
Introduction

     Gas tungsten arc welding (GTAW) is one of the most
widely used welding methods due to its stable welding
process, low cost, and high weld quality, especially for weld-
ing of industrial thin-walled stainless steel structures. How-
ever, considering the current-carrying capacity of the tung-
sten electrode is limited and the arc power is restricted, the
improvement in welding productivity is directly affected.
Moreover, when increasing the welding speed and welding
current proportionately in single GTA high-speed welding, it

is difficult to obtain a sound weld appearance because of un-
dercut and humping defects (Ref. 1). To improve productivi-
ty, researchers worldwide have worked on high-efficiency
GTAW. 
     Activated gas tungsten arc welding (A-GTAW) increased
joint penetration, which could improve the productivity of
GTAW (Refs. 2, 3). In this process, a thin layer of activated
flux was deposited on the surface of a workpiece that was to
be welded (Ref. 4). However, the effects of different fluxes
on A-GTAW were complicated. An activated flux coating was
needed before welding, which deteriorated the flexibility
and efficiency of A-GTAW.
     Since 1962, when it was discovered that the electromag-
netic stirring effect was beneficial to refine the grain in
welding (Ref. 5), many studies have been conducted using an
external magnetic field to improve welding efficiency (Refs.
6–8). Chang et al. investigated the influence of a magnetic
field on high-speed GTAW, and the welding speed was in-
creased from 3 to 5.5 m/min without sacrificing the weld
appearance quality in a 0.5-mm-thick 316L austenite stain-
less steel pipe (Ref. 9). In this process, the magnetic field
suppressed the backward dragging of the arc and improved
the arc stiffness in high-speed welding. 
     In 1980, Steen et al. observed that the arc root was con-
stricted by the presence of laser plasma from the weld fu-
sion zones. There was an increase in welding speed and weld
penetration by adding an arc to a laser (Ref. 10). For the
welding of a 3-mm-thick 304 austenite stainless steel plate,
sound weld appearance and excellent mechanical properties
of the joint were obtained by laser GTAW and the welding
speed could reach 3 m/min (Ref. 11). Furthermore, the
laser-GTA hybrid welding process was successfully applied to
the assembly of automotive bodies and parts (Ref. 12). In
this process, a laser beam and welding arc were coupled to
achieve an increase in welding efficiency (Ref. 13).
     Twin electrode GTAW, which employs two electrodes
within a single torch, was developed by Japanese researchers
in recent years. A bigger hybrid arc was generated by the
twin electrode, and its shape could be adjusted by pulse cur-
rent. This method was successfully applied to the joints at
different welding positions in the inner tank of a large PC
LNG storage tank, and it improved the welding efficiency
(Ref. 14). A deeper surface depression would be induced by
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the molten pool continuously to ensure reflow of the metal
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the higher arc pressure, which might initiate the occurrence
of undercut and humping defects (Ref. 15). However, in
twin-electrode GTAW, the arc pressure was much lower than
that of conventional GTA with similar welding heat input;
this was the main reason for its high efficiency in GTAW, as
showed by the work of Leng et al. (Ref. 16). 
     High-speed tandem gas tungsten arc welding (tandem
GTAW) was proposed in Qin’s previous work (Ref. 17). Two
electrodes were employed: a main GTA with a higher weld-
ing current and better stiffness aimed to attain sufficient
penetration, and an assisting GTA with a lower welding cur-
rent, which heated the trailing region of the molten pool
formed by the main arc to push the molten metal forward,
thereby suppressing the formation of undercut and hump-
ing defects. The tandem GTAW process was successfully ap-
plied to a 409L ferritic stainless steel pipe, and the welding
speed could reach up to 5.1 m/min without occurrence of
undercut and humping defects under the condition of simi-
lar heat input to that of single GTAW (Ref. 18).
     To further reduce the welding heat input, a high-speed
tandem pulse gas tungsten arc welding (tandem GTAW-P)
process is proposed in this paper based on the previous tan-
dem GTAW with constant current. The influences of welding
parameters on weld appearance defects were systematically
studied through a statistical design of experiment (DOE). The
welding heat input, and the microstructure and mechanical
properties of the weld were tested and analyzed, and these
properties were compared with the tandem and single GTA
welds. The tandem GTAW-P mechanism was also discussed by
analyzing the arc interaction and molten pool configuration.

Experimental Details

Principle of Tandem GTAW-P

     To further reduce the welding heat input and regulate the
molten pool behavior, two pulsed welding currents were used
in tandem GTAW-P instead of a constant direct current. A
phase difference of 180 deg was set between the two welding

currents. The schematic of the high-speed tandem GTAW-P
process is illustrated in Fig. 1, where separate pulse direct cur-
rent power sources were used. When the main arc current was
at the pulse peak stage, the assisting arc current was at its
background stage. The main arc aimed to obtain sufficient
penetration. Meanwhile, the assisting arc kept burning at a
lower current level, which reduced the unnecessary welding
heat input. When the main arc current was at its background
stage, the assisting arc current reached the pulse peak stage.
The assisting arc heated the trailing region of the molten pool
continuously to prolong the existence time of the molten met-
al and to ensure that the metal had sufficient time to reflow.
Furthermore, the assisting arc produced a larger forward driv-
ing force, which prevented the molten metal from accumulat-
ing at the tail of the molten pool and promoted the molten
metal flow to the front region of the weld pool. 
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Fig. 1 — Schematic of tandem GTAW-P welding: A — Experi-
mental configuration; B — currents of the main and assisting
electrodes.

Fig. 2 — Geometry of tensile test specimens: A — Standard
specimen; B — nonstandard specimen.

Fig. 3 — Geometry size of weld appearance: A — Undercut
and weld front width; B — weld back width.
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Table 1 — Nominal Chemical Compositions of 304 Austenite Stainless Steel (wt-%)

       C                         Mn                           Cr                                     Ni                         S                      Si                               P                            Fe

     0.08                      2.00                     18.0–20.0                           8.0–10.5                  0.03                  1.00                          0.035                        Bal.
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Materials and Welding Procedure

     The material used in the experiment was a 304 austenite
stainless steel plate with dimensions of 300 × 60 × 1.2 mm.
Its nominal chemical composition is presented in Table 1.
     Two pulse direct current welding power sources of 400-A
capacity were supplied to the high-speed tandem GTAW-P
experimental system and the butt joint configuration 
was carried out. The pulse coordination control function 
between the two welding power sources was conducted by
analog circuit control. The assisting welding power could re-
ceive a synchronizing signal from the main welding power,
which cannot only synchronize the amplitudes of the assist-
ing pulse current and main pulse current, but also make the
assisting pulse current start at its peak stage, as shown in
Fig. 1B. Therefore, the phase difference could be adjusted ar-
bitrarily by controlling the transmission time of the syn-

chronizing signal from the main welding power. The phase
difference  can be expressed as the following:

  t⁄T  360 deg                                        (1)

where t is the transmission time of synchronizing signal
from the main welding power, and T is the period of pulse
cycle of the welding currents. 
     The orientation of the welding torches was corrected by a
specially designed fixture, which could adjust the angle and
height of the tungsten electrodes and the interelectrode dis-
tance. Pure argon was used as a shielding gas at the front
and reverse side of the weld bead, and the flow rates of pure
argon from the main torch, assisting torch, and reverse side
of the weld bead were 10, 10, and 15 L/min, respectively.
The diameter of the two electrodes was 3.2 mm, and the ex-
tensile lengths of the main and assisting electrodes were 6.5
and 5.0 mm, respectively. A conic electrode tip with a 30-deg
tip angle was used for the main electrode and single GTA
electrode, and a truncated electrode tip with a 60-deg tip an-
gle was used for the assisting electrode.
     Although many parameters are involved in tandem
GTAW-P, some parameters could be regarded as constants
after being determined. The height (h) and angle () of the
tungsten electrode, interelectrode distance (d), phase differ-
ence (), and so on, remained the same as those 
employed in the experimental analysis of the single-factor
variable in a previous work, as listed in Table 2 (Ref. 17).
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Fig. 4 — Influences of different parameters on weld appearance: A — Weld front width and weld back width; B — depth/width ratio
of undercut.

Table 2 — Welding Parameter Constants of Tandem GTAW-P

Welding Parameters                      Main                                Assisting 

Electrode angles ()                    84 deg                                 75deg
Electrode heights (h)                    1.2 mm                                 2.5 mm
Interelectrode distance (d)                                16 mm                     
Background current (Ib)                                       100 A                      
Phase difference ()                                         180deg                                            
Welding speed (v)                                            3 m/min                    

Table 3 — Welding Parameters and Their Levels in the Orthogonal Experiment

              Parameters                       Unit                                                                                    Levels of Factors

                                                                                                              1                                       2                                3                                     4

                    Ip1                                  A                                                260                                  270                            280                                 290
                    Ip2                                  A                                                180                                   190                            200                                 210
                    D1                                  —                                                0.4                                    0.5                             0.6                                   0.7
                    D2                                  —                                                0.4                                    0.5                             0.6                                   0.7
                     f                                  Hz                                                40                                    50                              60                                   70

A B
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     The influence on weld appearance of other parameters
produced by the pulse current, including main arc pulse
peak current (Ip1), assisting arc pulse peak current (Ip2), main
arc duty cycle (D1), assisting arc duty cycle (D2), and pulse
frequency (f), were studied by an orthogonal experiment of
five factors and four levels using an L16 (45) orthogonal ar-
ray. The pulse frequency values of the two welding power
sources were maintained equal in tandem GTAW-P. The
welding parameters and their levels are listed in Table 3.

Analysis Methods

     The microstructure of joints welded by traditional single
GTA, tandem GTA, and tandem GTA-P welding were ana-
lyzed using an Olympus GX-51 optical microscope, for which
the cross section of the specimens were prepared according
to the standard metallographic procedure and etched with a
solution of hydrochloric acid, nitric acid, and distilled water
in proportion of 3:1:1. The Vickers microhardness distribu-
tion on the cross section of the specimen along the center-
line was measured with an internal spacing of 0.5 mm under
a 1-kgf load dwelled for 10 s.
     For stainless steel joints, the plastic and strength properties
of the welds have important influence on the quality of the
secondarily formed structural parts. The standard tensile test
specimens were prepared in accordance with China’s National
Standard of GB/T 228.1-2010, as shown in Fig. 2A. However,
part of the base metal is included in the standard specimen,
which has a longer parallel length than its weld width. Further,
it is difficult to reflect the real values of tensile strength and
elongation of the welds exactly if the fracture position occurs
in the base material. Thus, to detect the mechanical properties
of the welded joints, nonstandard tensile specimens, which
had a little longer parallel length than the weld width, were

prepared as shown in Fig. 2B. The tensile test was applied with
a constant crosshead speed of 50 mm/min to simulate the
process of plastic deformation in the experiment of steel pipe
hydraulic bulging. In addition, measured after welding, the
width of the welded joint was approximately 6 mm, and 2 mm
width was extended along both sides of weld bead. This
method aimed to reduce the influence of stress concentration,
which was possibly produced by thermal deformation on the
weld toe during welding, as shown in Fig. 2B.
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Fig. 5 — Molten pool behavior on the surface of a weld: A —
Main arc current at peak stage and assisting arc current at
background stage; B — main arc current at background
stage and assisting arc current at peak stage.

Fig. 6 — Appearance of the front and cross section of the weld: A — Single GTA, I = 145 A, v = 1.2 m/min; B — tandem GTA, I1 = 230
A, I2 = 112 A, v = 3 m/min; C — tandem GTA-P, Ip1 = 270 A, Ip2 = 200 A, Ib1 = Ib2 = 100 A, v = 3 m/min.
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     To calculate the welding heat input in different welding
processes, the electrical parameters were detected by the
data acquisition card USB2831 produced by ART technology
with a sample rate of 120 kHz. Meanwhile, the welding arc
was captured by a Basler acA2000 high-speed camera with a
recording rate of 165 fps. The camera was placed perpendi-
cular to the welding direction and parallel to the top of the
welding workpiece.

Experimental Results

Effects of Pulse Welding Current Parameters

     An orthogonal experiment of five factors and four levels
was used to investigate the degree of influence of the pulse
welding current parameters on weld appearance. As the de-
fect of undercut was observed in the experiments, the weld
front width (wf1+wf2+wf3), weld back width ((wb1+wb2)/2), and
depth/width ratio of undercut ((h1+h2)/(wf1+wf2)) were cho-
sen as the quality characteristics, as illustrated in Fig. 3. The

size of the undercut defect could be measured from the cross
section of the weld.
     The results of the orthogonal experiment are presented
in Table 4, and the trend graph of the factors on welding ap-
pearance is plotted in Fig. 4. As most welds were completely
penetrated in the orthogonal experiment, the use of the
weld back width was aimed to reflect the ability of penetra-
tion for the different factors. 
     For the weld front width, the pulse peak current of the
assisting arc was the most influential factor, followed by
pulse frequency, whereas main arc pulse peak current was
the least influential. 
     Figure 4A shows the weld front width first increased with
a higher main arc pulse peak current, which would generate
much higher welding heat input and much stronger acquiring
ability of weld penetration and weld width. The assisting arc
pulse peak current played an important role on the weld
front width. The stiffness of the assisting arc was poor,
which was mainly caused by the electromagnetic attraction
(Ref. 19). Liu suggested that the mean voltage of the arc cur-
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Table 4 — Results of Orthogonal Experiment and Range Analysis

            Experiment                                              Factors                                                                     Weld Width (mm)                           Undercut 
              Number                                                                                                                                                                                            Ratio
                                                 Ip1               Ip2                D1                D2               f                          Front                     Back                               
                     1                            1                  1                  1                  1                1                         4.960                        0                              0.1237
                     2                           1                 2                 2                 2               2                         4.560                     0.800                           0.1271
                     3                           1                 3                 3                 3               3                         5.660                    2.300                          0.0769
                     4                           1                 4                 4                 4               4                         4.780                     3.400                         0.0828
                     5                           2                 1                  2                 3               4                         4.700                     1.500                           0.1386
                     6                           2                2                  1                  4               3                         5.300                     2.000                           0.1159
                     7                           2                3                 4                  1                2                         5.700                     1.350                          0.0487
                     8                           2                4                 3                 2                1                         4.400                     1.500                          0.0592
                     9                           3                 1                  3                 4               2                         5.220                     2.050                         0.0840
                    10                          3                2                 4                 3                1                         4.940                     2.700                          0.0681
                     11                           3                3                  1                  2               4                         5.160                         0                             0.0637
                    12                          3                4                 2                  1                3                         4.920                      1.150                           0.0655
                    13                          4                 1                  4                 2               3                         5.540                     1.700                          0.0870
                    14                          4                2                 3                  1                4                         4.980                        0                              0.1137
                    15                          4                3                 2                 4                1                         5.600                     0.750                          0.0815
                    16                          4                4                  1                  3               2                         4.740                        0                              0.0612

    Front                       k1          4.990          5.105            5.040          5.140          4.975                                                                                          
                                  k2         5.025          4.945          4.945         4.915          5.055                                                                                          
                                  k3         5.060          5.530           5.065          5.010          5.355                                                                                          
                                  k4         5.215           4.710            5.240          5.225         4.905                                                                                          
                 Range                    0.225          0.820          0.295          0.310          0.450                                                                                          
               Influence                               Ip2＞ ＞ D2＞ D1＞ Ip1

                                    k1           1.625           1.313            0.500         0.625          1.238
                                   k2          1.587           1.375             1.050         1.000          1.050
   Back                         k3          1.475           1.100             1.462          1.625          1.787
                                   k4         0.613            1.513            2.288         2.050          1.225
                Range                      1.012           0.413             1.788          1.425          0.737
              Influence                               D1＞ D2＞ Ip1＞ ＞ Ip2                               

                                     k1        0.103           0.108             0.091           0.088          0.083
Undercut                      k2        0.091           0.106             0.103           0.084          0.080
   Ratio                         k3        0.070         0.068            0.083          0.086          0.086
                                    k4       0.086         0.067            0.072           0.091           0.100
                Range                     0.033          0.041             0.031           0.007          0.020
              Influence                               Ip2＞ Ip1＞ D1＞ ＞ D2
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rent would be reduced by the higher pulse frequency in
GTAW-P, and the arc would shrink, which aims to keep the
least arc heat input (Refs. 20, 21). In tandem GTAW-P, both
arcs shrunk with a higher pulse frequency, and the weld front
width decreased significantly when it was more than 60 Hz. 
     For the weld penetration (back width), the main arc duty
cycle was the most influential factor, whereas the influences
of the pulse frequency and assisting arc pulse peak current
were relatively smaller than those of the other factors. The
explanation was that the welding heat input was increased
by a higher arc duty cycle, and the peak current with longer
pulse time would promote the heat transfer from the arc
into the metal pool, especially for the main arc, which had a
considerably higher pulse peak current. A higher pulse peak
current greatly improved the arc forces, and weld penetra-
tion would be increased in single GTAW (Refs. 22, 23). How-
ever, the weld penetration decreased with the increase in the
main arc pulse peak current in tandem GTAW-P, as shown in
Fig. 4A. This feature can be explained by the interaction be-
tween the two arcs. With the increase in main arc pulse peak
current, the assisting arc stiffness at the background stage
became poorer and its deflection increased because of the
increase in electromagnetic attraction between the two arcs
(Refs. 24–26). This deflection would significantly decrease
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Fig. 7 — Comparison of microstructure morphology between single GTA, tandem GTA, and tandem GTA-P welds: A — Single GTA; B —
tandem GTA; C — tandem GTA-P.

Fig. 8 — Microhardness distribution in single GTA, tandem
GTA, and tandem GTA-P joints.

A B C

Fig. 9 — Comparison of welding power within a pulse period (1/60 s): A — Single GTAW; B — tandem GTA; C — tandem GTA-P.

A B C
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the pressure and heat input of the assisting arc (Ref. 27).
Furthermore, the main arc stiffness was similarly influenced
by the assisting arc under the effect of electromagnetic at-
traction, which would weaken the penetration ability of the
main pulse peak arc. 
     For the depth/width ratio of undercut, the pulse peak
currents played an important role in tandem GTAW-P.
With the higher pulse peak currents, the two pulse arcs
would deflect severely with the effect of higher electro-
magnetic attraction. A complicated molten pool flow
would be caused by arc deflection, and the weld appearance
quality would eventually be easily affected. Table 4 shows
the assisting arc pulse peak current is the most influential
factor, followed by the main arc peak current, while the as-
sisting arc duty cycle is the least influential. The weld ap-
pearance quality increased with the increase in main arc
pulse peak current, and then slightly deteriorated when it
was too high. A higher assisting arc pulse peak current
tended to obtain lower depth/width ratio of undercut,
which would optimize the quality of the weld appearance,
as shown in Fig. 4B.
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Fig. 10 — Comparison of welding energy consumption of dif-
ferent welding processes.

Table 5 — Comparison of Microstructure between Single GTA, Tandem GTA, and Tandem P-GTA Joints

                                                                                                                                                                             Weld Zone

                                                                                   HAZ                                           Columnar Grain Zone                                  Equiaxed Grain Zone

Single GTAW

I = 145 A, v = 1.2 m/min          

Tandem GTAW

I1 = 230 A, I2 = 112 A,

v = 3 m/min

Tandem P-GTAW

Ip1 = 270 A, Ip2 = 200 A,

Ib1 = Ib2 = 100 A,

v = 3 m/min
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     Meng et al. suggested undercut formation was promot-
ed by the premature solidification of the thin liquid layer
at the molten metal periphery, and the instant solidifica-
tion of the lateral channel at the middle region was the
dominant reason for the complete joint penetration hump-
ing formation in high-speed GTAW (Refs. 28–30). In high-
speed tandem GTAW-P, the assisting arc pulse peak current
heated the trailing region of the molten pool to prolong
the existence time of the molten metal and to ensure
molten metal reflow. Moreover, it significantly suppressed
the transverse flow of liquid metal to the centerline at the
trailing region of the weld pool and prevented the periph-
ery molten metal from premature solidification, as shown

in Fig. 5; thus, a weld appearance without undercut and
humping defects would finally be obtained. Furthermore, a
higher pulse frequency would increase the depth/width ra-
tio of undercut, whereas the assisting arc duty cycle was
the least influential factor.

Properties of Welded Joint

     The weld morphology, microstructure, mechanical prop-
erties, and welding heat input of the tandem GTA-P weld
were analyzed and compared with those of the tandem GTA
and single GTA weld.
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Fig. 11 — Comparison of thermal circles of HAZ on the weld front: A — Thermal circles of HAZ on the top surface; B — thermal cir-
cles of partial enlargement.

A B

Table 6 — Comparison of Tensile Properties of Welds

                                                                                                           Tensile Strength                     Elongation δ/%/                              Fracture 
                                         Nonstandard Specimens                                 σb/MPa/                                standard                                    Position
                                                                                                       standard deviation σt                     deviation σe

        Base Metal                                                                                     590.8 / 4.1                                   65 / 5                                            —

        Single GTA                                                                                       562.3 / 7                                 48.7 / 2.5                                    Weld toe
                

       Tandem GTA                                                                                   586.2 / 3.9                                 60 / 5.7                                     Weld toe
                

     Tandem P-GTA                                                                                  593.7 / 3.8                                57.7 / 2.5                                   Base metal
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Weld Morphology

     According to the effects of pulse welding current parame-
ters on weld appearance obtained from the orthogonal ex-
periment and further optimization, a sound and completely
penetrated weld bead, without undercut and humping de-
fects, was achieved by tandem GTAW-P at a welding speed of
3 m/min, as shown in Fig. 6C, which demonstrated the fea-
sibility of this process. A comparison of the typical weld ap-
pearance of the single GTA and tandem GTA with optimized
parameters at different welding speeds is presented in Fig.
6A and B. The metallographic diagram of the transverse sec-
tion of the weld shows the weld front width of the tandem
GTA-P is much smaller than that of the tandem GTA, and it
is similar to that of the single GTA.

Microstructure

     Figure 7 shows a comparison of microstructure morphol-
ogy between the single GTA, tandem GTA, and tandem
GTA-P welds. The weld zone was divided into two parts
based on grain morphology: columnar dendrite grain zone
and equiaxed dendrite grain zone. The growth direction of
columnar dendrites was extended from the weld interface to
the weld centerline in the single GTA weld, and the mean
horizontal angle of dendrite growth was 18.97 deg. Com-
pared with the traditional single GTA weld, the growth di-
rection of dendrites was extended from the weld interface to

the top of the weld centerline in tandem GTA-P and tandem
GTA welds, and the mean horizontal angles of columnar
dendrites of these two processes were 33.15 and 33.92 deg,
respectively. The interpretation of the larger horizontal an-
gle of columnar dendrite growth direction in tandem GTA-P
and tandem GTA welds can be that the direction of the tem-
perature gradient was changed by the common effect of the
two arcs, which had lower arc pressure than that in the sin-
gle GTA weld, and was caused by the blunt assisting elec-
trode and the deflection of the two arcs (Refs. 24, 31–33).
Correspondingly, much of the arc heat was concentrated on
the top of the molten pool, and thus, the columnar dendrite
growth directions of the tandem GTA-P and tandem GTA
welds were larger than that of the single GTA weld (Ref. 34).
     The microstructure of different joint zones of single GTA,
tandem GTA, and tandem GTA-P welds were compared, as
presented in Table 5. The average grain size in the heat-
affected zone (HAZ) of the single GTA joint was 20.3 m
and that of the tandem GTA joint was 18.2 m measured by
the linear intercept method, whereas that of the tandem
GTA-P joint was 20.0 m. The interdendrite spacing in the
molten pool of the tandem GTA-P was 9.4 m, and this val-
ue was larger than that in the single GTA, with 8.5 m, and
lower than the one in the tandem GTA, with 11.4 m. This
increasing interdendrite spacing in tandem GTA and tandem
GTA-P was attributed to the fact that cooling rate was slow-
er than in the single GTA owing to the longer existence time
of high temperature in the weld center, which provided am-
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Fig. 12 — Molten pool behavior with main arc current at peak
stage and assisting arc current at background stage: A —
Arc shapes; B — metal flow at the longitudinal section; C —
metal flow on the surface of molten pool.

Fig. 13 — Molten pool behavior with main arc current at back-
ground stage and assisting arc current at peak stage: A —
Arc shapes; B — metal flow at the longitudinal section; C —
metal flow on the surface of molten pool.
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ple time for increase in interdendrite spacing, and corre-
spondingly, the dendrites grew farther into the top of the
molten pool (Refs. 17, 35). The average grain size in the
weld center of the single GTA joint was 12.4 m, whereas
that of the tandem GTA joint was 14.0 m and that of tan-
dem GTA-P joint was 13.6 m. Compared with the tandem
GTA weld, the average grain size of the tandem GTA-P weld
was relatively smaller.

Mechanical Properties

     To reflect the real values of tensile strength and elonga-
tion of welds, nonstandard tensile test specimens were used
to detect the tensile properties of the weld, and the tensile
test rate was 50 mm/min. The result value is the average of
the values obtained in three tensile specimens with the
same welding process, as presented in Table 6. The fracture
positions of the tandem GTA-P nonstandard specimens
were not at the weld toe, as in the single GTA and tandem
GTA specimens, but at the base metal. The tensile strength
of the tandem GTA-P weld was slightly higher than in single
GTA and tandem GTA welds, and similar to that in the base
metal, but the elongation was smaller than that in the base
metal. Moreover, the standard deviation of the tensile prop-
erties with three tensile specimens in different welding
processes were compared, the discrete degree of tensile
properties of the tandem GTA-P weld was relatively lesser
than that of single GTA and tandem GTA welds.
     The microhardness distribution in single GTA, tandem
GTA, and tandem GTA-P joints was analyzed, as shown in
Fig. 8. The joints obtained by these three different processes
had similar microhardness distribution in both trend and
value, and the microhardness in the weld zone and HAZ was
higher than in the base metal. Although the microhardness
of the tandem GTA-P joint was slightly lower than in single
GTA and tandem GTA joints in the weld and fusion zones,
the differences in the joint microhardness distribution of
the three welding processes were generally similar in the dif-
ferent zones. 

Evaluation of Welding Heat Input 

     In this study, welding energy consumption was used to
evaluate the welding heat input of three different welding
processes. The corresponding electrical parameters of the
optimized weld bead under these different welding process-
es were detected by a data acquisition system. The welding
energy consumption can be realized by the amount of heat 

absorbed per unit length of a weld from a moving heat
source as follows:

where E is the amount of heat absorbed per unit length of a
weld, Ui is the arc voltage from number i, Ii is the welding
current from number i, v is the welding speed, and n is the
sample size. 
     To compare the welding energy consumption in a more

intuitive and clear way, the welding energy consumption
during a single pulse period (1/60 s) was compared, given
that the optimized weld bead of the tandem GTA-P was ob-
tained under the condition that both current pulse frequen-
cies were 60 Hz. According to the detection results of elec-
trical parameters of the optimized welds under different
welding processes, single pulse period welding power were
obtained, as shown in Fig. 9. The average power was ob-
tained by the detection of electrical parameters, the single
GTAW was 2552 W, the tandem GTA were 4607 and 1545 W,
and the tandem GTA-P were 3212 and 2051 W, respectively.
Therefore, the welding energy consumptions were finally
obtained. The tandem GTAW-P process was the lowest in
the three welding processes, as shown in Fig. 10. The tan-
dem GTAW-P energy consumption was decreased by 17.5
and 14.5% compared with the single and tandem GTAW, re-
spectively, and it achieved low energy consumption and high
efficiency GTAW on a thin-walled stainless steel plate.

Discussion

Thermal Process of Welding HAZ

     The HAZ temperature on the top of the weld bead was
detected by a thermocouple, and is shown in Fig. 11. To pre-
vent the thermocouple from melting, the positions of the
temperature measuring point were settled on the HAZ top
surface at approximately 1.5 mm from the weld interface. In
addition, given the significant tendency of temperature
drop, the setting temperature of 950 K aimed to obtain a
clearer comparison between the three processes. Based on
the above method, the cooling rates of different HAZs were
obtained from the peak temperature to 950 K. The experi-
mental results show the HAZ cooling rate of the tandem
GTA-P was approximately 456.4 K/s, and it was higher than
that of the single GTA, which was approximately 199.9 K/s.
The longer existence time of high temperature, caused by
the lower cooling rate, would encourage further grain
growth, and correspondingly, the size of the HAZ grain of
the single GTA was larger than that of the tandem GTA-P
joint. The HAZ cooling rate of the tandem GTA-P was lower
than that of the tandem GTA, which was approximately
807.1 K/s, and the size of the HAZ grain of the tandem
GTA-P was larger than that of the tandem GTA, as listed in
Table 5. In summary, the HAZ cooling rate of the tandem
GTA-P was relatively low; thus, a good HAZ property can be
obtained by the tandem GTAW-P welding process.

Weld Pool Behavior

     The flow behavior of the molten metal played an impor-
tant role in suppressing the formation of undercut and
humping defects in the tandem GTAW-P process. The main
arc at the peak stage aimed to get sufficient penetration but
pushed the molten metal backward. Meanwhile, the assist-
ing arc kept burning at a low current level, which would re-
duce the unnecessary welding heat input. In tandem GTAW,
the two arcs were deflected by electromagnetic attraction as
the two electrodes had the same polarity, especially at a
small interelectrode distance (Ref. 17). The interaction be-
tween the two arcs also existed in tandem GTAW-P, al-

E = 1
n uiIi
n v

i= 1,2,3...n( ) 2( )

WELDING RESEARCH

WELDING JOURNAL / AUGUST 2019, VOL. 98224-s

JIANG Supplement AUG 2019 layout.qxp_Layout 1  7/11/19  3:35 PM  Page 224



though the two arc pulse currents were not at their peak
stages at the same time. Figure 12A shows that the assisting
arc deflected to the main arc severely with the electromag-
netic attraction. This feature can be explained by the poorer
stiffness of the assisting arc, which was probably caused by
the truncated electrode tip with bigger tip angle, the assist-
ing electrode with smaller pushing angle, and the lower cur-
rent level. Meng et al. suggested the undercut defect would
be generated by the elongated, teardrop-shaped molten pool
during high-current and high-speed GTAW (Ref. 28). In tan-
dem GTAW-P, the main arc with high current produced a
larger arc force that pushed the molten metal to the rear of
the molten pool, and a deeper gouging region was formed.
Meanwhile, the assisting arc produced a small arc force (F)
that promoted the molten metal backward along the center
axis line, and correspondingly, reduced the tendency to an
undercut defect, as shown in Fig. 12B and C. Additionally, a
smaller swelling was formed under the action of the assist-
ing arc. It indicated that the molten metal backward flow
was slightly suppressed by the assisting arc, which had a sig-
nificant deflection caused by electromagnetic attraction be-
tween the two arcs.
     Usually, the maximum backward velocity of the liquid
metal can reach up to 0.6 m/s at high-speed GTAW, and the
undercut is easily formed by the increasing depression and
inward velocity on the molten pool free surface (Ref. 28).
The liquid metal requires approximately 0.03 s to flow from
the front region of the molten pool to the trailing part. Con-
sidering the frequency of 60 Hz used in the study, the main-
arc current changed into pulse current background and the
assisting arc current changed into pulse peak stage before
the liquid metal reached the trailing part. Therefore, the
depth of the gouging region was decreased by decreasing the
main arc force (main current) and increasing the assisting-
arc force (assisting current), and the depression on the free
surface was decreased. Moreover, the main arc produced a
smaller force to push the molten metal backward in the
pulse current background stage, and the rate of molten met-
al backward flow was decreased. An assisting arc with a
much larger forward arc force promoted the molten metal to
flow forward to the leading region of the molten pool, de-
creased the inward velocity on the molten pool free surface,
and correspondingly, facilitated full transverse spreading of
the molten pool, as shown in Fig. 13A and C. Furthermore,
the action of the assisting arc with pulse peak current could
reduce the length of the gouging region and suppress the
formation of the humping defect, which could be formed
with the elongation of the gouging region in high-speed
GTA welding (Refs. 29, 30).
     In addition, a larger swelling was formed by the interac-
tion of the two arcs, as shown in Fig. 13A, and a small part
of the molten metal between the two arcs flowed trans-
versely, turning around the assisting arc, which also made
the weld bead wider, as illustrated in Fig. 13C. 

Conclusions
     The tandem GTAW-P process was proposed, and a sound
appearance of the weld was obtained. Compared with single
and tandem GTA welded joints, the mechanical properties
and microstructure of three different weld joints were stud-

ied. The tandem GTAW-P mechanism was discussed. The
conclusions are summarized as follows:
     1) Regarding the width of the weld front, the assisting arc
pulse peak current was the most influential factor. The weld
width increased with the main arc pulse peak current. For
the weld penetration, the main arc current duty cycle was
the most influential factor. For the depth/width ratio of un-
dercut, a higher assisting arc pulse peak current tended to
obtain a lower depth/width ratio of undercut, and a higher
frequency would improve the depth/width ratio of undercut.
     2) The welding speed can reach up to 3.0 m/min during
tandem GTAW-P of a 1.2-mm-thick 304 austenite stainless
steel plate, and a sound and completely penetrated weld was
achieved, without weld defects.
     3) The growth direction of dendrites was extended from
the weld interface to the top of the weld centerline, with the
mean horizontal angle of 33.15 deg. The average grain size
in the center of the tandem GTAW-P weld was relatively
smaller than that in the tandem GTA weld. Good mechanical
properties of the welded joint were obtained by tandem
GTAW-P. The welding heat input of the tandem GTA-P was
decreased by 17.5 and 14.5%, respectively, compared with
those of the single and tandem GTA processes.
     4) The HAZ cooling rate of the tandem GTA-P was rela-
tively low; thus, a good HAZ property can be obtained by
tandem GTAW-P. When the main arc was at pulse peak, the
assisting arc severely deflected to the main arc and the back-
ward flow of molten metal was slightly suppressed. When
the main arc was at pulse background, the assisting arc
reached pulse peak. The depth of the gouging region de-
creased by decreasing the main arc force (main current) and
increasing the assisting arc force (assisting current). An as-
sisting arc with larger forward arc force decreased the in-
ward velocity on the molten pool free surface and facilitated
full transverse spreading of the molten pool.
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