominated by the
transition law of large droplets.

It was found that the arc shape was relatively chaotic by
analyzing the images of the droplet transfer (Fig. 4) when
the external gas flow g acted singly. This was because that
both the covering range of shielding gas and the space
for arc’s activity were larger, which accounts for the arc’s
becoming longer at this moment; therefore, the arc was more
significantly disturbed by g, resulting in a more unstable
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arc shape. And as g increased, the arc length also changed
irregularly. Both whether the arc had a concentrated energy
and how much the heat input from the arc were the key fac-
tors affecting the depth and width of the fusion [38]. When
the external gas flow acted alone, the overall penetration of
the weld cross-section showed a decreasing trend and the
fusion width changed irregularly as g increased because of
almost no restraining effect applied to the arc by the external
gas flow. As g increased, the arc was more disturbed with
the gradually appearing turbulent phenomena (Fig. 23b),
which leads to unstable arc shape and energy concentration.
In addition, the external gas flow also had a certain cooling
effect on the arc, which reduces the heat input of the arc to
the molten pool. Therefore, it ultimately led to a decrease in
the cross-sectional penetration of the weld and an irregular
change in the weld width.

The arc length decreased steadily with the increase of
QO when the internal gas flow Q and the external gas flow g
worked together, indicating that a relatively stable compres-
sion effect of Q on the arc was approached in the atmosphere
of external gas flow. According to Fig. 5, the overall arc
length slightly decreased in experimental group II compared
to the inner gas flow acting alone, indicating that the addi-
tion of the outer gas flow under the action of the inner gas
flow was beneficial for arc compression. Analysis of Fig. 18
to Fig. 19 revealed that the weld penetration decreased as
Q> 5L/min, and the weld width increased with the growth
of Q. This was because that as Q increased, although the
internal gas flow produced stable compression on the arc,
the presence of the external gas flow not only brought the
high-temperature zone closer to the base material, but also
expanded the arc contact area and affected the arc tempera-
ture. Therefore, even if the arc column was compressed, the
energy density decreased and the energy could not be effec-
tively concentrated, resulting in this consequence. When
0 =20L/min, the arc length was the smallest, indicating that
the internal gas flow had the greatest compression effect
on the arc at present. But the weld penetration decreased
sharply, and the weld width increased quickly because of
the turbulence occurring for the inner and outer gas flow
(Fig. 24b), causing the arc disturbed and the arc energy more
dispersed. Moreover, an increase in gas flow rate cooled the
arc and reduced the heat input of the arc to the melt pool.
And at this point, the generated turbulence also drew air into
the molten pool, resulting in porosity in the cross-section of
the weld seam. Figure 19 shows that compared to Q acting
alone, under the action of the inner gas flow, the addition
of g reduced the depth slightly of the fusion and increased
somewhat the width of it. This was because the outer gas
flow caused minor disturbance to the arc, which is not con-
ducive to the concentration of arc energy. Both the energy
density of the arc and the heat input to the melt pool were
decreased.
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5 Conclusions

1. When the internal gas flow (Q) was constant, the addi-
tion of external gas flow (¢) would increase the transi-
tion period of the droplet to a certain extent, but the
rule of the transferring period did not be altered. The
variation pattern of the droplet transfer was mainly influ-
enced by Q, while the length of the period was mainly
impacted by g.

2. The short-circuit transition occurred when g was not
added, and the number of it increased with the growth
of Q. There was no longer a short-circuit transition after
adding g for the obstruction of the combined effect of Q
and g on the droplet transition period and droplet size,
arc length. An increase of Q would stabilize the com-
pression of the arc in the atmosphere of ¢ and reduce the
length of the arc column; i.e., g had a beneficial effect
on the compression of the arc.

3. Both the changes in Q and g had a slightly stronger
impact on the weld penetration than on the weld width.
The contact area of the arc was increased and the
energy density of it was reduced for the presence of g.
Besides, g reduced the heat input to the molten pool
with its’ cooling effect to arc. Therefore, the synergistic
effect would cause a certain degree of reduction in the
weld penetration; however, its regulation for variation
remained basically unchanged.

4. From the perspective of the forming quality, with no
obvious bending and almost no weld nodules, the weld
within the synergistic effect of O and g was relatively
uniform and straight. It was found that within the syn-
ergistic effect of Q and ¢, the arc changed stably while
the variations in weld penetration and weld width were
relatively regular; there was no short-circuit transition
and the surface morphology of the weld was perfect, by
comparing three sets of experiments. Therefore, a stable
and positive forming of titanium alloy MIG welding was
achieved within the synergistic effect of O and g. When
g=40L/min and Q = 15L/min, the shielding gas offered
extensive coverage and effective shielding without tur-
bulence. Furthermore, the weld cross-section exhibited
no pores, establishing it as the optimal gas flow configu-
ration in the experiment.
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