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Abstract
Local dry underwater backward median pulse MIG welding (LDU-BMPMIG) was proposed in this study. The effects of 
different backward median currents on welding process stability, weld forming, microstructure, and mechanical properties 
of weldments were investigated comprehensively. The results reveal that the backward median current waveform effectively 
improved the welding stability. By calculating the approximate entropy of the voltage signal during welding, it is proved 
that the welding stability increases first and then decreases with the increase of the backward median current. The welding 
process stability was the most satisfied with the backward median current of 200 A. The quality of weld formation was con-
sistent with welding stability. LDU-BMPMIG weldments exhibited fewer macroscopic defects and better overall morphology 
compared with LDU-PMIG weldment. The weldment microstructure was mainly composed of γ-austenite and δ-ferrite with 
different morphologies. The satisfied stability of the welding process contributed to improving the microstructure uniform-
ity. The variation trend of tensile strength for LDU-BMPMIG weldments was approximately kept consistent with welding 
process stability. The weldment prepared by 200 A showed considerable mechanical properties with minimal fluctuation, 
which reached 97.58% of maximum average tensile strength, which meant the most excellent compared to the others. The 
experimental results can improve the stability of local dry underwater welding and provide a theoretical basis and technical 
support for the application of underwater welding.
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1 Introduction

Due to its high corrosion resistance, structural stability, high 
strength, and good weldability, 304 stainless steel is widely 
used in offshore platforms, offshore pipelines, ship repair, 
nuclear power equipment maintenance, and other fields. 
The aforementioned structures have been subjected to wave 
impact, corrosion damage, and other factors for a long time, 
which are facing a huge and urgent need for underwater 
repair. Underwater welding technology is gradually applied 

to the emergency repair of large underwater structures for 
its high cladding rate and simple equipment [1]. The under-
water welding technology is mainly divided into three types: 
wet welding, dry welding, and local dry underwater weld-
ing. The underwater wet welding technology has been ini-
tially applied in welding engineering; the main problems 
faced by this method are that the direct contact between the 
workpiece and water leads to a severe quenching effect, arc 
instability, and weld porosity caused by gas injection and 
the loss of alloying elements leads to decreased mechani-
cal properties [2, 3]. The main problems of underwater dry 
welding are high cost and poor applicability. The local dry 
underwater method reduces the welding cost compared with 
the two methods; it reduces the influence of water on the 
stability of the welding arc, hydrogen diffusion, and harden-
ing structure as much as possible. However, the current local 
dry underwater welding process is still immature. Improving 
the stability of the local dry underwater welding process and 
weld quality has become a hot research issue.
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Han et al. [4] designed the micro-drain cover, which can 
effectively isolate the contact between arc combustion and 
water to ensure the smooth progress of underwater welding. 
Fourteen groups of local dry underwater welding experi-
ments using DC waveform were carried out. The experiment 
showed that a good-quality weldment can be obtained under 
proper welding parameters, but the weldment showed some 
spatter. There are three standard droplet transition modes in 
pulse inert-gas welding (PMIG): multi-pulse one-drop, one-
pulse one-drop, and one-pulse multi-drop. The one-pulse 
one-drop droplet transition mode has a stable arc, small 
splash, and excellent weld formation and is considered the 
best droplet transition mode. However, due to the complex 
droplet transition process, it is difficult to make a quantita-
tive analysis due to the influence of various factors. Wang 
et al. [5] studied the influence of different pulse frequen-
cies on the droplet transition mode of local dry underwater 
welding under the pulse welding current waveform. The 
experiment proved that with the increase of pulse frequency, 
the droplet transition frequency decreased, and the droplet 
transition mode had an essential influence on the weld for-
mation; a smooth, continuous weld without obvious defects 
could be obtained under the droplet transition. Liao et al. 
[6, 7] established a numerical model of droplet transfer for 
local dry underwater MIG welding to study the effects of 
gas pressure, wire feed, speed, and pulse peak current on the 
droplet transfer process. Research points out that increased 
gas pressure would hinder the droplet transfer process, and 
increased wire feed speed would improve the droplet transfer 
speed. With the increase of peak current, the droplet transfer 
mode changed from a spherical transfer (200 A) to a single 
pulse drop (280 A), a pulse of multiple droplets (360 A) 
finally. Guo et al. [8] studied the influence of pulse current 
waveform on droplet transition. The experiment proved that 
proper waveform parameters could achieve stable droplet 
transition and that the pulse current waveform would not 
change the mechanical properties of the weld. When the 
pulsed waveform is used for welding, the electromagnetic 
force will increase as the peak value of the welding cur-
rent increases, which is conducive to drop shedding, and the 
penetration ability of welding is enhanced. Tabrizi et al. [9] 
compared the effect of DC and pulse current on AISI 316L 
stainless steel joints in gas tungsten welding and proved that 
pulse current refined grain and improved mechanical proper-
ties of AISI 316L stainless steel joints compared with DC.

The above studies show that the pulse welding current 
waveform can obtain a better droplet transition mode under 
appropriate parameters. However, the underwater welding 
environment is complex, and the droplet transition stabil-
ity is primarily affected by welding parameters, underwater 
environmental pressure, periodic generation and rupture 
of bubbles, and other factors. Improving welding stability 
and quality is challenging by controlling the pressure of 

the underwater environment and the periodic generation of 
bubbles. Therefore, some scholars proposed novel welding 
waveforms to enhance welding quality and stability.

Wu et al. [10] proposed a two-wire pulsed gas-shielded 
welding process using a median current waveform. A high-
speed digital camera and a digital oscilloscope simultane-
ously recorded the metal transfer process and voltage and 
current waveforms of different median currents. The math-
ematical model of the droplet diameter was established. 
The experimental results showed that the median current 
significantly affects the metal transition; the ideal droplet 
mode (one-pulse one-drop) can be achieved within the suit-
able range of the median current. For experimental and 
numerical simulation, Xu et al. [11] used three groups of 
welding current waveforms with the same peak and base 
currents but different median currents in the current decline 
stage. The experiment showed that the waveforms with a 
median current of 140 A exhibited better tolerance to weld-
ing speed. Wu et al. [12] proposed a fast-frequency pulsed 
ultra-inert gas (FFP-TIG) welding technology, which effec-
tively reduced the problem of metal grain coarsening caused 
by high heat input in traditional TIG welding and effectively 
improved weld quality.

Although the novel welding waveform can effectively 
improve the welding quality, researchers still need to 
quantitatively evaluate the stability of the welding pro-
cess, which is necessary for complex underwater welding. 
At present, a large number of researchers have proposed 
quantitative evaluation methods for welding stability. 
Huang et al. [13] introduced multi-scale entropy into arc 
current signals with different welding process parameters 
to study the relationship between arc electric signals and 
welding stability. Experiments showed that the multi-
scale entropy distribution was closely related to the type 
and stability of short-circuiting transfer in the welding 
process; the more stable the welding process, the smaller 
the amplitude of the multi-scale entropy curve. By study-
ing the characteristics of the arc sound signal, Yao et al. 
[14] found that the random mutation of the arc due to 
unstable factors such as spatter and short circuit increased 
the complexity and randomness of the arc sound signal. 
Based on the quantification method of sample entropy, 
a composite quantitative evaluation index-arc sound 
sample entropy was proposed, which can avoid the influ-
ence of different parameters on the quantitative results 
and quantitatively reflect the stability of the arc welding 
process. To evaluate the stability of pulsed metal inert 
gas welding of aluminum alloy, Nie et al. [15] analyzed 
pulsed current signals under different stability conditions 
based on modern digital signal processing methods such 
as approximate entropy and probability density. The pulse 
current signals in different aluminum alloy metal inert 
gas welding processes were studied, and the approximate 
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entropy algorithm was used to evaluate the pulse current 
signals. The relationship between pulse metal inert gas 
welding of aluminum alloy and pulse signals was proved 
by qualitative analysis. The above research showed that 
the stability of welding process can be judged quantita-
tively by mathematical methods effectively. The applica-
tion of median current waveform in underwater welding 
is rarely reported. It is urgent to solve the stability of 
underwater welding.

In this study, for the inferior stability of underwater 
welding, the backward median waveform was innovatively 
applied to the local dry underwater welding process. The 
current and voltage parameters in the welding process were 
collected to analyze the stability of the welding process. 
The influence mechanism of different backward median 
currents on the microstructure and mechanical proper-
ties of the weldments was studied. The research results 
are expected to solve the problem of local dry underwater 
welding process stability and provide a theoretical basis 
for the engineering application of the local dry underwater 
backward median pulse welding process.

2  Experimental procedure

The local dry underwater welding experiment platform com-
prises six degrees of freedom manipulator, self-developed 
welding power supply with constant current external char-
acteristics, oscilloscope, wire feeding mechanism, micro-
drainage cover, etc. The surfacing welding of austenitic 
stainless steel plate was carried out in the middle welding 
experiment. The weldments were placed in a transparent 
glass pool with water; the distance between the weldments 
and the water surface was 200 mm. According to the previ-
ous research results, the welding speed was set to 12.6 mm/s 
[16]. The protective gas and drainage gas were mixed with 
Ar (98%) and  CO2 (2%), and the pressure was 0.2 MPa. SUS 
304 steel plate with a size of 300 mm × 100 mm × 5 mm 
was used as the base material in the experiment. ER 308LSi 
welding wire with a diameter of 1.2 mm was used as filler 
metal. The chemical compositions of the base metal and 
filler metal are shown in Table 1 (wt.%).

The backward median welding waveform adopted in 
this experiment is shown in Fig. 1. The backward median 

Table 1  Chemical composition 
of base metal and filler metal

Material C Mn S Si Cr Ni Mo Fe

SUS304 0.059 1.00 0.003 0.53 18.18 8.10 0.03 Bal
ER 308Lsi 0.019 1.72 0.003 0.46 20.8 10.1 - Bal

Fig. 1  Experimental platform and welding waveform
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waveform is the insertion of a median current between the 
peak current and the base current. To explore the influence 
of different values of the backward median current on the 
stability of the welding process and the weldment’s perfor-
mance, it was necessary to set the welding current wave-
form reasonably before the formal experiment. When the 
pulse frequency ranges from 25 to 100 Hz, the electromag-
netic force is the force that promotes the droplet transi-
tion, and the weld penetration can be effectively improved 
by increasing the welding frequency from 25 to 100 Hz. 
Therefore, the welding current waveform frequency was 
set as 100 Hz in this experiment [5, 17]. The magnitude of 
the current significantly affects the electromagnetic force, 
which can be determined by

where I is the welding current, rd is the droplet radius, rw is 
the electrode radius, � is the angle of the arc root, and �0 is 
the vacuum permeability.

When the current increases, the electromagnetic force 
increases correspondingly and reaches the threshold value 
to promote the melting dripping, and the transition is com-
pleted [5]. When the traditional pulse current waveform 
is used for welding, the droplet grows at the base stage of 
the waveform and drops at the peak stage to complete the 
droplet transition. However, in the actual welding process, 
the arc in the underwater local dry environment is often 
interfered by water, air flow, etc., which leads to the drop-
let falling before it grows up or the droplet being too large 
before falling. Then, two droplet transitions occur in a par-
ticular welding cycle, or no droplet transitions occur in a 
specific welding cycle. Ultimately, the droplet transition is 
not uniform, the droplet size is inconsistent, and the weld-
ing voltage and current fluctuate abnormally, resulting in 
poor welding quality. Using the welding waveform con-
taining the backward median current, selecting the appro-
priate backward median welding current size and the duty 
ratio of the backward median phase, on the one hand, the 
growth time of the droplet can be increased, making the 
droplet transition more stable and achieving the effect of 
one-pulse one-drop, improving the welding quality. On the 
other hand, it is equivalent in the peak stage and the base 
stage to avoid the wide range of welding current changes 
in the welding process, making the welding process more 
stable.

Five groups of experiments were designed. The base 
value of current waveform was set as 100 A to ensure nor-
mal arc combustion; the peak value of current waveform 
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was set as 300 A to ensure that the electromagnetic force 
reaches the threshold of droplet dripping [7]. To find a 
suitable median current value between the base current 
value and the peak current value, the median current can-
not reach the threshold of droplet drop but also promote 
the growth of droplets. The backward median current of 
different groups was 0 A, 140 A, 170 A, 200 A, and 230 A; 
group 0 A used the pulse waveform. To ensure the effect 
reflected by the backward median current, the duty ratio 
of the backward median was kept at 25%. Too large or too 
small welding current would affect welding quality; hence, 
the average welding current of different groups was kept 
at 168 A. The average welding current can be calculated 
as follows:

where Iave is the average current and Ip , Im , and Ib are the 
peak current, backward median current, and base current 
of the waveform respectively. tp is the peak current duration 
time, tm is the backward median duration time, and tb is the 
base current duration time. The duty ratio of peak current 
and base current can be calculated by Eq. 1, and the results 
are shown in Fig. 1.

Due to the large interference of air flow and water envi-
ronment in the local dry underwater welding process, the 
welding process is relatively complicated. Multiple experi-
ments were conducted on each group of welding param-
eters to eliminate the possible contingency of experimental 
results. The investigation was selected in which the welding 
effect of each group was relatively good without the phe-
nomenon of arc breaking and wire sticking. The current and 
voltage signals are collected for welding stability analysis, 
and the three welds of each group were saved to analyze the 
mechanical properties of the weldments.

After welding, samples were cut from the weld with a 
wire cutter, and then polished and etched to obtain metal-
lographic samples. The metallographic samples were etched 
with a mixture of hydrochloric acid and nitric acid (3:1), and 
the weld microstructure was observed with a Leica camera 
(DMI3000M). The tensile test used an electronic universal 
testing machine (DNS300), tensile speed of 2 mm/min, and 
the maximum load was 15 kN, refer to GB/T 228.1–2010. 
S-3700N observed the tensile fracture morphology.

3  Results and discussions

3.1  Stability analysis of welding process

In the welding process, the change of arc current and volt-
age signal waveform is closely related to the arc shape and 

(3)Iave =
Iptp + Imtm + Ibtb

tp + tm + tb
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droplet transition type, and the phenomenon of arc break-
ing and short circuits in the welding process can be shown 
by the welding electrical signal [18]. Better arc shape and 
droplet transition type are essential to ensure the weld-
ing process stability. Collecting arc voltage and current 
parameters in the welding process is an effective method to 
analyze the stability of the welding process. Figure 2 is the 
voltage and current waveform collected during welding. 
High-voltage regions of voltage waveforms with different 
backward median values always appeared with the peak 
value of welding current. Due to the large duty ratio at 
the peak stage of current waveforms, the PMIG waveform 
(backward current was 0 A) displayed more high-voltage 
regions, and the voltage fluctuation range was also large. 
When the current jumped from the base value to the peak 
value, it was easy to appear a short-circuit point with zero 
voltage. The high-voltage region of the BMPMIG wave-
forms was significantly less than that of PMIG waveform. 
The current waveform with the backward median value 
of 140 A and 170 A at the peak stage of current and the 
current waveform with the backward median value of 230 
A at the backward median current stage both appeared 
unstable. The voltage and current waveform with the back-
ward median value of 200 A showed small fluctuations and 
strong regularity, indicating good stability.

To more vividly analyze the stability of welding process, 
the trajectory of voltage and current parameters was drawn 

as shown in Fig. 3. Figure 3b–e are the electrical signal col-
lected in experiments with different backward median cur-
rents, and Fig. 3a is the electrical signal of PMIG waveform. 
The UI diagram shows the trajectory of voltage and current 
in the welding process, which can distinguish abnormal 
phenomena in the welding process, such as arc breaking 
and short circuits. In Fig. 3a, a certain number of short-
circuit operating points with voltage less than or equal to 
zero appeared in zone I, and the voltage dropped rapidly dur-
ing the short-circuit transition. Still, the current did not rise 
significantly due to the self-developed welding machine’s 
active control of the welding current. In this short-circuit 
state, the distance between the welding wire and the molten 
pool was relatively close, and the temperature of the molten 
pool dropped rapidly during underwater welding; the extin-
guished arc led to wire sticking and reborn arc, resulting 
in poor weld continuity and spatter. In area II, the current 
decreased and the voltage increased, the arc length became 
unstable, and the arc extinguishing phenomenon occurred 
when the current was zero. Large voltage operating points 
appeared in area III, because the current should not change 
abruptly during welding, and the welding voltage will inevi-
tably increase briefly when the current rapidly increases.

In Fig. 3, short circuits and arc breaking occurred less 
in normal welding conditions due to the appropriate weld-
ing speed and current selection. However, by comparing 
Fig. 3a to Fig. 3e, the BMPMIG waveform displayed fewer 

Fig. 2  Voltage and current waveforms
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abnormal working tracks and a higher density of trace points 
than the PMIG waveform. Therefore, it can be concluded 
that the BMPMIG waveform exhibited better stability than 
the PMIG waveform.

There are two main reasons for the improvement of weld-
ing stability. First, due to the median current between the 
peak current and the base current, the range of each change 
of welding current becomes smaller, which reduces the influ-
ence of the sudden change of current on the shape of the 
welding arc, and results in the periodic change of voltage 
stronger. In addition, the backward median current waveform 
changes the heat distribution, which can effectively control 
the droplet transition.

To further investigate and explore the influence of dif-
ferent backward median current waveforms on the stability, 
approximate entropy was used to evaluate the stability of 
the welding process. In 1990, Pincus [19] proposed the 
concept of approximate entropy to overcome the difficulty 
of solving entropy in chaotic phenomena. Approximate 
entropy is mainly used to measure the probability of gen-
erating new signal patterns. In the stable welding process, 
current and voltage changes should be periodic, so many 
scholars use approximate entropy to analyze the stability 
of the welding process quantitatively.

The approximate entropy algorithm is defined as follows: 
the one-dimensional time series X(i) of data length N is recon-
structed in m-dimensional phase space as follows:

where i = 1, 2, 3,… ,N − m + 1 . The distance between space 
vectors X(i) and X(j) is defined as follows:

The correlation integral Cm
i
(r) can be defined as

where Θ(⋅) is the Heaviside function, r is the allowable devi-
ation, and Cm

i
(r) represents the probability that the distance 

between X(i) and vector X(j) is less than r, in other words, 
the degree to which X(i) is related to all vector X(j) . The 
average autocorrelation degree {X(i)} of vector sequence 
Φm(r) can be defined as:

The vector sequence Φm(r) decreases with the increase 
of m, indicating that the chance of state point associa-
tion in the phase space of m dimension decreases with the 
increase of m. Approximate entropy is defined as:

(4)X(i) = [x(i), x(i + 1), ⋅ ⋅ ⋅, x(i + m − 1)]

(5)d[X(i),X(j)] = max
k=0,1,⋅⋅⋅,m−1

[|x(i + k) − x(j + k)|]

(6)Cm
i
(r) = (N − m + 1)

−1
×

N−m+1
∑

j=1

Θ{r − d[X(i),X(j)]}

(7)Φm(r) = (N − m + 1)
−1

N−m+1
∑

i=1

lnCm
i
(r)

(8)Sa(m, r,N) = Φm(r) − Φm+1(r)

Fig. 3  Electrical parameter locus (a–e)
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Pincus figured out that better results could be obtained 
if N was between 75 and 5000, m = 1 or m = 2 , and 
r = 0.1–0.2σ (σ is the standard deviation of the original 
data). In this paper, m = 2 and r = 0.2� were set.

To improve the speed of calculation, the collected current 
and voltage signals were reduced to 5000 in time sequence 
and equidistant. The average approximate entropy of current 
and voltage was calculated to draw the histogram as shown in 
Fig. 4. It was clear from Fig. 4 that the approximate entropy 
of the current was overall one order of magnitude smaller 
than that of voltage. The reason was that the self-developed 
constant current source welding power supply used in the 
experiment actively controls the current output, and the cur-
rent output of the welding power supply displayed excellent 
periodicity, so the approximate entropy of the calculated 
current parameters was small. Compared with the current 
approximate entropy, the voltage parameter was more suit-
able to characterize the stability of the welding process. In 
Fig. 4, the approximate entropy of voltage decreased first and 
then increased when the backward median current gradu-
ally increased; the approximate entropy value and variance 
of approximate entropy were minimum at backward median 
current of 200 A. Figure 4 shows the voltage waveform seg-
ments collected from the welding process with the backward 
median value of 0 A, 140 A, and 200 A, among which the 
200 A voltage waveform indicated better regularity, consistent 
with the calculated results.

This means welding with the backward median current 
of 200 A manifests better stability than welding with other 
backward median current waveforms. When the backward 
median current is 140 A or 230 A, the difference between 
the backward median current and the base or peak current is 
small, and the effect of the backward median current on the 
welding process is unsignificant. On the contrary, because 
of frequent current adjustments, the stability of welding is 

reduced and affects welding quality. The backward median 
current of 200 A is below the threshold current that brings 
the droplet down; thus, the droplet falls in the peak phase 
of the current waveform after sufficient growth. In this case, 
the droplet transition is more regular and the stability of the 
welding process is improved.

3.2  Weld formation characteristics

3.2.1  Macroscopic morphological characteristics of weld

Figure 5 shows the weld morphologies prepared by different 
backward median current waveforms. The average length 
of the weldments was about 100 mm. The weldment’s for-
mation was good at suitable welding speed and electrical 
parameter; no obvious surface porosity, cracks, and other 
defects are seen, indicating that no serious short-circuit arc 
breaking phenomenon occurs in the welding process. Visible 
spatter was shown in the red box as shown in Fig. 5.

LDU-PMIG weldment exhibited poor formation with 
edge biting, spatter phenomenon, and poor uniformity. The 
forming effect of the LDU-BMPMIG weldment was signifi-
cantly improved. Edge-biting defects can be seen in weld-
ments prepared by backward median currents of 140 A and 
230 A, as shown in the green box in Fig. 5. The temperature 
gradient during cooling and solidification of the welding 
pool is an important factor affecting the degree of weldment 
edge biting. The degree of biting of the weldment is mainly 
influenced by the temperature gradient of the weld pool; the 
arc breaking phenomenon may be caused by water intru-
sion in the welding process to affect the droplet transition 
process and heat input, which finally leads to an increased 
probability of weld edge biting. The weldments prepared by 
the median current of 170 A and 200 A showed fewer edge 
defects, smooth edge, and good uniformity, as shown in the 
black box in Fig. 5. The edge of the weldments was rela-
tively flat, and the welding quality was good, indicating good 
welding stability was beneficial to reduce weldment defects.

Figure 6 shows the data of weld penetration, weld width, 
and weld reinforcement under different parameters. In Fig. 6, 
the weld penetration of the welds prepared with different 
backward median currents was all more than 2 mm, and 
the LDU-PMIG weld penetration value was obviously less 
than LDU-BMPMIG weld penetration. With the increase 
of the backward median current, the weld penetration first 
increased and then decreased, and reached the maximum 
value when the backward median value was 200 A. The main 
factor affecting the weld penetration value is the heat input. 
The average welding current and welding speed remained 
unchanged in the experiment; the weld penetration was dif-
ficult to show a large change [20]. However, due to the addi-
tion of backward median current in the welding process, 
the droplet grew completely, increasing the droplet impact Fig. 4  Approximate entropy of current and voltage
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force and increasing the weld penetration greater. Welding 
voltage is the main factor affecting the welding width. In 
the experiment, the welding voltage remained unchanged, 
and the welding width remained at about 10.5 mm; the weld 
reinforcement was slightly less than the weld penetration.

3.2.2  Weld microstructure

Figure 7 shows the microstructure of the weld center pre-
pared by different backward median current waveforms. The 

LDU-PMIG weldment microstructure was composed of a 
large number of irregular and no obvious direction of the 
lath δ-ferrite, γ-austenite, and a small number of skeletal 
δ-ferrite, and the uniformity of the microstructure was poor. 
The microstructure characteristics of weldments prepared by 
140 A displayed a large number of skeletal δ-ferrites which 
were mixed with a certain number of lath δ-ferrites, and 
the boundaries between different δ-ferrites were not obvi-
ous. The weldment microstructure prepared by 230 A back-
ward median current waveform showed a directional skel-
etal δ-ferrite, and the uniformity of the microstructure was 
poor. The microstructure of the weldment prepared by the 
backward median value of 170 A and 200 A showed obvious 
directivity, the boundary between the microstructure was 
clear, and the uniformity of the microstructure was good.

The initial solidification phase of the welded weld 
should be δ-ferrite, but after solidification, part of the 
δ-ferrite is transformed into γ-austenite, so that the final 
structure is γ-austenite as matrix, in which the residual 
δ-ferrite structure, the experimental results agree with 
the theory [21, 22]. The main factor affecting the micro-
structure of the remaining ferrite is the cooling rate of 
the weld. Compared with the land welding, due to the 
cooling effect of water, many lath and skeletal δ-ferrites 
were retained in weldment prepared by underwater weld-
ing [23]. The instability of the welding process leads 
to an extremely uneven distribution of the heat source, 
which greatly affects the microstructure of the weld-
ments. The reason for the good microstructure uniformity 

Fig. 5  Macroscopic morphol-
ogy of weld and weld section

Fig. 6  Macroscopic dimensions of the weld section
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and directivity of the weldments produced by the median 
value of 170 A and 200 A is that the heat input is sta-
ble in the stable welding process, which is conducive 
to the uniform growth of metal crystals. According to 
the crystal growth theory, the crystal growth direction is 
always along the direction of the maximum temperature 
gradient in the welding pool, so when the heat input of 
welding is stable, the weld microstructure shows good 
directivity [24, 25].

3.3  Mechanical properties

Figure 8a displays the stress–strain curves of the weld-
ment prepared by different backward median currents. The 
stress–strain curves of different weldments in the figure 
showed a similar growth trend as that of the base material; 
each curve shows no significant yield stage. The fracture 
mode was ductile fracture, and the fracture position of each 
sample was in the weld area, indicating that the tensile 

Fig. 7  Weld microstructure

Fig. 8  Test results of mechanical properties: a tensile curve, b tensile strength and elongation
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Fig. 9  Fracture morphology of base metal and weldments
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strength of the weldment decreased compared with the base 
material.

Figure 8b shows the average tensile strength and elonga-
tion for LDU-PMIG and LDU-BMPMIG weldments. With 
the increase of backward median current, the average tensile 
strength of weldments presented a trend of first increasing 
and then decreasing. The average tensile strength of base 
metal was 799 MPa and the elongation reached 55.7%. The 
weldment prepared by backward median current of 170 A 
exhibited the maximum mean tensile strength of 703 MPa, 
reaching 87.9% of base metal, but the average tensile 
strength of weld demonstrated great fluctuation. The average 
tensile strength of the weldment prepared by 200 A back-
ward current reached 686 MPa, which reached 97.58% of the 
weldment prepared by 170 A, whereas the standard devia-
tion of weld tensile strength was the smallest. The elongation 
of the weldments under different median parameters was 
about 30%, which was half of base metal. With the increase 
of backward median current, the elongation changed was 
small and did not show a noticeable change rule; the stand-
ard deviation of weld elongation decreased first and then 
increased. The standard deviation of weld elongation was 
minimum when the backward median current was 200 A. 
The weldment prepared by 200 A backward median current 
showed better mechanical properties and the best mechanical 
properties stability.

The fracture morphologies of PMIG and BMPMIG weld-
ments are shown in Fig. 9. The base metal sample exhibited 
higher tensile strength and elongation than the weld sam-
ple. Macroscopically, the base metal fracture manifested 
obvious necking phenomenon, and the fracture was a flat 
fibrous area. Microcosmically, the base metal fracture was 
composed of a large number of equiaxial dimples, in which 
the second phase precipitated particles can be seen, and the 
fracture belongs to ductile fracture. The fracture morpholo-
gies of weldments prepared with different backward current 
waveforms show different characteristics from base mental 
fracture. In the PMIG weldment fracture, the macroscopic 
appearance was radiative area, and the microscopic appear-
ance showed large dimples and holes; the dimples were of 
uneven size, and there were large areas of smooth cleavage 
surfaces. The macroscopic appearance of the weldment pre-
pared by the backward median current waveform of 170 A 
and 200 A was fibrous zone; the microscopic morphology 
consisted of a large number of equiaxial dimples, and no 
large cleavage plane areas were present. A larger radiation 
zone appeared in the macroscopic morphology of the weld-
ment produced by 140 A and 230 A; the smooth cleavage 
surface, large size dimples, and holes appeared in the micro-
structure of the weldment fracture.

The fracture characteristics of the weldments prepared by 
different backward median current waveforms remain con-
sistent with the results of the mechanical properties tests; the 

fracture type of the weldments changes from ductile fracture 
of the base material to quasi-dissociative fracture. From the 
mechanical test results, the stable welding process effec-
tively improved the mechanical properties of the weldment, 
with the increase of backward median current; weld tensile 
strength changed in the same trend as the welding stability; 
the mechanical properties of the weld prepared in the stable 
welding process showed least fluctuation. The weldment 
microstructure uniformity was better in the stable welding 
process; the grain size difference was minor. When the grain 
was subjected to external force, the external force was uni-
formly distributed to each grain; the stress concentration was 
small to obtain a better tensile strength [26].

4  Conclusions

Local dry underwater backward median pulse MIG welding 
(LDU-BMPMIG) was proposed in this study. The experi-
ment was conducted based on SUS304 stainless steel plate 
with a thickness of 5 mm, and the influence of the backward 
median current on the welding stability of LDU-BMPMIG 
and the mechanical properties of the weld was studied. The 
outstanding conclusions are as follows:

1. The backward median current waveform remark-
ably enhanced the welding process stability. With the 
increase of backward median current, the welding stabil-
ity firstly increased and then decreased; the most stable 
welding process appeared at the backward median cur-
rent of 200 A.

2. The weldment was formed admirably without obvious 
defects under the appropriate backward median value. 
With the increase of the backward median value, the 
weld penetration first increased and then decreased.

3. The microstructure of the LDU-BMPMIG weld was 
composed of γ-austenite, skeletal δ-ferrite, and lath 
δ-ferrite. The stable welding process resulted in the 
microstructure of the weld with satisfied uniformity.

4. The weld fracture type was quasi-cleavage fracture, 
and the LDU-BMPMIG weldments showed greater 
average tensile strength. With the increase of the back-
ward median current, the tensile strength increased first 
and then decreased. The weldment prepared by 200 A 
showed considerable mechanical properties with mini-
mal fluctuation, which reached 97.58% of maximum 
average tensile strength.
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